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Abstract

Genetic changes are hallmarks of cancer development involving the activation and/or

inactivation of oncogenes and tumour suppressor genes, respectively. In non-melanoma

skin cancer (NMSC) development, the initiation of genetic mutations results from

exposure to solar ultraviolet radiation. Non-melanoma skin cancers are comprised of

basal cell carcinoma (BCC) and squamous cell carcinoma (SCC). Several related

cutaneous lesions also exist, of which solar keratoses (SK) are widely accepted as a

precursor dysplasia to SCC development. The study of recurrent genetic changes

present within NMSC and SK should help reveal causative mutations in skin cancer

development. Such analysis could also elucidate links in the genetic similarity of these

dysplasia.

The rapid screening of numerical changes in DNA sequence copy number throughout

the entire genome has been made possible by the advent of comparative genomic

hybridisation (CGH). This technique enables the identification of net gains and loss of

genetic material within a tumour DNA sample. Chromosomal regions of recurrent gain

or loss identify loci containing putative oncogenes and tumour suppressor genes,

respectively with potential roles in NMSC tumourigenesis. Used in conjunction with

tissue microdissection and universal degenerate PCR techniques this can enable the

elucidation of aberrations in small histologically distinct regions of tumour. Such a

technique can utilize archival material such as paraffin embedded tissue, which is the

major source of neoplastic material available for cancer research. This study used the

CGH technique to investigate aberrations in BCC, SCC and SK samples.
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The screening of copy number abnormalities (CNAs) in BCC revealed that although

these tumours were close to diploid and generally genetically stable, they did contain

several recurrent aberrations. The loss of genetic material at 9q was identified in a

third of BCC tumours studied. This is characteristic of inactivation of the PTCH tumour

suppressor gene, a known attribute in some sporadic BCC development. Validation of

this loss was performed via loss of heterozygosity, demonstrating good concordance

with the CGH data. In addition the over-representation of the 6p chromosome arm was

revealed in 47% of biopsies. This novel CNA is also commonly observed in other

cutaneous neoplasias, including Merkel cell carcinoma and malignant melanoma. This

suggests a possible common mechanism in development and or promotion in these

cutaneous dysplasias, the mechanisms of which have yet to be clearly defined.

In contrast to BCC, numerical genetic aberrations in SCC and SK were much more

frequent. Several regions of recurrent gain were commonly shared between both

dysplasias including gain of 3q, 4p, 5p, 8q, 9q, 14q, 17p, 17q and 20q. Common

chromosomal regions of loss included 3p, 8p, 9p, 11p, 13q and 17p. In addition loss of

chromosome 18 was significantly observed in SCC in comparison to SK, a possible

defining event in SK progression to SCC. The identification of shared genetic

aberrations suggests a clonal and genetic relationship between the two lesions. This

information further supports the notion for re-classification of SK to an SCC in situ or

superficial SCC.  Finally, the CNAs detected have been similarly observed in other

squamous cell-derived tumours, for example cervical and head and neck SCC. This

provides further evidence to common mechanisms involved in the initiation,

development and progression of SCC neoplasia.
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This study has identified a number of recurrent chromosomal regions, some of which

are novel in NMSC development. The further delineation of these loci should provide

additional evidence of their significance and degree of involvement in NMSC

tumourigenesis. The identification of the cancer-causing genes mapped to these loci will

further demarcate the genetic mechanisms of BCC and SCC progression. An

understanding of the events involved in skin cancer formation and progression should

shed additional light on molecular targets for diagnostics, management and therapeutic

treatment.
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CHAPTER 1

Review of the Literature
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1.1 Aims and Significance

1.1.1 Introduction

Non-melanoma skin cancers (NMSC) are the most prevalent malignancies in Australian

Caucasians, but surprisingly one of the least studied. The high prevalence and

accessibility of basal cell carcinomas (BCC) and squamous cell carcinomas (SCC)

makes them ideal candidates for cancer genetic research. Additionally the epidermal

lesions, solar keratoses (SK), are widely believed to be precursors to SCC development,

however the factors involved in transformation are currently unknown. The accessibility

of NMSC compared to internal malignancies and the prospective precursor relationship

between SK and SCC provides potential to study the early genetic changes involved in

tumourigenesis.

The formation of cancer, including that of the skin, is a multi-step process, resulting

from the accumulation of multiple genetic changes. This involves the overexpression of

oncogenes and the loss of function of tumour suppressor genes. These genes if mutated

dominantly or recessively, respectively cause dysfunction of cell division control,

proliferation, apoptosis and angiogenesis.

Cancers are known to acquire chromosomal aberrations due to the loss of genomic

integrity, a process essential to tumour development and progression. Changes in DNA

sequence copy number is a hallmark of solid tumours, with chromosomal regions being

lost or gained. Analysis of histologically similar tumours has revealed recurrent and

consistent chromosomal aberrations. It is therefore apparent that gain or loss of

chromosomal regions housing oncogenes and tumour suppressor genes, respectively is

one mechanism by which promotion of tumourigenesis can occur. DNA copy number
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aberrations may therefore indicate the amplification of oncogenes or deletion of tumour

suppressor genes, respectively. The identification of these regions of aberration enables

the localisation of putative tumour suppressor genes and oncogenes, which may play

important roles in cancer development. Therefore the identification of early genetic

changes may provide insights into the initial changes that lead to NMSC and the

formation of other cancers.

1.1.2 Aims

The aim of this study was to identify recurrent numerical chromosomal changes with

potential involvement in the formation of NMSC and the SCC precursor lesion SK.

Revealing common chromosomal regions involved in net gain or loss of genetic material

may identify loci where putative oncogenes and tumour suppressor genes, respectively

may reside.

Although BCC and SCC are both keratinocyte-derived tumours they are extremely

different in their biological activity. This investigation aimed to compare and contrast

the genetic aberrations accumulated within each tumour type to elucidate whether

common genetic changes were present in both forms of NMSC. The comparison of

recurrent and consistent genetic changes between SCC and SK was hoped to reveal

whether there existed a clonal and/or genetic relationship between the two. If a clonal

relationship was identified, it may be possible to reveal early genetic changes which

may be involved in progression from SK to SCC during the primary steps of

tumourigenesis.

The techniques used in this study namely tissue microdissection, universal PCR and

comparative genomic hybridisation (CGH) enable the accurate analysis of chromosomal
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imbalances on a genomic scale from a small archival tissue sample. Such an approach

has been applied to other neoplasms with a high degree of success and concordance with

more established procedures.

1.1.3 Significance

The frequency of NMSC in Caucasian populations of Australia, USA and Europe is

greater than the frequency of all other cancers combined. It has been estimated that 2 out

of 3 Australians will develop a NMSC within their lifetime, almost every individual is

expected to develop at least 1 SK lesion. Although metastasis of NMSC and mortality

rates are low there is a high incidence of morbidity. It has been estimated that over $100

million is spent per year on NMSC management in Australia alone, not including

workdays lost and preventative measures.

Solar ultraviolet radiation (UVR) has been idenitifed as the causative agent in NMSC

development. UVR-induced inactivating mutations have been identified in several

tumour suppressor genes, supporting the role of sunlight in NMSC development. The

inactivation of functionality in these genes leads to the loss of genomic integrity,

enabling the accumulation of further debilitating mutations, thus leading to tumour

progression. Identifying these further mutations has the potential to elucidate early

genetic changes involved in NMSC formation and shed additional light on

tumourigenesis, thus providing molecular targets for diagnosis, treatment and

management of this disease.
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1.2 Cancer in General

1.2.1 Introduction to Cancer

In simplest terms cancer can be described as a complex collection of diseases exhibiting

uncontrolled cell growth and division. When this uncontrolled growth occurs, abnormal

cells are produced which can form solid bodies or lumps, the resulting cell mass being

referred to as a tumour. The origin of the word cancer is credited to the Greek physician

Hippocrates (460-370 B.C.) who used the terms "carcinos" and "carcinoma" to describe

non-ulcer forming and ulcer-forming tumours. In Greek, these words refer to a crab,

most likely applied to the disease because the finger-like spreading projections observed

in a cancer cell mass brought to mind the shape of a crab (Diamandopoulus 1996). The

terms tumour and neoplasm are used interchangeably to describe cancer, although they

are also often used to describe non-cancerous and benign growths.

1.2.2 Cancer Classification

Cancers can be further classified according to their ability to detach, migrate and

develop in other regions of the body as secondary tumours, a process known as

metastasis. Malignant tumours are those capable of metastasis, whilst those that cannot

invade the surrounding tissues, remaining as local growths are referred to as benign and

non-cancerous. The acquired growth advantage exhibited by tumours can often be of

severe significance to the surrounding normal tissue. Fierce competition for space and

nutrients results in the destruction of normal structures, which can be of dire

consequence when occurring in vital organs (Ruddon 1995). Additionally, the growing

cancer cell mass can obstruct vessels preventing the flow of blood and other essential

bodily fluids. The malignant potential of a tumour is therefore of extreme importance.
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Hence tumour development in non-vital structures may initially affect only the primary

site, however, the potential for metastasis is significant. Such potential may prove fatal

if the resulting secondary tumour affects vital organs such as the brain, lungs and heart

(Ruddon 1995).

Cancers are generally divided into three broad groups: carcinomas, sarcomas, and

leukaemias/lymphomas. Carcinomas arise from epithelial cells, i.e. cells that cover the

surface of the body and various glands. Sarcomas develop in supporting structures such

as connective tissue and blood vessels, whilst leukaemias and lymphomas arise in the

blood-forming cells of the bone marrow and lymph nodes, respectively (Franks and

Teich 1997 and references within). Cancers within these groups are further classified

based on the organ in which the cancer originates and/or the type of cell involved. For

example ovarian carcinomas and breast carcinomas arise in the ovaries and breasts,

respectively, the term carcinoma denoting cancer of epithelial cells. Oesophageal SCC

and cutaneous SCC are both tumours evolving from squamous cells, arising in the

oesophagus and skin, respectively. Such convention has enabled the distinct

classification of greater than 150 currently known types of cancer (Ruddon 1995).

1.2.3 Cancer Epidemiology

Cancer is the second leading cause of death in the USA, Europe and Australia, exceeded

only by heart disease (Hetzel 2001; Hoyert et al 2001); in Japan it has been the number

one cause of death since 1981 (Ajiki et al 2001). The World Health Organisation

(WHO) estimated global cancer mortality rates (excluding NMSC) for the year 2000 in

the realm of 6.3 million (Ferlay et al 2001). A breakdown of these rates predicts that

nearly 1.7 million Europeans, 670,000 Americans and nearly 45,000 Australians died

from cancer-related illness in 2000 with similar population adjusted rates observed in
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1990 surveys (Ferlay et al 2001; Pisani et al 1999). Cancer is attributed to

approximately 29% and 25% of male and female deaths, respectively in developed

countries. A global estimate for 1990 suggested a total of 8.1 million new cancer cases

that year, with an estimated 5.2 million cancer-related deaths (Pisani et al 1999). In the

USA alone, approximately 1.2 million new cancer cases are expected to be diagnosed in

2000.

These estimates do not include carcinoma in situ (non-invasive cancer) of any site

except urinary bladder, and do not include NMSC (BCC and SCC). In fact most general

cancer statistics avoid the inclusion of NMSC whether these figures are related to

epidemiology, morbidity, mortality or causative factors. This is surprising as the

approximate frequency of NMSC is currently 1.3 million new cases a year in the USA,

an incidence greater than that of all other cancers collectively (American Cancer Society

2001a). The reason for this exclusion will be discussed later in this chapter. Australia

cancer statistics for 1997 excluding NMSCs, estimated that there were 79,538 new

cancer cases and 33,966 deaths due to cancer (Australian Institute of Health and

Welfare 2001). The worldwide distribution of new cases for each sex in 1998 estimated

lung cancer (23%) as the most predominant in males followed by prostate (15%),

colorectal (13%), stomach (10%) and bladder (7%) cancer. Breast cancer (28%) had the

highest frequency in females, followed by colorectal (15%), lung (9%), stomach (7%)

and ovarian (5%) (Parkin 1998). Statistics for Australia in the same year showed a

differing distribution; prostate cancer (23%) being the most frequent in males, followed

by colorectal (14%), then lung (12%), melanoma (11%) and bladder cancer (5%). In

females, breast cancer (28%) was noticeably the most prevalent, followed by colorectal

(14%), melanoma (10%), lung (7%) and uterine cancer (4%) (Australian Institute of

Health and Welfare 2001). These figures are believed to reflect differing lifestyle
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patterns in Australia compared to Northern America and Europe. This difference in

lifestyle can most noticeably be attributed to the increased UVR exposure due to

latitude (increased occurrence of melanoma), and a generally healthier, active lifestyle,

resulting in a lower percentage of the population who smoke (decreased frequency of

lung cancer) (Parkin 1998; Australian Institute of Health and Welfare 2001).

The National Cancer Institute estimates that approximately 8.4 million Americans alive

today have a personal history of cancer. Some of these individuals can be considered

cured, while others still have evidence of cancer and may be undergoing treatment.

Currently cancer detection and treatment is monitored by assessing the 5-year relative

survival rate. This is based on the survival of an individual with cancer as opposed to an

identical individual (eg. age, gender, sex, occupation, etc.) without cancer. In developed

countries, the 5-year relative survival rate for all cancers combined is 59% (Levi 1999).

Nearly 80% of all cancers are diagnosed at ages 55 and older, the reasons for this are

three-fold; the time-consuming multi-step process of cancer development, susceptibility

of older tissues to late stage carcinogens and the systemic effects of aging, including

immune-senescence and enhanced cytokine production (Balducci and Beghe 2001).

Over the course of a lifetime, men have a 50% lifetime risk of developing cancer, while

for women the risk is 1 in 3 in the USA (Balducci and Beghe 2001). At present

approximately 1 in 3 males and 1 in 4 females are affected by cancer before the age of

75 in Australia (Australian Institute of Health and Welfare 2001). Whilst cancer is often

thought of as a disease of the elderly, it is now the third most common cause of death

(constituting approximately 8% of total mortality) in the under 20s, following

unintentional injuries and homicides. The majority of these cases consist of leukaemias,

lymphomas, central nervous system tumours, and neuroblastomas (Shannon 1998).
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1.2.4 Risk Factors

Environmental factors, including smoking, dietary intake, UVR and infectious diseases

account for approximately 85% all cancer cases (International Agency for Research on

Cancer 1990). Scientific evidence suggests that about 25-30% of the cancer deaths that

occur in developed countries are due to cigarette smoking. It is also a major cause of

heart disease, and associated with chronic bronchitis, emphysema, gastric ulcers and

cerebrovascular disease. Furthermore, it is estimated that 50% of smokers will develop

lung cancer, of these, approximately half die in middle age losing an average of 20 to 25

years of life expectancy. An additional third of cancer-related deaths are attributed to

dietary intake, including its effect on obesity (Doll and Peto 1985).

High-fat diets have been associated with an increase in the risk of colorectal, prostate,

and endometrial cancer (Woutersen et al 1999). Conversely, many scientific studies

show that eating fruits, vegetables and grains protect against cancer, as they are

important sources of many vitamins, minerals and other nutrients such as folate,

calcium, and selenium, which have been associated with a lower risk of colon cancer.

Alcoholic beverages, and their combined effect with cigarette smoking result in cancers

of the oral cavity, oesophagus, and larynx.

Alcohol consumption has also be linked to an increased risk of breast cancer, possibly

due to the carcinogenic actions of alcohol or its metabolites or to alcohol-induced

changes in levels of hormones such as oestrogens. In addition to smoking-related and

dietary factors, pathogenic infections from bacteria and viruses are responsible for 15%

of cancer cases in developed countries, this proportion is however greater, at an

estimated 22% in developing countries (Pisani et al 1997).
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1.2.5 Cost of Management and Treatment

The National Institutes of Health estimate overall annual costs for cancer in the USA at

US$107 billion, including direct medical costs and indirect costs due to loss of

productivity due to illness or premature death. The treatment of breast, lung, and

prostate cancers account for over half of the direct medical costs incurred (National

Institutes of Health 2001).

A large proportion of cancers are preventable by changes in behaviour. Lung cancer

could be almost eradicated by the avoidance of smoking. Dietary modifications and

physical exercise have been shown to have direct effects on gastrointestinal, prostate,

renal and cancer of the respiratory tract (Levi 1999). Additionally, behavioural changes

(including sexual) would result in a lower viral exposure and protection from solar UVR

exposure would prevent the majority of skin cancer cases (Thompson et al 1993).

Finally regular screening would result in the earlier detection of cancers caused by

remaining factors, thus enabling more successful treatment and survival. Current

methods of cancer treatment include surgery, radiation, chemotherapy, hormones, and

immunotherapy (Franks and Teich 1997 and references with).

1.2.6 Cancer Causing Agents

An agent that is capable of inducing cancer is known as a carcinogen. These agents can

be chemical, physical or infectious (viral/bacterial) in nature. Known chemical

carcinogens include benzene, asbestos, vinyl chloride, arsenic and aflatoxins. Others

chemicals considered probable human carcinogens based on evidence from animal

experiments include chloroform, dichlorodiphenyl-trichloroethane (DDT),

formaldehyde, polycyclic aromatic hydrocarbons and polychlorinated biphenyls

(PCBs). Physical agents associated with carcinogenesis include ionising radiation (IR)
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and ultraviolet radiation (UVR). Exposure to sunlight, which contains UVR is

responsible for almost all cases of NMSC and is a major factor in cutaneous melanoma

development. A number of cancers are related to infection, for example, liver cancer

with hepatitis B virus; carcinomas of the genitourinary tract with human papillomavirus;

Kaposi’s sarcoma with human immunodeficiency virus (HIV); and stomach cancer with

Helicobacter pylori. Hormone levels and decreased immunity have also been associated

with forms of carcinogenesis (Tominaga 1999). Finally, public concern has focused on

other environmental factors as risks in cancer development, including pesticides, non-

ionising radiation (microwaves, electromagnetic fields, etc.), toxic wastes and nuclear

power plants. Currently, for most of these agents either no carcinogenicity has been

proven or it is at such low levels that the risks are considered to be negligible.

The determination of carcinogenic properties of a suspected agent is often extremely

difficult. For both voluntary and involuntary exposures to an agent, the degree of risk

depends on the concentration, intensity, duration and cumulative exposure. In addition

several agents may act together or in sequence to initiate or promote carcinogenesis

(Ruddon 1995). Most currently known carcinogens have been identified in occupational

settings, where workers have been exposed to high concentrations of the agent, as well

as amongst radiation victims and patients treated with drugs or therapies later found to

be carcinogenic. For most other potential carcinogens, the only data available is from

high-dose animal experiments. This must be extrapolated from animals to humans and

from high-dose to low-dose conditions (Ruddon 1995). This involves much uncertainty,

particularly concerning whether the animal model responds identically to humans to the

carcinogen and whether low doses are a potential hazard. Risk assessment generally

makes conservative assumptions to err on the side of safety and may as a consequence

falsely predict carcinogenicity under normal exposures (American Cancer Association

2001b).
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1.3 General Overview of Cancer Genetics

1.3.1 Genetic Evidence

Early last century Theodore Boveri (1914) proposed that normal cells mutate into

malignant ones because of genetic changes. Other evidence to support this includes the

existence of inherited cancers, the discovery by Ames et al (1975) that most carcinogens

are also mutagens capable of altering the organism’s original DNA structure, viral genes

capable of promoting tumourigenesis and the association of chromosomal changes with

specific cancers. The basis of this transition from normal to malignant state is a

continuous multi-step process involving the initiation, promotion and progression of the

tumour mass. Within the scheme of multi-step tumourigenesis, the first mutation (i.e.

initiation) generally provides a growth advantage to the cell causing a benign growth or

polyp. Later genetic changes provide further growth advantage (promotion) and enable

the cell mass to destroy local membranes and metastasise (progression) (as reviewed by

Hodgson and Maher 1999).

Tumourigenesis can arise directly if damage occurs in genes responsible for controlling

cell proliferation, differentiation and apoptosis. Additionally mutations in genes

responsible for DNA repair, genomic stability and metabolism of pre-carcinogens lead

to cancer as a secondary effect. Finally genes controlling adhesion and angiogenesis can

promote tumour progression by increasing metastatic ability (Ruddon 1995).  It is

generally therefore necessary for 4 to 6 independent events to occur for the multi-step

process of carcinogenesis to proceed (Pitot et al 1992).

As previously discussed neoplastic transformation results from three stages, namely

initiation, promotion and progression. Each of these stages involves one or more cancer
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causing genes, which are broadly classified according to whether their activation

(oncogenes) or inactivation (tumour suppressor genes) promotes tumourigenesis. A

fundamental feature of carcinogenesis is the deregulation of normal cellular genes

termed proto-oncogenes, leading to oncogenic activation. In conjunction with the

mutation of tumour suppressor genes, these two families of genes act to cause increased

cellular proliferation (Ruddon 1995).

1.3.2 Viral Oncogenes and Proto-oncogenes

Initial molecular research into cancer was focused around viral oncogenes. These were

genes present within a virus, which upon infection of a host organism, would produce

uncontrolled cellular growth and tumour formation. Within the normal eukaryotic cell

there exists genes some of which share homology to viral oncogenes, which are referred

to as proto-oncogenes. Under normal conditions they play a regulatory function in the

growth and proliferation of cells. But when a proto-oncogene becomes overactive or

aberrant in structure and function, uncontrolled cell growth and division occurs. At this

stage the transformed allele is referred to as an oncogene. The activation or

overexpression of oncogenes themselves is not totally responsible for malignant

transformation, however they play an important role in the progression and

establishment of tumourigenesis (as reviewed by Hodgson and Maher 1999).

1.3.3 Tumour Suppressor Genes

Tumour suppressor genes, as the name suggests, normally function to prevent

tumourigenesis. These are generally mitotic checkpoint genes, whose function is to

assess genetic damage and prevent the cell from proliferating until repaired or forced to

undergo apoptosis. Unfortunately, like all other genes these too are vulnerable to

mutation, a common prelude to cancer. Inactivation or loss of a tumour suppressor gene
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results in the loss of checkpoint function, resulting in the uncontrolled proliferation of

genetically damaged cells (Weinberg 1991).

1.3.4 Cancer Gene Aberrations

Oncogenic mutations generally arise in somatic cells and are not usually inherited. In

addition, it has been observed that only one copy of the oncogene needs to become

affected to induce a tumourigenic function, hence a dominant effect. However, in order

to abolish the function of a tumour suppressor gene both copies generally must be

inactivated as two independent events. This is known as the Knudson or 'two hit'

hypothesis (Knudson 1986). The first inactivation event (or 'hit') may be somatic or

inherited, the latter giving rise to increased cancer susceptibility as every cell has a

mutant copy. The remaining normal allele in a mutant cell requires a single loss or

inactivation event to provide the cell with the opportunity to develop into a tumour. The

second mutation 'hit' virtually always arises spontaneously. Double inheritance has been

observed, although this is rare due to spontaneous abortion brought on by aberrant gene

function during development (Sager 1989).

The effects of mutant cancer genes can have many severe outcomes. In simple terms,

carcinogenesis can arise when too much or too little of one protein is produced, or in the

case of tumour suppressor genes, the mutated protein is unable to perform its required

tasks, resulting in over-proliferation. In addition, a protein can simply be expressed at an

inappropriate time. When these mutant proteins are involved in cell cycling,

proliferation or apoptosis the delicate balance of homeosis is upset and can lead to

tumourigenesis. These aberrations do not occur entirely at random but partly through

some flow of causality (Hodgson and Maher 1999 and references within).
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The majority of cancers are sporadic in development with the damage to genes induced

by exposure to carcinogens, such as chemicals and solar UVR. However, approximately

5% of cancers are clearly inherited as single-gene traits. There currently exists greater

than 50 known familial forms of cancer (Fearon 1997; Lynch et al 1995). Many of these

appear dominant at the population level, although recessive at the molecular. As an

example, carriers of such a disorder could be termed Aa with respect to the causative

gene, where a = mutant allele. In tumours the normal allele is lost and the neoplasm

becomes hemizygous with respect to a, with penetrance being extremely high, often

approaching 100% (Fearon 1997). Such inheritance of a faulty gene predisposes these

individuals to a very high risk of particular cancers. Genetic investigations have proven

pivotal in revealing many tumour suppressor genes through linkage studies and

positional cloning (Hodgson and Maher 1999). Examples of tumour suppressor genes

identified from familial cancer include the RB gene from retinoblastoma, TP53 from Li-

Fraumeni syndrome and PTCH in nevoid basal cell carcinoma syndrome. Further

investigation of these tumour suppressor genes has implicated their roles in the

development of many other neoplasms (Swale and Quinn 2000).

1.3.5 Modes of Gene Alteration

Several processes that lead to oncogenic activation or tumour suppressor gene

inactivation have been identified. All result in a change in the original DNA sequence.

Lengauer et al (1998) have summarised the classification of these genetic alterations by

dividing known cancer causing aberrations into four broad categories:

1) Subtle sequence changes, in the form of nucleotide base substitutions, deletions or

insertions, are enough to activate or inactivate oncogenes and tumour suppressor

genes, respectively. These are believed to be the initial genetic event of
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tumourigenesis. Carcinogens, such as UVR (through pyrimidine-dimers), alkylating

agents, deaminating agents, base analogs acridine dyes and errors in DNA

replication, have all been demonstrated to induce these subtle sequence changes.

When genes with functions in cell cycling and proliferation are affected, growth

advantage can be conferred to the mutated cell, enabling it to proliferate more

readily than normal counterparts (Snustad et al 1997). Additionally genetic

instability can be introduced by mutating important checkpoint genes, enabling

more gross genetic aberrations to be undetected and inherited by daughter cells. The

compromise in genomic stability is believed to be an important mechanism in the

accumulation of genetic defects by the remaining processes. Examples of such

events are missense mutations in K-RAS and TP53 in pancreatic and lung

carcinomas respectively (Lengauer et al 1998).

2) Alterations in chromosome number, either by the gain or loss of whole

chromosomes, can result in oncogenic activation and tumour suppressor gene

inactivation, respectively, due to a dose response. This is evident by karyotypic

studies in the majority of cancers, which indicate such gross changes. Naturally

occurring mitotic errors are a major process responsible for such chromosome copy

number changes. This leads to the inheritance of an extra chromosome in one

daughter cell and the loss in the other. Under normal conditions apoptosis would be

induced in such cells by checkpoint regulators, however if genetic stability is

compromised, then these aberrations will proliferate undetected. Such changes are

found in most tumour types (e.g. +7 in papillary renal carcinoma, -10 in

glioblastoma) (Barch et al 1997; Lengauer et al 1998).
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3) Chromosome translocations can give rise to fusion genes whose transcripts have

tumourigenic properties. Chromosomes are broken at specific regions known as

breakpoints; their formation induced by ionising radiation, UVR and other

carcinogens. Without the protective telomeric ends these DNA fragments are

“sticky” and will fuse to other breakpoints resulting in a translocation. As with cells

containing chromosomal copy number changes, these are usually destroyed through

apoptosis if genetically stable. An example is provided by the Philadelphia

chromosome in chronic mylogenous leukemia, which yields the oncogenic BCR-

ABL fusion gene (Barch et al 1997).

4) Gene amplifications are observed cytogenetically as double minute chromosomes

(dmin) or homogeneously stained regions (hsr). Higher resolution molecular

analysis has characterised these phenomena as being 0.5-10Mb amplifications

containing growth-promoting genes. The magnitude of these amplicons can range

from 2- to 100-fold. The exact mechanisms of their formation is poorly understood

at present, but is known to involve the transposition of amplified genes from their

normal chromosome location to another chromosome or extra-chromosomal body.

The amplification of the N-myc oncogene is a common event in advanced

neuroblastoma (Barch et al 1997).

In addition to the aberrations mentioned above, there is increasing evidence that DNA

methylation may be an alternative method of gene inactivation (Versteeg 1997). This

process involves the addition of methyl groups to cytosines present in CpG islands

within the promoter region of a gene. Methylation within the promoter has been

strongly associated with the silencing of gene expression, thus providing the potential to

disrupt gene expression and function without introducing DNA mutations (Jones and
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Laird 1999). Evidence to support this hypothesis come through the observation of

promoter methylation in several tumour suppressor genes including TP53, RB, VHL,

APC, BRCA1 and p16INK4a. The aberrant pattern of methylation inactivates these genes

by repressing transcription and thus disrupts their normal function, promoting

tumourigenesis (Baylin and Herman 2000).

1.3.6 Multi-Step Tumourigenesis

Because of the multi-step nature of tumourigenesis, cancer research has proven difficult

in identifying the genes responsible. However, with the advent of new molecular

biology techniques and the persistence of researchers, the mechanisms of

tumourigenesis has begun to unravel. The most expansive demonstration of this is the

chain of events that lead to the transformation of normal colon epithelium to colorectal

cancer. The first mutation occurs in the APC oncogene that leads to the formation of

benign polyps. Subsequent mutations in the K-RAS oncogene and inactivation of DCC

and TP53 tumour suppressor genes, transform the precursor polyps into intermediate

adenomas and finally the malignant state (Fearon and Vogelstein 1990). This cascade of

events shows the accumulation of genetic changes, requiring four or five mutations

before the malignant state is reached. Although this model may not occur for all

cancers, it does demonstrate the multi-step progression of tumourigenesis.
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1.4 Skin Morphology, Function and Neoplasia

1.4.1 The Integument System

The integument system, more commonly referred to as the skin, is the largest organ in

the body. An average person’s skin weighs over 2.7kg, covering an area of 6.0m2 and is

essential in performing a variety of functions. This highly complex organ acts as the

first line of defence and protection from external pathogenic infections, mechanical

trauma and UVR. The skin through temperature regulation and absorption/excretion of

fluid maintains homeostasis. Others important functions include vitamin D metabolism,

immunological surveillance, sensory perception and cosmesis (Stal et al 1987).

Principally the skin is made up of two distinct layers, the epidermis including its

appendages (hair, nails, sebaceous, eccrine and apocrine glands) and the underlying

dermis. The epidermis is the uppermost layer of the skin consisting predominantly of

epidermal keratinocytes (>90%) in addition to melanocytes. The function of these

keratinocytes is to express high levels of keratin and differentiate to form flattened

layers; which make up the protective surface of the skin (Eckert 1989). Melanocytes are

responsible for the synthesis of the skin pigments melanin; which are stored in

membrane-bound vesicles called melanosomes. These vesicles are exported to the

keratinocytes where they absorb UVR and UVR-induced free radical molecules within

the keratinocytes. As a consequence the melanosomes are gradually degraded and

require continual renewal. Other epidermal cell types include Langerhans cells and

Merkel cells, functioning in immunocompetency and sensory mechanoreception,

respectively (Urmacher 1990).
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The lower dermal layer provides mechanical strength and support to the epidermis

through a fibrous network; the dermis also contains nerves, vasculature and appendages

from the epidermis. As well as providing structural strength to the skin, it functions as a

site of water storage, thermal regulation and sensory perception (Stal et al 1987). The

dermis contains many cell types, the most predominate being the fibroblasts. Their

major role is the synthesis of collagen and other structural components; which make up

the fibrous connective network of the dermis. Other cell types found within the dermal

layer include histiocytes responsible for scavenging melanin, lipids and other debris;

mast cells which are believed to regulate vasculature permeability and release histamine

during inflammation; and macrophages which play important roles in immune response

(Stal et al 1987).

1.4.2 The Epidermis

The epidermis is comprised of four clearly defined layers in which there is progressive

maturation from the basal layer to the outermost corneal layer (Figure 1.1). The

germinative basal epidermal layer (stratum basale) is the lowest epidermal layer,

consisting of relatively undifferentiated keratinocytes anchored to the basal lamina, the

separating membrane between the dermal layer and the epidermis (Urmacher 1990).

This single layer of stem cells is mitotically active and gives rise to highly differentiated

non-dividing keratinocytes. The basal layer is thus solely responsible for replenishing

the keratinocyte population of the epidermis. In addition melanocytes and Merkel cells

are found interspersed within the basal layer (Eckert 1989).
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Figure 1.1: Medium-powered magnification of the epidermal layer of normal skin from

forearm. Illustrated are the layers that comprise the epidermis (H&E, original

magnification ×60).

Basal keratinocytes undergo a transient amplification to produce daughter cells that

migrate to the epidermal surface to ultimately form the corneal layer. Epidermal

germinative cell reproduction takes on average 19 days, followed by a 26 to 42 day

migration through the basal layer to the granular layer. A final transit time of 14 days

through the corneal layer estimates total epidermal renewal between 59 and 75 days

(Halprin 1972).

Directly above the basal layer is the spinous layer (stratum spinosum). The

keratinocytes within this layer derive from the migration of daughter cells produced in

the basal layer. These cells begin to differentiate with the formation of keratin filament

bundles. The granular layer (stratum granulosum) is characterised by the presence of
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granules within the keratinocytes. These granules contain profilaggrin, which aids in the

aggregation of keratin filaments. Other granules, which discharge lipids into

extracellular spaces producing a water barrier, are also present (Eckert 1989). The

stratum lucidum is an additional thin layer seen in the palms and soles that separates the

dead cells from the living epidermal layers. These cells undergo mass destruction of

organelles and nucleic acids whilst the final assembly of the keratin intermediate

network and cornified envelope is established (Urmacher 1990).

The uppermost layer of the epidermis is known as the horny or corneal layer (stratum

corneum). This layer represents the terminal stage of keratinocyte differentiation. These

cells are dead, flattened polyhedrons that provide the protective surface of the skin. It

consists of a stabilised network of interlinked keratin filaments contained within a

covalently cross-linked protein envelope. Without this protection the body would

hydrate or dehydrate in wet or arid environments, respectively and be extremely

susceptible to infection by pathogens (Stal et al 1987).

The epidermis and dermis are separated by a basement membrane (basal lamina) which

functions as a point of cell attachment, a selectively permeable barrier and a template

for skin repair (Figure 1.2). The dermis is more complex in structure and 15 to 40 times

thicker than the overlying epidermis. It can be divided into two regions, the superficial

(papillary) dermis and the deep (reticular) dermis (Stal et al 1987). Both are composed

of collagen and elastic tissue with a rich supply of blood vessels and nerves. Sebaceous,

eccrine sweat and apocrine sweat glands are also found within the dermis. Beneath the

dermis lies the hypodermis, containing subcutaneous tissue and additional connective

tissue; this layer is not strictly considered a true part of the skin (Urmacher 1990).
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Figure 1.2: Low-powered magnification of normal skin. Illustrated are the 2 principle

layers of the skin the epidermis and the dermis. Note the distinct junction between the

two, separating keratinocytes from fibroblast cells. The dermis is comprised of the

papillary and reticular layers (H&E, original magnification ×60).

1.4.3 Skin Neoplasia

As previously discussed a major function of the skin is protection against harmful

agents, consequently the skin is prone to damage. Lesions can develop as a result of this

injury in the form of scars, burns, infections and cancer. The development of skin

cancer is a result of protection from harmful solar UVR, a known mutagen.

Consequently, genetic mutations are introduced into the DNA of the epidermal cells,

which may develop the potential to initiate tumourigenesis. Several forms of solid

tumours exist within the epidermis and are classified into three major groups based on

the cell type affected. Namely, melanoma, basal cell carcinoma (BCC) and squamous

cell carcinoma (SCC), the latter two collectively referred to as non-melanoma skin

Epidermis

Dermal-Epidermal
Junction Papillary Dermis

Reticular Dermis
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cancer (NMSC). Both BCC and SCC are keratinocyte-derived tumours arising from

cells in the basal layer and squamous layer of the epidermis respectively. Melanomas

are derived from melanocytes found within the basal layer of the epidermis (Lever and

Schaumburg-Lever 1990). Melanoma and NMSC are the most predominant forms of

epidermal-derived tumours. However rare cancers of other epidermal cells are also

observed, including Merkel cell carcinoma, atypical fibroxanthoma and adnexal

tumours (Freedberg et al 1999). In addition to these tumours there exists several related

dysplasias associated with UVR damaged skin, including keratoacanthoma (KA),

Bowen’s disease (BOD) and solar keratosis (SK) (Marks 1996).

Bowen’s disease is an intraepidermal carcinoma and also referred to as an in situ SCC, a

dysplasia extending the full thickness of the epidermis but remaining within its

confines. These lesions develop on bodily areas that are intermittently exposed to UVR

including the lower legs and trunk. BOD also appears on non-sun exposed areas, often

associated with arsenic exposure. Clinically and histologically, these lesions appear as

exaggerated SK (Lever and Schaumburg-Lever 1990). Although the histological

appearance is a carcinoma in situ, malignant transformation is rare, occurring when

lesions have been left for long time intervals. The exact risk of transformation is

currently unknown due to the lack of longitudinal studies (Bernstein et al 1996; Marks

1996).

KAs are a common keratinising squamous neoplasm arising in sun-exposed regions of

the body, particularly the hands and face of elderly individuals. Whether these are a

variant of SCC is poorly recognised, mainly due to the lack of correlation in their

respective growth patterns. KA nodules are characterised by rapid prolific growth over

4 to 12 weeks followed by spontaneous involution. Regression is often preceded by a

period of stability of several months, lesions may also recur locally. Conversely SCC
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are generally much slower growing, do not plateau and rarely regress (Rowe et al 1992).

However, these KAs are often mistaken both clinically and histologically as invasive

SCC during diagnosis (Friedman 1991; Bernstein et al 1996).

As previously mentioned, although both BOD and KA are dysplasias of solar damaged

skin, their relationship to NMSC development is poorly defined. In fact, due to problems

with histological identification, these lesions are often misdiagnosed as SCC or SK. This

may in part explain the observation of BOD progressing to SCC, when in fact the lesion

was initially misdiagnosed as a BOD.  It is however, widely accepted that a proportion

of SK do progress to form SCC, although the frequency of transformation remains

extremely debatable (Marks et al 1986; Dodson et al 1991). This study is aimed at

investigating the molecular genetics of BCC, SCC and SK and hence further discussions

will therefore focus only on the characteristics and genetics of these types of NMSC.

1.5  Epidemiology and Aetiology of NMSC

1.5.1 Epidemiology

As previously mentioned, information on the epidemiology of most large, population-

based cancer registries do not include information regarding BCC and SCC. As NMSC

is rarely fatal this is reflected in the lack of mortality statistics. NMSC incidence rates

are also poorly maintained. For this reason basic information must be obtained from

specialised surveys (Weinstock 1995a). From such information it is obvious that NMSC

accounts for most skin cancer cases with NMSC contributing to nearly 96% of all skin

cancer cases and melanoma responsible for only 4% of cases. The ratio of BCC to SCC
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varies by latitude, between 4:1 and 2.5:1 (Marks et al 1983; 1988b; 1989; 1993;

Goodman et al 1984; Giles et al 1988; Green et al 1988).

Skin cancer is the most prevalent malignancy in Caucasian populations of Australia,

with the highest recorded incidence in the world (Giles et al 1988; Marks et al 1993). It

is also the most common tumour type in Caucasian populations of the USA, Europe,

Canada and New Zealand (Cooke et al 1991; Miller and Weinstock 1994; Engelberg et

al 1999; Holme et al 2000; Memon et al 2000; Garvin and Eyles 2001). The frequency

of new cases of NMSC in 1999 for the USA alone has been estimated at 1.3 million per

year. This prevalence is greater than the possibility of developing any one of all other

possible non-cutaneous tumours (American Cancer Society 2001a). In Australia it is

estimated that there are upwards of quarter of a million new cases of NMSC annually,

hence the term skin cancer capital of the world is often applied. (Staples et al 1998; The

Cancer Council Australia 2001).

Many ongoing epidemiology studies have been undertaken to determine the frequency

of NMSC occurrence within the Australian Caucasian population. In general it is

estimated that approximately 2-3% of the population over 40 years old will develop one

or more NMSC lesions a year (Marks et al 1983; 1988b; 1989; 1993; Goodman et al

1984; Giles et al 1988; Green et al 1988). Thus it is estimated that as many as half of

the population born or spending their childhood and adolescent years in Australia will

develop at least one skin cancer during their lifetime, especially in the state of

Queensland (SunSmart 2001). Based on the estimates of incidence rates in the USA, the

expected lifetime risk of BCC and SCC is approximately 25% and 8%, respectively.
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Although the highest incidence of NMSC development is reported in the 40 plus age

group, there is no age that is exempt. In recent years there has been an increased

diagnosis of skin cancer in younger age groups, including teenagers (Weinstock 1995a;

1995b). However, the noted increase in NMSC cases detected in all age groups may not

be due to an increased occurrence, but more to an increase in public awareness. SK

affects more than 40-50% of Australian Caucasians over 40 years, with virtually all

individuals having at least one lesion by the age of 70 years (Marks et al 1983, Holman

et al 1984; Green et al 1988). Of those individuals affected with SK greater than 75%

have been shown to have multiple lesions on their body (Marks et al 1983; 1988a; 1989;

Goodman et al 1984; Frost et al 2000).

1.5.2 Aetiology

The aetiology of NMSC is multifactorial with both intrinsic factors and environmental

solar UVR exposure playing significant roles. A combination of age, skin reaction to the

sun and solar UVR exposure, are major predisposing factors associated with the

prevalence of NMSC. SK formation is related to the same factors (age, skin reaction and

UV exposure) associated with NMSC prevalence (Marks et al 1988b). For this reason

they are excellent biological markers for the prediction of NMSC risk (Marks et al 1983;

1988b; Green and Battistutta 1990).

Epidemiologic evidence suggests that exposure and the sensitivity of an individual's skin

to UVR, are the most significant causative factors in the formation of skin cancer.

However, the type of exposure (high-intensity intermittent versus chronic) and pattern of

exposure (continuous versus intermittent) may differ among melanoma, BCC and SCC

development (Preston and Stern 1992; English et al 1998). Of the 3 types of UVR

emitted by the sun, UVB is responsible for the formation of most sunburn and skin
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cancer. UVA is less biologically active than UVB but accounts for 90% of surface UVR

and therefore contributes to some degree of skin cancer formation. UVC is filtered out

by the ozone layer and therefore does not reach the earth’s surface; UVC is becoming an

increasing concern due to ozone depletion.

Individuals with fair skin complexion, who tend to burn rather than tan, are at the most

risk of developing NMSC. A person’s skin type is inherited, with the most susceptible

type from Celtic forebears, i.e. fair skin with a reddish tinge, multiple freckles, and

frequent moles. Pigmentation in darker skin offers some degree of protection from solar

UVR. The presence of SK also carries an elevated risk to skin cancer development. As

SK development is related to the same factors as NMSC, this makes these lesions ideal

biological markers for risk of NMSC development.

The incidence of NMSC also increases with age; approximately 95% do not develop

until past the 4th decade. Childhood and adolescent sun exposure is also believed to play

an important role in NMSC development. A greater frequency of NMSC and SK

development occur in individuals who were born in Australia, compared to those who

migrated after their childhood. This may be due to higher skin sensitivity during

childhood or the estimation that most people receive 50% of their total UV dose before

the age of twenty. Male risk is also higher, most likely due to clothing type and higher

outdoor activity; females wear lipstick and make-up, which protects the skin to some

degree from UVR. The greater male risk is also related to increased out-of-doors

occupational and recreational sun exposure (Marks et al 1989; 1993; Marks 1994a;

1994b).
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Immunocompromised individuals such as organ transplant recipients, especially renal

transplants, AIDS sufferers and patients taking cytotoxic agents or corticosteroids, have

also been observed to have an elevated risk to skin cancer development (Wang et al

1995; Penn 2000). Histological examination of SK and well-differentiated SCC show

these lesions are associated with an immune response, a possible mechanism for

regression of SK. In addition NMSC can develop from exposure to X-rays, ionising

radiation, arsenic, hydrocarbons and the human papilloma virus. Also a higher rate of

metastasis is observed in SCC that develop in ulcers, scars and pre-existing burns that

do not heal (Edwards et al 1989; Lever and Schaumburg-Lever 1990). Besides inherited

skin type, other genetic factors including rare familial syndromes can result in increased

risk. These syndromes will be discussed in more detail later on.

1.5.3 Precursors and Development

Sporadic BCC apparently arise without precursors even small tumours have all the

cellular characteristic of larger BCC. Since first observed in 1926 , SK have been widely

accepted as precursor lesions with the potential of progressing into an SCC (Freudenthal

1926; Marks et al 1988a; Marks 1991; Sober and Burnstein 1995; Cockerell 2000).

Several studies have attempted to determine the frequency of evolution from SK to

SCC. This has proven difficult due to the following four-fold problems. Firstly, to be

absolutely sure a lesion was an SK, a sample would require excising for histological

identification. Unfortunately, such procedures have been known to change the properties

of these lesions as observed by the greater occurrence of SCC in scar tissue (Edwards et

al 1989; Lever and Schaumburg-Lever 1990). Unfortunately, without the histological

diagnosis we can never be sure that the early lesion was actually an SK rather than an

early SCC. Secondly the frequency rate depends on many separate factors, including an
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individual’s immune status, the degree and continual accumulation of solar skin damage

and any treatment of these lesions. Thirdly, there is no strong distinction between the

two lesions even histologically, as there is no sharp line of demarcation between SK and

SCC.

A question posed to the Editorial Board of the American Journal of Dermatopathology

and other authorities asked, “What is the boundary that separates a thick solar keratosis

and a thin squamous cell carcinoma?” (Jones 1984). As clearly demonstrated by the

response of the panel of dermatologists, there lies no indistinguishable characteristics

both clinically or histologically to differentiate the two. However they unanimously

agreed that  “where there’s doubt, cut it out”. Finally, it has been further suggested that

SK is not a premalignant lesion but rather a malignant neoplasm, i.e. an incipient SCC.

The two lesions being fundamentally one and the same (Ackerman 1997; 1999;

Guenthner et al 1999; Brand and Ackerman 2000; Lober and Lober 2000).  Such an idea

has not been new to the classification of SK. Sutton Jnr suggested as early as 1938 that

SK were cancerous lesions opposed to precancerous (Sutton 1938). The basis of this

principle is that there are actually no pre-cancers; a neoplasm is simply either a cancer

or not. With this is mind, SK can be described as a superficial SCC, but nonetheless still

appreciably a cancer (Heaphy and Ackerman 2000). A change in classification of SK to

an SCC and due to their extremely high prevalence, several thousand-fold more

common than BCC, would make SCC by far the most common cancer in humans

(Brand and Ackerman 2000).

With these problems in mind, it is not surprising that the estimates of SK development

to SCC is extremely variable, reported to be as high as 20% (Dodson et al 1991).  Marks

et al (1986) estimated a rate of 0.075-0.096% per lesion per year. Although this rate
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appears to be insignificant, an individual with 7.7 SK, the average number on the skin of

an affected person, would have a 10.2% chance of developing an SCC over a 10 year

time period. Based on these statistics cutaneous SCC therefore exhibit similar

pathobiology to other intraepithelial neoplasms especially of the female reproductive

tract (Cockerell 1999). Further studies by Marks et al (1988a) found 60% of SCC in

their series was clinically associated with an SK the previous year.

Several histological studies have associated approximately 60% of SCC cases with a

contiguous SK at the periphery or within the confines of the tumour (Takemiya et al

1990; Dinehart et al 1997). In addition many of these tumours were metastatic SCC

(Dinehart et al 1997). These estimates may be factitiously low, as the invading SCC

may have eliminated all evidence of the initial SK due to their aggressive growth. In

addition only single 5-µm sections from each tumour were examined. Further

investigation of other sections from the same tumour may increase the possibility of

identifying other SK foci (Lober and Lober 2000). A study by Hurwitz and Monger

(1995) who histologically reviewed 459 SCC identified 97% of cases as having an

associated SK and may be a more realistic estimate.

1.5.4 Mortality and Morbidity

Of the three predominant types of skin cancer, melanoma has the highest degree of

mortality. In 1997, melanoma contributed to 910 (3%) cancer-related deaths in

Australia, the eighth most predominant cancer (Australian Institute of Health and

Welfare 2001). Mortality from NMSC is mainly attributed to SCC, in comparison to

other cancers and taking into account the number of afflicted individuals this rate is

extremely low. Approximately 9,600 people died in the USA in 1999 from skin cancer,

20% attributed to NMSC (American Cancer Society 2001a). Globally adjusted mortality

rates for NMSC in Australia are estimated at 1.8 per 100,000, an annual approximation
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of 330 NMSC-related deaths (Australian Institute of Health and Welfare 2001).

Queensland statistics for the same year recorded 187 and 58 deaths from melanoma

(76%) and NMSC (24%), respectively (Queensland Cancer Fund 2001). Mortality rates

over the past 3 decades have decreased for NMSC because of increased awareness

leading to early detection and treatment (Maguire 1997). Interestingly, Czarnecki and

Foddy (2000) propose that this decrease for the entire population is actually artefactual.

They suggest the increase in foreign-born immigrants to Australia of a different racial

composition and having a lower susceptibility to skin cancer and hence this may have

resulted in an apparent decrease in NMSC mortality rates.

Although mortality rates are low, the rate of morbidity is extremely high. Few

individuals realise how disfiguring NMSC can become. BCC rarely metastasise and are

slow growing tumours. However they can lead to the destruction of local structures such

as the eyes, nose, lip, etc. Extensive reconstructive surgery and skin grafts are often

necessary if facial BCC are left untreated (Lever and Schaumburg-Lever 1990). SCC

can be equally as destructive but have the added risk of being potentially metastatic

(Preston and Stern 1992; Marks 1996). It has been estimated that 3% SCC that develop

on the face or hands have a threat of metastasis, this figure is greater, approximately

11% for SCC of the lip (Friedman 1991; Rowe et al 1992).

1.5.5 Prevention and Treatment

Most skin cancers are preventable by adequate protection against sun exposure. The

best protective measure against skin cancer development is sun avoidance, particularly

in the first 20 years of life, and especially between the hours of l0am and 3pm each day

when solar UVR is at its most intense. The use of a sunscreen with a high filtration

factor (30+) has been demonstrated to block up to 96% of UVB when applied correctly.

Skin coverage with a long-sleeved shirt, long pants, sunglasses and a wide-brimmed hat
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to shade the face, neck and ears is also a highly recommended practice (Thompson et al

1993; Montague et al 2001; Stratton 2001).

Interestingly, several studies have demonstrated a high incidence of spontaneous

regression and recurrence of SK within a one-year period (Frost et al 2000; Marks et al

1986). The cause of regression is currently not fully understood but may be explained

by the histological observation of an increased immune response in SK sections.

Additionally, Thompson et al (1993) demonstrated a reduction in SK frequency through

the regular application of sunscreen, thus decreasing sun exposure to the affected areas.

In the event of the formation of NMSC early detection is critical, suspicious lesions

should be medically evaluated immediately; over 95% of NMSCs are treatable if

detected early (Friedman 1991; Marks 1996).

1.5.6 Treatment

In 1999 the Queensland Cancer Fund estimated over 111,000 Queenslanders are treated

annually for skin cancer, an increase of 270% over 10 years. The treatment of skin

cancer depends on the type and size of the tumour and its location on the body.

Presently NMSCs are treated via surgical removal with excision of adequate margins,

electrodessication (tissue destruction by heat), cryosurgery (tissue destruction by

freezing with carbon-dioxide snow or liquid nitrogen), laser therapy and in extreme

cases radiation therapy (Marks 1996). Cryosurgery and electrodessication are common

procedures performed on small premalignant or early forms of NMSC (Friedman 1991).

However there is no record of the skin margins leading to a potential risk of

reoccurrence. Treatment of most large BCC and SCC is possible by surgical excision,

often in an outpatient setting. Tumours are excised with adequate margins and the

resulting tissue evaluated histologically for diagnosis. Clinical follow-up is
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recommended every few months for several years when treating SCC to ensure any

potential reoccurrences are detected and treated early on (Marks 1996).

Radiation therapy is rarely utilised. It is used in patients such as the elderly who are

medically unsafe for surgery and in cases where reconstruction would prove difficult;

mainly reserved for extremely aggressive tumours (Anscher and Clark 1991; Marks

1996). The treatment of SK is often via non-surgical means such as cryotherapy or laser

destruction. The application of topical creams for example 5-fluorouracil can be used to

control premalignant lesions such as SK to retard further carcinoma development, but

will not adequately deal with an established skin cancer (Dinehart 2000). Most methods

of treatment especially removal of large deeply penetrating tumours will result in some

form of scarring. The overall 5-year survival rate for patients with BCC and SCC of the

skin is achievable in over 99% and 95% respectively of adequately treated NMSC

(Marks 1996).

The Australian Society of Plastic Surgeons estimated over 225,000 skin cancers were

excised by specialists in 1993, a large proportion being from the head and the neck

region. A total of 50,000 grafts and skin flaps were used for repair of the defects created

by the excision, of which over half were on the face. These statistics make the surgical

treatment of skin cancer one of the most costly forms of cancer to our society taking

into the account medical costs and time away from work. Added to this is the enormous

social problems related to scarring and the other evidence of sun damage such as ageing

to facial skin (Australian Society of Plastic Surgeons 2001).

Marks et al (1989) estimated the cost of NMSC management at $AUD100 million

annually in Australia. McCarthy and Shaw (1989) argue that this is extremely

conservative, estimating annual costs of skin cancer management at a more-realistic
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$AUD400 million. Their estimate takes into account management of melanoma, whose

cost is difficult to separate from NMSC. In addition, workdays lost and cost of

preventative measures including clothing and sunscreens are included.

Clinical Appearance and Histopathology of NMSC

1.6.1 Clinical Manifestations

1.6.1.1 Basal Cell Carcinoma

BCC present many clinical subtypes, a study of 1039 consecutive cases identified the

frequency of the 5 major subtypes: nodular (21%), superficial (17%), micronodular

(15%), infiltrative (7%) and morpheic (1%). The remaining 39% of BCC tumours

presented a mixed pattern of nodular together with an additional sub-type. Although not

strictly considered as a subtype, pigmented varieties of BCC are also often observed

(Sexton et al 1990).

A typical nodular or micronodular BCC appears as a dome-shaped papule with a

telangiectatic surface and a waxy or pearly translucent border. These lesions may also

be centrally ulcerated or crusted. Superficial BCC present as a reddish scaly plaque with

a slightly elevated rolled border displaying centrifugal growth (Maloney 1995). Areas of

crusting and erosion may also be evident. Infiltrative BCC are difficult to see as they are

flesh coloured in appearance, often the skin is rubbery or fibrotic. The morpheic form

are often seen as a whitish plaque with poorly defined margins often resembling a scar,

difficult to detect clinically so may develop over a long period of time before diagnosed

(Sexton et al 1990; Friedman 1991).
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BCC develop on sun-exposed areas of the body, with 80-85% located on the head and

neck, including 30% found on the nose alone. There is also a reasonable frequency of

BCC developing on moderately exposed regions such as the lower trunk in males and

the legs of females. BCC of the nipple, penis, scrotum, vulva and perianal area have

also been described, but not on the mucosal surfaces (Goldberg 1997). It is therefore

believed that BCC development is due primarily to intermittent exposure during

childhood and adolescence, particularly as a result of severe sunburn. Although BCC

rarely metastasise, these slow growing lesions if left untreated can become locally

invasive. This is of great concern when they develop near the eyes, ears or nose, where

they can destroy these structures (Goldberg 1997; Freedberg et al 1999)

1.6.1.2 Squamous Cell Carcinoma

Unlike BCC, there is no distinct clinical presentation of SCC. Typically, they present as

plaques or nodules with varying degrees of scaling, crust, erosion and ulceration,

although other common variants exist. SCC often appear red, red-brown or tan in

colour, however if hyperkeratosis is present the lesion may appear white. Diagnosis

from BCC is often separated due to the lack of pearly translucence and telangiectasias,

although not invariably so. Clinical differentiation from SK, KA, BOD, psoriasis, and

deep fungal infections can also be difficult (Friedman 1991). SCC develop almost

exclusively on sun-exposed regions of the body, mainly the scalp, temple and hands.

Common sites also include the mucous membranes of lower lip, nose and eyelids. The

incubation period of SCC formation is very long, requiring many years of chronic solar

UV exposure, a single episode of sunburn does not appear to cause cancer.

Unlike BCC, SCC have the potential to metastasise, with a rate of approximately 3%,

SCC of the lower lip however are more aggressive and have a metastatic rate of
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approximately 11% (Friedman 1991; Rowe et al 1992). SCC developing in scar or burn

tissue also appear more aggressive than at other bodily sites. Perineural invasion is also

markedly increased, being associated with 41% of metastases opposed to 5% of non-

metastising tumours. Once metastasis has occurred, SCC are fatal in 75% of cases.

Invasive SCC does not invariably arise in association with BOD but is often observed in

combination with a pre-existing SK. (Lever and Schaumburg-Lever 1990; Freedberg et

al 1999).

1.6.1.3 Solar Keratosis

SK present as rough, scaly, red to tan macules variable in size, but generally measuring

between 3 and 6mm in diameter. Lesions can be both sharply circumscribed or

gradually blended into the background skin. Keratin horn formation is also often

demonstrated due to pronounced hyperkeratosis (Lever and Schaumburg-Lever 1990).

Clinically SK often resemble early SCC leading to misdiagnosis. As with SCC the

incubation period of SK formation requires many years of cumulative sun exposure. SK

are therefore most commonly observed on the face, scalp, arm and dorsa of the hands.

Interestingly development of SK on the right arm is more prevalent in Australia, where

the driver is situated on the right side of the car. In the USA the left arm is more

common, where the reverse applies. SK can also develop on mucosal membranes with

dysplasia of the lower lip is referred to as solar cheilitis (Schwartz 1996; Friedman

1991).
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1.6.2 Histopathology

1.6.2.1 Histopathology of BCC

All BCC are characterised by basaloid cells from the epidermis infiltrating into the

dermis in varying degrees. These lesions are believed to arise from a pluripotential stem

cell found in the basal layer of the epidermis. As previously mentioned BCC sub-types

are identified histologically from normal skin through several well-recognised growth

patterns as demonstrated in Figure 1.3 (Lever and Schaumburg-Lever 1990; Sexton et al

1990).

The nodular subtype exists as round, well-circumscribed islands or nodules of

neoplastic cells within the superficial and deep dermis. Closer inspection of these

nodules show that they are composed of a uniform population of slightly enlarged

basaloid cells with round to ovoid nuclei. Unlike SK and SCC, nucleoli are not

prominent. Peripheral palisading of cells is also well developed. Mucinous retraction

clefts are frequently observed surrounding the individual nest of cells (Sexton et al

1990). These are characteristic stromal-epithelial separation artefacts due to tissue

preparation, but useful in BCC diagnosis. Micronodular BCC as the name suggests

present as multiple small tumour islands with less marked cellular palisading (Maloney

1995).

The superficial subtype of BCC is characterised by multiple buds or irregular lobules of

neoplastic cells emanating from the basal layer of the epidermis. Infiltration is confined

to the surface of the superficial dermis. Peripheral palisading is well defined and

retraction clefts frequent in occurrence (Sexton et al 1990).
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Figure 1.3: Histological variants of BCC tumour. a) nodular BCC, note islands of small

basal-like cells invading the dermis. b) multifocal superficial BCC, note budding of

basal cells from epidermis into the dermal layer (H&E, original magnification ×20 and

×60, respectively).

Infiltrative lesions show little evidence of palisading and retraction clefts, the tumour

masses are often variable in size and spiked in shape. Morpheic BCC present as thin

elongated strands of tumour cells in a prominent sclerotic stroma. Recurrence has been

associated with the morpheic and infiltrative subtypes, and in BCC with marked nuclear

pleomorphism and poorly or absent peripheral palisading (Nguyen et al 1993).

a)

b)
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1.6.2.2 Histopathology of SCC

SCC of the skin is a true invasive carcinoma characterised by irregular masses of

atypical keratinocytes proliferating downwards into the dermis. Atypia is characterised

by the variation in cellular size and shape, displaying large hyperchromatic and

pleomorphic nuclei with atypical mitotic figures, cytologically identical to those found

in SK. A high nuclear-to-cytoplasmic ratio, loss of cellular polarity and intercellular

bridges are also often observed. Keratinisation may also be prominent in the form of

horn pearls within the tumour mass or sheets of partially keratinised cells (Figure 1.4)

(Lever and Schaumburg-Lever 1990).

Several grading systems exist for the classification of SCC based either on 1) the degree

of "undifferentiated' cells, 2) a semi-quantitated assessment of malignancy or 3) the

depth of dermal/subcutaneous invasion. In this study the second method of grading

based on the degree of malignancy, either well, moderately or poorly differentiated has

been adopted. In general, the more atypical cells appear (i.e. poorly differentiated), the

more aggressive/malignant they tend to act. These anaplastic cells tend to behave in an

immature fashion and are usually less able to synthesize the end products of maturation,

i.e. keratin for squamous cells (Lever and Schaumburg-Lever 1990).

Well-differentiated SCC demonstrate keratinocytes with squamous differentiation, with

deeply eosinophilic cytoplasm, desmosomal attachments between cells are also evident.

The presence of large numbers of keratin sheets and horn pearls arranged in aggregates

in the dermis emanating from the epidermis is also characteristic. The dermis often

demonstrates a marked inflammation representing a host immune response, this is more

apparent in well-differentiated SCC, than in moderately and poorly differentiated

classes (Dinehart et al 1997; Guenthner et al 1999).
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Figure 1.4: Histological variants of SCC tumour. Note the invasion of epidermal cells

into the reticular dermis with keratin pearls (arrows) amongst the tumour cell mass

(original magnification ×40).
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Moderately differentiated SCC are similar, but with less defined cellular aggregates and

fewer horn pearls. In some foci, the neoplastic cells are arranged in chords or strands in

the dermis associated with a fibrotic stroma. Some cells appear cuboidal and spindle in

shape, although close adhesion between neoplastic cells cannot be appreciated.

Anaplastic cells are large and round with hyperchromatic nuclei and less eosinophilic

cytoplasm due to less keratinisation. The majority of nuclei are atypical with

conspicuous atypical mitotic figures (Lever and Schaumburg-Lever 1990; Dinehart et al

1997).

Poorly differentiated SCC do not demonstrate obvious well-demarcated nodular

aggregates of keratinocytes. Most cells are spindle or cuboidal in shape with minimal

eosinophilic cytoplasm, devoid of intercellular bridges.  Most cells are strikingly

atypical and anaplastic with some foci continuity with the epidermis also commonly

observed. Generally, poorly differentiated tumours show little or no ability to form

keratin. Other histologic variants of SCC exist, besides the previously described

invasive type, including spindle-cell, verrucous, acantholytic and adenoid SCC which

may present significant difficulties in differential diagnosis (Sober and Burnstein 1995;

Dinehart et al 1997).

1.6.2.3 Histolopathology of SK

The decision to describe a lesion as an SK or a SCC is often not quite clear, as the

cytological features of both are often identical. However, the breaching of the basement

membrane by atypical cells (hence SCC) is often the defining criteria most often used to

distinguish the lesions (Frost and Green 1994). Many pathodermatologists still suggest

that SK represents a form of squamous cell carcinoma in situ. Other propositions for

demarcation suggest SCC show irregular aggregates of atypical keratinocytes in

papillary dermis (not in continuity with overlying epidermis) or the lesion must extend
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down to the reticular dermis to qualify as an SCC (Jones 1984). Dysplasias which span

the full thickness of the epidermis without dermal invasion are described as SCC in situ

or BOD (Lever and Schaumburg-Lever 1990). The classification of a lesion as an SK or

SCC is therefore based on the architecture rather than cellular features, thus suggesting

that the cells appear identical (Jones 1984; Dinehart et al 1997).

SK are characterized by atypical keratinocytes having disorderly arrangements

accompanied by atypia, predominantly at the basal layer (Dinehart et al 1997).

Keratinocytes are atypical and pleomorphic (i.e. variable in size and shape) with

enlarged hyperchromatic nuclei and often-prominent nucleoli. Premature keratinization

(dyskeratosis) of individual cells is often observed (Figure 1.5). The corneal layer is

usually thickened (hyperkeratotic) with areas of parakeratosis (nuclei within the corneal

layer due to abnormal maturation). Downward proliferation (causing acanthosis-

epidermal thickening) of the epidermis is present, but the basal lamina remains intact

(Lever and Schaumburg-Lever 1990). There is no invasion of the dermis by atypical

keratinocytes in SK, an indicative feature of SCC and major basis of classification. Sun

damage and solar elastosis is often observed in dermis as a smudgy blue discolouration

of collagen bundles. The border between dysplastic and normal keratinocytes is usually

sharp and distinct, normal cell extend further at the surface than the dermoepidermal

junction (Freedberg et al 1999).

Several histologic varieties of SK have been observed: hypertrophic, atrophic,

bowenoid, acantholytic, lichenoid and pigmented. Hypertrophic SK are the most

prevalent sub-type displaying pronounced hyperkeratosis with areas of intermingled

parakeratosis. In addition mild papillomatosis may also be present. The epidermis is

thickened and shows irregular downward proliferation, this is limited to the uppermost

dermis and does not constitute frank invasion. A loss of polarity leading to the



44

disorderly arrangement of keratinocytes is often seen in the stratum malpighi. These

cells often show pleomorphism and atypicality (anaplasia) of their nuclei, which appear

large, irregular and hyperchromatic. Within the basal layer the nuclei are often closely

crowded together. Cells in the mid-epidermis show premature keratinization, resulting

in dekeratotic cells characterised by homogenous eosinophilic cytoplasm with or

without nuclei (Billano and Little 1982).

Atrophic SK lack or show slight hyperkeratosis, papillomatosis is absent and the thin

epidermis devoid of rete ridges. Anaplastic cells with large hyperchromatic nuclei are

found close together. These occur predominately in basal layer, which may proliferate

into the dermis as buds. Bowenoid SK are histologically indistinguishable from

Bowen’s disease, this term is used to describe the lesion if present on sun-exposed skin.

Within the epidermis there is considerable disorder in the arrangement of the nuclei as

well as clumping and dyskeratosis (Lever and Schaumburg-Lever 1990).

The atypical cells of the acantholytic variety are found immediately above the basal

layer. Clefts are often observed resulting from anaplastic changes in the lowermost

epidermis, leading to dyskeratosis and loss of intercellular bridges. Layers above the

clefts show less atypia than in the basal layer which may bud or form duct-like

structures into the upper dermis (Lever and Schaumburg-Lever 1990). Lichenoid SK

display hyperkeratosis with focal parakeratosis and epidermal hyperplasia, dyskeratosis

is also often present. In addition a dense band-like mononuclear cell infiltrate in the

upper dermis is characteristic of this variety. The final class of SK is characterised by

excessive amounts of melanin, especially in the basal layer and is accordingly referred

to as the pigmented variety. In all varieties the upper dermis usually shows a fairly

dense, chronic inflammatory infiltrate composed of lymphoid and plasma cells

(Freedberg et al 1999).
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Figure 1.5: Histological variants of SK. Sections demonstrate atypical keratinocytes

replacing most of the normal epidermal layer. The basal layer has been increased by

protrusions of atypical cells into the papillary dermis, however not breaking the

basement membrane. Pronounced hyperkeratosis and parakeratosis is also evident

(original magnification ×40).
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1.6.3 Differential Diagnosis

Not all lesions of the skin are neoplastic, although at times clinical diagnosis of lesions

may be difficult due to similar morphology. Sebaceous and seborrheic keratoses are

commonly misdiagnosed as cancer. As previously discussed KA, BOD and highly

developed SK can resemble SCC clinically, additionally melanomas and pigmented

BCC can often be confused (Lever and Schaumburg-Lever 1990). Misdiagnosis of

superficial BCC as BOD disease or psoriasis is also common. Hypertrophic and

pigmented SK are often confused with seborrheic keratoses and malignant melanoma

respectively (Freedberg et al 1999).

In general where there is any doubt in classification, a biopsy is performed to rule out a

possible carcinoma. Histological diagnosis provides a somewhat clearer identification

and classification of these lesions, however diagnosis is not always definitive thus

leading to the possibility of misdiagnosis. The rule of thumb in these cases is to propose

the worst-case scenario and excise the lesion, thus removing the potential if any of

malignant growth and possible metastasis (Lever and Schaumburg-Lever 1990).
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1.7 Investigative Approaches in Cancer Research

1.7.1 Introduction

Deoxyribonucleic acid (DNA) is often described as the blueprint of life, encoding the

“instructions” for the construction of all proteins essential for living organisms to

develop, function and survive. Structurally DNA is a polymer existing as 2

complementary, anti-parallel strands coiled as a double helix and joined through

hydrogen bonds. The DNA double helix is wound around histones and other structural

proteins to form chromosomes (Snustad et al 1997). The basic units of the DNA

polymer are known as nucleotides of which there are four types found in DNA: adenine

(A), thymine (T), cytosine (C) and guanine (G). In the double helical structure A binds

to T, whilst G binds to C through 2 and 3 hydrogen bonds, respectively. Adjacent

nucleotides are read as sets of 3 referred to as a codon, with one codon specifying a

particular amino acid, the basic structural units of a protein. In general the entire

sequence of nucleotides that encode for a particular protein in referred to as a gene, with

thousands of genes present on a single chromosome (Hartwell et al 2000).

Proteins are synthesised from genes through an intermediate known as ribonucleic acid

(RNA). Synthesis occurs via transcription and translation, and collectively these

processes are referred to as gene expression (Snustad et al 1997). Proteins may need

post-translational modifications before they can perform their function as hormones,

growth factors, transcription factors, receptors, enzymes, etc. Thus the exact order of

nucleotides dictates the sequence, structure and function of a protein. Therefore a

mutation within the DNA will often change the sequence of the corresponding protein

(Hartwell et al 2000).
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1.7.2 Cell Culture and Cytogenetics

1.7.2.1 Cell Culture

The ability to culture cancer cells in vitro has been a cornerstone in cancer genetics.

The physical separation from normal surrounding tissue and proliferation of cancer cells

within the laboratory has enabled researchers to study their morphology, growth

characteristics and biochemistry (Ruddon 1995). By studying cancer cells in culture, it

was observed that cell morphology and growth properties clearly differed from those of

their normal counterparts. Loss of contact inhibition was also observed by the failure of

tumour cells to stop growing once a monolayer of cells was formed. Conversely cells

continued to grow on top of each other forming a three-dimensional mass known as a

focus. Cancer cells were also less adherent to one another demonstrating the loss of gap

junctions between neighbouring cells. Gap junctions are essential for the transfer of

factors important in controlling cell growth. Biochemical studies established the ability

of tumour cells to synthesise their own stimulator signals for growth, a process known

as autocrine stimulation. Finally it was also observed that cancer cells were much more

resistant to apoptosis, than normal cells when exposed to damaging agents (Ruddon

1995).

1.7.2.2 Cytogenetics and Karyotyping

Cell culturing has also enabled the study of metaphase chromosomes within individual

cells; a discipline referred to as cytogenetics. Specialised banding procedures are used

to identify and pair homologous chromosomes, enabling the cytogeneticist to construct

a diagram of a particular cell’s chromosomes, referred to as a karyotype. Using such an

approach, on neoplastic cells, researchers quickly observed that karyotypes from these

cells contained numerous chromosomal aberrations that were absent in adjacent normal
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tissue (Barch et al 1997). These genetic alterations included simple copy number

changes (i.e. gains or losses) of whole chromosomes and/or chromosomal regions.

Rearrangements such as translocations, inversions, etc. were also common observations.

Finally, characteristic chromosomal anomalies have been observed in given tumour

types (Mitelman 1995; Mitelman et al 2001 and references within). In fact,

chromosomal aberrations are now widely accepted as a hallmark of cancer cells,

recognised as critical in pathogenesis of cancer. The initial transformation may result

from a molecular event of mutation (base substitution, deletion, insertion) and/or from

more extensive genomic alterations. Regardless of how the initial transformation

process occurs, by the time of clinical manifestation, treatment and removal, significant

chromosomal alterations have been produced in the majority of solid tumours (Barch et

al 1997).

1.7.2.3 Haematological Malignancies

The cytogenetic approach has been pivotal in identifying causative chromosomal

rearrangements and aberrations in leukaemias and lymphomas (Rowley 1998, and

references therein). The identification of a reciprocal translocation t(9:22)(q34;q11),

known as the Philadelphia chromosome was the first characterised rearrangement found

in malignancies (Rowley 1973). Molecular investigations into the translocation led to

the identification of a fusion gene containing a partial DNA sequence from the ABL

cellular oncogene and the BCR (de Klein et al 1982). The resulting Bcr-Abl fusion

protein has increased ABL kinase activity and has been linked as the causative event in

chronic myelogenous leukaemia (CML). This recurrent chromosomal abnormality is

associated with the occurrence of the vast majority of CML cases. Recent clinical trials

in the treatment of CML have used a tyrosine kinase inhibitor known as STI571 as a

potent therapeutic agent with great success (Mauro et al 2001). This example
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demonstrates the success of disease treatment using molecular targeting of

chromosomal abnormalities. Cytogenetic analysis of other haematologic diseases have

characterised similar recurrent rearrangements enabling a greater understanding of

haematologic disease and diagnosis (Barch et al 1997).

1.7.2.4 Solid Tumours

In contrast to haematological malignancies, the cytogenetic approach has been less

successful in understanding the genetic changes associated with solid tumour formation.

Classical cytogenetic techniques necessitate the culturing of tumour cells to produce

metaphase spreads required for karyotyping. Solid tumours however, grow poorly in

culture and exhibit an extremely low mitotic index. Many cell types from solid tissue do

not adapt well to in vitro culturing and are difficult to maintain in culture. Their

chromosomes are often poor in morphology and spreading and therefore complete

analysis of these complex karyotypes is often impossible. Recently though, many

technical obstacles have been overcome and vast improvements made to culturing

conditions. As a consequence, at the beginning of 2001 there was a total of 37,681

published cases of neoplasms with abnormal karyotypes, greater than 30% of those

were from solid tumours, an increase of 10% since 1993 (Mitelman 1995; Mitelman et

al 2001 and references within).

Also, cell culturing is unfortunately biased towards tumour cells with a high mitotic

index and therefore not wholly representative of the entire specimen. A large proportion

of published cases reflect reports of chromosomal aberrations in advanced metastases

rather than primary tumours. This biases the data to small subpopulations of highly

evolved tumour cells present at these sites, which again may not be wholly

representative of the entire tumour. (James and Varley 1996a). Additionally, genetic
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changes in solid tumours are usually complex in nature with numerous rearrangements

and aneuploidy compared to the simpler changes associated with leukaemias/

lymphomas, proving extremely challenging to interpret by karyotyping. Non-random

chromosomal rearrangements such as translocations have enabled the identification of

genes involved in the formation of many haematopoietic and mesenchymal tumours. In

contrast, solid tumours have been observed to undergo less rearrangement, with

genomic material usually being lost or amplified (Hermsen et al 1996; Waldman et al

1996). Several abnormal chromosomal structures have been observed to exist only in

solid tumours, including small extra chromosomal regions known as double minute

chromosomes (dmin) and homogeneously staining regions (hsr). It has been observed

that both these structures contain amplified copies of genes, many having no currently

known function. As previously discussed these aberrant chromosomal structures are one

mechanism by which oncogenic activation can occur (James and Varley 1996a).

Analysis of cancers resulting in lymphomas and leukaemia often reveals very few

genetic changes, suggesting that as a whole they are relatively stable genetically. Those

few aberrations that do occur are highly recurrent and have led to the identification of a

small number of genes related to development of these cancer types (Barch et al 1997).

Tumour progression through the accumulation of multiple genetic abnormalities after

development of genetic instability is generally well accepted. Hence the study of

aberrations in solid tumours, unlike lymphomas and leukaemias, is especially difficult.

Large-scale genetic analysis suggests that the number of tumour-related genes may be

strikingly large. Iwabuchi et al (1995) observed changes in as much as 30% of the

whole genome in ovarian tumours and mutational studies have estimated numbers as

high as 103-105 new mutations per tumour (Ionov et al 1993; Loeb and Christians

1996). Of course, many of these aberrations reflect ‘noise’ accumulated as the
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genetically unstable tumour progresses. Subsequently many of these genetic changes are

a ‘side-effect’ of genomic instability, having no functional role in tumour development.

The challenge is to distinguish the important genomic changes from within the ‘noise’

and thus identify the affected genes. Once identified, the roles of these genes in the

stages of tumourigenesis can be clarified, with the final goal of manipulating their

expression as a means of therapy (Gray and Collins 2000).

The difficulties in interpreting karyotypic data can be explained by the basic nature of

the specimen. Karyotypic data strongly suggests that solid tumours arise from a

common progenitor stem cell, i.e. monoclonal in origin. This cell undergoes initial

malignant transformation, and its progeny subsequently continues to evolve and diverge

(Nowell 1978). Initial transformation generally results from a mutational event (i.e. a

deletion, insertion, base substitution) and/or more extensive genomic alterations, such as

translocations, deletions and amplifications. Regardless of this process, by the time of

clinical manifestation most common tumours contain chromosomal aberrations, varying

from as little as one or as many as 100 (Barch et al 1997). Analysis is difficult,

particularly ascertaining which aberrations are responsible for tumourigenesis and

which are essentially ‘noise’. To make matters worse a single specimen may exhibit

several different karyotypes spanning from normal (obtained from “contaminating”

surrounding tissue) and cells from varying stages of tumour progression, hence highly

heterogeneous samples. Finally, there is now strong evidence to support the notion that

some tumours are polyclonal in origin, arising from multiple stem cells. This is evident

in tumours containing many unrelated karyotypes. Consequently, heterogeneity is a

formidable obstacle to the genetic analysis of cancer, particularly if polygenic pathways

are involved (Hemminki and Mutanen 2001).
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In all the above scenarios, the goal of analysis is to identify recurrent aberrations, i.e.

non-random changes whose presence has a causative effect on tumourigenesis. Highly

recurrent aberrations present in most karyotypes are believed to be early genetic events

in transformation. Those less frequent are secondary changes believed to be involved in

the evolution or divergence of tumours. Identification of such aberrations can be

extremely difficult, especially in highly evolved tumour cells, which generally show

excessive genetic instability resulting in numerous random chromosomal changes

(Mitelman 1995; Mitelman et al 2001 and references within). Additionally because of

the clonal nature of these cells it is difficult to summarise the genetic abnormalities

present as a whole in a tumour specimen. By convention, structural aberrations and

numerical changes are said to be clonal if present in 2 and 3 or more karyotypes

respectively (Barch et al 1997). Those changes consistently observed in the majority of

cells are said to represent the “main line” population, others are described as “side

lines”. This convention however becomes problematic when we consider the “stem

line”. Initially the only cell line, but through evolution and divergence it often becomes

a minor component of the tumour mass, consequently classified as a “side line”.

Abnormalities within this line are the primary changes responsible for early

tumourigenesis and misclassification can often describe these changes as secondary,

involved in evolution and divergence (International System for Cytogenetic

Nomenclature 1995).

1.7.2.5 Gene Amplification

Gene amplifications processes frequently observed in cancer cells resulting in the over-

expression of selected proteins. Cytologic evidence for this exists in the presence of

double minutes (dmin) and homogeneously stained regions (hsr) in some tumour

groups. Double minutes are small, paired bodies of chromatin separate from a cellular
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chromosomes. They can vary in size and copy number from 2 to 100s even within the

same tumour sample. Homogeneously staining regions are unusually extended regions

of a chromosome also varying in size, that stain evenly and normally for the band at

which they occur. Gene amplification is a phenomenon where a selective region of

genes is over-represented or amplified compared to the normal genome. This region is

referred to as an amplicon. These often, but not always, code for tumour promoting

genes such as growth factors and receptors, cell surface proteins or enzymes conferring

a growth advantage or drug resistance. Both anomalies have been demonstrated to

contain these amplicons, but at present it is poorly understood how such mechanisms of

gene amplification arise (Aladjem and Lavi 1992; Wintersberger 1994).

Double minutes are a common occurrence in neuroblastoma, often including the NMYC

oncogene (Franke et al 1985). Low-level amplicons (2- to 50-fold) containing the

oncogene HER-2/neu has been associated with some forms of breast cancer, relating to

poor treatment response and survival (Slamon et al 1987). Other tumours such as colon

cancer, glioma and other neurologic neoplasms frequently display dmin (Barch et al

1997). Metastatic breast cancer has been associated with the presence of a hsr mapping

to 8p1 (Saint-Ruf et al 1991), whilst a hsr at 11q13 has been frequently observed in

head and neck SCC (Jin et al 2000).

1.7.2.6 Karyotypic Data from Solid Tumours

Although hindered with technical and interpretative problems, advances in solid tumour

cytogenetics have been made. These studies have identified many recurrent and specific

chromosomal alterations closely associated with various tumour types. Table 1.1

summarises recurrent chromosomal abnormalities commonly observed in solid tumour

karyotypes  (NMSC karyotypes will be discussed later in Section 1.8). Additionally
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putative cancer genes associated with roles in tumourigenesis are noted where further

delineated. Refer to Table A.1 in Appendix for an explanation of cytogenetic

nomenclature.

Many of these aberrations initially observed cytogenetically have been validated using

other molecular techniques, which will be discussed in later chapters. Cytogenetics has

also been important in identifying the locus of cancer-related genes. For example Vogel

(1979) reported a number of retinoblastoma cases with a minimal region of deletion

around chromosome band 13q14. DNA probes mapping to 13q14 generated from a

chromosome 13 DNA library were used to screen a retinal cell cDNA library leading to

the isolation of the RB tumour suppressor gene (Friend et al 1986).

1.7.3 Flow Cytometry

Conventional cytogenetic analysis of human chromosomes based on the examination of

metaphase spreads is a time-consuming process requiring fresh tissue. The use of flow

cytometry to examine mono-dispersed preparations of human chromosomes, even from

paraffin embedded tissue has proven to be a useful approach in cancer research. This

technique enables the measurement of DNA content to quickly determine the degree of

aneuploidy. Flow sorting the chromosomes can also assist in detecting the presence of

translocations and can be used to calculate the percentage of the cell population in each

phase of the cell cycle. The percentage of cells in the S-phase of the cell cycle provides

an indication of the proliferative activity of that cell population. Both these parameters

have been shown to have prognostic significance in various tumour types, predicting an

increased disease state and decreased overall survival times in many malignancies

(Magennis 1997).
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Table 1.1: Karyotypic chromosome abnormalities and other genomic aberrations in

selected human solid tumours*

Tumour type Karyotype abnormalities and other findings

Bladder carcinoma +7; del(10)(q22-q24); del(21)(q22);del and t of 1q21; i(5p); -9; i(11p);

del and t of 11p11-q11; del, t and dup of 13q14; markers; LOH 3p;

LOH 8p; LOH 9p; LOH 11; LOH 12q; LOH 17; TP53 gene mutations

Breast carcinoma -17; i(1q); der(16)t(1;16)(q10;p10); del(1)(q11-q12); del(3)(p12-

p13p14-p21); del(6)(q21-q22); +7; +18;+20; del and t of 1p11-p13;

t(1q21-q23); 3q11-q13, 7q32-q36, and 11q13-q14; dup of 11q13-q14;

dmin; hsr at 8p1; mutation or deletion of TP53 and BRCA1 genes;

LOH 11p; LOH 11q22-23.3; amplification of HER-2/neu; 20q

amplification

Head and Neck (SCC) -3p, -7q, -8p, -13q, -14q, -15q, -18q, -Y; del(6)(q15-q26);

del(12)(p11.2); gain or over-representations of 3q, 5p, 7p, 8q, 11q

Lung (small cell carcinoma) Del(3)(p14p23); +7; del of 5p, 6, 9p, 13q, 17p; LOH 3p21-p22, 5p, 6,

9p, 13q, 17p; amplification of MYC and RAS oncogene families

Melanoma, cutaneous t(1;6)(q11-q21;q11-q13); t(1;19)(q11;q13); t of 1q11-q12 that yield 1q

gain; del and t of 1p11-q12; (I(6p); t of 6p11-q11 that yield 6p gain;

other t of 6q11-q13; t of 7q11; +7; del and t 9p; del(6q) are often

cryptic translocations involving capture of telomeres from other

random chromosomes

Melanoma, uveal  -3; partial del of 3; +8; i(8q); t of 8 yielding 8q gain; assorted

structural abnormalities of chromosomes 1 and 6

Merkel cell carcinomas -1, -3; i(6p); multiplication of 8 or 8q

Ovarian carcinoma +12, +7, +8,-X; del(6q15-q23), del(3)(p21-p10); +3; +5; loss of 1p;

gain of 1q; t(1;17)(p36;?); dmin; hsr; hsr of 19q13.1-q13.2; t which

yield 19q13.1-q13.2; amplifications of AKT2 and KRAS genes;

predisposition by mutations and deletions of BRCA1 and OVC genes;

LOH 9p

Prostate carcinoma del(10)(q24); +7; -Y

Renal cell carcinoma del(3)(p14-p21); del(3)(p11-p14); t(3;5)(p13;q22); -3; +7; -8; +10; -Y;

t(3;8)(p14;q24); t(3;11)(p13-p14;p14); i(5p); del(6)(q21-q23)

Retinoblastoma i(6p); del(13)(q14.1q14.1) either as constitutional or acquired

chromosome alteration); assorted structural abnormalities of

chromosome 1 yielding gain; LOH for 13q

*Modified from Barch et al 1997 and references within
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1.7.4 Histopathology

The discipline of histopathology is concerned with the microscopic study of diseased

tissue, including cancer. To facilitate microscopic examination of excised tissue the

tumour must be preserved by fixing and then cut into extremely thin sections (generally

5- to 10-µm), this is achieved by embedding the tumour in paraffin wax, plastic or by

freezing before sectioning. Tissue sections are transparent at this thickness and require

staining for microscopic visualization (Carson 1997). The most routine procedure is a

dual stain containing hematoxylin and eosin (H&E). Hematoxylin is a purple dye with

an affinity for acids and will thus stain the DNA in the nucleus and dense areas of

translational activity containing RNA. The eosin stain has an affinity for basic

compounds such as proteins and stains the remaining cellular counterparts pink. The

H&E stain enables visualization of all tissue types enabling the study of their

morphology and cellular makeup. Other stains are commonly used to identify specific

components with the tissue including basement membranes, connective tissue, lipids,

iron, and bacteria (Carson 1997).

Malignant cancer cells are often easily distinguishable from normal cells usually

appearing less differentiated with more atypical morphology. Common characteristics

of tumours cells often include large prominent nucleoli, a high nucleus-to-cytoplasm

ratio, loss of specialised cell structures (anaplasia) found in normal parent cells and a

higher prevalence of mitotic figures (Ruddon 1995). In addition cells appear to be less

attached to each other by the loss of intercellular bridges. The architecture of the tissue

is more chaotic as cells lose their orientation with each other, resulting in the reduction

of organisation seen in the parent tissue. The presence of invading tumour cells into

structures normally “foreign” to these cells is the most diagnostic indication of

malignancy. Local inflammation, haemorrhaging and/or necrosis are also other common

observations in areas of malignancy (Franks and Teich 1997 and references within).
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Conversely benign tumours are restricted in their location, appearing spherical in shape

and compressing the surrounding tissue. Their cells are better differentiated,

maintaining most of the cellular characteristics found in normal cells of the parent

tissue. As these tumours are slow growing there are very few mitotic figures present

(Ruddon 1995).

The technologies used in histopathology are changing as a consequence of the current

revolutionary progress involving PCR, in situ hybridisation and immunohistochemistry.

It is likely that general cancer management will improve because of the impact of

molecular techniques and immunohistochemistry on tumour diagnosis and classification

and on the determination of prognosis and response to therapy (Gray and Collins 2000).

1.7.5 Immunohistochemistry

The presence or absence of a specific cellular protein or antigen can be detected in

tumour protein extracts via Western blotting or within actual cell culture or histology

slides, a discipline often referred to as immunochemistry (Elias 1990). This system

relies upon the ability of an antibody to link to the specific cellular antigen, followed by

a detection mechanism for microscopic visualisation (i.e. fluorescence, autoradiography,

chemiluminescence, colourimetric). The detection of antigens in fresh or archival

tissues and cultured cells is referred to as immunohistochemistry and

immunocytochemistry respectively. Immunochemistry therefore enables the study of

expression patterns of oncogene or tumour suppressor gene products at their protein

level. By studying the change in the pattern of antigen expression in normal and

neoplastic cells researchers can identify important changes at the protein level involved

in tumourigenesis. Immunochemistry is also often used to correlate genetic mutations

with alterations in protein expression (Elias 1990).
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Antigens that can be used as indicators of tumour prognosis are often referred to as

biomarkers. These play a variety of roles in tumourigenesis, including cell cycle

regulation and proliferation, apoptosis, cell adhesion, invasion and angiogenesis. A

number of biomarkers that affect the above pathways have been identified and are now

used in diagnosis and cancer management via immunostaining. These include positive

staining for bcl-2 (an anti-apoptotic protein) and negative staining for bax (a pro-

apoptotic protein). These commonly used markers for identifying loss of programmed

cell death leading to a more advanced aggressive state of cancer (Mullauer et al 2001).

Staining for the tumour suppressor p53 is also a commonly used biomarker for

programmed cell death, with overexpression often associated with loss of apoptotic

function (Oren 1994). Overexpression of the tyrosine kinase c-erbB2 is an important

diagnostic biomarker associated with rapid proliferation, shorter disease-free and overall

survival. However, positive immunostaining has been associated with improved

response to specific chemotherapy treatments (Willsher et al 1998; Muss et al 1994).

Loss of E-cadherin expression is often associated with high grade and advanced staging

in breast, colorectal, bladder, prostate and pancreatic carcinoma (Christofori and Semb

1999). Whilst expression of the urokinase-type plasminogen activator, vimentin and

matrix metalloproteins are potential biomarkers for the assessment of invasion and

metastasis, particularly in breast and colorectal cancer (Heimann and Hellman 2000;

Jessup 1998). Immunostaining can also be used to measure the degree of cell division,

by staining for PCNA (proliferating cell nuclear antigen) and Ki-67 (Haitel et al 1997).

Immunostaining for oestrogen receptors are important biomarkers for the management

of hormonally sensitive breast cancer (Barnes et al 1999). Other biomarkers commonly

stained for include VEGF to detect angiogenesis and cytokines to assess the host’s

inflammatory response to tumour development (Giles 2001).
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1.7.6 Molecular Genetic Studies

1.7.6.1 Introduction

Cancer is a complex disorder resulting from the accumulation of many types of genetic

defects. Consequently, no single approach has been able to completely identify the full

scale of aberrations present in a tumour. What follows is a summary of techniques that

have had a large impact in cancer research. This summary is not meant to be exclusive,

but rather provide some fundamental ideas concerning relevant research tools that are

applicable to this study.

1.7.6.2 Linkage Studies

As previously mentioned more than 50 known forms of familial or inherited cancer

have currently been identified. The study of these disorders has proven pivotal in the

initial identification of many tumour suppressor genes. Other approaches need to be

implemented to identify oncogenes as their alterations occur sporadically rather than

through inheritance. Many tumour suppressor genes identified in familial forms of

cancer have been shown to figure prominently in the oncogenesis and progression of

sporadic tumours (Fearon 1997; Lynch et al 1995).

The most common approach to investigating the genetic causes of inherited cancers is

the use of linkage analysis. This technique relies upon the identification of polymorphic

genetic markers (e.g. restriction fragment length polymorphisms (RFLPs), variable

number of tandem repeats (VNTRs) and microsatellites) located near the causative

gene, i.e. strongly linked. The actual genetic markers are rarely associated with the

disease (in this case cancer) but map closely to the causative gene. Hence these markers
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are inherited along with the disease causing gene and therefore phenotype (Hartwell et

al 2000). By examining affected and unaffected members within a family we can

construct pedigrees of marker alleles present. This enables the identification of those

alleles that are inherited only with the disease phenotype and are therefore highly likely

to lie near the causative gene (Strachan and Read 1999 and references within).

Once the locus of the disease-causing gene has been identified, further high resolution

mapping of this region is performed to reveal all the genes at this location and thus

identify potential candidates. Using this approach, researchers have identified several

key cancer causing genes; TP53 in Li-Fraumeni syndrome, BRCA1 and BRCA2 in

hereditary breast cancer, CDKN2A in familial melanoma, RB1 in retinoblastoma, VHL

in Von Hipple-Lindau syndrome and PTCH in nevoid basal cell carcinoma syndrome.

Consequently, many of these genes have demonstrated putative roles in the

tumourigenesis of sporadic tumours (as reviewed by Hodgson and Maher 1999).

1.7.6.3 Polymerase Chain Reaction

The polymerase chain reaction (PCR) is the basis of a simple yet powerful technique

developed by Kary Mullis in the mid-1980’s, this concept has revolutionized research in

the area of molecular biology (Saiki et al 1985). This tool permits the selective

amplification of a target region of DNA within several hours from minute quantities

(theoretically one copy) of isolated DNA. Two flanking oligonucleotide sequences

added to the reaction dictate selection of this region; therefore some knowledge of the

DNA sequence to be amplified is necessary. In basic terms PCR relies upon the ability

of DNA polymerase to synthesise a new complementary strand of DNA from single

stranded template and free nucleotides, in essence doubling the number of DNA strands.

By successive rounds of temperature cycling involving denaturation (to separate the
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double stranded DNA for copying), primer annealing and DNA chain extension millions

of copies of DNA can be synthesised rapidly in 2-3 hours. With the advent of

thermostable Taq DNA polymerase and programmable heating blocks (“thermal

cyclers”) this process has become highly automated (Strachan and Read 1999).

The applications of this technique are essentially limitless and most current molecular

genetic techniques rely upon some aspect of PCR. For example modifications to the

standard protocol have enabled the quantitation of specific mRNA species by

conjunction with an initial step of reverse transcription. This is an important tool when

measuring expression of various putative cancer genes in tumour cells compared to

normal (Strachan and Read 1999). Alternatively the use of degenerate primers with low

and high stringency cycles has enabled universal amplification of the whole genome

from small quantities of DNA (Telenius et al 1992a). Most importantly, PCR enables

the rapid isolation of a selected DNA fragment for mutational analysis (i.e. putative

cancer-causing genes), an essential procedure in cancer research, where quantities of

DNA are limited and precious. Additionally it has also enabled the investigation of

tumour samples present as archival tissue where only minute quantities of degraded

DNA are available (Greer et al 1994).

1.7.6.4 Electrophoresis

PCR often requires the visualisation of the amplified DNA sequence(s), this is

commonly achieved through electrophoresis. This technique relies upon the fact that

DNA is negatively charged and that the magnitude of this charge is relative to the DNA

fragment’s length. DNA fragments can be separated based on size by passing the DNA

though a porous gel (agarose or polyacrylamide) under an electrical current (DNA

migrates to the positive charge). Visualisation of the DNA once separated can be
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achieved by the use of a non-specific fluorescent DNA binding dye known as ethidium

bromide under UV light (Snustad et al 1997).

1.7.6.5 Loss of Heterozygosity Studies

The term, loss of heterozygosity (LOH), refers to a technique widely used in cancer

research. LOH relies upon an individual possessing two non-identical alleles for a

specific genetic marker, which can be distinguished from each other. These individuals

are referred to as a heterozygote with respect to this allele. Distinguishing between

alleles can be done by the presence of a restriction site on one allele or through

polymorphic microsatellite repeats (also referred to as microsatellite markers). In the

latter the alleles differ from one another based on their size. Using LOH, a comparison

is made between the DNA extracted from normal and tumour tissue. If an allele is

present in the normal DNA but missing in the tumour then we can suggest that this

region of DNA has been lost or deleted through mutation. Therefore the tumour cells

have lost an allele as only one is detected, hence loss of heterozygosity. Most commonly

the deletion of DNA will not be isolated to just this marker but will more than likely

also involve the loss of genes surrounding that region. This is important if the

surrounding region contains one or more tumour suppressor genes. In fact LOH studies

are often used to examine neoplasms to locate frequent chromosomal regions that are

lost and hence may harbour putative tumour suppressor genes pivotal in the

development of the cancer. The greater the degree of LOH, the more genetically

unstable the tumour type and the more aggressive it is likely to be (Strachan and Read

1999).

A high frequency of LOH in breast cancer affecting 1p, 11p, 11q, 13q and 17 has been

reported (Saint-Ruf et al 1990). Loss of chromosomes 13 and 17 are also recurrently
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observed in non-small cell lung cancer in addition to 3q, 4q, 7p, 9q, 16q and 21q (Sato

et al 1993). LOH screening of colorectal carcinomas revealed allelic loss of 5q, 13q,

14q, 17p and 18q (Cawkwell et al 1994; Bando et al 1999). Allotyping of carcinomas of

the bladder revealed frequent allelic loss of chromosomes 3, 4, 8, 9, 11, 13, 17 and 18

(Knowles et al 1994). Screening for allelic loss in primary cutaneous melanomas

revealed imbalances at chromosomes 3p, 9p, and 10q, additional LOH at 6q, 11q, and

17p was observed in more invasive melanomas (Healy et al 1995). Deletion mapping of

loci in prostate cancer revealed recurrent LOH at chromosomes 8, 10 and the 16q arm

(Bergerheim et al 1991). Further delineation of 8p loss has identified 2 regions of

recurrent loss 8p22 and 8p12-8p21 giving rise to the speculation of more than one

tumour suppressor gene present. Head and neck SCC often display losses at 3p, this has

been defined to 3 separate loci mapping to 3p24-ter, 3p21.3 and 3p14-cen suggesting

the presence of at least 3 putative tumour suppressor genes involved in oncogenesis

(Maestro et al 1993).

1.7.6.6 Mutation Detection

With the advent of new technology and modification of powerful techniques such as

PCR, researchers now have a wide array of tools available for more rapidly screening

genes for mutations. These techniques are especially applicable to cancer research when

investigating putative oncogenes and tumour suppressor genes. Such approaches include

single-strand conformation polymorphisms (SSCP), Southern blotting, denaturing

gradient gel electrophoresis (DGGE), mismatch cleavage, differential display, protein

truncation, denaturing HPLC and the highest resolution of mutation screening, DNA

sequencing. Such techniques all enable the detection of specific changes in DNA

sequences with each method having specific advantages and applications, but all
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contributing to the advancement of knowledge in understanding and diagnosing

tumourigenesis (Strachan and Read 1999; Gray and Collins 2000).

1.7.6.7 Fluorescence in situ Hybridisation

In situ hybridisation is a technique enabling the visualization of defined DNA sequences

at the cellular and sub-cellular level. This technique and subsequent variations are based

on the site specific annealing (i.e. hybridisation) of single-stranded DNA molecules

(probe) to denatured, complementary sequences (target) on cytological preparations,

including metaphase chromosomes and/or interphase nuclei. By conjugation of the

DNA probe to a fluorescent molecule the site of hybridisation can be visualized

microscopically. This technique is referred to as fluorescence in situ hybridisation,

leading to the acronym FISH (Pinkel et al 1988). The probe size for FISH varies from

1kb to an entire chromosome (100 Mbp), although it is desirable for the probe to be

unique for a single sequence (Trask 1991).

In prenatal diagnostics, FISH is commonly used to demonstrate numeric chromosomal

aneuploidies such as trisomy 13, 18 and 21, in addition to XY disorders using

chromosome-specific probes. As an example a normal individual would have 2 copies

of chromosome 21 per cell, appearing as 2 fluorescent signals using a chromosome 21

specific probe, however, an individual with Down syndrome has 3 copies of

chromosome 21, yielding 3 probe signals. Such an approach enables detection of

aneuploidy in uncultured amniotic cells at interphase within 24h in contrast to

conventional methods, taking 1-3 weeks (Eiben et al 1999).

Interphase FISH extends the investigation of chromosome abnormalities beyond

conventional cytogenetics, which relies on obtaining metaphase spreads from actively
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dividing cells. This is of great advantage when dealing with solid tumours, where cells

are not easily cultured. Interphase FISH is therefore also applicable to archival material

such as frozen or paraffin embedded blocks, a major source of solid tumour tissue

(Trask 1991). Cancer research has therefore embraced interphase FISH, where

chromosome or arm-specific probes are used to assess cancer cells for aneuploidy.

Such approaches have identified the loss of chromosome 9 as an early event in bladder

cancer, trisomy 1 and 7 are also frequently observed (Sauter et al 1995; Hopman et al

1989; Waldman et al 1991). Aberrations of chromosomes 1, 3, 7, 8, 11, 16, and 17 are

often observed in breast carcinoma (Shackney et al 1995), and loss of 9p21 in malignant

melanoma (Cairns et al 1995). Interphase FISH has demonstrated the gain of 8p in

prostate carcinoma as the most common numerical aberration. This aberration is also

observed in prostatic intraepithelial neoplasia, a widely believed precursor to prostate

cancer. This suggests that the gain of 8p is an early event, possibly involved in initiation

and/or progression of the tumour state  (Matsuura et al 1996). Detection of trisomy 7

has also been directly correlated with poor prognosis in prostate cancer (Alcaraz et al

1994). Poetsch et al (1999) demonstrated varying patterns of chromosomal aberrations

in a number of head and neck SCC sub-types. Loss of chromosomes 3 and 10 was

detected mostly in laryngeal SCC, the under-representation of chromosome 9 was

predominantly seen in oropharyngeal SCC and a copy number decrease of

chromosomes 18 was found hypopharyngeal tumours. Additionally 50% of male

tumours displayed the loss of the Y chromosome. Interphase FISH has also

demonstrated the presence of putative oncogenes located at 3q25-q27 involved in the

tumourigenesis of squamous cell lung cancer (Kettunen et al 2000). Additionally loss of

chromosome 9 and 18 and the gain of 7 and 17 have also been demonstrated by FISH in

this tumour type (Soder et al 1995). Polysomy of chromosome 7 and monosomy 10 and



67

22 have been identified in many neurological tumours (Arnoldus et al 1991), analysis of

a 1p deletion by FISH has identified this aberration to be characteristic of

neuroblastomas (Stock et al 1993). Additionally high rates of 7p gain and chromosome

22 loss have been observed in gliomas (Cremer et al 1988). Finally high frequency of

numerical aberrations of chromosomes 11 and 17 have been revealed by interphase

FISH in colorectal adenocarcinomas, tumours with monosomy for chromosome 11 were

observed to have significantly lower incidence of lymph-node metastasis (Tagawa et al

1996).

Gene specific DNA probes encoding common oncogenes and tumour suppressor genes

are also commercially available, enabling the rapid detection of amplifications and

deletions, respectively. Amplifications of MYC (8q24) and HER-2/neu (17q12)

oncogenes in interphase nuclei have been demonstrated in breast cancer (Heim and

Mitelman 1995). MYC amplifications are also commonly detected in neuroblastomas,

retinoblastomas and small-cell lung carcinoma (Vastrik et al 1994). A common gain at

8q23 not involving MYC, led to the identification of overexpression of the EIF3S3 gene

in breast and prostate (Nuponnen et al 2000). The co-amplification of CCND1/PRAD1

(11q13) and FGFR1 (8p12) has been observed in a sub-set of breast carcinomas

strongly suggesting the formation of a hybrid-amplified structure (Bautista and Theillet

1998). The loss of 17p, particularly 17p13.1 is a common observation in a number of

malignancies. This locus houses the tumour suppressor gene TP53, one allele of which

is often lost (detectable by FISH in breast, lung, colorectal, gastrointestinal carcinoma,

leukaemia, lymphoma and salivary gland tumours (Levine et al 1995)). Deletion of the

CDKN2A/p16INK4a located at 9p21is observed in melanoma, glioma and bladder cancer

(Sauter et al 1995; Dreyling et al 1995; Döbler et al 1999); interestingly this locus also

contains 2 other putative tumour suppressor genes CDKN2B/p15INK4b and p19.
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Translocations are also identifiable via FISH, but because of the high specificity of

these probes these are rarely used in cancer research. They exist more as a rapid

diagnostic tool used to identify common aberrations such as the t(9;22) translocation

associated with chronic myeloid leukaemia (Tkachuk et al 1990).

The identification of chromosomal aberrations has been pivotal in unraveling some of

the characteristics of cancer. FISH has enabled the investigation of chromosomal

changes among morphologically or immunophenotypically different cells that may be

evident in a single tumour sample. An important feature of FISH is its ability to

investigate aberrations in individual cells, thus lending a higher resolution analysis to

the cell population of a tumour. In addition FISH has been used to demonstrate tumour

heterogeneity, karyotype instability, mechanisms of gene amplification and the

identification of rare events such as disseminated metastatic cells in the bone marrow or

liver. FISH can also be used to monitor therapy allowing the detection of rare cancer

cells within a large population of normal cells or to diagnose successful bone marrow

transplants (Gray et al 1994).

The major drawback associated with FISH with respect to cancer research is the limited

number of distinguishable fluorophores, preventing the multiplex analysis of large

numbers of probes. Although 7 combinatorial probes can be identified with 3

fluorescent dyes (Ried et al 1992) and 24 probes with 5 dyes (Macville et al 1997), for

the sake of accuracy (and expense) generally only 2-4 probes are investigated per

hybridisation. Chromosome-specific probes generally encode for centromeres and are

used as chromosome enumeration probes, therefore yielding very little information

regarding more locus specific aberrations. Using chromosome arm-specific probes

upwards of 20 separate hybridisations per tumour sample are necessary to perform a
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general survey of changes in chromosome number. In addition, aberrations that exclude

the loci hybridised to these probes will not be identified. The counting of fluorescent

signals for each cell although now semi-automated is still time-consuming, generally

requiring two investigators for validation. Most specific DNA probes are for well-

characterised genes strongly associated with cancer, other putative genes of interest may

not be easily available. Finally there are moderate costs and some technical difficulties

associated with some tumour types that disadvantage this technique, especially when

dealing with archival tissue. The use of FISH to screen the entire genome for

aberrations is therefore rarely performed due to the advent of more accurate and

efficient techniques (to be discussed in detail later). Generally this technique is used to

screen for common aberrations within a particular tumour type or investigate specific

well-characterised oncogenes and tumour suppressor genes (Trask 1991).

Chromosome painting probes, multiplex-FISH and spectral karyotyping (SKY) are

modifications of the standard FISH technique and have had a large impact in

unravelling the complex karyotypes of tumour cells. Additionally, reverse chromosome

painting is becoming widely used where recurrent marker chromosomes and dmin have

been identified. These bodies can be carefully isolated, PCR amplified, fluorescently

labelled and then hybridised back as a probe to normal chromosomes. This approach

enables these aberrations to be mapped back to their normal chromosome counterparts

and identified, previously unachievable by standard cytogenetics (Blennow et al 1992).

Unfortunately the application of these techniques are limited to situations where

metaphase chromosomes can be obtained and are consequently not applicable to

archival tissue.
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1.7.6.8 Comparative Genomic Hybridisation

1.7.6.8.1  The Basic Premise of CGH

Since its introduction in 1992 comparative genomic hybridisation (CGH) has become an

essential technique in cancer genetics research (Kallionemi et al 1992; Forozan et al

1997; Zitzelsberger et al 1997). CGH is a powerful molecular cytogenetic tool, enabling

the global detection of gross DNA copy number aberrations (CNAs). This approach

provides an overview of DNA sequence imbalances present in a tumour specimen,

mapping changes to normal metaphase chromosomes. CNAs resulting from over- (gains

and amplifications) or under-representation (deletions and losses) of chromosomal

regions can thus be identified in a single hybridisation (Kallionemi et al 1992; 1994b;

Joos et al 1993; du Manoir et al 1993).

The CGH technique only reveals numerical or unbalanced aberrations, it cannot be used

to detect changes that do not affect DNA sequence copy numbers, e.g. balanced

translocations and inversions (Kallionemi et al 1992; du Manoir et al 1993). CGH

therefore does not require the interpretation of complex tumour karyotypes; CNAs are

mapped onto normal human chromosomes. This overcomes the often-difficult

interpretation of complex karyotypes frequently associated with solid tumours (Barch et

al 1997). No specific probes are required as with FISH or previous knowledge of

aberrations. It therefore allows the identification of previous unknown changes in copy

number; highlighting the locations of potentially important cancer related genes (Joos et

al 1993; Kallioniemi et al 1994b).
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CGH is essentially an in situ suppression hybridisation using two differently

fluorescent-labelled total genomic DNAs (test/tumour verses reference/normal). An

equimolar 1:1 mixture of tumour and normal DNA is simultaneously co-hybridised to

normal metaphase spreads where the individual species will compete for binding.  After

hybridisation a visual colour map of copy number changes can be observed (Figure 1.6).

This is achieved by measuring the test versus reference fluorescence intensity ratio at

each locus of the target metaphase chromosomes. The normal reference DNA contains

the correct diploid number of chromosomes acting as a standard against which the test

DNA is compared (Kallionemi et al 1992; 1994b).

1.7.6.8.2 Technical Background

Tumour DNA extracted from tissue may contain a significant proportion of

contaminating ‘non-neoplastic’ cells. As expected the presence of non-tumour cells

dilutes the ability to observe CNAs via CGH. By microdissecting histologically

representative regions of the tissue the purity of tumour DNA can be increased resulting

in more noticeable changes. However DNA yields are often insufficient for CGH

analysis from such small tissue samples (Kallionemi et al 1994b). Universal

amplification of DNA is therefore necessary to increase the yield to levels suitable for

CGH. This can be achieved using a procedure known as DOP-PCR, which universally

and linearly amplifies minute quantities of DNA. Therefore, tumour DNA isolated via

tissue microdissection with subsequent DOP-PCR amplification provides the

macroscopic amounts of DNA required for CGH analysis. The integration of these 3

techniques enabling the rapid identification of CNAs across the entire genome in

archival tissue samples.
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Figure 1.6: Schematic representation of the CGH technique and the mapping of CNAs

to normal chromosomes (modified with permission Progenetix, Dr Michael Baudis).
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1.7.6.8.3 Tissue Microdissection

The identification of genetic changes associated with tumour development and

progression has been a difficult challenge for researchers. One major limiting factor is

that most archival clinical material is comprised of paraffin-embedded tissue specimens.

This is the standard procedure to prepare, preserve and store tissue for histological

analysis. Standard CGH relies upon the availability of macroscopic tumour DNA, which

is relatively pure from interfering normal cellular DNA. Additionally the presence of

normal cells reduces the detection sensitivity of CGH (Kallioniemi et al 1994b). This

does not pose a problem when investigating cell lines, but is a great concern when

studying archival tissue. Tumour cells in complex tissues are often surrounded or

intermingle with numerous other normal cell types (stromal, leukocytes, pre-existing

tissue of origin, etc). Their DNA will be genetically different and may mask analysis of

the tumour. It is therefore of the utmost importance to isolate tumour cells from

surrounding normal cells, to ensure DNA and data are only tumour derived (Speicher et

al 1993; Wiltshire et al 1995; James and Varley 1996b).

The micromanipulation and manual removal of tumour cells from a standard 5-10µm

archival tissue section is adequate for many investigative techniques. Conventional

microdissection involves a tool (e.g. pipette, fine needle or blade) either hand-held or

connected to a micromanipulator arm. The tool is guided by an operator whilst

visualising the procedure under a stereo dissection microscope (Shibata et al 1992; Lee

et al 1998). Although the procedure is time-consuming and awkward it is a simple,

precise and inexpensive method of isolating minute cell clusters. Manual removal of

tumour tissue using a scalpel blade from a 5µm PET section, although crude, has proven

extremely successful. This procedure also allows several histologically distinct regions

to be individually removed and separately analysed. This is useful when plotting tumour
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progression (normal  pre-malignant  malignant  metastases) when present on the

same slide, as each step is believed to arise from different genetic changes. CGH of

paraffin embedded tissue also enables retrospective studies of malignant progression,

correlation with long clinical follow-up and analysis of rare archival tumours. Recent

advances in laser capture microdissection have facilitated semi-automation of this

procedure, making the analysis of small cell populations more rapid and less awkward

(Emmert-Buck et al 1996; Bonner et al 1997).

Conventional DNA extraction procedures are rarely suited to the minute cell

populations obtained from microdissected tissue or clinical biopsies. Crude DNA

extraction can be achieved by cellular lysis with proteinase K. Further purification is

unnecessary if subsequent analysis involves PCR amplification as the crude DNA can

be used directly, hence no tumour DNA is lost. The use of microdissection in

conjunction with PCR has enabled researchers to perform a variety of analyses

including LOH, microsatellite instability, SSCP and DNA sequencing on minute cell

populations isolated from archival tissues (Greer et al 1994). Using microdissection a

histologically representative region of 50-200 cells can be isolated from most tissues.

The yield of DNA from such a sample is low and it is preferable to avoid extensive

extraction procedures, which often result in the loss of much of the sample.

1.7.6.8.4 DOP-PCR Amplification

Often the yield of DNA after microdissection is unsuitable for CGH analysis as it is

below the required macroscopic amounts for detection. Standard PCR enables the

investigation of single genes using gene-specific primers. However, this approach

cannot be applied to synthesise sufficient DNA for CGH analysis. An amplification

technique is necessary which universally amplifies the whole genome non-
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preferentially. Telenius et al (1992a) developed such a procedure, which they termed

degenerate oligonucleotide primed-PCR or DOP-PCR.

DOP-PCR is a universal amplification technique based on a modification of standard

PCR. Both these techniques involve the use of a thermostable polymerase (e.g. Taq

DNA polymerase), oligonucleotide primers, dNTPs and cycle repetition to amplify

DNA from a small quantity of template DNA. Standard PCR uses a pair of primers that

flank and are complementary to the ends of a DNA sequence to be amplified. By using

high stringency cycles a single fragment of DNA corresponding to the sequence of

interest is amplified. Where DOP-PCR differs from standard PCR is the use of a

degenerate primer and low and high stringency cycles. This approach enables a

population of DNA representative of the whole genome (not just a single sequence) to

be generated from a small quantity of whole genomic DNA template. In addition DOP-

PCR amplification is linear, rather than exponential as observed in standard PCR, due to

both primer and Taq DNA polymerase concentrations being limiting factors. This is to

be expected since the aim of DOP-PCR is to amplify as many DNA sites as possible

(Telenius et al 1992a).

DOP-PCR employs a degenerate primer (5’-CCGACTCGAGNNNNNNATGTGG-3’)

where N=A, T, C or G and low and high stringency PCR cycles. The initial low

annealing temperature ensures priming at multiple evenly dispersed sites within the

genome. The short 3’ sequence (ATGTGG) of the oligonucleotide occurs frequently

within the genome (theoretically 106 times in humans, annealing every 4kb) allowing

amplification to proceed at multiple loci simultaneously. The adjacent 6 bases of

degenerate sequence stabilises the annealing of the 3’-end. The 5’-end of the

oligonucleotide contains a XhoI restriction site (C↓TCGAG) for cloning DOP-PCR
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products if required. This rare sequence also enables efficient annealing of primers in

later rounds of amplification. After a number of cycles (generally 5 is sufficient) at low

stringency a second higher stringency cycle is used. This higher annealing temperature

enables specific amplification of those DNA fragments generated in the initial low

stringency rounds. At the end of cycling a population of DOP-PCR amplicons is

generated which is representative of whole genomic DNA. In addition the low

stringency cycles are usually carried out in a small volume (5µL), which is increased

(50µL) for the higher stringency cycles to improve amplification (Telenius et al 1992a).

The minimum amount of genomic DNA template required for DOP-PCR amplification

has been reported to be 15pg (Cheung and Nelson 1996). However, to achieve more

reproducible results especially from tissue sections, it is recommended that 100 pg or

more when available, be used as the starting template (Speicher et al 1993). This

amount should be readily available from most 5-10µm thick tissue sections without the

incorporation of too much non-tumour DNA (Wiltshire et al 1995).

Fluorescent labelling and subsequent hybridisation of DOP-PCR amplicons to

metaphase spreads shows an intense uniform hybridisation (Telenius et al 1992b). Other

studies examined microsatellite genotyping using genomic and DOP-PCR amplified

DNA, all 55 genotypes were accurate and identical from both templates (Cheung and

Nelson 1996). These results demonstrate that DOP-PCR allows unbiased amplification

of DNA spanning the entire genome. DOP-PCR has also been used to produce

chromosome-specific FISH probes from flow sorted chromosomes and microdissection

chromosomal regions (Telenius et al 1992b; Zhang et al 1993) and delineate the origins

of isolated dmin and microdissected hsr amplicons (Zhang et al 1993; Taguchi et al

1997).
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The application of DOP-PCR to generate DNA from minute tissue samples for CGH

analysis has been well utilised in cancer research with the investigation of glioma

(Speicher et al 1993; Jung et al 1999), melanoma (Wiltshire et al 1995), testicular

carcinoma (Speicher et al 1995); prostate (Zitzelsberger et al 1998; Kim et al 1999;

Verhagen et al 2000), breast carcinoma (Kuukasjärvi et al 1997a; 1997b; Aubele et al

1999; 2000; Waldman et al 2000), head and neck SCC (Weber et al 1998), cervical

carcinoma (Aubele et al 1998) and Hodgkin and Reed-Sternberg cells (Ohshima et al

1999). In addition several studies have used this approach to diagnose aneuploidy in a

single prenatal cell (Wells et al 1999; Voullaire et al 1999).

1.7.6.8.5 CGH Hybridisation

The CGH technique relies upon the competitive hybridisation of fluorescently labelled

tumour and reference total genomic DNAs to metaphase chromosomes. In order for the

DNAs to hybridise both the probe and the chromosomes must be single stranded.

Denaturing in the presence of formamide lowers the thermal stability of double stranded

DNA. This reduces the need for high temperature denaturation, thus enabling greater

control of denaturation with less structural DNA damage. The inclusion of formamide

also reduces the renaturation temperature of the DNA but also slows the kinetics of the

hybridisation reaction (Barch et al 1997). An additional problem with hybridisation is

the low efficiency due to electrostatic repulsion between the two strands of a DNA

molecule occuring at the negatively charged phosphate groups. This repulsion can be

reduced by the presence of monovalent cations, such as sodium ions, resulting in

increased stability of the DNA. This is achieved in CGH by the inclusion of 2× SSC

(mixture of salt and sodium citrate) in the denaturation, hybridisation and wash solutions

(Barch et al 1997).
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After denaturation the slides are immediately passed through an increasing ethanol

series to dehydrate the chromosomes and prevent reannealing of chromosomal DNA.

The probe mix containing the two fluorescently labelled DNAs and Cot-1 blocking

DNA is also heat denatured prior to hybridisation. Cot-1 DNA is a purified selection of

highly repetitive sequences of DNA, which are interspersed throughout the genome

(Weiner et al 1986; Britten et al 1986). This DNA is used to block naturally occurring

polymorphic regions including heterochromatin, telomeres and centromeres. The

addition of Cot-1 thus reduces/prevents hybridisation of labelled DNA to these regions

(Landegent et al 1986; Lengauer et al 1990).

Once chromosomes and fluorescent DNAs are denatured, the probe is applied to the

target metaphases to enable competitive hybridisation. Denaturation allows access of

probe DNA to the chromosome DNA sequences resulting in the annealing of probe to

homologous sequences on the target metaphase, over the 2-3 day incubation period.

After incubation slides are washed to remove poorly annealed and unbound probe,

followed by other less stringent washes to remove traces of formamide and prevent non-

bound fluorescent nucleotides from drying to the slide and thus increasing the non-

specific background fluorescence. Metaphase spreads are counterstained with 4,6

diamidino-2-phenylindole (DAPI) a blue fluorescing non-specific DNA counterstain.

This stains the background of chromosomal DNA and provides a banding pattern which

when inversed is similar to G-banding. Although lower in contrast the use of computer

imaging software can help improve banding visualisation. The metaphases are now

ready for fluorescent digital image analysis (du Manoir et al 1995a; 1995b).
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1.7.6.8.6  Fluorescent DNA Labelling and Detection

CGH relies upon the differential labelling of tumour and reference DNA (whether

genomic or DOP-PCR amplified) with modified nucleotides in order to distinguish

between their relative quantities. The incorporation of modified nucleotides, can be

achieved by nick translation, random priming or DOP-PCR of the template DNA.

Numerous studies have shown that although PCR incorporates more modified

nucleotide into the template DNA, hybridisation homogeneity is more irregular, hence

nick translation is generally the preferred method (Kallionemi et al 1994b; Harada et al

2000; Hirose et al 2001).

This labelling takes advantage of the combined properties of pancreatic DNase I and

E.coli DNA polymerase I to introduce single-strand breaks in the double-stranded DNA.

The DNA polymerase I removes nucleotides from the 5’ phosphate side of the “nick”

and incorporates free nucleotides (including labelled nucleotides) into the DNA strand.

As a result the “nick” moves progressively along DNA (i.e. is translated) in the 5’→3’

direction. By performing nick translation at a low temperature, e.g. 15ºC, the reaction

proceeds no further than one complete renewal of the existing nucleotide sequence.

Nucleotides are modified by the direct conjugation of a fluorochrome or a hapten (e.g.

biotin and digoxigenin). Subsequent indirect fluorescent detection using haptens

requires an antibody conjugated to a fluorochrome. The fluorochromes used must have

spatially separate excitation and emission wavelengths to prevent cross talking.

Generally Texas Red® and fluorescein isothiocyanate (FITC) are used, fluorescing red

and green, respectively, mainly due to the familiarity of FITC and Texas Red®

properties amongst cytogeneticists and the fact that hybridisation artefacts using these
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fluorochromes are well documented (Saccone et al 1992; Kallioniemi et al 1994b;

Larramendy et al 1998).

Advantages exist using both indirect and direct fluorescent labelling. Low signals can

be boosted by the use of indirect labelling by “stacking” the antibodies, but the

additional steps required increases background fluorescence. Direct labelling of DNA

using fluorochrome-conjugated nucleotides is preferred as it requires no subsequent

detection steps, yields more uniform hybridisations with lower background fluorescence

and few false positives/hybridisation artefacts (Kallioniemi et al 1994b; Barch et al

1997).

Fluorescent molecules require excitation by light of a specific wavelength in order to

fluoresce. Fluorescence microscopy relies upon the use of a high-energy light source

(e.g. mercury lamp) in conjunction with emission and excitation filters. Light from a

mercury vapour lamp is passed through an excitation filter to remove all wavelengths

except the excitation wavelength specific for the desired fluor. Therefore separate

excitation filters must be used individually to stimulate different fluorescent dyes.  The

filtered light is then reflected onto the fluorescently labelled sample by a dichroic or

beam-splitting mirror. The corresponding fluorescent dye is excited and emits its

fluorescence at a different longer wavelength. The emitted light passes through the

dichroic mirror and is passed through an emission filter. This filter blocks unwanted

fluorescent signals from the external environment leaving the desired emitted light to

pass through. This light can be visualised directly through the eyepiece of the

microscope or recorded by a CCD camera (Barch et al 1997). Most fluorescent

microscopy systems use a separate excitation filter to stimulate each fluorescent dye

separately with emission detection achieved by a triple bandpass filter. This disposes of
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the need for image shift correction, which is associated with the use of single emission

filters. As the CCD camera is monochromic, the images are digitally pseudo-coloured

before computer analysis (du Manoir et al 1995a; 1995b).

1.7.6.8.7 Digital Image Analysis

Visual identification of CNAs by eye is only possible for large copy number

amplifications using dual emission and excitation filters. Digital image analysis is

essential for the identification of smaller CNAs; only gross changes can be visually

identified under the microscope. To perform CGH the user requires an epifluorescent

microscopy equipped with fluorescent filters, a computer interfaced CCD camera and

suitable analysis software. It has been reported that CGH profiles prepared using

integrating video-rated CCD cameras are virtually identical to those collected by high

priced scientific-grade cameras (Tirkkonen et al 1996).

For a single metaphase spread 3 separate images are captured using the CCD camera.

Each image corresponds to one of the three (red, green, blue) fluorescent dyes used;

Texas Red® (tumour DNA), FITC (normal reference DNA) and the DAPI counterstain

(for chromosome banding). Once all three images have been collected per metaphase

the resulting pseudo-coloured images are superimposed to provide the final raw image.

Before a fluorescent ratio for each chromosome can be calculated the data undergoes

basic image processing. This generally entails background correction and subtraction, to

reduce unwanted fluorescence from the background that may interfere with the actual

fluorescent signal of the probes bound to the chromosomes. Normalisation of the

absolute fluorescent intensities of each channel is necessary for meaningful comparison

of data and generation of the fluorescent ratio. This is due to uncontrollable
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experimental factors including DNA labelling and hybridisation inefficiencies,

differences in fluorescent dye absorbances, emissions and bleaching, variable exposure

times and camera sensitivity. All of these make data comparisons within and between

experiments virtually impossible without normalisation. This process scales the absolute

total fluorescence for each channel to be equal in intensity. The actual variations (copy

number changes) within each channel are still present only scaled for more accurate

quantitation. These image-processing steps have been demonstrated to improve data

analysis without alteration of the final ratio values. As a consequence of image

correction the fluorescent ratio cannot be equated to the exact copy number change,

therefore CGH is used to determine only relative changes from the norm (Piper et al

1995; du Manoir et al 1995a; 1995b).

Once processed, the chromosomes need to be individually identified and karyotyped.

This is achieved by converting the DAPI channel to greyscale, the inverted image

produces weak G-bands specific for each chromosomes. Using their characteristic

banding pattern, homologous chromosomes can be located, paired and arranged

accordingly into a karyogram through semi-automated karyotyping as used in

conventional cytogenetics.

Signal intensities of the tumour and reference DNAs are quantitated as grey levels along

the length of each individual chromosome and used to calculate the corresponding

green-to-red fluorescent ratio. This ratio is calculated for all reasonably straight, non-

overlapping chromosomes, those that are overlapping, severely bent or contain artificial

fluorescent staining dots are excluded from analysis. The number of metaphases

analysed is variable, normally between 5-10 images per slide are captured, karyotyped

and analysed. Combining the analysis of several metaphase spreads is necessary to
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reduce random noise and therefore improve the signal-to-noise ratio. However the use

of directly conjugated fluorescent nucleotides yields more uniform hybridisations,

necessitating fewer metaphases for accurate results. Many dedicated CGH software

packages are commercially available including PSI MacProbe, Applied Imaging

Genius, Oncor Image, Vysis QUIPS and MetaSystems ISIS to allow the previously

described enhancement and manipulation of CGH images.

1.7.6.8.8 Detection Criteria

Regional chromosomal changes are detected by CGH due to shifts in the green-to-red

colour ratio, indicating imbalances of genomic material. Traditionally test/tumour DNA

is labelled red and normal reference labelled green. Therefore, if a tumour displays a

chromosomal deletion then there will be less tumour DNA to hybridise to that region on

the target chromosome; resulting in decreased red fluorescence relative to normal green.

Conversely if a tumour shows a gain or amplification then it will contain multiple red-

labelled copies of that region. Because of the higher representation of this region in the

tumour it will out-compete the reference DNA, thus increasing the red fluorescence.

Digital image analysis enables the rapid calculation of this green-to-red fluorescent ratio

down the axis of each chromosome to identify aberrations. A ratio of 1.0 signifies that

the tumour and normal DNA have hybridised to that region equally. Significant

variations from this ratio indicate gain or loss of genetic material, however at present

there is no standardized criteria used universally for CNAs detection via CGH

(Kallionemi et al 1994b; du Manoir et al 1995a; 1995b; Barth et al 2000; Larsen et al

2001).

Several approaches have been suggested for analysis, the most commonly used and

arguably the most reliable, involves the use of fixed thresholds. This detection criterion
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involves setting fixed ratio thresholds above or below 1.0 to identify gains and losses

respectively. Theoretically, diploid autosomes should show a mean ratio of 1.0, whilst

ratios for trisomies and monosomies of 1.5 and 0.5 respectively should exist. In practice

however this dynamic range is rarely observed, sex-mismatch tests often yielding a

mean ratio of 0.6 or higher for the X chromosome (Karhu et al 1997; 1999).  Upper

thresholds of between 1.10 and 1.25, and lower thresholds between 0.75 and 0.90 are

most commonly employed to detect DNA gains and losses, respectively. Furthermore

ratios exceeding 1.40-1.60 are defined as high-level copy number changes characteristic

of gene amplifications. The narrow limits of 0.90-1.10 are appropriate only for directly

conjugated nucleotide labelling of DNA. A high frequency of hybridisation artefacts is

observed in normal samples when using these thresholds with indirectly labelled probes.

Several alternate data analysis procedures have been proposed to improve detection of

CNAs in CGH by applying statistical concepts. Moore et al (1997) described the use of

a two-sample t-statistic comparing a test sample with a number of normal samples to

virtually eliminate false positive results. Their studies however did not suggest any

increased sensitivity or specificity (Moore et al 1997; Yu et al 1997). A four-colour

CGH procedure has also been investigated, the additional channel used for a second

reference DNA. It was anticipated that this second reference aids as an internal

hybridisation standard identifying inconsistently hybridised chromosomal regions

(Karhu et al 1999). Although promising, this procedure still does not overcome

sensitivity problems associated with heterogeneous or normal cell contaminated tumour

samples. As a consequence, follow-up studies are lacking.

Several other methods have been proposed to overcome chromosomal and non-

chromosomal variability using confidence and standard reference intervals. It has also
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been suggested that these procedures increase the specificity and sensitivity of CGH

(Reardon et al 1997; Kirchhoff et al 1998; 1999). Barth et al (2000) extensively

compared the fixed threshold procedure using cut-off values of 1.25 and 0.8 with the

alternate data-driven procedure relying on confidence intervals. Although the data

driven procedure identified an additional 11 CNAs confirmed by FISH compared to the

fixed thresholds. Their findings also revealed a 19.3% false positive rate for the data

driven procedure compared to 3.7% using fixed thresholds. This unacceptably high rate

of false positives for the data-driven procedure far outweighs sensitivity issues.

Unfortunately this study did not investigate the effects of using narrower fixed threshold

limits (e.g. 1.15 and 0.8) with respect to increasing sensitivity and specificity compared

to the data driven procedure.

The spatial resolution of CGH detection has been assessed for both amplifications and

deletions. An increase in copy number of 50% would be detectable if the region was 2

Mbp or larger. (Joos et al 1993).  This detection resolution would increase with respect

to an increase in copy number. Therefore detection of an amplification involving a

region of 250kb would require a 400% copy number increase (Piper et al 1995). The

detection resolution for deletions is however lower due to the maximum loss of a region

being 100% (i.e. both copies lost). A loss of 50% (i.e. one copy) has been shown to be

reproducibly detectable down to 2-3 Mbp (Piper et al 1995; Bentz et al 1998). Detection

resolution lower than this limit is unlikely to be adequately reproducible by CGH

mainly due to the variability of chromosome length. Sensitivity of deletion detection

can be increased using FISH and LOH at the desired loci.
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1.7.6.8.9 Interpretation/Hybridisation Artefacts

Problems with natural variation exist within polymorphic regions of the genome,

including heterochromatin, telomeres and centromeres. Spurious results in the loci are

often observed and can lead to false interpretations. Consequently CGH requires the

addition of unlabelled Cot-1 DNA to block these repetitive sequences. Due to this

suppression it is extremely difficult to interpret ratios at these regions and thus they are

excluded from analysis, fortunately it has been demonstrated that these loci contain very

few genes (Sarccone et al 1992). Additional caution should be exercised in the

interpretation of small ratio changes at telomeres due to the gradual decrease of

fluorescence intensities at these regions. When the absolute intensities begin to

approach the background fluorescence unreliable ratio changes may appear (Kallionemi

et al 1994b).

The occurence of hybridisation artefacts is occasionally observed non-randomly at

several loci, therefore leading to a false positive interpretation. Caution should be

exercised in interpreting ratio changes at 1p32-pter, 16p, 19 and 22 as these regions

occasionally display abnormal ratios in comparison of 2 normal DNAs (Kallioniemi et

al 1994b). Inverse labelling of the tumour sample with Texas Red® suppresses these

artefacts. However, other less frequent artefacts, prevalent only in Texas Red® labeling,

are observed (Larramendy et al 1998). The precise mechanisms behind the hybridisation

artefacts are unknown but it is hypothesised that it may be due to different binding

abilities of Texas Red® and FITC to DNA molecules. Additionally those regions that

are involved in false-positives correspond accurately to the most GC-rich areas in the

genome (Saccone et al 1992; Kallioniemi et al 1994b; Larramendy et al 1998).
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1.7.6.8.10 Quality Control

CGH usually requires between 0.5-1.0µg of high quality DNA for accurate detection of

CNAs. The size and quality of the DNA to be analysed is an important factor in the

success of CGH. DNA size should be within the magnitude of 600bp - 2,000bp. Larger

fragments form more stable hybrids, but create difficulty when accessing and

hybridising to denatured chromosomal DNA. Smaller DNA fragments have a lower

fluorescent intensity and poorer uniformity upon hybridisation. Because of these size

limitations nick translation is the preferable method of fluorescently labelling DNA,

enabling the size of the DNA to also be controlled (Kallioniemi et al 1992; 1994b).

Metaphase quality is extremely critical for the success of CGH analysis. Ideally little

cytoplasm should be present as it increases background florescence and inhibits optimal

denaturation. Low cell density with a high mitotic index is also desirable. Chromosomes

within each metaphase should be of adequate length (400-550 bands) long, well spread,

non-overlapping and not contain separated chromatids. The average length for each

homologous chromosome is important for banding, karyotyping and detection of

aberrations. The degree of chromosomal condensation varies from metaphase to

metaphase resulting in assorted lengths of specific chromosomes. For this reason the

ratio profile must be normalized to a standard length for each particular chromosome.

However, if the condensation is non-uniform as often observed in short chromosomes,

ratio changes may occur at slightly different locations along the medial axis of the

chromosome. Therefore the combination of several profiles may result in the smearing

of aberrations, especially those affecting small regions.

The degree of chromosome denaturation is a critical component in successful CGH

analysis. Denaturation must be long enough to enable probe access to the separated
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strands of chromosomal DNA, this is especially important for large DNA probe

fragments. Over-denaturation will result in the loss of chromosome morphology and

banding preventing karyotyping. Denaturation is dependant on the cell density, degree

of cytoplasm present and chromosome quality. However, many uncontrollable factors

are still present in the preparation of metaphases leading to significant problems with

batch-to-batch variability, which can severely hinder sensitivity and specificity of CGH.

For this reason it is critical to perform control experiments with every hybridisation to

ensure correct, reliable and optimal results (Kallionemi et al 1994b; Karhu et al 1997;

Weiss et al 1999).

1.7.6.8.11 Solid Tumour Studies

CGH is applicable to the study of all disease states involving CNAs, however, the

analysis of solid tumours has been the most frequent use of CGH due to the difficulty of

culturing these cells for banding analysis. DNA has been analysed by CGH from cell

lines, fresh, frozen and tumour cells microdissected from fixed paraffin embedded

tissue, enabling the identification of known and novel imbalances in tumours that have

previously been undetected by traditional cytogenetic techniques (Houldsworth and

Chaganti 1994).

Non-random chromosomal rearrangements such as translocations have enabled the

identification of genes which are involved in the formation of many hematopoietic and

mesenchymal tumours. It has however been observed that solid tumours undergo less of

a rearrangement with genomic material being amplified or lost instead. Amplified

genomic regions are thought to contain oncogenes whilst deleted regions are believed to

house tumour suppressor genes. Traditional cytogenetics has proven difficult with

regards to solid tumours as they grow poorly in culture, containing an extremely low
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mitotic index. Subsequently culturing of these cells will bias cells with a high mitotic

index and therefore will not be wholly representative of the tumour. In addition high

quality metaphases are often difficult to prepare as their chromosomes have poor

morphology. Those that have successfully been cultured often possess complex

karyotypes, which are difficult to interpret. Thus, analysis of solid tumours has mainly

been restricted to LOH, Southern blotting and point mutation analysis. CGH is therefore

particularly useful for the analysis of solid tumours (James and Varley 1996b).

CGH has been used to study every major and many minor types of solid tumours

including breast, prostate, lung, colorectal, head and neck carcinomas, ovarian,

testicular, renal, melanoma, glioma and other brain tumours as well as haematological

malignancies and sarcomas (refer to the following review and references therein

Forozan et al 1997; Zitzelsberger et al 1997; Knuutila et al 1998). At the time of writing

only 2 studies have been published on NMSC besides our own (Popp et al 2000;

Shimizua et al 2001), these will be discussed in Section 1.8. Table 1.2 outlines a brief

summary of the most recurrent gains and losses in major carcinomas and tumours with

relevance to this study. This description is not meant to be inclusive but merely to

provide some insight into the power of screening tumours for CNAs by CGH.

Karyotypic analysis or FISH and LOH studies have confirmed many of these recurrent

CNAs (Zitzelsberger et al 1997; Knuutila et al 1998).
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Table 1.2: Frequent CNAs in DNA sequences detected in selected solid tumours by
CGH

Tumour type Gains of DNA sequences Losses of DNA sequences

Bladder
carcinoma

1p22, 1q31, 3p22-p24, 3q24-q26, 8q21,
10p13-p14, 12q13-p15, 13q21-q34,
17q22-q23, 18p11, 22q11-q13

3p, 8p, 9, 11p, 11q, 12q, 17p

Breast
carcinoma

1q, 8q22-q24, 9p13, 10p, 10q22,
11q13, 15q26, 16p, 17q21-q23, 19q,
20q12-13

17p, 20, 22q

Head and Neck
SCC

1q, 3q, 5p, 7, 8q, 10p, 13q, 17, 19p,
19q, 20p

1p, 2q, 3p, 4q, 5q, 7q, 8p, 9p,
10q, 11p, 11q, 13q, 17p, 18q,
19p, 19q, 21q, 22q

Lung (small cell
carcinoma)

1p22-p32, 2p24-p25, 3q, 5p, 8q, 11q,
14q, 17q, 19, 20, Xq

1q26, 3p, 4p, 4q, 5q, 8p, 13q,
16p11, 17p, 22q12-q13

Melanoma,
cutaneous

1p31-cen, 5q15-pter, 6p, 7q21-qter,
8q23-qter, 11q14-23, 20q13-qter

1pter-p33, 9p, 9q33-qter, 10q,
16, 17, 20q

Melanoma,
uveal

6p, 8q 3, 6q, 9p

Merkel cell
carcinomas

1, 6, 18q, 20 -

Ovarian
carcinoma

1p35-pter, 2q, 3q25-q26, 3q26-qter,
6p21-p22, 8q24, 12p12, 20q13

4, 13q21, 16q, 17p,
18q22-qter, X

Prostate
carcinoma

1q, 2p, 3q, 7q, 8q, 9q, 11p, 16p, 20, 22,
X

2q, 5q, 6q, 8p, 9p, 15q, 16q,
17p, 18q

Renal cell
carcinoma

1q21-q23, 5q31-q34, 7p, 8q, 16p,
17q12-qter, 19, 22q12-qter

1, 2, 3p, 6, 8p23-pter, 9p, 10,
13q, 14q21-qter, 17, 21, Y

Retinoblastoma 1q31, 2p24-p25, 6p22, 13q32-q34 16q22

*Modified from Zitzelsberger et al 1997
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CGH has enabled the identification and confirmation of known oncogenes and tumour

suppressor genes with amplifications and deletions of tumour DNA, respectively

(reviewed in Knuutila et al 1998). CGH has had a major impact on the identification of

novel and/or previously unknown putative genes involved in tumourigenesis. Visakorpi

et al (1995) demonstrated the role of the androgen receptor in prostate cancers, which

had recurred during androgen deprivation therapy. Other examples include the

identification of BCL2 and KRAS2 amplifications in diffuse large B-cell lymphoma and

non-small-cell lung cancer respectively (Monni et al 1996; 1997; Björkqvist et al 1998).

Recurrent amplification at 20q12-q13 in breast carcinoma was initially detected by

CGH and correlated well with poor prognosis (Kallionemi et al 1994a; Isola et al 1995;

Tirkkonen et al 1998). Further delineation and positional cloning of this region has

revealed several putative oncogenes including STK15/BTAK, ZNF217, AIB1 and

NABC1 (Tanner et al 1994; Collins et al 1998). Amplifications of 3q25-q26 detected by

CGH in ovarian and cervical carcinomas led to the implication of PIK3CA as an

oncogene in these tumours (Heselmeyer et al 1996; 1997; Iwabuchi et al 1995; Arnold

et al 1996; Shayesteh et al 1999). These studies demonstrate the potential and powerful

outcome of tumour studies with initial CGH screening.

The validity of CGH has been demonstrated by the confirmation of detected CNAs by

classical cytogenetics, interphase FISH and LOH with generally high concordance

(Cher et al 1994; Iwabuchi et al 1995; Wolf et al 1997; Mohapatra et al 1997; Jacobsen

et al 2000; Koo et al 2000; van Dekken et al 2000). Using this approach in cancer

research has therefore further advanced our understanding of the genetic progression of

cancer, leading to high-resolution study and gene identification within these recurrent

genomic regions involved in CNAs (Gray and Collins 2000).
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1.8 Molecular Studies in NMSC

1.8.1 Introduction

The identification of genetic changes has been a hallmark of research in the

investigation of all major and minor cancers. This has lead to an increased

understanding in specific tumourigenesis, identifying the involvement of putative

oncogenes and tumour suppressor genes. These genes and their protein products have

further potentials as candidates for disease management and ultimately therapy. Such

approaches are equally applicable to NMSC. In addition epidemiologic and

experimental data has directly correlated UVR exposure with skin cancer development.

This makes NMSC one of the few neoplasms whose mechanism of mutation by a

carcinogen is clearly understood.

1.8.2  Induction of Genetic Damage by Solar UVR Exposure

The beneficial effects of UVR exposure of the skin are limited to the synthesis of

vitamin D and skin pigment stimulation. On the contrary, growing evidence in the form

of photo-damage to the skin including sunburn, photo-aging and skin cancer

demonstrates the deleterious effects of UVR exposure (Buzzell 1993). The UV

component of sunlight can be divided into 3 broad regions of energy: UVC (100-

280nm), UVB (280-315nm) and UVA (315-400nm). The longer the wavelength, the

deeper the penetration of the light into the skin, UVC and UVB are capable of

penetrating into the epidermis, whilst UVA can penetrate deeper into the dermal layer of

the skin (Quinn 1997).
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The action spectra for UVB and UVC closely coincide with the absorption spectra of

DNA, resulting in pyrimidine photoproducts. UVA is less energetic being absorbed by

other cellular chromophores; this generates oxygen reactive species such as hydroxy

radicals, which can result in DNA-strand breaks and chromosome translocations (Brash

et al 1987). Although UVC is the most energetic, capable of causing the most cellular

damage, it does not reach the earth’s surface. UVC is absorbed by stratospheric ozone,

hence the concern in ozone depletion by synthetic chlorofluorocarbons (Hayman 1997).

Of the light that reaches the surface, UVA accounts for more than 90%, less than 10% is

attributed to UVB. UVA is however less biologically active and therefore UVB is

responsible for the majority of photo-damage to the skin. However, the use of UVB

blocking sunscreens enabling sunbathers to spend longer periods in the sun and the

popularity of UVA sun beds has increased the occurrence of UVA-induced photo-

damage (Quinn 1997; Speight et al 1994).

Several experimental models have been used to investigate DNA damage by UVR

exposure; interestingly UV-induced mutations are located almost exclusively at

dipyrimidine sites (TT, CC, CT and TC) (Glickman et al 1986; Brash et al 1987).

Approximately 70% of observed mutations are C→T transitions and 10% CC→TT. The

tandem CC→TT change is considered a UV signature mutation, as few other mutagens

are known to involve tandem bases. Mutations can occur in DNA by the absorption of

UVC or UVB photons at the carbon 5-6 double bond. The double bond opens and can

result in the formation of a single or double bond between two adjacent nucleotides. The

nucleotide pair is almost exclusively dipyrimidines as previously mentioned. These

photoproducts alter normal DNA structure, a consequence of which is DNA replication

errors. For example a ‘disturbed’ C is bonded incorrectly with A instead of G due to the

UV-induced photoproduct. Although cellular mechanisms for DNA repair are present
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they are not always effective and the mutation can proceed unchecked. During the next

round of replication the newly inserted A is paired with T, resulting in a C→T transition

(Brash et al 1996). A point mutation has been introduced by UVR and as previously

mentioned this is one mechanism by which aberrations can be introduced into genes. In

addition this mutation is permanent and will be inherited by all progeny of this cell

which thus inherit the aberrant gene/protein function (Lengauer et al 1998).

1.8.3 Inherited Traits

Inherited susceptibility to the development of NMSC has been recognised for many

years in specific individuals. Skin type with regards to fairness, tanning ability and

tendencies to freckle and burn are inherited traits. These increase an individual’s

susceptibility to NMSC development when subjected to solar UV exposure. In addition,

several inherited syndromes have been identified which are directly or indirectly

associated with the development or predisposition to NMSC.

1.8.3.1 Naevoid Basal Cell Carcinoma Syndrome

One such disorder is known as the naevoid basal cell carcinoma syndrome (NBCC),

also referred to as Gorlin’s or basal cell nevus syndrome. Amongst the symptoms of this

disorder is a predisposition to the development of multiple BCC (Gorlin 1987). Affected

individuals also display skeletal abnormalities, characteristic facies, jaw cysts and pits

of the palms and soles. NBCC displays an autosomal dominant mode of inheritance due

to a single locus (Gorlin 1987). Several linkage studies localised the NBCC gene to

9q22.3-q31 (Gailani et al 1992; Chenevix-Trench et al 1993; Shanley et al 1994;

Wicking et al 1994). Interestingly genetic loss of 9q is also a common observation in

sporadic BCC (Quinn et al 1994). This data provides strong evidence that aberrations in

a gene(s) that maps to this locus are associated with both familial and sporadic BCC
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development. Further delineation of this region by physical mapping led to the

elucidation of the putative tumour suppressor gene known as Patched (PTCH). This

gene is homologous to a homeobox developmental gene first identified in Drosophila.

The role of the human homolog regarding BCC development will be discussed in

greater detail later in Section 1.8.7.

1.8.3.2 Xeroderma Pigmentosum

Xeroderma pigmentosum (XP) is a collection of diseases characterised by an extreme

sensitivity to sunlight leading to early development of NMSC (Sarasin 1999). Kraemer

et al (1987) have estimated that XP patients present more than a 2000-fold increase in

skin cancer development compared to normal individuals. Fibroblast cells isolated from

affected individuals were found to have alterations in mechanisms responsible for

repairing DNA damaged by UV light (Cleaver 1968). As previously discussed UV

exposure results in characteristic pyrimidine photoproducts in DNA, which can lead to

point mutations if left unrepaired. Genetic defects resulting in XP prevent DNA repair

resulting in the proliferation of these mutation-carrying cells. This is potentially

hazardous if the mutated DNA is within oncogenes or tumour suppressor genes and may

result in NMSC development. In fact the degree of cutaneous damage associated with

XP can be significantly reduced by UV avoidance and shielding of affected individuals

(Davis et al 1994). Additionally skin cancer formation is limited to sun-exposed areas of

the body, thus demonstrating the causative link with the genotoxic consequences of

solar UV exposure.

Several forms of XP have been identified resulting from a defect in any of at least nine

different genes. The protein products of six of these genes, XPA, XPB, XPC, XPD, XPF

and XPG are essential for DNA repair through nucleotide excision (Sarasin 1999).
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Several animal models have been used to study XP and skin carcinogenesis. Of interest

is the XPA-deficient mice that are highly susceptible to UVB-induced skin cancer,

developing numerous benign papillomas and cutaneous SCC. Investigations of these

tumours have revealed UV signature mutations in TP53 and RAS characteristic of

defects in nucleotide excision repair (Takeuchi et al 1998). The significance of TP53

and RAS with respect to skin cancer will be discussed later in Section 1.8.6 and 1.8.8.

1.8.3.3 Multiple Self-Healing Squamous Epithelioma

The autosomal dominantly inherited disorder multiple self-healing squamous

epithelioma (MSSE) alternatively referred to as Ferguson-Smith type epithelioma was

first observed in 1934 (Ferguson-Smith 1934). This disorder is characterised by lesions

arising on the face, ears, arms and legs, the skin of the anus, genitals and anterior

abdominal wall all with the potential of further infiltration. Histologically the tumours

appear as well-differentiated squamous epitheliomatas. A common feature of these

lesions is their ability to regress and heal completely, because of this they are

considered to be a variety of multiple keratoacanthoma. Goudie et al (1991; 1993)

demonstrated strong linkage between the MSSE locus and several microsatellite

markers on 9q.  Multipoint linkage analysis demonstrated that the disease locus

probably lies between D9S58 (9q22.3-q31) and ASSP3 (9q11-q22). The chromosome

region 9q also harbours the XPA and PTCH genes implicated in predisposition to

NMSC. Richards et al (1997) investigated the possibility that these genes may be

responsible for MSSE. Their studies have been able to exclude XPA as a candidate, and

although no mutations in PTCH were detected in MSSE families, a common haplotype

at 3 novel intragenic PTCH polymorphisms was observed and thus PTCH has not been

excluded as the MSSE gene.
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1.8.3.4 Bazex’s Syndrome

Bazex’s syndrome is characterised by congenital development of pits and lesions on the

dorsum of the hands and elbows with BCC arising on the face between the ages of 15

and 26 years. Hairs have a twisted and flattened appearance and pronounced

hypotrichosis was also present (Bazex et al 1964). Of those kindreds studied, none

showed male-to-male transmission of the disease, favouring an X-linked dominant

mode of inheritance (Viksnins and Berlin 1977). Microsatellite studies by Vabres et al

(1995) on 3 families affected by Bazex’s syndrome showed evidence of X-linkage with

regional assignment to Xq24-q27. However, because the lesions are very similar to

those observed in NBCC it is possible that PTCH may play a role in Bazex’s syndrome;

this hypothesis has yet to be tested.

1.8.3.5 Albinism and Skin Pigmentation Genes

At the most basic level, an individual’s skin type with respect to pigmentation is an

inherited trait. As previously discussed, epidemiologic studies have identified that fair

skin types which are prone to freckling are associated with a higher susceptibility to

skin cancer compared to individuals with identical UV exposure but darker skin types

(Harvey et al 1996a; 1996b; Chuang et al 1995). In addition solar sensitivity and the

high incidence of skin cancer development in albino individuals demonstrates the

importance of skin pigmentation and solar UVR protection (Kromberg et al 1989). The

molecular mechanisms behind skin pigment determination are still poorly understood,

however several genes have been identified which are believed to play roles in this

determination. Of the genes currently known to be involved, the melanocortin-1

receptor (MC1R) is a key regulator of skin pigmentation in humans. Loss-of-function

variants at the MC1R are common observations in individuals with red hair and fair

skin. These individuals have also been identified as the most susceptible to skin
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carcinogenesis (Palmer et al 2000; Rees 2000; Box et al 2001). Recently particular

MC1R genotypes have been associated with sun-sensitivity and thus identifed as

potential risk factors for development of skin cancer (Healy et al 2000, Palmer et al

2000, Box et al 2001).

1.8.4 Cytogenetic Analysis of NMSC

Changes within the karyotype are hallmark observations within cancer cells. The

examination of chromosomal aberrations within haematologic disease has revealed

consistent recurrent changes associated with the phenotype. Conversely, due to their

cellular nature, solid tumours have been more difficult to investigate. Karyotypic studies

on skin neoplasia have been very limited due to the difficulties in maintaining the

tumour cells in short- or long- term culture. Of those studies reported, most have shown

an in vitro fibroblastic growth pattern (Mertens et al 1991). As previously mentioned,

NMSC are derived from epidermal cells and would therefore be expected to display an

epithelial-like growth pattern in culture. As a consequence, it is difficult to ascertain

whether cultures with a predominant fibroblastic growth pattern are representative of

the tumour type and not derived from the stromal component. Modified culture

techniques have been used to try and overcome this problem by reducing fibroblastic

growth whilst promoting epithelial cells (Jin et al 1998).

1.8.4.1 Karyotypic Analysis of BCC

Using modified culture techniques to promote epithelial cell growth, Jin et al (1998,

2001) investigated short-term (5-10 days) BCC tissue cultures, identifying recurrent

chromosomal numerical changes of +18, +9, +7, +X and +5 and rearrangements of 9q.

These cultures contained a much higher epithelial cell population, but were still

‘contaminated’ with fibroblasts. So although this data is considered more informative
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with regards to the neoplastic parenchyma, the possibility of stromal contamination

cannot be excluded as aberrant karyotypes could be derived from fibroblasts or

epidermal cells. These studies also demonstrated over three quarters of BCC cultures

investigated had simple aberrant karyotypes (1 to 3 aberrations only). This suggests that

these tumours are still relatively genetically stable compared to most other tumour

types. Casalone et al (2000) attempted to overcome this problem by studying direct

preparations (24 hours) in addition to short-term (10-28 days) BCC tissue cultures. They

demonstrated a lack of correspondence with respect to aberrations between direct

preparations and short-term culture. Immunohistochemistry demonstrated different cell

types in the direct and short-term cultures, epithelial and fibroblasts, respectively. As

BCC are derived from epidermal cells the direct cultures were more representative of

tumour type, than the short-term culture. In the direct cultures, the most recurrent and

non-random change observed was trisomy 6. This was confirmed by interphase FISH

with the additional identification of +6 in 8 other cases where trisomy 6 was not

observed cytogenetically. This raises a major drawback to this study, as the number of

viable metaphases investigated for each case by direct preparation was low.  This could

account for the lack of correlation and also the possibility of other important aberrations

evading detection.

1.8.4.2 Karyotypic Analysis of SCC

Cytogenetic analysis of SCC has been even more limited than BCC, Casalone et al

(2000) also investigated 3 SCC cases showing numerous aberrations in direct

preparations but absent in short-term cultures. These included +6, +8, +9, +11, +16,

+21, -1 and –14. Their significance is however, questionable due to the low number of

viable cases. Jin et al (1999) used short-term cultures to identify non-random

aberrations in 13 SCC. In decreasing order, the most commonly affected chromosomes
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were +1, +11, +8, +9, +5, +3 and +7 and partial or complete loss of chromosomes -2, -

4, -9, -11, -14, -18, -21, -8p, -X, -Y, and –13, whilst over-representations involving 1q,

7 and 8q were frequently observed. This karyotypic data is comparable to findings in

other carcinomas including SCC of the head and neck, breast and lung  (Jin et al 2000).

1.8.5 Solar UVR and Chromosomal Aberrations

As previously discussed chromosomal aberrations are commonly observed in precursor

and neoplastic skin lesions. It is well recognised that UVR induces DNA point

mutations and small deletions but its involvement in gross chromosomal changes is

unknown. Emri et al (2000) have demonstrated that low doses of UVA or UVB

radiation are capable of inducing these aberrations. They detected the formation of

micronuclei, which are cytogenetic indicators of chromosomal damage in normal

fibroblasts exposed to controlled doses of UVA or UVB. These round particles of

genetic material are believed to result from DNA double-strand breaks whose formation

is hypothesised to result from DNA repair of UV-induced pyrimidine dimers and/or free

radical formation (Bradley 1981). This provides further mechanisms by which the

initiation and promotion of skin carcinogenesis can occur. Additionally these

observations support further mechanisms for increasing genomic instability and LOH

observed in skin cancer cells.
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1.8.6 Interphase FISH

Due to technical problems associated with the keratin and fat content of skin interphase

FISH studies of NMSC have been extremely limited. As previously mentioned trisomy

6 was confirmed in direct BCC cultures by interphase FISH (Casalone et al 2000).

Additionally trisomy 7 has been observed in SCC and KAs (Hughes and Robinson

1994; Cheville et al 1995). Döbler et al (1999) investigated a number of common loci

(3p21, 17p13 and 9p21) often observed to undergo deletion in melanoma, NMSC, KAs

and BOD. All low-differentiated SCC, 60% of BOD and 70% metastatic melanomas

demonstrated genetic loss at 3p21. The deletion of 17p13 housing TP53 was an

uncommon observation whilst deletion of 9p21 housing CDKN2A was detected in 13 of

the 14 melanoma tumours investigated.

1.8.7 Comparative Genomic Hybridisation

Boukamp et al (1997) investigated the spontaneously immortalised human skin

keratinocytes line HaCaT, which they suggest is highly comparable genetically and

phenotypically to keratinocytes at the early stage of skin carcinogenesis. The HaCaT

cell line is also non-virally transformed, containing UV-characteristic mutations in both

alleles of TP53. Evolution of this cell line was studied over 300 passages and its

karyotype investigated periodically by CGH. Early chromosomal changes were

observed by the loss of 3p, 4p and 9p and a gain of 9q. Minor deviations were detected

during the continual passaging but few were maintained during the long-term culture.

This data suggests the evolution of a subpopulation within the cell line, which then

regressed. The chromosome content of HaCaT remained largely stable and therefore

sustained its non-tumourigenic phenotype.
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At the time of writing only 2 studies besides our own have investigated skin

tumourigenesis by CGH. An initial primary SCC from the dorsum of the hand, 3

recurrences, a lymph node metastasis and derived cell lines from a single patient were

investigated (Popp et al 2000). Histologically the primary lesion demonstrated a

moderately differentiated SCC, 2 recurrent lesions and the metastasis were poorly

differentiated. The third recurrence appeared two months after the metastasis was

excised and was diagnosed as a moderately differentiated SCC. Many CNAs were

present at most stages of progression, demonstrating common evolution and early onset

identified by loss at 3p, 5q, 8p, 10p and 17p Additionally gains of 3q 5p, 7p, 8q, 11q and

17q were observed. Such aberrations with cutaneous SCC have also been demonstrated

by LOH and karyotypic studies. Cell line data gave good concordance with the tumour

DNA; strongly suggesting they represented the predominant cell population of their

respective tumours. Unfortunately tumour DNA from the primary SCC was unavailable

for analysis. Therefore it cannot be ruled out that the karyotype for the primary lesion

was less aberrant than that seen in the derived cell line. The resulting cell line possibly

arose from an already genetically advanced subpopulation.

Shimizua et al (2001) used CGH to investigate a single primary SCC and 3 lymph node

metastases of the lesion. They demonstrated copy number gains at 3q and Xq and loss of

3p24 and 18q21-22 in both the primary and metastatic lesions. In addition the primary

SCC demonstrated a gain at 12q13 not detected in the metastases. The metastatic lesions

showed unique gains of 8q, 9q and Xp21, loss of 8p and 10pter-p12 were also detected.

An amplification of 7p12-13 was also revealed in the metastatic lesions only, an area to

which the epidermal growth factor receptor maps.
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To date other studies of SCC have only focused on single lesions and have not

investigated recurrent CNAs present in these tumours. Additionally the investigation of

BCC and SK have yet to be performed using this approach.

1.8.8 Chromosomal Breakpoints

Pavarino et al (1997) examined the distribution of chromosomal breakpoints in all

published NMSC before 1997. The frequency of breakpoint distribution was directly

related to the relative length of each chromosome suggesting the distribution was

generally random. However, chromosomes 14 and 15 demonstrated a higher than

expected frequency of breakpoints at chromosomal bands 14p11-13 and 15p11-13,

respectively. The rearrangement of nucleolus organiser regions found in the satellite

stalks of all acrocentrics including 14 and 15 is observed as a common anomaly in many

cancers. Consequently this karyotypic observation is proposed to be an important event

in malignant transformation (Atkin and Baker 1995). As previously discussed it is

difficult to ascertain the cellular origins (epithelial or fibroblastic) of these karyotypes

and therefore the significance of these results is inconclusive with respect to NMSC.

1.8.9 DNA Ploidy of NMSC

The observation of DNA aneuploidy and tetraploidy in cancer cells has been associated

with poor prognosis, advanced staging and poor histological differentiation in a variety

of solid tumours. Robinson et al (1996) investigated changes in DNA ploidy in UV-

induced SCC and BCC lesions by flow cytometry. They identified changes in DNA

ploidy in 50% of SCC and 9% of BCC cases examined; these observations are in

concordance with other ploidy studies in NMSC (Robinson et al 1996 and references).



104

Their study also revealed aneuploidy in all metastising SCC. In addition changes in

DNA ploidy demonstrate the degree of genomic instability of particular tumour types.

1.8.10 Loss of Heterozygosity Studies in NMSC

As previously mentioned, LOH is a technique used to screen tumour cells for regions of

genetic loss based on highly polymorphic microsatellite markers. A comparison of

alleles between the tumour and a normal DNA sample from the same individual is

performed.  The loss of an allele present in the normal but absent in the tumour

identifies deleted chromosomal regions. Thus these tumour cells only contain one copy

of the genes present at this region. In fact LOH studies are often used to locate recurrent

regions of genetic loss, which may harbour putative tumour suppressor genes pivotal in

the cancers development. The loss of one copy of a tumour suppressor gene is an

important mechanism in the two-hit hypothesis of inactivation. Several studies have

been performed on NMSC samples, details of which follow.

1.8.10.1 LOH Studies of BCC

Quinn et al (1994) used an array of polymorphic microsatellite markers (one on each

chromosomal arm) to determine the extent of LOH in BCC, their findings revealed very

few regions of loss. LOH amongst the BCC population was confined mainly to 9q (60%

of cases studies) with monosomy of chromosome 9 in 15% of these cases. Low levels of

LOH were also observed on 1q (14%) and 22q (7%). All other chromosomes displayed

no LOH, thus identifying BCC as reasonably stable tumours. An independent study by

Shanley et al (1995) investigated 101 BCC (63 sporadic and 38 familial) and identified

LOH at 9q22 in 46% of cases. In addition Shen et al (1999) identified LOH at 9q22

with at least one marker in 60% of sporadic BCC they investigated. The association of
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LOH at this region with other appendageal tumours was extremely low (Takata et al

1996). Therefore the frequent loss of genetic material at 9q22 is a common observation

specific to BCC tumours, the further involvement, delineation and significance of this

region to BCC development will be discussed later in this chapter. Recently Saridaki et

al (2000) demonstrated LOH at 9p21-p22 (55%), 17q21 (34%) and 17p13 (11%) in a

Greek population. These loci are known to harbour several putative tumour suppressor

genes including p16INK4a, p19ARF, p15INK4b (9p21-p22), BRCA1 (17q21) and TP53

(17p13). However, further molecular analysis of p16INK4a and p19ARF failed to identify

mutations in these genes, implying that mutational inactivation of these genes is not

involved in BCC development; the involvement of the remaining loci is still

inconclusive.

1.8.10.2 LOH Studies of SCC

In their same study Quinn et al (1994) determined the extent of LOH in SCC. In

contrast to BCC, the pattern and degree of LOH in SCC was more diverse and

widespread. Frequent regions of LOH were identified as 13q (46%), 9p (41%), 17p

(33%), 17q (33%) and 3p (23%). These distinct allotypes may therefore contain putative

tumour suppressor genes involved in SCC development and progression. For example

the loss of 17p is associated with dysfunction of the tumour suppressor gene TP53, the

significance of which will be discussed later in this chapter. LOH at 9p is also a

common observation in malignant melanoma where the involvement of the tumour

suppressor gene CDKN2A is an important feature of melanoma development.

Investigation of a role for CDKN2A in cutaneous SCC development has identified a

number of mutations in this gene (Kubo et al 1997; Chang et al 1997; Soufir et al 1999;

Mortier et al 2002), thus supporting CDKN2A as a possible candidate for SCC

development. The loss at 3p in SCC gave rise to the potential involvement of the known
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tumour suppressor gene FHIT (3p14.2) whose involvement in oesophageal SCC is

established. However, higher resolution analysis of this gene failed to identify its

involvement in SCC development (Sikkink et al 1997). That study however further

delineated the involvement of 3p to two commonly deleted regions 3p24-pter and 3p12-

p14.1, suggesting the role of at least 2 tumour suppressor genes on 3p. Deletion of 13q

was also commonly observed in cutaneous SCC centred around 13q13. Further higher

resolution analysis of these regions is hoped to identify these putative tumour

suppressor genes with involvement in NMSC tumourigenesis.

1.8.10.3 LOH Studies of SK

LOH studies involving SK revealed that these usually benign lesions underwent a

greater degree of LOH than SCC. On average, SK had a rate of loss of 43% compared

to 25% in SCC, with almost 20% of SK undergoing loss of 8 or more chromosome

arms. High frequency of LOH was observed at 17p (64%), 17q (56%), 13q (60%), 9q

(44%), 9p (31%) and 3p (26%) for SK, which are comparable to those observed in SCC.

Because both lesions share common regions of LOH, this evidence further supports the

theory that SCC can and do evolve from SK lesions (Rehman et al 1994; 1996). Mortier

et al (2002) demonstrated a reduced frequency of LOH at 9p21 encoding the

p16INK4a/CDKN2A tumour suppressor gene compared to SCC. This suggests a possible

progression of SK into SCC involving the inactivation of p16INK4a/CDKN2A.
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1.8.11 Putative Genes in NMSC Development

1.8.11.1 TP53

The tumour protein 53 (TP53) gene is located on chromosome 17p13, spanning

approximately 20kb. TP53 contains 11 exons (of which the first is non-coding), yielding

an mRNA transcript 2.8kb, giving rise to a 393 amino acid nuclear phosphoprotein

(p53) weighing 53-kD, hence the name (Kamb et al 1994; Rees 1994). p53 was first

described in 1979 as a dominant transforming gene in SV40-transformed cells and

originally classified as an oncogene. It later transpired that this overexpression was due

to molecular mechanisms struggling to compensate for poorly functioning p53,

therefore TP53 is actually a tumour suppressor gene. Wild-type p53 is involved in a

number of processes, including cellular growth and differentiation, inducing apoptosis,

tumour suppression and transcriptional control of numerous genes (including the cyclin-

kinase inhibitor p21WAF/CIP) also involved in induction of apoptosis, etc. (Garcia et al

2000 and references within). With this in mind it becomes apparent that inactivation of

TP53 would lead to the dysfunction of these mechanisms, and thus promote

tumourigenesis.

Mutations within TP53 were first implicated in cancer development by Baker et al

(1989), who identified gene mutations and chromosome 17 deletions in colorectal

carcinoma. Since then over 14,000 mutations have been reported in the IARC database

of human TP53 mutations (Hernandez-Boussard et al 1999). In fact it has been

estimated that almost half of sporadic cancers occurring in the general population have

TP53 mutations (Beroud et al 1996). The pattern of TP53 mutations is not distributed at

randomly throughout the gene, rather mutational “hotspots” have emerged, the

frequency and distribution varying based on type of tumour. Most commonly mutations
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are base substitutions within exons 5-8 (amino acids 110-307). This region is

evolutionary conserved, thus the sequence and therefore structure is extremely

important to correct p53 function. Wild-type p53 is known to bind to specific DNA

sequences and activate transcription of genes containing a p53 binding site. The core

domain of the p53 protein responsible for DNA binding is encoded by exons 5-8 and

thus mutations within this domain disrupts the binding properties of p53 resulting in

decrease or complete loss of functionality (Cho et al 1994 and references within).

Because of its inactivation in most cancer types and biological importance in a number

of tumour suppressing mechanisms, TP53 has become one of the most highly studied

genes in cancer research. In fact Science magazine designated TP53 as “Molecule of the

Year” in 1993. TP53 has been described as the “guardian of the genome” and/or

“cellular gatekeeper” for growth and division (Levine 1995). Essentially DNA-damaged

cells can either repair the DNA or be eliminated through a homeostatic control

mechanism mediated by p53, a process termed “cellular proofreading”. With regards to

cancer therapy reinstallation of wild-type p53 has even heralded as a potential “silver

bullet” in treatment of most tumour types  (Chang et al 2000).

A study of TP53 in SCC on sun-exposed skin in 13 Swedish and 11 New England

patients identified 58% of patients with TP53 mutations, each altering the amino acid

sequence (Brash et al 1991). One-hundred percent of the mutations occurred at a

dipyrimidine sequence, predominantly involving a C→T transition (62%). Interestingly

tandem mutations involving CC→TT double-base changes were observed in 3 patients.

Although C→T transitions within TP53 are commonly observed in internal

malignancies, the frequency of CC→TT is an extremely rare (<1%) event (Dumaz et al

1994). As previously mentioned tandem dipyrimidine mutations are extremely unique to
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UV-induced DNA damage. This study provided one of the first lines of direct evidence

that solar UVR exposure can lead to cutaneous SCC development through a disruption

of p53 functionality.

A study of skin cancers removed from XP-patients demonstrated similar results. Forty-

percent of cases displayed at least one TP53 point mutation, all located at dipyrimidine

sites. UV-specific double base CC→TT transitions were also commonly observed

(Dumaz et al 1993). Other independent studies on non-XP and XP-related skin cancers

have revealed similar frequencies (Sato et al 1993; 1994; Matsumura et al 1995). These

studies have provided greater statistical power in associating the disruption of p53

functionality with cutaneous SCC development At present it is estimated that almost

90% of SCC have UV-induced mutations somewhere in the TP53 tumour suppressor

gene (Brash et al 1991; 1996; Ziegler et al 1993). The use of a monoclonal antibody

against p53 detected its positive accumulation in 53% of SCC (Ro et al 1993). In

normal non-exposed skin, p53 is undetectable. It was observed that TP53 mutations

resulting in missense mutations opposed to deletions or premature termination were

significantly correlated with positive p53 immunostaining (Kubo et al 1994). This

increased expression is believed to be partly due to an extended intracellular half-life of

the mutant non-truncated protein and also via cellular compensation mechanisms

struggling to induce apoptosis. Other immunohistochemical studies have demonstrated

similar overexpression of p53 with respect to cutaneous SCC (Nelson et al 1994;

Onodera et al 1996).

The recognition that cutaneous SCC can progress in stages from sun-damaged

epidermis, solar keratosis, SCC in situ, to SCC and their metastases led to the

investigation of TP53 in dysplastic skin lesions. Two independent studies demonstrated
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the same UV-specific TP53 mutations in cutaneous SCC were also present in Bowen’s

disease and SK. Campbell et al (1993) identified 35% of TP53 mutations present in

Bowen’s disease, whilst Ziegler et al (1994) demonstrated 60% of investigated SK

cases with TP53 mutations. A similar study of Japanese patients identified TP53

mutations over 30% of SK cases (Taguchi et al 1994). Immunohistochemical

examination of SK with a monoclonal antibody to p53 demonstrated positive expression

in over 28-80% of SK investigated (Taguchi et al 1994; Nelson et al 1994; Park et al

1996). The variation in positive expression is likely to be due to the inaccuracies often

observed with immunohistochemistry and histological type of SK. The frequency of

positive staining has been demonstrated to increase based on histological type, as SK

with Bowenoid characteristics are more frequently positive (Taguchi et al 1994; Ro et

al 1993; Sim et al 1992). As for SCC a correlation with missense mutations and positive

immunostaining was also observed (Taguchi et al 1994; Nelson et al 1994; Park et al

1996).

Nakazawa et al (1994) identified CC→TT transitions in 74% of normal skin from sun-

exposed sites from an Australian population. Other studies have demonstrated similar

UV-related TP53 mutations in sun-exposed normal skin compared to sun-shielded

(Ziegler et al 1994; Jonason et al 1996; Ren et al 1996). Whilst it is difficult to ascertain

whether both alleles of TP53 are mutated, none of the normal skin samples displaying

allelic loss at 17p13 were tested. In conjunction with the high frequency of TP53

mutations in SK these observations suggest that TP53 mutations are early events in SCC

development and are hypothesised to be the initiating event in many cases. Further

evidence to support p53 mutation as an initiating event exists with the reduced

appearance of sunburn cells in mouse skin. Sunburn cells are actually apoptotic

keratinocytes generated by chronic UVR exposure. Skin thus appears to possess a p53-
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dependent “guardian-of-the-tissue” response to DNA damage, capable of aborting

precancerous cells. The elimination of DNA-damaged cells after UV radiation through

sunburn cell/apoptotic keratinocyte formation is thought to be pivotal for the removal of

precancerous skin cells. If this response is reduced in a single cell by a prior TP53

mutation, sunburn can select for clonal expansion of the p53-mutated cell into an actinic

keratosis. Thus, solar UVR can act twice: as tumour initiator and promoter (Brash and

Ponten et al 1998). As TP53 inactivation has then potential to initiate SCC

development, mechanisms which act against TP53 mutation formation should be

protective. In a series of simple studies, Ananthaswamy et al (1997; 1999) demonstrated

that the application of sunscreen prior to UV-irradiation of mouse skin inhibited both

mutations in the murine homolog Tpr53 and skin cancer development.

Transgenic murine models overexpressing mutant p53 demonstrated that UVB-induced

keratinocyte apoptosis is unaltered by the presence of higher mutant p53 levels (Li et al

1996). This observation is unexpected as abundant evidence supports a p53-dependant

role in apoptosis. A decrease in frequency of UVB-induced apoptosis was observed in

p53 null mice compared to the normal wild-type, suggesting a possible mechanism for

eliminating precancerous keratinocytes (Ziegler et al 1994). Cell culture studies

however, further demonstrated apoptosis occurring in only differentiated keratinocytes

and not the undifferentiated basal cells (Tron et al 1998). If NMSC are derived from the

basal cells this therefore argues against the elimination process of premalignant

keratinocytes by p53-dependant apoptosis. A dual-role for p53-regulated response to

epidermal UV damage is however proposed. Li et al (1997) demonstrated increased

DNA repair in basal keratinocytes regulated by p53 compared to squamous cells.

Therefore after UVR exposure basal cells repair damaged DNA, whilst differentiated

squamous cells undergo programmed cell death, both processes mediated by p53. TP53
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mutations are not restricted to SCC and precursor lesions, UV-related point mutations

have also been identified in approximately 45% of BCC (Rady et al 1992; Ziegler et al

1993; van der Riet et al 1994). This frequency is considerably lower than observed in

SCC and SK, the absence of LOH at 17p in BCC also suggests other genetic

mechanisms are important in BCC tumourigenesis (Campbell et al 1993).

As previously mentioned the majority of UV-induced mutations occur only at

dipyrimidine sites within a gene. The distribution of TP53 mutations is based around

exons 5-8 of the evolutionary conserved DNA binding domain. Consequently UVR-

induced mutations within TP53 are essentially confined to the limited number of

dipyrimidine sites within this domain. Therefore the distribution of UV-induced TP53

mutational hotspots is different to those observed in other cancers, which are not

confined almost solely to dipyrimidine sites (Brash et al 1996).

As previously mentioned both SK and cutaneous SCC have a high frequency of LOH at

17p, encompassing the TP53 17p13 locus (Quinn et al 1994; Rehman et al 1994; 1996).

This observation provides a second mechanism of disrupting a TP53 allele, thus one

allele is inactivated by a UV-induced mutation, the second by another mutation or by

regional deletion including the TP53 gene (Ziegler et al 1991; Brash et al 1996). Both

circumstances result in the loss of function of the two alleles, providing additional

evidence to Knudson’s “two-hit” hypothesis for tumour suppressor gene inactivation.

Of interest however, are recent observations that a single dominant mutation,

characteristic of oncogene activation is capable of initiating p53 dysfunction, therefore

disrupting the recessive “two-hit” Knudson hypothesis for tumour suppressor genes

inactivation. In actuality p53 functions as a tetramer when binding to DNA, thus
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mutated p53 monomers can be incorporated into the p53 tetramer. Additionally if the

mutation occurs at a functionally important site the remaining wild-type components of

the tetramer may not be capable of compensation, resulting in a decrease or loss of

function in some p53 molecules. This may be enough to initiate genomic instability,

even though a functioning wild-type TP53 allele remains. TP53 thus technically avoids

classification as either an oncogene or tumour suppressor gene, having characteristics of

both. Murine models have also been used to demonstrate the induction of Tpr53

mutations by UVB, the progression of UV-induced precursor papilloma lesions with

Tpr53 mutations to cutaneous SCC and the protective effects of sunscreens

(Ananthaswamy et al 1999).

1.8.11.2 Hedgehog Pathway

Linkage studies have localised the NBCCS gene to 9q22.1-q31. This is supported by the

frequent loss of heterozygosity at the same locus in familial and sporadic BCC (Gailani

et al 1992; Reis et al 1992; Farndon et al 1992; Quinn et al 1994). In addition a

recurrent breakpoint at 9p22 was observed in cytogenetic preparations of BCC arising in

NBCC patients (Mertens et al 1991). Bonifas et al (1994) discovered that BCC and jaw

cysts associated with NBCCS retained the mutant allele whilst losing the wild-type

copy. This supports the hypothesis that BCC development results from the inactivation

of a tumour suppressor gene in accordance with Knudson’s hypothesis. This strong

experimental evidence identified the 9q22.1-q31 region as one containing a putative

tumour suppressor gene involved in BCC development. Further fine mapping of this

region uncovered a minimal region of overlap of 2.6-cM on 9q22.3 (Farndon et al 1994;

Wicking et al 1994; Shanley et al 1995;). Several candidate genes were isolated from

this region including the human homolog of the Drosophila developmental gene,

Patched (PTCH).



114

Mutational analyses of human PTCH in familial and sporadic BCC cases were

simultaneously reported by Hahn et al (1996a) and Johnson et al (1996). Their separate

studies identified frameshift and premature termination mutations in the PTCH gene in

both tumour types. Through SSCP screening Gailani et al (1996) identified tumour

specific PTCH mutations in a third of sporadic BCC screened. Seventy-five percent of

these also displayed LOH at the PTCH locus. Two separate mutations (assuming they

are trans) were observed in two BCC without LOH, each mechanism inactivating both

copies of the PTCH gene. Many of the point mutations identified were UVB-specific

C→T or CC→TT substitutions, the remainder (although possible by UVB induction)

may have arisen by other mechanisms. Gailani et al (1996) also demonstrated high

expression of PTCH in tumour cells owing to the failure of a negative feedback

mechanism. Further studies have identified characteristic UVR-induced mutations in

PTCH within sporadic BCC in 20-35 % of cases (Unden et al 1996; Wolter et al 1997;

Evans et al 2000). The significance of PTCH mutations in SCC development is still

debatable due to contrasting studies providing evidence for and against inactivating

mutations (Eklund et al 1998; Ping et al 2001).

Induction of BCC in animal models by UV exposure has been unsuccessful compared to

SCC. (Bogovski 1994). Recently however, Aszterbaum et al (1999) developed a Ptch+/-

transgenic murine model, which developed common characteristics associated with

NBCC and also developed BCC-like tumours in response to chronic UV exposure.

Further evaluation showed a proportion of tumours with a loss of the wild-type Ptch

allele, whilst retaining the mutant allele. Frequent TP53 mutations in exons 5-8

characteristic of those induced by UV damage were also observed. Such an invaluable

model confirms a direct causal relationship between UV exposure and BCC

tumourigenesis. In addition, it also provides strong evidence that Ptch inactivation and
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deregulation of the hedgehog pathway are critical for BCC tumourigenesis. Of interest

is the significant increased incidence of SCC development in the Ptch+/- knockout

compared to wild-type, although of those SCC investigated none showed wild-type Ptch

loss or induction of the hedgehog pathway. At this stage however, we cannot rule out its

potential role in the regulation of SCC tumourigenesis.

The human homolog, PTCH consists of 23 exons, with the gene spanning 34 kb (Hahn

et al 1996a). The sequence suggests it is a transmembrane protein with 12-membrane

spanning domains and 2 large extracellular loops. In Drosophila, Patched is a

component of the Hedgehog signalling pathway, an important pathway in early

embryonic development (reviewed by Perrimon 1995). Patched is a transmembrane

protein, which acts as a receptor for Hedgehog, Patched also interacts with another

transmembrane protein Smoothened, which transduces the Hedgehog signal. In the

absence of Hedgehog, Smoothened is inactivated through the interaction with Patched,

repression can however be relieved by the binding of Hedgehog to Patched.

Smoothened is then allowed to signal, leading to Cubitus interruptus (Ci) protein

function which is known to up-regulate numerous genes (including Patched) important

in patterning and determination of cell fate within the developing fly.

Within vertebrates, homologs for the hedgehog pathway genes have been identified;

Hedgehog having at least three mammalian homologs including Sonic hedgehog (SHH),

which is known to interact with PTCH (Taipale and Beachy 2001) In addition three Ci

homologs have been identified in the mouse; Gli1, Gli2 and Gli3, although the precise

roles of these transcription factors have yet to be fully defined. A gene 57%

homologous to human PTCH has also been identified termed Patched 2 (PTCH2) and

localised to 1p32.1-32.3 (Smyth et al 1999). The exact role of PTCH2 has yet to be
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delineated but due to its homology and function of its murine counterpart it is believed

to be induced by sonic hedgehog and may therefore be involved in this pathway

(Motoyama et al 1998). Mutational analysis has revealed a single mutation in PTCH2 in

1 out of 16 BCC samples screened indicating that PTCH2 may play a role in BCC

formation (Smyth et al 1999). Zaphiropoulos et al (1999) demonstrated that PTCH2 is

highly expressed in both familial and sporadic BCC as seen in those with PTCH

mutations (Unden et al 1997). Such an observation suggests that PTCH2 is linked to the

hedgehog pathway, which in turn is under the negative regulation of PTCH. These

findings also strongly suggest that PTCH2 is functionally distinct from PTCH, as it

seems unable to compensate for inactive PTCH.

BCC development can also result from the oncogenic activation of Smoothened

(SMOH) due to inactive PTCH (and possibly PTCH2) being unable to inhibit SMOH

signalling in the absence of SHH. Evidence to further support the oncogenic nature of

SMOH has been demonstrated in the identification of activating mutations within

SMOH in 6%, 13% and 20% of sporadic BCC respectively (Xie et al 1998;

Reifenberger et al 1998; Lam et al 1999). Preferential overexpression of SMOH in

association with overexpression or mutation of PTCH has been demonstrated in

sporadic BCC further supporting Smoh oncogenic activity (Kallassy et al 1997).

Additionally, a recurrent missense mutation has also been identified in SHH (Oro et al

1997).

As previously mentioned the Ptch+/- transgenic murine model was capable of inducing

BCC-like tumours when subjected to chronic UV exposure (Aszterbaum et al 1999).

Other murine transgenics for mouse homologs of Smohmut and Shh induced early BCC-

like tumours in embryonic skin, although less successfully due to reproductive and



117

survival problems (Oro et al 1997; Xie et al 1998). Nilsson et al (2000) demonstrated

that overexpression of Gli1 in the basal layer of the epidermis and outer root sheet of

hair follicles develop BCC-like tumours. Furthermore, analysis of H-ras and p53

showed the absence of any mutations, suggesting that BCC induction by Gli1 is

independent of H-Ras and p53. Similar overexpression of Gli2 in a transgenic murine

model induced BCC-like tumours (Grachtchouk et al 2000). Dahmane et al (1997)

observed unambiguous expression of Gli1 in 46 of 47 sporadic BCC tumours

investigated. In non-tumourigenic regions of the skin including the basal layer Gli1

expression was noticeably absent, as was Gli1 expression in SCC. They suggest that

Gli1 expression in the basal cells is responsible for BCC tumour development and any

gene mutation including but not restrained to PTCH or SMOH and that leads to this

expression can be responsible for BCC tumourigenesis.

It is therefore now widely accepted that dysregulation of the hedgehog pathway is an

important if not critical mechanism in BCC tumourigenesis. Several genes involved in

the hedgehog pathway have currently been identified to be capable of inducing BCC

development. Targeted transgenic studies have identified the overexpression of Gli1 or

Gli2 as most likely the final target and mediator of Shh signalling. Inactivation of Ptch,

or gain in function of Smoh or Shh are mechanisms by which Gli1 overexpression can

occur. However, these mutations do not occur consistently within all BCC tumours. It is

highly likely that any gene capable of inducing expression of Gli1 (and possibly Gli2) in

basal cells can induce BCC formation.

1.8.11.3 The RAS Family of Oncogenes

The RAS gene family is comprised of the H-RAS, N-RAS and K-RAS oncogenes, first

discovered because of their homology with the rat sarcoma viral oncogene. These genes
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encode for G proteins, which mediate many growth factors. The dysregulation of RAS

gene products have been implicated in the development of many tumour types including

melanoma, breast, bladder, pancreatic and colorectal carcinoma (Bos 1989; Der 1989).

RAS mutations and overexpression are common observations in chemically and UVR-

induced murine papillomas and skin tumours (Bonham et al 1989; Pierceall et al 1992,

reviewed in Bowden et al 1994). Overexpression of H-RAS in transgenic models was

shown to induce hyperkeratosis and papilloma development, the first stage in the two-

step skin carcinogenesis model in mice (Bailleul et al 1990; Katsuki et al 1991).

Additionally the v-Ha-ras transgenic Tg.AC murine model has an increased

susceptibility to papilloma and SCC development when exposed to UVR compared to

wild-type (Trempus et al 1998).

H-RAS mutations with an UVR-signature have also been observed in some human SCC

and self-regressing KAs cases but with varying frequencies (van der Schroeff et al

1990, Corominas et al 1989). Spencer et al (1995) demonstrated H-RAS and K-RAS

activation and mutations in 16% solar keratoses. In addition single base substitutions

have been found in H-RAS and K-RAS in approximately 20% of investigated BCC (van

der Schroeff et al 1990; Pierceall et al 1991). RAS mutations in NMSC are often UV-

signature C→T or CC→TT transitions (van der Schroeff et al 1990; Ananthaswamy and

Pierceall 1990; Pierceall et al 1991). The significance of H-RAS with respect to BCC

development is its potential involvement role in regulation of the hedgehog pathway.

Kallassy et al 1997 demonstrated an increase in Ptch and Smoh expression when

immortalised keratinocytes were transfected with a mutated H-RAS gene. However

contrasting studies including Lieu et al (1991) and Campbell et al (1993) demonstrated
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an extremely low incidence of RAS mutations in NMSC. Therefore the importance of

RAS mutations in human NMSC development remains to be established.

1.8.11.4 BCL2 Gene Family

The BCL2 proto-oncogene encodes a protein responsible for protecting a cell from

apoptosis. This gene was discovered to be involved in two-thirds of follicular

lymphomas and 25% of other non-Hodgkin’s lymphomas through a 14;18

interchromosomal translocation (Yunis et al 1982; Weiss et al 1987; Hua et al 1988).

These studies concluded that a high level of the bcl-2 protein within cells promotes a

growth advantage even in the absence of a high mitotic rate. Immunostaining using a

monoclonal antibody for the bcl-2 protein exhibited a positive reaction in BCC, but was

observed to be negative in SCC (Cerroni and Kerl 1994; Verhaegh et al 1995;

Delehedde et al 1999).

Mills (1997) demonstrated SK were also uniformly negative to bcl-2 expression. The

reason for this is not entirely clear but may reflect some understanding in the original

progenitor cell of each NMSC. The keratinocytes of the upper epidermis of normal skin

are negative for bcl-2 expression whilst the basal cells within the lower epidermis and of

the root sheath of hair follicles are bcl-2 positive. These cells are believed to be

protected from apoptosis because they are the ‘cellular banks’ of the epidermis and are

responsible for continually replacing the cells of the upper epidermis as they mature,

lose their nuclei and keratinise, forming the tough skin surface. BCC are believed to

originate from the basal cells; this hypothesis would explain their overexpression of bcl-

2. SCC however differentiate toward keratinocytes of the epidermal spinous layer, bcl-2

negative in normal skin. The expression of bcl-2 in BCC therefore suggests a

mechanism that their neoplastic transformation is caused by extended cell survival due
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to protection from apoptosis, rather than increased cell proliferation. This may also be

associated with the less aggressive tumour behaviour observed by this tumour type.

In addition to bcl-2 Delehedde et al (1999) investigated other members of this gene

family, namely the anti-apoptotic BCL-x, and pro-apoptotic members BAX and BAK.

Their study demonstrated a significant increase in the level of the bax protein in both

BCC and SCC, additionally a 2-fold increase in the level of BAK was observed in SCC.

BCL-x expression was unaltered compared to normal keratinocytes. The increase in

BAX and BAK was surprising, as the protein products of these genes are believed to

function as tumour suppressors as demonstrated in other cancer models. A possible

hypothesis for this observation is that these proapoptotic genes carry inactivational

mutations. Frame-shift mutations in BAX have been demonstrated in BCC from a

Korean population, further supporting this hypothesis (Cho et al 2001). Additionally a

BCL-2 gene family suppressor may be involved in SCC neoplasia. Further

investigations into the role of Bcl-2 and Bax in knockout mice support their roles in

normal keratinocyte differentiation and protection against skin carcinogenesis (Cho et al

2001).

1.8.11.5 Telomerase

The telomeres located at the tip of each chromosome arm consist of repeated arrays of

the sequence TTAGGGn. Their function is to stabilise the chromosomes during

replication, chromosomes lacking telomeres have ‘sticky-ends’ and will join to other

DNA resulting in a chromosomal rearrangements. Telomeres are also thought to act as a

‘mitotic clock’ allowing cells to count their number of replications (Harley 1991). In

most somatic cells, telomeres gradually reduce size in successive rounds of cell division.

It is hypothesised that once they reach a critical length they become unstable;
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chromosomes begin to be lost, followed by senescence and cell death. If the reduction of

telomere size can be inhibited then the ‘mitotic clock’ would keep ‘ticking’ and these

cells would thus become immortalised. It has been observed that many immortalised

cells including those derived from tumour biopsies express a ribonucleoprotein known

as telomerase (Kim et al 1994). This enzyme has the ability to add TTAGGG sequences

to the telomeres thus counteracting their reduction in size. This mechanism is regarded

as a central step in carcinogenesis.

Several studies have investigated telomerase activity in NMSC and precursor lesions

(Taylor et al 1996; Ueda et al 1997; Parris et al 1999). All studies showed a good

agreement in BCC with approximately 75% demonstrating telomerase activity. The high

activity in BCC is not surprising as the proliferative basal cells of the epidermis, which

have a renewal capacity, display strong telomerase activity in normal skin (Harle-

Bachor and Boukamp 1996). However, this contrasts with data for SCC with discernable

activity of 25-85% observed in these lesions. Parris et al (1999) also demonstrated

telomerase activity in 45% of SK and 25% of Bowen’s disease, whilst the remaining

studies showed activity in sun exposed normal skin. Such evidence suggests telomerase

activity as an early event in carcinogenesis. Although telomerase activity was not

observed in all NMSC investigated, the study indicates that telomere maintenance via

this mechanism may be an important in a subpopulation of NMSC development.

Additional telomerase-independent pathways for maintenance of telomere size are

known to exist in other organisms and may have similar counterparts in humans (Bryan

et al 1995).

Animal models have been used to try and further elucidate the role of telomerase

activity in tumour development (Soder et al 1997). Telomerase-deficient mice (Terc-/-)
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were subjected to a chemical treatment known to induce papillomas in wild-type mice.

First-generation Terc-/- mice are telomerase-deficient but still have relatively long

telomeres (Blasco et al 1997). These mice showed a significant reduced rate of growth,

size and number of papillomas compared to wild-type. Thus suggests that the absence of

telomerase activity was protective. Fifth-generation Terc-/- mice had short telomeres and

were practically resistant to skin tumourigenesis. This impact suggests that telomeres

must be maintained above a critical threshold for tumour formation. Finally the

detection of increased p53 expression in these late-generation Terc-/- mice suggests that

p53 detects the presence of shortened telomeres and contributes to preventing tumour

development/growth (Blasco et al 1997).

1.8.11.6 Other Putative Genes in NMSC Development

Several other studies have been undertaken to investigate potential roles of other known

cancer-related genes in NMSC formation. Unfortunately it is beyond the scope of this

summary to describe all these investigations in detail. Each association has been limited

to only one or a few studies, therefore warranting further validation before their roles

can be considered significant. Briefly a selection of these genes include

p16INK4A/CDKN2A (Kubo et al 1997; Soufir et al 1999; Mortier et al 2002), p21WAF1/CIP

(Topley et al 1999; Matsuta et al 1997); FASL (Hill et al 1999) glutathione S-

transferase detoxification enzymes (Lea et al 1998; Strange et al 1998), cyclin D (Bito

et al 1995), urokinase-type plasminogen activator receptor (Rømer et al 2001) matrix

metalloproteinases (Tsukifuji et al 1999; Asch et al 1999) and receptor tyrosine kinases

(Krähn et al 1999).

As detailed in this section the study of genetic changes in NMSC has focused mainly on

single gene disruptions. Considering the frequency of chromosomal changes observed



123

in other solid tumours, it is surprising that at present very little knowledge exists with

respect to these aberrations in NMSC. This study therefore aims to delineate recurrent

chromosomal abnormalities present in BCC, SCC and SK lesions. Such information

should provide further insights into associated genetic changes. The identification of

frequent chromosomal changes may further corroborate mechanisms previously

implicated in NMSC development by single gene studies. This approach also has the

power to reveal previously unidentified aberrations shedding further light on events in

NMSC tumourigenesis. Finally, the genetic analysis of BCC, SCC and SK will

challenge or support current dogma with respect to their cellular relationships.



CHAPTER 2

Materials and Methods
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2.1 Apparatus, Materials and Solutions

2.1.1 Laboratory Equipment

• ABI Prism 310 Genetic Analyzer (Applied Biosystems, Foster City, CA)

• Benchtop Centrifuge “Biofuge B” (Heraeus, Hanau, Germany)

• Centrifuge “GS-15R” (Beckman, Fullerton, CA)

• Digital Camera “DC120” (Kodak, Rochester, NY)

• Electrophoresis Apparatus (Biorad, Hercules, CA)

• Fluorescent Filter Set “#84000” (ChromaTechnology, Brattleboro, VT)

• Fluorescent Microscope “BX-60” (Olympus, Tokyo, Japan)

• High Performance Black/White CCD Camera “4910” (Cohu, San Diego, CA)

• Incubator (Sanyo, Tokyo, Japan)

• Instant Camera “DS34” (Polaroid, Cambridge, MA)

• Micropipettes (P2, P20, P200, P1000) (Gilson, Middleton, WI)

• pH Meter (TPS, Springwood, QLD)

• Phase-Contrast Inverted Microscope “Diaphot” (Nikon, Tokyo, Japan)

• Power Macintosh 7500/100 (Apple, Cupertino, CA)

• PowerGene MacProbe Software (Perceptive Scientific Internation, Chester, UK)

• QuantaGene RNA/DNA Calculator (Pharmacia Biotech, Cambridge, UK)

• Slide Warmer “FTS-4000” (Corbett Research, Sydney, NSW)

• Speed Vac “DNA110” (Savant, Farmingdale, NY)

• Stereo Microscope “SMZ800” (Nikon, Tokyo, Japan)

• Thermal Cycler “ABI 480” (Applied Biosystems, Foster City, CA)

• UV Transilluminator (Spectroline, Westbury, NY)

• Vortex Mixer (IKA, Staufen, Germany)

• Waterbath (Ratek, Boronia, VIC)
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2.1.2 Disposables / Consumables

• Aerosol Resistant Tips [20µL, 200µL] (Molecular BioProducts, San Diego, CA)

• Coverslips, Glass [22×22mm] (Menzel-Glaser, Germany)

• Culture Flasks [T-25, T-75, T-150] (Iwaki Glass, Tokyo, Japan)

• Immersion Oil (Olympus, Tokyo, Japan)

• Micropipette Tips [2µL, 200µL, 1000µL] (QSP, Petaluma, CA)

• Parafilm (American National Can, Neenah, WI)

• Polypropylene Tubes [0.6mL, 1.5mL, 10mL, 50mL] (QSP, Petaluma, CA)

• Rubber Cement (PAX, Taipin, Taiwan)

• Scalpel Blades [#11] (Swann-Morton, Sheffield, UK)

• SuperFrost® Microscope Slides (Menzel-Glaser, Germany)

• Transfer Pipettes [1mL, 2mL, 10mL] (QSP, Petaluma, CA)

2.1.3 Chemicals and Specialised Reagents

All chemicals used were of molecular biology grade or better

• 4’, 6-Diamidino-2-Phenylindole [DAPI] (Sigma, St. Louis, MD)

• Agarose (Promega, Madison, WI)

• Antifade Solution Vectorshield  (Vector Laboratories, Burlingame, CA)

• Bovine Serum Albumin [BSA] (Sigma, St. Louis, MD)

• Bromophenol Blue (Sigma, St. Louis, MD)

• CGH Metaphase Spreads (Vysis, Downers Grove, IL)

• Dextran Sulfate (Pharmacia Biotech, Cambridge, UK)

• DNA Ladder [100bp] (Promega, Madison, WI)

• Dulbecco’s Modified Eagle’s Medium [DMEM] (Sigma, St. Louis, MD)

• Eosin (Australian Biostain, Traralgon, VIC)

• Ethanol absolute (Merck, Whitehouse Station, NJ)
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• Ethidium Bromide  (Sigma, St. Louis, MD)

• Ethylenediaminetetraacetate, disodium salt [EDTA] (GibcoBRL, NY)

• Foetal Calf Serum [FCS] (GibcoBRL, Long Island, NY)

• Fluorescein Isothiocyanate-12-dUTP [FITC] (NEN Life Sciences, Boston, MA)

• Formamide (GibcoBRL, Long Island, NY)

• GeneScan-350 TAMRA Size Standard (Applied Biosystems, Foster City, CA)

• Glacial Acetic Acid (Merck, Whitehouse Station, NJ)

• Haematoxylin (Australian Biostain, Traralgon, VIC)

• Hanks Buffered Saline Solution [HBSS] (Sigma, St. Louis, MD)

• Human Cot-1 DNA (GibcoBRL, Long Island, NY)

• Hydrochloric Acid (BDH Chemicals, Kilsyth, VIC)

• Isopropanol (Merck, Whitehouse Station, NJ)

• Karyomax-Colcemid® (GibcoBRL, Long Island, NY)

• Lambda/HindIII DNA Ladder (Boehringer Mannheim, GmbH, Germany)

• L-Glutamine (Sigma, St. Louis, MD)

• Light Mineral Oil (Sigma, St. Louis, MD)

• Magnesium Chloride (BDH Chemicals, Kilsyth, VIC)

• β-Mercaptoethanol (Merck, Whitehouse Station, NJ)

• Methanol (Merck, Whitehouse Station, NJ)

• Methotrexate (Sigma, St. Louis, MD)

• Methyl Green (Zymed, San Francisco, CA)

• MPE600 DNA (Vysis, Downers Grove, IL)

• Nonidet P-40 (Sigma, St. Louis, MD)

• Nucleotides [dCTP, dATP, dGTP, dTTP] (Promega, Madison, WI)

• Oligonucleotides (Pacific Oligos, Lismore, NSW) (GeneWorks, Adelaide, SA)

• Penicillin/Streptomycin (GibcoBRL, Long Island, NY)

• Phosphate Buffered Saline [PBS] (Sigma, St. Louis, MD)
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• Phytohemagglutinin M-form [PHA] (GibcoBRL, Long Island, NY)

• Potassium Chloride (BDH Chemicals, Kilsyth, VIC)

• RPMI Medium (GibcoBRL, Long Island, NY)

• Sodium Acetate (Sigma, St. Louis, MD)

• Sodium Chloride (BDH Chemicals, Kilsyth, VIC)

• Sodium Dihydrogen Orthophosphate Monohydrate (BDH Chemicals, VIC)

• Sodium Dodecyl Sulfate [SDS] (Sigma, St. Louis, MD)

• Sodium Hydroxide (Sigma, St. Louis, MD)

• Sodium Phosphate Dibasic, Hepatohydrate (BDH Chemicals, Kilsyth, VIC)

• Texas Red®-5-dUTP (NEN Life Sciences, Boston, MA)

• Thymine (Sigma, St. Louis, MD)

• TRIS-Base (GibcoBRL, Long Island, NY)

• Tri-Sodium Citrate (BDH Chemicals, Kilsyth, VIC)

• Triton X-100 (Sigma, St. Louis, MD)

• Tween-20 (Sigma, St. Louis, MD)

• Xylene (Merck, Whitehouse Station, NJ)

2.1.4 Enzymes

• BioNick Labelling System (GibcoBRL, Long Island, NY)

• DNA Polymerase I (GibcoBRL, Long Island, NY)

• DNA Polymerase I / DNase I  (GibcoBRL, Long Island, NY)

• Proteinase K (Amresco, Solon, OH)

• T7 Sequenase version 2.0 DNA Polymerase (Amersham, Cleveland, OH)

• Taq DNA Polymerase (Boehringer Mannheim, GmbH, Germany)

• ThermoSequenase DNA Polymerase (Amersham, Cleveland, OH)

• Topoisomerase (Promega, Madison, WI)

• Trypsin (GibcoBRL, Long Island, NY)
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2.2 Experimental Design

2.2.1 Ethical Approval

Prior to the commencement of research, ethical approval was obtained from the Griffith

University Ethics Committee (Approval No. NHS/17/96/hec) and the Gold Coast

Hospital Ethics Committee (Approval No. 9615). This enabled the collection of whole

venous blood from normal volunteers and the acquisition of anonymous tissue samples

from the archives at the Department of Pathology, Gold Coast Hospital.

2.2.2 DNA Sampling

2.2.2.1  Normal Genomic DNA

Normal genomic DNA to be used as the reference in CGH was obtained from whole

blood from three normal healthy male and five female volunteers. The blood was

collected in two 10mL lithium heparin tubes by venepuncture with one tube stored at –

70ºC overnight for DNA extraction. The remaining tube was used to culture the

lymphocytes to ensure all individuals had normal karyotypes.

2.2.2.2  Cell Line DNA

Frozen cell lines (MCF-7, MDA-MB-231, A431, TE353.Sk, TE354.T, HT297.T) were

obtained from the European Collection of Cell Cultures (ECACC, Salisbury, UK) and

American Type Culture Collection (ATCC, Manassas, VA) repositories. Extracted

DNA from the MPE600 breast cancer cell line was purchased from Vysis.
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2.2.2.3  Paraffin Embedded Tissue

Six to twelve 5- to 10-µm thick formalin-fixed, paraffin-embedded tissue sections for

each sample was obtained from tissue archives at the Department of Pathology, Gold

Coast Hospital. These sections included 24 BCC, 47 SCC, 41 SKs, 18 SCC with

associated SK and 3 normal skin biopsies. The tumour sizes were assessed to be

acceptable for microdissection with little or no contaminating normal cells within the

tumour mass.

2.3 DNA Extraction

DNA extraction from whole blood was performed according to the salting out method

described by Miller et al (1988). Blood was thawed and suspended in sterile NKM

buffer [140mM NaCl; 30mM KCl; 3mM MgCl2] to a final volume of 25mL in a 50mL

tube. After mixing well the tubes were centrifuged at 4,800 rpm for 25 minutes at 4ºC.

The NKM buffer was removed and discarded without disturbing the cell pellet, which

was subsequently resuspended in sterile RSB buffer [10mM Tris-HCl, pH 7.5; 1mM

NaCl; 3mM MgCl2] to a final volume of 25mL. Tubes were centrifuged at 4,000 rpm

for 15 minutes at 4ºC and the RSB removed. The cell pellet was resuspended in 2mL

sterile lympholysis buffer [50mM Tris-HCl, pH 7.5; 50mM EDTA; 0.5mM NaCl; 1%

SDS] containing 0.5mg Proteinase K and incubated at 37ºC overnight in a shaking

water bath.

After overnight incubation, 2mL of saturated (>6M) sterile NaCl was added to each tube

and mixed well for approximately 20 seconds. The tubes were centrifuged at 2,500 rpm

for 15 minutes to pellet cellular proteins. The supernatant was carefully transferred to a

10mL tube taking care not to transmit any protein precipitate. Tubes were centrifuged
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again to pellet any transferred proteins and the supernatant transferred to a 50mL Falcon

tube. Two volumes of cold absolute ethanol (-20ºC) were added to each tube and gently

swirled to precipitate the DNA. Once precipitated the DNA was transferred to a sterile

1.5mL tube and the ethanol evaporated in a Speed Vac. The DNA was resuspended in

1.0mL sterile MilliQ water and incubated at 37ºC until the DNA pellet was fully

dissolved. Each DNA sample was quantitated spectrophotometrically. Acceptable A260

readings within the working parameters of the spectrophotometer were obtained. In

addition each DNA sample displayed an A260/A280 ratio greater than 1.7, which is

indicative of DNA purity and good deproteination (Sambrook et al 1989). The

concentration of each extracted DNA sample was adjusted to 50ng/µL with sterile

MilliQ water before storage at 4ºC. The salting out procedure was also used to extract

DNA from cell lines. Extraction of DNA from paraffin-embedded tissue is discussed in

Section 2.6.

2.4 Cell Tissue Culture

Cells were cultured using standard aseptic techniques according to the supplier’s details.

In general 50µL of unfrozen cells were cultured in a T-25 culture flask containing pre-

warmed complete media [1× DMEM; 10% FCS; 1× Penicillin/Streptomycin]. Cultures

were incubated overnight at 37ºC with their caps vented in a 5% CO2 incubator. Flasks

were observed under a phase-contrast inverted microscope to determine cell attachment.

If attachment was successful the media was replaced and the cells incubated further.

Every 3-4 days the cells were examined for confluence and the media replaced (enough

to cover the bottom of the flask). Once confluent the spent media was removed and

replaced with 0.05% trypsin, 0.53mM EDTA to detach the cells from the flask. Cells

were trypsinised for 5-10 minutes, transferred to a sterile 50mL Falcon tube and
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centrifuged at 800rpm for 5 minutes at 37°C. The trypsin supernatant was removed and

the cell pellet gently washed in pre-warmed PBS [136.8mM NaCl; 2.5mM KCl; 0.8mM

Na2HPO4; 1.47mM KH2PO4] and re-centrifuged. The PBS supernatant was removed

and the cells resuspended in fresh pre-warmed complete media and cultured in a larger

flask. Cells were transferred from a T-25 to a T-75 then finally a T-150 flask. Once

confluent in a T-150 flask the cells were trypsinised, centrifuged and the subsequent cell

pellet resuspended in 2mL of lympholysis buffer with 0.5mg proteinase K and

incubated overnight at 37°C in a shaking water-bath. The remaining salting out

procedure for DNA extraction was performed as for whole blood and described by

Miller et al (1988).

2.5  Metaphase Chromosome Preparation

CGH requires normal metaphase chromosome spreads as a target for hybridisation with

labelled test and reference DNA. Slides used in our CGH experiments were either

prepared in our laboratory or purchased from Vysis. Generally metaphases are prepared

from phytohemagglutinin (PHA)-stimulated methotrexate-synchronized peripheral

blood lymphocytes from a karyotypically normal male. Such a procedure yields

chromosomes of sufficient yield and size for use in CGH analysis. Lymphocyte

metaphase spreads were also prepared from whole blood collected from the three male

and five female volunteers to verify normal karyotypes.

2.5.1 Culture Initiation and Synchronisation

Numerous protocols for lymphocyte culturing exist, for preparation of metaphase

spreads in our laboratory we used a modified protocol based on those submitted to the
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AGT Cytogenetics Laboratory Manual (Barch et al 1997), this manual was also an

invaluable source for troubleshooting. Whole blood from a karyotypically normal male

volunteer was collected via venepuncture into a 10mL sodium heparin tube. Four

separate cultures were set up under aseptic conditions in a T-75 culture flask by adding

2mL of whole blood to each 25mL of lymphocyte culture media [1× RPMI with 25mM

HEPES buffer; 10% FCS; 1× Penicillin/streptomycin; 0.75mL phytohemagglutinin

(PHA) (M-form); 2mM L-glutamine] and mixed gently, but well. These cultures were

incubated for 48-72 hours at 37ºC with their caps vented in a 5% CO2 incubator.

After 48 hours two cultures were treated with 10-7M methotrexate in Hank’s Buffered

Saline Solution (HBSS) to synchronise the chromosomes and returned for 17 hours. The

remaining 2 cultures were incubated without methotrexate treatment. Synchronised

cultures were transferred to sterile 50mL tubes and centrifuged at 800 rpm for 8 mins.

The media was discarded and replaced with fresh pre-warmed media without PHA but

containing 1×10-5M thymidine to release chromosomes from methotrexate block.

Cultures were returned to T-75 culture flasks and incubated at 37ºC for exactly 5 hours.

2.5.2 Chromosome Harvesting

To harvest the chromosomes 250µL of Karyomax-Colcemid® was added to each of the

four 25mL cultures. One synchronised and one unsynchronised culture were incubated

for 10 minutes, the remaining two cultures incubated for 15 minutes at 37ºC. After

incubation all cultures were transferred to sterile 50mL tubes, centrifuged at 800 rpm for

8 minutes, then all but 0.5mL of media discarded. The cell button was gently

resuspended, 10mL of pre-warmed (37ºC) hypotonic [0.075M KCl] solution added and

incubated at 37ºC water bath for 20 minutes. The tubes were centrifuged, the

supernatant discard and the cell pellet resuspended as previously described. Fresh
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fixative (3:1 methanol/glacial acetic acid) was added drop wise for the first 2mL whilst

gently shaking the tubes then topped up to a final volume of 10mL. Centrifugation, and

supernatant removal were performed as previously described. An additional 10mL of

fixative was added and the tubes left to stand at room temperature for 30 minutes. Tubes

were centrifuged, the supernatant removed as previously described and 10mL of fixative

added. The centrifugation steps, removal and subsequent addition of fresh fixative were

repeated several times until the fixative became clear and the cell pellet opaque in

colour. After the final removal of the supernatant, 5mL of fixative was added and the

pellet resuspended gently. The fixed cells were stored at -20ºC in 10mL fixative or the

slides were prepared right away.

2.5.3 Slide Preparation

If the cells were stored at –20ºC the fixative was changed at least once before making

the slide preparation. Microscope slides were cleaned thoroughly in ethanol and allowed

to dry vertically beforehand. The cells were mixed well and on each slide 2 separate

drops were placed and allowed to air dry. If the spreads began to dry in less than 30

seconds an additional drop of fixative was placed over each spread to facilitate

chromosome spreading. One slide per culture was prepared this way. Each metaphase

spread was examined under phase contrast microscope to check the quality and

suitability of the metaphases.

2.5.4 Metaphase Quality Control

The quality of chromosome metaphase spreads used in CGH is an extremely important

factor for successful hybridisation. Immediately after preparation, sample slides from

each batch were stained with DAPI-antifade and viewed under a fluorescent microscope
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(as described in Section 2.10). Metaphase spreads need to be reasonably abundant (20+

per drop) and cytoplasm free. Metaphases need to be intact and well spread with no or

few overlapping chromosomes. The chromosome morphology and length are also

important factors, batches with short chromosomes are not suitable for use in CGH

analysis. In addition chromosomes that appear medium to dark under phase contrast

microscopy gave improved hybridisations. At least 50 slides were prepared from the

culture batch that most suited these criteria. Slides were boxed and kept at room

temperature for 2 weeks to age.

After aging, slides were subjected to a short denaturation test. Slides were denatured in

standard denaturation solution [70% formamide; 2× SSC, pH 7.0] at 73±1ºC for 5

minutes, DAPI stained and evaluated under a fluorescent microscope. Optimal slides

displayed sharp chromosome boundaries with weak DAPI banding. Metaphases that

were too fragile demonstrated distorted chromosome morphology and C-banding.

Conversely stable chromosomes showed little change in morphology and DAPI banding

after denaturation, under both these circumstances poor hybridisation and karyotyping

result during CGH. To further examine the characteristics of slide batches, denaturation

at 73ºC, 80ºC and 90ºC each for 5 minutes was performed. Optimal slides demonstrate

DAPI bands at 73ºC and C-bands at 80ºC. Hard to denature slides show C-bands at high

denaturation temperatures and fragile slides display C-bands at the lower denaturation

temperatures.

Positive control CGH experiments (cell lines verses normal female; normal male verses

normal female) were performed on each new slide batch to verify adequate

hybridisation. All suitable slides were stored at –20ºC to prevent further aging until

required.
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2.6 Tissue Microdissection

2.6.1 Tissue Preparation

Six consecutive 5- to 10-µm unstained sections were cut onto SuperFrost® slides from

each paraffin-embedded tissue block using a cryostat at the Department of Pathology,

Gold Coast Hospital. Every second section was stained with haematoxylin and eosin

(H&E). The adjacent sections were stained with 0.1% methyl green to be used in

microdissection. Regions to be microdissected from methyl green stained sections were

photographed prior to and after microdissection.

2.6.2 H&E Staining

Every second 5- to 10-µm paraffin embedded tissue section was used for H&E staining,

briefly sections were deparaffinised twice in xylene for 5 minutes each, rehydrated

through an ethanol series (100%, 95%, 70%, 50%) for 2 minutes each, then immersed in

sterile MilliQ water for 5 minutes to complete the hydration. Slides were immersed in

Mayer's haematoxylin for 10 minutes, rinsed with sterile MilliQ water, immersed in

0.5% eosin for 1 minute, rinsed again with MilliQ water and dehydrated in 95% and

100% ethanol for 2 minutes each. Slides were air-dried thoroughly, mounted with

Ultramount and coverslipped, carefully avoiding air bubbles (Bancroft and Stevens

1995). H&E sections were used as guide slides to identify histological representative

regions of the tumour suitable for microdissection.

2.6.3 Methyl Green Staining

Paraffin embedded sections for microdissection were deparaffinised and rehydrated as

with H&E staining. After rehydration in MilliQ water for 5 minutes sections were
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immersed in 2% methyl green stain for 10 minutes, rinsed and finally destained for 1-5

minutes in sterile MilliQ water to remove excess methyl green. Slides were air dried and

stored at room temperature prior to microdissection.

2.6.4 Microscopic Dissection

A #11 scalpel blade was used under a stereo microscope to microdissect tissue from

methyl green stained sections. Surrounding tissue was carefully removed from around

the region of interest to isolate the tumour tissue. Once cleared the tumour tissue was

carefully removed, suspended in 15-30µL of digestion buffer [10mM Tris-HCl, pH 8.3;

50mM KCl; 1.5mM MgCl2; 0.4mg/mL Proteinase-K; 0.5% Tween 20] depending on

tumour size, overlaid with 50µL light mineral oil and incubated at 55°C for 3 days.

Fresh proteinase-K [0.6µL of 20mg/mL stock] was added to the digestion each day. On

the third day digestion was inhibited by incubating at 95°C for 10 minutes. Extracted

DNA from microdissected tissue was separated from the mineral oil by rolling on

Parafilm and stored at 4°C for further analysis. Images before and after microdissection

were digitally documented using a digital camera.

2.7 DOP-PCR Amplification

2.7.1 Optimisation

Throughout the progression of this research advances in DOP-PCR have been reported

in the literature. As this is an extremely important step for successful analysis,

modifications and trials using different protocols were implemented. Three major

protocols were used based on the enzyme and corresponding reaction conditions used
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during the initial low stringency cycles (i. Taq DNA polymerase; ii. Sequenase; iii.

ThermoSequenase). In all 3 instances, to avoid contamination of the amplification

reactions, the reagents were added in a laminar flow hood using aerosol resistant pipette

tips. A negative control (no template DNA) was included in each DOP-PCR, with all

products discarded if any amplification was observed in this control. In addition due to

the degenerate nature and sensitivity of this technique even minute DNA

contaminations are extremely detrimental. For this reason PCR solutions were

periodically checked using gene-specific primers for β-actin (5’ACC CAC ACT GTG

CCC ATC TA-3’ and 5’-CGG AAC CGC TCA TTG CC-3’) without template DNA.

2.7.2 Taq DNA Polymerase DOP-PCR Protocol

DOP-PCR amplification was performed essentially as described by Telenius et al

(1992a) with some modifications. The final 50µL reaction mix consisted of 20mM Tris-

HCl (pH 8.4), 50mM KCl, 2.0mM MgCl2, 0.2mM dNTP, 1.8µM UN-1 primer (5’-

CCGACTCGAGNNNNNNATGTGG-3’, with N=A,C,G or T), 0.4% Trition X-100,

2.0U Taq DNA Polymerase and 1.0-2.0µL of extracted DNA (genomic [50ng] or

microdissected). All reactions were covered with light mineral oil to prevent

evaporation during cycling. PCR conditions used were: 5 minutes at 96°C, followed by

5 cycles of 1 minute at 94°C, 1.5 minutes at 30°C, 3 minutes transition to 72°C and 3

minutes extension at 72°C. This was followed by higher stringency amplification of 35

cycles of 1 minute at 94°C, 1 minute at 56°C and 3 minutes at 72°C with the addition of

1 second per cycle to the extension step. The final extension at 72°C was lengthened to

10 minutes.
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Five µL of each DOP-PCR amplicon was run on a 2% ethidium bromide 1× TAE

agarose gel at 90 volts for 45-60 minutes. Fragment sizes for genomic DOP-PCR

generated DNA ranging between 250-2,000bp and microdissected DOP-PCR amplicons

between 150-600bp (with some DNA at least >300bp) were deemed suitable for

labelling via nick translation. DOP-PCR amplicons were stored at 4ºC until required for

nick translation. Prior to fluorescent labelling the DNA was separated from the mineral

oil by rolling on Parafilm. A negative control (no template DNA) was included in each

DOP-PCR, with all products discarded if any amplification was observed in this control.

2.7.3 Sequenase DOP-PCR Protocol

DOP-PCR amplification was performed essentially as described by Zhang et al (1993)

with some modifications. Low stringency DOP-PCR was performed in an initial

reaction volume of 5.0µL. The final reaction mix consisted of 40mM Tris-HCl (pH 7.6),

50mM NaCl, 20.0mM MgCl2, 0.2mM dNTP, 1.4µM UN-1 primer, and 1.0-2.0µL of

extracted DNA (genomic or microdissected). PCR conditions used were: 5 minutes at

96°C, followed by 5 cycles of 5 minutes at 30°C, 2 minutes at 37°C, 1 minute at 94°C

and 10 seconds at 30°C. Due to the thermal lability of T7 Sequenase version 2.0 DNA

polymerase the continual addition of 0.3U of enzyme was necessary. This was

performed during each 5 minute 30°C step for each of the 5 cycles, leaving at least 2

minutes of annealing for each sample.

High stringency DOP-PCR was performed immediately afterwards with the addition of

45µL of reaction mix [10mM Tris-HCl (pH 8.3), 50mM KCl, 1.5mM MgCl2, 0.2mM

dNTP, 1.3µM UN-1 primer and 2.0U Taq DNA polymerase]. PCR conditions used

were: 3 minutes at 96°C, followed by 35 cycles of 1 minute at 94°C, 1 minute at 56°C
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and 3 minutes at 72°C, with a final elongation of 72°C for 5 minutes. Validation of

DOP-PCR amplicons was performed as described above in the Taq DNA Polymerase

protocol (Section 2.7.2).

2.7.4 ThermoSequenase DOP-PCR Protocol

The universal amplification using ThermoSequenase was performed essentially as

described by Kuukasjärvi et al (1997a) with some modifications. Briefly, low

stringency DOP-PCR was performed in an initial 5.0µL reaction volume. The final

reaction mix consisted of 20mM Tris-HCl (pH 9.2), 60mM KCl, 1.5mM MgCl2, 0.2mM

dNTP, 1.2µM UN-1 primer, 2.0U ThermoSequenase DNA polymerase and 1.0-2.0µL

of extracted DNA (genomic [50ng] or microdissected). PCR conditions used were: 3

minutes at 96°C, followed by 5 cycles of 1 minutes at 94°C, 1 minutes at 25°C, 3

minutes transition to 74°C and 2 minutes at 74°C, with a final extension at 74°C for 10

minutes. High stringency DOP-PCR was performed essentially as described in the

Sequenase protocol (Section 2.7.3).

2.7.5 Amplicon Pooling and Precipitation

In circumstances where the maximum size of DOP-PCR amplified DNA was 400bp or

less we attempted to improve the DNA quality by the addition of 10U Topoisomerase I

(1.0µL) followed by a 30-minute incubation at 37°C. Additionally duplicate or triplicate

DOP-PCRs of the same sample were performed and the resulting products pooled.

DOP-PCR amplicons were precipitated by the addition of 1-tenth volume of 3.0M

sodium acetate (pH 5.2) and 2.5 volumes of ice-cold absolute ethanol. This procedure

was followed by flash freezing in liquid nitrogen and overnight storage at –80°C. The

following day the precipitated DNA was pelleted by centrifugation at 11,000rpm at 4°C.
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The supernatant was decanted and the DNA pellet washed with 75% ethanol followed

by an additionally centrifugation at 11,000rpm for 20 minutes. The entire ethanol

supernatant was carefully removed without disturbing the pellet and the DNA allowed

to air-dry at room temperature. Once dry the DNA was resuspended in 50µL of sterile

MilliQ water and 5µL analysed on a 2% agarose gel as previously described. If the size

was suitable for CGH the remaining sample was fluorescently labelled by nick

translation.

2.8 Nick Translation

Fluorescently labelled nucleotides were incorporated into genomic or DOP-PCR

amplified DNA using nick translation. In general test/tumour DNA was labelled with

fluorescein isothiocyanate-12-dUTP (FITC) and normal/reference DNA with Texas

Red-5-dUTP. This labelling was reversed for inverse CGH experiments (i.e. normal

with FITC, test with Texas Red®). One microgram, 25µL or 40µL of genomic, genomic

DOP-PCRed or tissue microdissected DOP-PCRed DNA respectively was labelled in a

single 50µL reaction. In general each nick translation reaction consisted of 20mM

dATP, dCTP, dGTP in 50mM Tris-HCl (pH 7.8), 5mM MgCl2, 10mM β-

mercaptoethanol, 10µg/mL BSA (nuclease free), 4.0µL enzyme mix (1.5µL 10×

Enzyme Mix from BioNick Labelling System, 1.5µL DNA Polymerase I/DNase I

(0.5U/µL; 0.4mU/µL) and 1.0µL DNA Polymerase I (10U/µL) and 1.0µL (20mM) of

the appropriate fluorescently labelled dUTP. Due to variations in the enzyme stocks the

concentrations of DNase I and DNA Polymerase I required optimisation when different

batches were obtained. Reactions were incubated at 15ºC for 60 minutes or 75 minutes

for DOP-PCR amplified DNA and genomic DNA, respectively. The enzymes were



142

denatured by incubation at 75ºC for 15 minutes instead of EDTA addition. This was to

enable further nick translation if the DNA fragment size was too large.

Five µL of each reaction was run on a 2% ethidium bromide 1× TAE agarose gel at 90

volts for 45-60 minutes. Fragment sizes for genomic DNA ranging between 250-

2,000bp and DOP-PCRed DNA between 150-800bp (with some DNA at least >300bp)

were deemed suitable for CGH analysis. Nick translated DNA was stored at –20ºC in

the dark until required.

2.9 Agarose Gel Electrophoresis

Two-percent agarose gels for electrophoresis were prepared by microwave heating 1.0g

of agarose in 50mL of 1× TAE [40mM Tris-HCl; 20mM acetic acid; 2mM EDTA

(pH8.3)] buffer until thoroughly dissolved. Ethidium bromide was added to a final

concentration of 0.75µg/mL and the gel allowed to cool for 5 minutes. Gels were

poured into a mini-gel cast containing a 15-well comb and allowed to set for 20-30

minutes. Five µL of each DOP-PCR or nick translation reaction were mixed with 2× gel

loading buffer [0.2% bromophenol blue; 20% glycerol (pH 6.8)] and loaded onto the set

gel. A molecular weight marker (combination of lambda/HindIII and 100bp DNA

ladder) was added to a single lane in each gel to enable crude sizing of the products.

Gels were immersed in a gel tank containing 1× TAE buffer and electrophoresed at 90

volts for 45-60 minutes. Gels were observed on a UV transilluminator and

photographed for documentation.



143

2.10 Comparative Genomic Hybridization

CGH was performed essentially as described by Kallioniemi et al (1992, 1994b) and as

outlined below.

2.10.1 Probe Mix Preparation

Once the DNAs were labelled with their respective fluorochromes the probe mix was

prepared. Generally the probe mix contained 400ng of labelled test/tumour DNA, 400ng

of labelled reference/control DNA and 30µg Cot-1 DNA. In the case of DOP-PCRed

DNA, 30µL of genomic or 45µL of microdissected amplified DNA was added. To this

mix 0.1 volume of 3M sodium acetate (pH 5.2) and 2.5 volumes of cold absolute

ethanol (-20ºC) were added to precipitate the DNA. The DNA probe mix was vortexed

briefly, frozen in liquid nitrogen and stored at –70ºC for 2-3 hours. The precipitated

DNA was pelleted by centrifuging at 11,000 rpm for 30 minutes at 4ºC, the ethanol

decanted and the DNA pellet washed with 70% ethanol. The DNA was pelleted by

additional centrifugation at 11,000 rpm for 15 minutes at 4ºC. The 70% ethanol

decanted and the DNA allowed to air dry in the dark. Once dry, the pellet was

resuspended well in 10µL pre-warmed (70ºC) hybridisation buffer [50% formamide;

10% dextran sulfate; 2× SSC, pH 7.0)]. The DNA probe mix was denatured by heating

at 75ºC for 5 minutes in a water bath whilst the metaphase slide was denatured and

dehydrated. The DNA probe was immediately placed on ice prior to hybridisation

2.10.2 Probe Hybridisation

Metaphase slides were removed from –20ºC storage and a diamond tipped scribe used

to mark the underside of each target area whilst still visible. The slides were warmed to
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room temperature then labelled with a hard pencil. A maximum of 4 slides at a time

were immersed in a Coplin jar containing 50mL denaturation solution [70% formamide;

2× SSC, pH 7.0] pre-warmed to 73±1ºC for 4½ - 5½ minutes. The time required for

adequate denaturation without loss of chromosome banding and morphology varied

according to slide batch and age, this required constant monitoring and optimisation for

sufficient hybridisation. After denaturation the slides were quickly removed, drained

briefly and dehydrated in 70% cold (-20ºC) ethanol for 2 minutes, followed by 2 minute

washes in 85% ethanol and 100% ethanol at room temperature. The ethanol was

removed from the slides by drying vertically for 10 minutes. Once dry the slides were

placed at 37ºC on a slide warmer and the 10µL of denatured DNA probe mix applied to

the corresponding target area. The slides were immediately covered with a 22×22mm

glass coverslip taking care to prevent air bubbles forming and the coverslip edges sealed

with generic rubber cement. The slides were placed in a sealed dark humidified box,

containing paper towel soaked in 2× SSC and placed in a 37ºC incubator and hybridised

for 3 days.

2.10.3  Slide Washing and DAPI Staining

After hybridisation the rubber cement and coverslips were carefully removed from each

slide. A maximum of 4 slides were immersed in 3 changes of wash solution [50%

formamide; 2× SSC, pH 7.0) at 45ºC for 10 minutes each. Followed by 10 minutes in 2×

SSC, pH 7.0 at 45ºC, 10 minutes in PN buffer [0.1M NaH2PO4, 0.1M Na2HPO4, and

0.1% NP-40 (pH8.0)] at room temperature and 5 minutes in sterile MilliQ water at room

temperature, Slides were air dried in the dark, counterstained with 0.35µg/mL DAPI in

20µL Vectashield antifade, coverslipped and incubated at 4ºC in the dark until ready for

image analysis.
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2.11 Digital Image Analysis

2.11.1 CGH Hardware and Software

CGH image analysis was performed using an Olympus BX-60 fluorescent microscope

equipped with a 100W mercury burner and 10× UPlanFl, 40× UplanFl and 60×

UPlanApo (Oil) objectives. A high performance black/white video CCD camera with

on-chip integration was mounted to the microscope. Image capture was driven by a

Power Macintosh 7500/100 running Mac OS 8.1 via a Scion LG3 frame grabber card. A

ChromaTechnology #84000 quad filter set with single band excitation filters mounted

on a manual slider enabled visualisation of DAPI, FITC and Texas Red fluorescence

individually. Digital image capture and subsequent image preparation and analysis was

performed using the PowerGene MacProbe v3.3, v4.0b and v4.1.1 CGH modules

developed by Perceptive Scientific International Ltd.

The appendix shows graphical examples of each step referred to in the text using

MPE600 (green/FITC) versus normal female (red/Texas Red®) DNA as an example of

the entire procedure for CGH analysis.

2.11.2 Image Capture

After poorly bound probe was removed and chromosomes counterstained with DAPI-

antifade, the slide was ready for analysis. Once the microscope’s mercury burner had

stabilized (approximately 5 minutes) the slide was first visually scanned using the DAPI

excitation filter under 10× to locate suitable metaphases. An intact metaphase was

located, the magnification increased to 40×, and the image centred and focused.

Magnification was further increased to 60× under immersion oil. At 60× magnification
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the chromosomes were assessed for suitability in CGH analysis, the metaphase should

be intact (i.e. all 46 chromosomes present), well spread with minimal overlapping, with

long chromosome arms and not adjacent to a nucleus or cytoplasm. The spread was also

assessed under FITC and Texas Red® excitation filters for strength of fluorescence and

the presence of any artificial fluorescent background spots. If the image was not suitable

for CGH the process of scanning was repeated under 10× magnification.

For each target area analysis was undertaken in MacProbe v4.1 and preceding versions,

If an image was to be captured then the metaphase was first centred under the objectives

and background fluorescence reduced by reduction of the FS condenser. Using the

DAPI excitation filter and an integration time of 0.5 seconds a live preview of DAPI

fluorescence was visualised. This enabled further centering and focusing of the

metaphase image. Once focused and centred the DAPI channel was captured and the

resulting image pseudo-coloured blue. The fluorescent channels for FITC and Texas

Red® were similarly captured using the appropriate excitation filters and integration

times of 5.0 and 2.5 seconds respectively. The integration times listed are only

suggestions and often need to be changed for each target area, although each metaphase

per slide had roughly identical times. However, integration times never exceeded 10

seconds, which was the upper limit of sensitivity of the camera. A histogram for each

channel displayed the dispersion of pixel intensities for the captured image. This was

used to estimate over or under exposure. Generally the peak should be at least in the

middle of the box with the end of the right hand tail still visible and not off screen. To

move the peak further right the integration time was increased and vice versa. Once all

three channels were captured a resulting red-green-blue (RGB) 3-colour composite

(control [Texas Red®], test [FITC] and counterstain [DAPI], respectively) was

generated (Figure Appendix (A).1).
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2.11.3 Image Preparation

The initial CGH composite is a raw RGB image and requires image processing to

extract useful data concerning ratio profiling. Procedures performed on every raw

composite included background flattening (reduces depth in the image background),

black level calibration (finds a threshold for each channel and sets any pixel below that

threshold to absolute black) and grey level calibration (converts the red and green

channels to grayscale and normalizes their overall values proportionally, this is the basis

of the image ratio). Once an image was processed the next step was to enhance the

DAPI banding and karyotype (Figures A.2, A.3).

2.11.4 DAPI Band Enhancement

Chromosome banding during CGH analysis was achieved by DAPI staining which

yields a weak G-band like pattern when the digital image is inverted. The DAPI channel

was converted to grayscale and inverted; this procedure produces a weak G-banding

pattern, which can be used to identify the individual chromosomes. By increasing the

enhancement value and adjusting the sliders the background can be reduced and the

DAPI bands sharpened to enable optimum chromosome identification (Figure A.4).

2.11.5 Chromosome Segmentation

Once enhanced all objects including the chromosomes were automatically located and

highlighted by a colour outline. During this step non-chromosomal material (nuclei,

spots, cytoplasm, etc.) was de-selected, touching chromosomes separated and

chromosomes that were identified as 2 objects due to light bands joined. Overlapping

chromosomes were not separated as they are excluded from analysis later on. However

overlapping chromosomes were also not de-selected as they can aid in karyotyping

(Figure A.5).
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2.11.6 Semi-Automated Karyotyping

Enhanced DAPI banding characteristic of each homologous chromosome enabled their

identification based on individual banding patterns. After chromosome segmentation,

the computer ‘cut and pastes’ the individual chromosomes onto a karyogram using

pattern recognition, based on previous references of the banding pattern. The classifier

was previously trained using manually corrected karyotypes from cell line CGH results

with well-characterised chromosomal imbalances. This enables the karyotyping

algorithms to be optimised for the exact chromosome preparation and hybridisation

conditions used in the laboratory. Although the procedure of automated classification is

not 100% effective, it does reduce the time required for manual chromosome

manipulation. With the chromosomes arranged roughly into their respective groups,

corrections to chromosomes miscalled during semi-automated karyotyping was

performed. Chromosome orientation and centromere position was also corrected during

karyotyping. Finally all overlapping or severely bent chromosomes were placed in the

discard box in the custom template. With the karyogram complete (Figure A.6) the

fluorescent green-to-red ratio can be generated.

Proficiency in G-band and DAPI chromosome identification was achieved by extensive

training at the Department of Cytogenetics, Mater Misericordiae Hospital, Brisbane,

Queensland Australia and the Gray Lab, UCSF Cancer Center, California, USA.

Ideograms depicting chromosome banding patterns were also used, especially the

protocol described on the Institute of Pathology, University Hospital Charité, Berlin,

website <http://amba.charite.de/cgh/protocol/02/class.html> (see Figure A.16 for a

modified reproduction and brief criteria for the identification of each chromosome).
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2.11.7 Fluorescent Ratio Generation

The green and red normalized channels were overlaid onto the karyogram for ratio

profile generation. A colour karyogram demonstrating identified gains (green) and

losses (red) was overlaid over each chromosome, normal ratios are coloured grey. This

option is useful for identifying mistakes during karyotyping, as homologous

chromosomes will have identical changes enabling them to be rectified before

generation of a profile (Figures A.7, A.8).

All chromosomes to be included in analysis were selected for CGH ratio generation.

Prior to the visualisation of the ratio profiles an axis plot down each chromosome was

illustrated (Figure A.9). The axis tracking of each chromosome was checked and

corrected where inaccurate. The resulting graphs represented the ratio profile for all

high quality chromosomes within this individual spread. The ratio for each chromosome

was displayed to the right of a respective ideogram, below, which the number (n) of

chromosomes used to generate the profile was displayed. The ratio itself was illustrated

as a blue vertical line.

Equal copy numbers for a particular chromosome were demonstrated by a vertical line

centred around 1.0. Either side of this value were the described threshold cutoffs used to

determine gains and losses. Deviations from the fixed thresholds were classified as

variations above (gain) or below (loss) these diagnostic cutoffs. The presence of a green

or red line to the right or left of the ideogram also denoted these aberrations (Figures

A.10, A.11).
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2.11.8 Interpretation of CGH Results

Normal ratio profiles have been shown to not deviate significantly from 1.0 (e.g. above

1.1 or below 0.9), as demonstrated by normal sex-mismatched controls. Therefore those

that do deviate are identified as a gain or loss of chromosomal DNA, respectively. Data

from 6 or more homologous chromosomes were used to generate a mean profile ±2

standard deviations (SD) per hybridisation (Figure A.12). Threshold values of 1.2 to 0.8

and 1.15 to 0.85 (depending on the study and based on measurements from a series of

sex-mismatched controls from genomic and microdissected DOP-PCR amplified

DNAs) were set to identify the presence of gains and losses respectively. Regions

whose mean ratio were <0.85 were classified as a loss, >1.15 a DNA gain and >1.5 an

amplification. In cases were there was expected to be a degree of normal cell

contamination (especially in SK and SCC samples) analysis criteria was expanded to

include loci where –SD was greater than 1.0 as a regional gain and +SD was less than

1.0 as a regional loss.

The average profiles for all the tumours investigated were combined to identify

recurrent copy number changes. A recurrent numerical change was defined as being

present in at least 3 investigated samples (Barch et al 1997; Knuutila et al 1998).

Inverse CGH (reciprocal labelling of test and control with Texas Red® and FITC

respectively) was performed on samples where CNAs were detected at problematic

regions prone to false positives namely, 1p, 16p, 19 and 22. These aberrations were

deemed true if present in both hybridisations.
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2.12 LOH Detection

2.12.1 Primer Sequences

Four polymorphic microsatellite markers located between 9q21 and 9qter (D9S53,

D9S15, D9S287 and D9S303) were used to assess allele loss in paired tumour and

normal DNAs, essentially as described by Shen et al (1999). Primer sequences were

extracted from the Genome Database (GDB) via the Internet (http://www.gdb.org) and

synthesized by Pacific Oligos (Lismore, NSW). Table 2.1 is a summary of the primer

sequences and fluorescent labels.

2.12.2 PCR Conditions

Briefly, each PCR amplification consisted of 1.0-2.0µL of microdissected DNA, 0.2µM

of each primer (one which was fluorescently 5’-labelled), 0.2mM dNTP mix, 10mM

Tris-HCl (pH 8.3), 50mM KCl, 1.5mM MgCl2) and 0.75 units of Taq DNA Polymerase

in a final volume of 10.0µL. PCR conditions were: 3 minutes at 94°C, followed by 28

cycles of 40 sec at 94°C, 1 minute at 55°C and 1 minute at 72°C (to prevent over-

amplification), with a final elongation of 60°C for 30 minutes.

2.12.3 Genotype Analysis

A half to 1.0µL of PCR product for each of the four microsatellite markers per normal

or tumour sample were combined and mixed well with 10.0µL of formamide and 0.5µL

GeneScan-350 (TAMRA labelled) internal size standard. The multiplexed samples were

denatured at 95°C for 3 minutes, chilled for 2 minutes at 4°C then processed on an ABI

Prism 310 Genetic Analyzer. Subsequent analysis of allele size, peak height and peak
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area was performed using ABI Genotyper 2.0 software. The method described by

Cawkwell et al, 1993 was used to determine LOH. Only heterozygotes (two peaks) for a

specific microsatellite marker were used in analysis, homozygotes (one peak) are non-

informative. The peak area for the shorter allele of normal DNA analysed is designated

N1, the longer allele is designated N2. Accordingly, T1 and T2 are designated for the

tumour allele peak areas. Allelic imbalance of a tumour (T1:T2) compared to the

imbalance in normal DNA (N1:N2) is calculated using the expression T1:T2/N1:N2 or

1/(T1:T2/N1:N2) if the allele ratio was above 1.0. Allele ratio values less or equal to 0.6

were scored as LOH.



Table 2.1: List of primer sequences used in 9q LOH studies

Name Locus Primer Sequence

(5'-3')

Label Repeat Type Allele Range Max.

Het.

D9S15-F 9q13-q21.1 TAA AGA TTG GGA GTC AAG TA HEX Dinuc 195-209bp 0.788

D9S15-R TTC ACT TGA TGG TGG TAA TC

D9S303-F 9q13-q22.3 CAA CAA AGC AAG ATC CCT TC TET Tetnuc 147-167bp 0.857

D9S303-R TAG GTA CTT GGA AAC TCT TGG C

D9S287-F 9q22.3 AGG ATG CTC CTC ACG C HEX Dinuc 168-180bp 0.674

D9S287-R ACC ACT ACA TTG TTC AAG GG

D9S53-F 9q22.3-q31 GCT GCA TAC TTT AAA CTA GC HEX Dinuc 116-150bp 0.838

D9S53-R GGA ATA TGT TTT TAT TAG CTT G
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2.13 Statistical Analysis

For scoring of genetic alterations, whole chromosome changes were scored as one

event. All other changes were scored by arm. A loss and a gain on one arm were scored

as two changes, whereas two separate gains (or losses) on the same arm were scored as

one change.

Statistical differences were analysed using Chi square or Fisher’s exact with two-tailed

P-values for each 2 × 2 contingency tables. All tests were performed in the statistical

package SISA (Uitenbroek 1997). P-values were considered significant if they were

equal to or less than 0.05.

The percentage concordance was calculated for matched samples as follows (Waldman

et al 2000).

number of CNAs in common

(number in common) + [1/2 × (number only in SK + number only in SCC)]

Clustering analysis was used to compare patterns of aberrations in samples and to

investigate their relationships. Each chromosome arm was treated as a separate event

with gains and losses given the values of +1 and –1 respectively, no CNAs were

denoted by the value 0. Problematic regions of 1pter, 16p, 19, 22q and Y were excluded

from clustering analysis. The hierarchical clustering algorithm used the Pearson

correlation coefficient as the measure of similarity in conjunction with complete linkage

clustering. The J-Express bioinformatics package (Dysvik and Jonassen 2001) was used

to generate the resulting dendrograms. The interpretation of clustering data tends to be

based on subjective rather than objective measures.



CHAPTER 3

Optimisation and

Evaluation of Approach
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3.1 Introduction

As detailed by Karhu et al (1997) CGH is more demanding than most other molecular

cytogenetic techniques. This is due to the quantitation of ratios between 2 fluorescent

samples along every chromosome in a metaphase spread, between different spreads on

the same slide and it also involves further comparisons with other samples on different

slides. In order to derive optimal benefit from this technique, careful attention is

required at every step in the procedure: sample isolation, DNA extraction, DOP-PCR (if

required), fluorescent labelling, metaphase preparation, hybridisation, microscopy,

image analysis and data interpretation.

Before the commencement of sample investigation, extensive control experiments were

necessary to primarily assess whether the CGH technique could be successfully

incorporated into our laboratory. Secondly, it was important to determine whether DOP-

PCR amplified DNA was reproducible, representative and comparable to the original

genomic DNA template. Because of the minute quantity of tumour tissue available, this

investigation relied heavily on the ability of DOP-PCR to amplify sufficient and

representative DNA for CGH. It was therefore of utmost importance to develop a

protocol for whole genome amplification which was universal, non-preferential and

yielded sufficient DNA for CGH analysis. Non-preferential amplification of DNA was

extremely important, as biased amplification of one or more loci would lead to false

positive results. Finally adequate DNA quality and quantity must be obtainable from the

paraffin embedded tissue samples for successful DOP-PCR amplification and

subsequent CGH analysis.
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3.2 Materials and Methods

3.2.1 Metaphase Preparation

As previously mentioned in Section 1.7 metaphase preparation is the most important

factor in successful CGH analysis. It is to this genomic template to which CNAs within

the tumour genome are mapped compared to the normal reference. It is imperative that

these chromosomes demonstrate specific characteristics, whilst avoiding others as

detailed in Section 1.7. Preparation and quality testing of metaphases is an essential

parameter in establishing high-quality hybridisation during CGH, this was performed as

outlined in Section 2.10. Batches of slides which passed stringent quality inspection

were further validated by CGH of cell line DNA.

3.2.2 Cell Line DNA

To establish the CGH technique in our laboratory it was necessary to perform numerous

control experiments on previously characterised cancer cell lines to ensure the data was

reproducible in our hands. High quality genomic DNA was extracted from cultured

solid tumour cell lines MCF-7, MDA-MB-231, TE353.SK and A431. Normal reference

DNA was extracted from peripheral blood of male and female volunteers as previously

outlined in section 2.3. In addition MPE600 breast carcinoma DNA was obtained as a

gift from Professor Joe Gray, UCSF before it became commercially available. Initial

DNA fluorescent labelling and CGH experiments were performed as outlined in Section

2.8-2.10 using 400ng of each template DNA. Tumour/test (MPE600, MCF-7, MDA-

MB-231, A431 or normal male) DNA was labelled with FITC-dUTP by nick translation

and compared to normal/reference normal female DNA labelled with Texas Red®-
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dUTP. In addition these experiments were repeated at the Cancer Center, UCSF in Joe

Gray’s laboratory (one of the original developers of the technique). Supplemental

validation was performed by reciprocally or “reverse” labelling the tumour/test and

normal/reference DNAs with Texas Red® and FITC respectively. As previously

mentioned in Section 1.7 the assignment of gains and losses as deviations above and

below the green-to-red fluorescent ratio are reverse or must be expressed in relation to a

red-to-green ratio. Initial use of this procedure was necessary to identify problematic

chromosomal regions prone to labelling and hybridisation artefacts.

3.2.3 Sex-Mismatch Controls

The use of sex-mismatch controls (i.e. normal male verses normal female) is important

for several reasons as previously detailed in Section 1.7. Briefly this approach validates

that the normal DNAs to be used as the reference are in fact karyotypically normal

down to the detection resolution of CGH. All autosomes in both of these genomes are

present in equivalent copy numbers and thus hybridise equally, only the sex

chromosomes are present in different numbers. These controls also provide a measure

of intensity and uniformity relating to the metaphase quality and hybridisation

efficiency. The fluorescent ratio profile of the X chromosome can be used to determine

the dynamic range and thus sensitivity of the methodology. Finally, sex-mismatch

controls in conjunction with inverse CGH have been used to define problematic regions

prone to differential hybridisation, which may lead to a false positive result.
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3.2.4 Universal DNA Amplification via DOP-PCR

Due to the lack of availability of macroscopic amounts of NMSC tissue, it was

necessary to incorporate a universal DNA amplification procedure to enable tumour

analysis by CGH. Preceding studies had utilised linear amplification of minute

quantities of DNA via DOP-PCR as outlined in Section 1.7.

During the course of this investigation several improvements to the DOP-PCR

technique were introduced. As detailed in Section 2.7 three major DOP-PCR protocols

were utilised during the course of this study, based upon the enzyme and varying

reaction conditions used in the initial low stringency amplification steps. Briefly these

were i) Taq DNA Polymerase, ii) Sequenase and iii) ThermoSequenase. Each protocol

was thoroughly tested by the amplification of previously characterised DNAs (i.e.

MPE600, MCF-7, MDA-MB-231, A431, normal male and normal female) with

subsequent nick translation and CGH analysis as outlined essentially as in Section 2.8-

2.10.

To achieve similar fluorescent hybridisation intensities the quantity of DOP-PCR

generated DNA used compared to normal genomic was considerably higher. 25µL of

DOP-PCR product was labelled equating to 3µg opposed to 1µg genomic DNA used in

the standard nick translation reaction. Hybridisations of similar fluorescent intensities

were achieved using 1.5µg labelled DOP-PCR DNA in comparison to 400ng of

genomic DNA template used in standard CGH. The use of DOP-PCR reference DNA is

also important so any irregularity in amplification of sequences during DOP-PCR was

not reflected in the ratio profile (James and Varley 1996b). CGH data from these DOP-

PCR studies were compared to those obtained using non-amplified DNA (A431, MCF-

7, MDA-MB-231, MPE600 and sex-mismatch).
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3.2.5 CGH Analysis of Paraffin Embedded Normal Skin Tissue

To evaluate the ability of obtaining suitable DNA for DOP-PCR amplification from

paraffin embedded blocks, normal tissue was the primary source. DNA from a single 5-

µm section of normal male skin measuring 3mm × 4mm was crudely extracted as

described in Section 2.6. Using all 3 DOP-PCR protocols as defined in Section 2.7

amplification of 1.0µL of crude DNA extract was performed and after assessment of

DNA size on agarose gel the remaining samples were fluorescently labelled by nick

translation and analysed in a sex-mismatched CGH experiment using established

techniques as described above and in Section 2.10.

3.3 Results

3.3.1 Metaphase Preparation

Although the production of normal metaphase chromosomes from peripheral blood is a

standard cytogenetic technique, metaphases obtained must pass specific criteria to be

suitable for CGH use (Karhu et al 1997). Initial slide batches displayed inconsistent

chromosome lengths between metaphases on each slide, which is undesirable for CGH.

The inclusion of synchrony chemicals such as methotrexate and thymidine within the

standard metaphase protocol gave more consistent results, however the metaphase yield

was drastically reduced with chromosomes in each metaphase tightly packed together.

The majority of problems associated with metaphase preparations for cytogenetics,

FISH and CGH are derived from the slide making process, rather than cell culturing

(Barch et al 1997; Henegariu et al 2001). Humidity and temperature are important
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factors in controlling the drying, but do not overcome problems with metaphase

suitability completely. The use of a humidity (45%) and temperature (25ºC) controlled

environment at the Cytogenetics Department at the Mater Hospital provided the means

of regulating these parameters. The addition of a fresh drop of fixative to a fresh slide

before the initial fixative had evaporated provided further spreading of the

chromosomes in a metaphase, with a drying time of 25-30 seconds. Directly after

dropping metaphases batches of slides were evaluated using the previously discussed

quality criteria in Section 2.5.4. Figure 3.1 demonstrates metaphase spreads with good

and poor characteristics. Slides that passed this initial evaluation were “aged” in a dust-

free box at room temperature for a month before further validation.

Extensive denaturation tests attempted to evaluate chromosome stability in conjunction

with banding characteristics. The ability of chromosomes to retain sharp chromosome

boundaries with less pronounced DAPI banding was infrequent, a necessary

characteristic for CGH. Although several successful batches of metaphase spreads were

produced there was still significant batch-to-batch variability. Additionally control CGH

experiments on these slides in general gave inconsistent results. Difficulties in

metaphase production were partially overcome by the utilisation of commercial

available CGH metaphase slides.
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a)      b)

Figure 3.1: Quality of DAPI banding of metaphase chromosomes. a) good chromosome

spreading, fused chromatids and distinct DAPI bands for karyotypic identification. b)

poor metaphase demonstrating poor spreading, chromosomes have poor fuzzy

morphology with C-banding which is inadequate for karyotyping.

3.3.2 CGH Analysis of Cell Line DNA

Prior to nick translation and CGH it was necessary to assess the properties and yield of

extracted cell line and normal genomic DNA. Spectrophometric analysis established

that the DNA was high in quality based on A260/A280 ratios above 1.7 and provided a

means of quantitating the yield of DNA extracted (Table 3.1). Agarose gel analysis of

extracted DNA indicated that the DNA was high molecular weight and therefore

suitable for nick translation and subsequent CGH as demonstrated in Figure 3.2.
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Figure 3.3 demonstrates the labelling of genomic DNA via nick translation. Note that

the DNA is no longer visible as a high molecular weight band, as in Figure 3.2 but as a

smear in the range of 200-2,500bp. This size has been determined optimal for high-

quality hybridisation. DNAs above this size tend not to hybridise to the target

chromosomes too well, whilst smaller DNA fragments produce extremely granular

hybridisations increasing noise in the ratio profile. The presence of diffuse bands on the

gel at approximately 50bp in the FITC-labelled and 150bp in the Texas Red®-labelled

DNAs represents unincorporated fluorescent nucleotides and appear green and red

respectively under UV illumination. Unincorporated fluorescent nucleotides are

removed from the labelled DNAs during ethanol precipitation and concentration of the

DNA probe before CGH.

 After optimisation of denaturation and nick translation procedures, data from each cell

line was comparable to the data obtained by others (Kallioniemi et al 1992; 1994b; Jolly

et al 1997; Forozan et al 2000; Jones et al 2000). Figure 3.4 demonstrates a three-colour

composite of a CGH metaphase from an A431 versus normal female experiment. Many

chromosomes appear yellow/brown in colour indicating equal chromosome copy

numbers between the cell line and normal DNA. However it is visually apparent that

other chromosomal regions produce obvious changes in the hybridisation composite (for

example chromosomes 3, 13q and 20). These are observed as over-representation of

green or red colours indicating gain and loss respectively, of genetic material in the

A431 cell line. After karyotyping and digital image analysis of several metaphases the

resulting mean profile (Figure 3.5) identified consistent regions of copy number

changes. Gains were observed on 3q, 6p12, 7p12-p13, 11p13 and 20. Regional losses at

3p, 8p, 13q and 17p were also identified in this cell line. Table 3.2 illustrates CNAs

observed by CGH in the other cell lines investigated. Similarly comparison of CGH data
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obtained from experiments performed at UCSF gave almost concordant results (Figure

3.6). The use of reverse labelling of tumour and control DNA and comparison with

standard CGH validated all genetic changes, inconsistencies at chromosome regions 1p,

16p, 19 and 22 were however observed (Figure 3.7). These are known regions that are

prone to problematic false positives (Kallionemi et al 1994b).

The majority of changes in each of these cell lines are characteristic of these tumours as

previously identified by CGH, FISH and cytogenetic analysis (Kallionemi et al 1994a;

Forozan et al 2000). However, several CNAs could not be detected even once in

repeated analysis of MCF-7 and MDA-MB-231 cell lines. For example reported

aberrations in MCF-7 of a gain at 5p and 12q12-q21 were not observed, but present in

the published data. However, additional CNAs of a gain at 14q21-qter and a loss at

11q25 were consistently observed in replicates of our experiments involving MCF-7.

Similarly results were obtained for MDA-MB-231. Copy number changes in MPE600

and A431 were identical with published data (Kallionemi et al 1992; Jolly et al 1997).
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Table 3.1: Spectrophotometic analysis of cell line and normal genomic DNA samples

DNA Sample A260

Reading

A260/A280

Ratio

Yield

(µµµµg / mL)

Cell Lines

MCF-7 1.931 1.88 954.1

MDA-MB-231 1.722 1.87 859.0

A431 2.235 1.81 1,085.6

TE353.Sk 1.754 1.83 866.1

Normal Genomic

Male #1 0.394 1.74 194.4

Male #2 0.187 1.75 91.2

Male #3 0.435 1.73 211.3

Female #1 0.890 1.74 435.4

Female #2 1.041 1.75 502.3

Female #3 0.198 1.78 96.5

Female #4 0.271 1.75 132.6

Female #5 0.404 1.76 198.4
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Figure 3.2: Ethidium bromide-stained 0.7% agarose gel showing the DNA size of

genomic and cell line extracted DNA. Lanes 1-8, normal male and female genomic

DNA; Lane 9, A431, Lane 10, MCF-7; Lane 11, MDA-231 cell line DNA; Lane M,

molecular weight marker (lambda/HindIII).

Figure 3.3: An ethidium bromide-stained 2% agarose gel showing the results of nick

translation of human genomic and cell line DNA. Lanes 1, 2, 4 and 7, labelling with

FITC-12-dUTP; Lanes 3, 5 and 6, labelling with Texas Red®-5-dUTP; Lane M,

molecular weight marker (mixture of lambda/HindIII + 100bp DNA ladder).
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Figure 3.4: Three-colour CGH composite of cell line A431, intermediate tones

(yellow/brown) indicate equal copy number in the 2 genomes. Green colouration

represents a gain of the tumour DNA (e.g. 3q and 20), the red colouration a loss of the

tumour DNA (e.g. 3p, 13q proximal). The centromeric regions are blocked by

unlabelled Cot-1 DNA and thus stain blue with DAPI.
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Figure 3.5: CGH analysis of A431 SCC cell line. The green-to-red fluorescence ratio

profiles are shown along with ±2 SD. For each profile: black vertical line (middle), ratio

of 1.0; red line (left), a ratio of 0.8; and green line (right), a ratio of 1.2. The regions of

gain (right) and loss (left) are marked as green and red bars, respectively, next to the

chromosome ideograms. CNAs in A431 are identified as gains at 1p31-p11, 1q25-q32,

3q, 6p12, 7p12-p13 8q23-qter, 11p13, 13q32, 14q22-q24 and 20; loss of 3p, 4p, 8p

11q14-qter, 13q11-q14, 17p and 19p.
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Table 3.2: Copy number abnormalities identified by CGH in cultured cell lines

Cell Line Tumour type Regional copy

number gains

Regional copy

number losses

MPE600 Adenocarcinoma 1q, 11q13-q14,

13q11-q14,

13q31-qter

9p, 11q11-qter,

16q, 17p

MCF-7 Adenocarcinoma 1q25, 3p14, 5p,

8q21-qter, 9q31-q34,

13q31-qter, 14q,

15q23-qter,

16q22-qter,

17q21-q23, 20q13

1p31-pter, 8p,

11q25, 13q31-qter,

18q12-qter, 22q13,

Xq24-qter

MDA-MB-231 Adenocarcinoma 1p22-p11, 1q22-q32,

5p, 6p, 10q21-q24,

14q23, 15q22-qter,

16p, 20

9p, 13q21-qter, 18q,

X

A431 Epidermoid

carcinoma

1p31-p11, 1q25-q32,

3q, 6p12, 7p12-p13,

8q23-qter, 11p13,

13q32,

14q22-q24, 20

3p, 4p, 8p,

11q14-qter,

13q11-q14, 17p, 19p

TE353.Sk Normal

fibroblast

None None
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Figure 3.6: Comparison of selected mean ratio profiles from duplicated CGH MPE600

experiments with those acquired at a) UCSF and b) with current protocols. Consistent

gains at 1q, 11q13-q14, 13q11-q14 and 13q31-qter were identified. Regional loss at 9q,

11q11-qter, 16q and 17p were also detected in both cases. Note: analyses were

performed and data generated using different software packages.

a)

b)



172

Figure 3.7: Comparison of selected mean ratio profiles from  a) standard and b) inverse

CGH analysis of MPE600 cell line DNA. Note the detection of gains at 1q and 11q13-

q14 and loss of 11q11-qter and 16q in both standard and inverse hybridisations (NB:

colours and direction of aberrations are reversed in inverse CGH). Gains at 1p, 16p

and 19 are also identified but fail to replicate with reverse reaction, these are known

problematic regions.

a) b)
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3.3.3 Dynamic Range and Threshold Determination

To determine diagnostic threshold cutoffs and dynamic range of hybridisation 5

individual sex-mismatched controls experiments were performed. The mean results

would determine the lowest fixed threshold points before normal deviations were scored

as aberrations. In addition the X chromosome would provide information on the

dynamic range. Thus, indicating equal chromosome copy numbers in both genomes as

observed in the CGH profile average

Figure 3.8 demonstrates a three-colour composite of a sex-mismatch CGH metaphase;

all chromosomes display a yellow/brown colour (blue tint from DAPI counterstain)

denoting equal chromosome numbers between the test and reference DNAs as expected.

Visual over-representation of the X and Y chromosomes are apparent in the female and

male samples respectively. All autosomal regions displayed a mean fluorescent ratio

between 0.9 and 1.1 with a low standard deviation (<0.2) in high quality CGH

experiments as demonstrated in Figure 3.9. This figure also identifies some of the

previously recognised genomic regions prone to differential hybridisation. 1p, 16p, 19

and 22 demonstrated variation outside of these threshold cutoffs. Other problematic

zones included telomeres, centromeres, acrocentric p-arms and heterochromatic regions

of chromosomes 1, 9, 16 and Y. A mean ratio for the X chromosome between 0.6 and

0.65 was repeatedly observed in high- quality hybridisations as outlined in Figure 3.10.
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Figure 3.8: Three-colour CGH composite of normal sex-mismatched hybridisation.

Note all chromosomes, except X (red) and Y (green) appear orange/brown in colour

indicating equal copy number in the 2 genomes. This variation is obviously due to the

sex chromosome differences between males and females. The centromeric regions are

blocked by unlabelled Cot-1 DNA and thus stain blue with DAPI.

X
Y
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Figure 3.9: Average CGH fluorescent ratio profile of 5 normal sex-mismatched

hybridisations. Note the average green-to-red fluorescent ratio (blue line) is within the

threshold values (1.1 and 0.9) with tight SDs for all chromosomes, except noticeably X

and Y. This variation is obviously due to the sex chromosome differences between

males and females. Heterochromatic regions of 1 and 9 and some centromeres show

variation due to insufficient Cot-1 DNA blocking. Chromosome regions 1p, 19q and

22q also show deviation, these regions are problematic in CGH and require careful

analysis or exclusion.
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Figure 3.10: X chromosome profiles from 5 normal sex-mismatched CGH experiments.

a) Individual profiles for X chromosomes used to determine dynamic range. b) Average

profile for X chromosome showing an approximate fluorescent ratio between 0.60-0.65.
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3.3.4 Universal DNA Amplification

Initial amplification of cell line and normal genomic DNA using the Taq DNA

polymerase protocol yielded a smear of amplicons ranging in size from 200-2,000bp as

demonstrated in Figure 3.11. After nick translation the size range of labelled DNA was

similar to that of the initially amplified DNA (Figure 3.12).

Copy number aberrations previously identified by standard CGH were all reproducible

using DOP-PCR products of the corresponding templates (Figure 3.13). In fact all

aberrations identified by CGH in cell lines using genomic DNA, were present in CGH

analysis of DOP-PCR derived DNA. However, considerably more DOP-PCR generated

DNA (1.5µg compared to 400ng of genomic) was required to produce hybridisations of

equal intensities. No unexpected deviations in non-problematic regions were observed,

with normal ratio fluctuations within the 1.1 and 0.9 threshold cutoffs. Sex-mismatch

experiments from DOP-PCR DNA demonstrated low ratio fluctuations for all

autosomes as observed with genomic DNA and a dynamic range for X between 0.60-

0.65 (results not shown).

A frequent observation in DOP-PCR amplicons was a distinct band at approximately

400bp within the DNA smear (Figure 3.14). It has been hypothesized by many

researchers that this artefact is derived from preferential amplification of repetitive

sequences (Speicher et al 1993). The production of this was overcome by changing UN-

1 primer suppliers and synthesizing lower concentrations of the oligonucleotides. This

could possibly indicate that during the synthesis of the degenerate primer, a bias

towards some sequences may occur.
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Figure 3.11: DOP-PCR amplification of genomic DNA. Amplicons reveal a typical

smear ranging from 150bp to 2.0kb. Lanes 1-9, amplification of 50ng of genomic and

cell line DNA; Lane 10, no template DNA control; Lane M, molecular weight marker

(mixture of lambda/HindIII + 100bp DNA ladder).

Figure 3.12: Nick translation of DOP-PCR amplicons in Figure 3.11. Lanes 1-4,

labelling with Texas Red®; Lanes 5-8, labelling with FITC; Lane M, molecular weight

marker (mixture of lambda/HindIII + 100bp DNA ladder).
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Figure 3.13: Comparison of selected mean CGH profiles from a) genomic and b) DOP-

PCR amplified DNA from MCF-7 cell line. The copy number aberrations (gain at 8q,

17q and 20q13 and loss at 8p and 13q) were identically detected in both instances.

a) b)
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Figure 3.14: DOP-PCR amplicons reveal a typical smear ranging from 150bp to 2.0kb.

A distinct band at approximately 400-bp can be observed within the smear. Lanes 1, 2,

and 3, amplification of 50ng of genomic DNA; Lanes 4, no template DNA control, note

the slight smearing; Lane M, molecular weight marker (mixture of lambda/HindIII +

100bp DNA ladder).

To increase the size and yield of DOP-PCR amplicons, numerous protocol variations

were assessed. The utilisation of Sequenase and later ThermoSequenase in the initial

low stringency cycles yielded superior results compared to the original protocol. As

observed in Figure 3.15 the size and yield of amplicons is considerably improved.

Decreasing amounts of template DNA down to 100pg yielded sufficient DNA for CGH

analysis (results not shown). However, an extremely high frequency of contaminations

in the no template DNA control in Sequenase reactions was observed, evidently due to

the repeated handling of samples. For this reason the ThermoSequenase protocol was

utilised for all subsequent studies requiring DOP-PCR.
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   Sequenase v2.0         Taq Polymerase         ThermoSequenase

Figure 3.15: Comparison of amplifications from the 3 major DOP-PCR protocols; a)

Sequenase protocol; b) Taq DNA polymerase protocol; c) ThermoSequenase protocol.

Lanes 1, 4 and 7, amplification of 50ng of genomic DNA; Lanes 2, 5 and 8,

amplification of 1.0µL microdissected DNA; Lanes 3, 6 and 9, no template DNA

control; Lane M, molecular weight marker (mixture of lambda/HindIII + 100bp DNA

ladder). Note the larger and brighter amplicons with the ThermoSequenase protocol

compared to Taq DNA Polymerase and Sequenase protocols, respectively.
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3.3.5 Sex-Mismatch Results from Microdissected Tissue

DNA from whole 5-µm sections of normal male skin were extracted and subjected to

DOP-PCR amplification, as demonstrated in Figure 3.16a the skin was histologically

normal. DOP-PCR was capable of sufficiently amplifying adequately sized DNA

ranging from 100-600bp in size from microdissected tissue (Figure 3.16b). The DNA

was subjected to sex-mismatched CGH comparisons with DOP-PCR amplified genomic

female DNA as the reference.

Over-representation of the X and Y chromosomes were apparent in the female and male

samples respectively, as described in Section 3.4.3. All autosomal regions displayed a

mean fluorescent ratio between 0.9 and 1.1. However, standard deviations were wider

than observed in controls from genomic DNA, due to the more granular nature of

hybridisation with smaller DNA fragments. Problematic regions of interpretation as

previously outlined in Section 3.4.2 and 3.4.3 were identified as usual. The mean ratio

at the X chromosome ranged between 0.60 and 0.65 as established in Figure 3.16c. This

was consistent with observations from genomic and DOP-PCR sex-mismatch

experiments outlined in Sections 3.3.3 and 3.3.4.
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Figure 3.16: Sex-mismatch data from microdissected tissue. a) Histology of 5-µm

normal male skin section (H&E stained, original magnification ×50). b) Agarose gel of

DOP-PCR amplicons from normal genomic and microdissected tissue. Lanes 1-3,

amplification of 50ng of normal genomic female DNA; Lanes 4-6, amplification from

whole 5-µm male skin sections; Lane 7, no template DNA control; Lane M, molecular

weight marker. c) CGH colour overlay and ratio profile for X chromosome

demonstrating a mean ratio between 0.60-0.65.

a)

b)

c)
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3.4 Discussion

3.4.1 Metaphase Preparation

The initial establishment and validation of the CGH technique can be severely hindered

by less than optimal metaphase spreads. Metaphases should be abundant but in low cell

densities, cytoplasm-free, intact and well spread with minimal overlapping.

Chromosome length should be in the range on 450-500 bands per haploid set. Although

longer chromosomes are possible and likely to increase the resolution of analysis, the

degree of overlapping and therefore unusable chromosomes increases considerably

(Karhu et al 1997; Kallioniemi et al 1994b).

Metaphases from slides that dry too fast are tight and often overlap, too slow and most

metaphases are broken or rolled. Uniformity of drying is also of extreme importance.

Drying also has an effect on the quality of the chromosomes due to the thickness of the

cell membrane over each spread. Fast drying leads to a thicker membrane and “steel”

chromosomes, which require severe denaturation and hold their morphology too well,

making banding and thus chromosome identification difficult. Conversely slow drying

results in the appearance of holes in the membrane as chromosomes spread too far and

are lost. Because the protective membrane is compromised these chromosomes are

“fragile” which denature very quickly, losing their morphology and thus produce very

poor DAPI bands, useless for chromosome identification (Barch et al 1997; Henegariu

et al 2001).
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To address these concerns several strategies were utilised, the incorporation of

synchrony chemicals were used to control chromosome length and uniformity. By

halting cells during DNA synthesis, populations of cells entering division are collected.

By timing the release of these cells carefully a large number of early to mid-metaphases

can be obtained whose chromosomes have not condensed past the 450-500 band per

haploid set level (Barch et al 1997).

In an attempt to control the hybridisation properties of chromosomes, manipulation of

the drying process was necessary. Humidity and temperature control provided a degree

of management but chromosome integrity was still variable under denaturation tests.

The ability of the target DNA to denature sufficiently whilst maintaining chromosome

morphology and producing DAPI bands, is an integral dynamic for successful CGH.

This delicate balance is easily upset and the physical factors involved are still poorly

understood (Barch et al 1997; Henegariu et al 2001).

Inadequate metaphase spreads is a common problem associated with CGH experiments

and predicted the use of commercially availabile slides “optimised” specifically for

CGH use. Unfortunately these slides are only marginally superior to “home-made”

metaphase spreads and often suffer from the same batch-to-batch variability as

demonstrated by Karhu et al (1997). Extensive re-optimisation was often essential

during each study to ensure that high quality CGH was maintained.
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3.4.2 Cell Line Controls

Initial CGH investigations of previously characterised cancer cell lines resulted in many

of the known and previously published aberrations. In conjunction with inverse CGH

and evaluation of techniques and software systems, most CGH DNA results were

reproducible. However, the observation of a degree of non-concordance in 2 of our

analysed cell lines with published data, was an initial concern with respect to our

evaluation of the CGH technique. The differences between our results and those

observed by other groups are believed to be due to clonal expansion of the cell line

stocks. Inherent genetic heterogeneity also accounts for varying observations among

research groups, as in the case of MCF-7 and oestrogen responsiveness (Klotz et al

1995).

Solid tumour cell lines are heterogeneous, containing several cell populations with

varying aberrations. Solid tumours which grow well in culture are often highly

advanced tumours and as a consequence often genetically unstable. As these cells grow

in culture some undergo further chromosomal mutations and develop into sub-

populations derived from the original genotype. Under varying culture circumstances

some of the sub-populations can become more dominant within the entire population

and these become more representative, whilst the reverse is true for other sub-

populations. CGH provides a general view of the most predominant CNAs within a

tumour population, detecting a “pool” of common aberrations present. CGH is not

capable of distinguishing between different clones within the same population, unlike

FISH and cytogenetics which investigate the tumour at a cellular level. Changes in the

proportion of sub-populations could account for the observed effects on the CGH

karyotype of the two varying cell lines.

High levels of genetic heterogeneity is commonly observed in breast carcinoma cell

lines, especially MCF-7 (Whang-Peng et al 1983). A study by Jones et al (2000)

investigated CNAs in 3 different stocks of the MCF-7 cell line and demonstrated copy
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number variations at specific chromosomal regions similar to our observations. In

comparison to the parental MCF-7 cell stock described by Jones et al (2000) our

findings showed 83% concordance, however we failed to identify gains at 5p and

12q12-q21. In addition gains at 3p14 and 14q21-qter and a loss at 11q25 were

consistently observed. These observed changes have been described in MCF-7 by

Forozan et al 2000. This suggests that these aberrations are present in a small cell

population (<40%) in the parental stock, which are not observed due to their masking by

larger populations without these CNAs (Kallioniemi et al 1994a; 1994b). Promotion of

this cell population increases their contribution to the total MCF-7 cell population and

thus these abnormalities could then be detected. Similar findings were observed

between MDA-MB-231 (percentage concordance = 64%) and published aberrations.

MPE600 was commercially supplied and tested against clonal expansion. Interestingly

although A431 correlated well with CNAs reported by Jolly et al (1999), their study

failed to detect a known amplification at 7p12-p13 by CGH and concluded that this

regional gain was below the detection level of CGH. However, our data revealed

consistent 7p12-p13 amplification as demonstrated in Figure 3.5, thus suggesting more

optimal hybridisation conditions.

Cell lines are often used as control standards in most areas of cancer research; this data

however demonstrates a serious disadvantage in their use in all areas of research. Care

must be taken when handling and culturing cell lines to preserve their current genetic

composition. For our purposes the cell lines were used as controls for fluorescent

labelling and hybridisation efficiency. As the same cell line DNA stocks were used

throughout this study CNAs were consistent during optimal conditions. Experiments

were discarded if defined CNAs were not consistently observed. This does however

raise questions concerning the validity of CGH-detected aberrations in cell lines that

have been passaged frequently from the parental line.



188

3.4.3 Threshold Determination and Dynamic Range

Copy number variation detected by CGH in the sex chromosomes in normal male

versus female hybridisations is obviously due to differences in number between males

(XY) and females (XX). Because the male has only one copy compared to the females’

two, theoretically a fluorescent ratio of 0.5 for the X chromosome should be observed

(i.e. X versus XX). In reality the experimental mean ratio is between 0.6-0.7 in high

quality CGH (Karhu et al 1997; 1999). Loss in dynamic range directly impairs the

sensitivity of CGH, especially for small copy number changes and changes in

heterogeneous tumour cell populations. With respect to the Y chromosome, this is often

excluded from analysis (except in prostate cancer studies) due to its absence in females,

small size and high content of heterochromatin. This natural variability makes ratio

interpretations unreliable for this chromosome.

Sex-mismatch controls also allow for the determination of diagnostic threshold cutoffs

outside of which aberrations are scored. All autosomal regions displayed a mean ratio

between 0.9 and 1.1 with a low standard deviation in high quality experiments

(Kallionemi et al 1994b). This natural deviation is well within the acceptable limits of

threshold ranges of 0.8-1.2 and 0.85-1.15 used in subsequent studies. The use of such

controls has identified several problematic regions prone to differential hybridisation

namely 1p, 16p, 19 and 22. This is believed to be due to their high GC-content and

because ratio profiles for these loci often fall outside standard normal ranges careful

interpretation or exclusion from analysis is strongly suggested (Kallionemi et al 1994b;

Karhu et al 1997). Other regions excluded from analysis include the telomeres,

centromeres, acrocentric p-arms and heterochromatic regions of chromosomes 1, 9, 16

and Y as detailed in Section 1.7.10.
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3.4.4 Comparison of Genomic and DOP-PCR Amplified DNA

Due to the nature of the pathological collection of NMSCs it was recognised early that

fresh tumour tissue would be difficult to obtain. However, archival material in the form

of paraffin embedded tissue was readily accessible from the Gold Coast Hospital

tumour bank. Histological examination of these initial tumour samples established that

due to the small nature of NMSC lesions, adequate DNA for CGH analysis would be

difficult to obtain. At the time of commencement only five published studies

successfully utilised a combination of DOP-PCR and CGH (Speicher et al 1993; 1995b;

Wiltshire et al 1995; Kuukasjärvi et al 1997a; 1997b).

To assess whether DOP-PCR universal amplification is sufficient to generate adequate

DNA for CGH analysis, a series of trials was performed. It is important that DOP-PCR

amplifies the whole genome uniformly and that preferential amplification does not

occur at specific loci, which may be interpreted as false positive results. CGH

experiments using genomic DNA from MCF-7, MDA-MB-231, MPE600 and A431

cancer cell lines and normal DNAs were labelled with FITC and hybridised with Texas

Red® labelled normal female DNA. These experiments were compared to data

generated from DOP-PCR amplified DNA from the respective DNA templates. This

investigation demonstrated excellent concordance, with all CNAs identified in cell line

DNA similarly observed in representative DOP-PCRed DNA. Sex-mismatch controls

verified equal dynamic ranges and threshold cutoffs. A surprising observation was the

decrease in problematic region fluctuations compared to CGH with genomic DNA. This

demonstrates higher-quality hybridisations with DOP-PCR generated DNA than

obtained with genomic DNA, an observation supported by Larsen et al (2001). A

related optimisation was the absence of the distinct band at 400bp in DOP-PCR

amplicons. It has been proposed that this band is produced by preferential amplification
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of repetitive sequence motifs, which are major components of telomeres, centromeres,

acrocentric p-arms and heterochromatin (Speicher et al 1993). Removal of this

preferential amplification would reduce the variability at these loci.

When originally developed, DOP-PCR utilized low and high stringency amplification

steps using Taq DNA Polymerase to catalyse both reactions. The low stringency cycles

rely upon a low annealing temperature of 37°C to enabling priming of as many

sequences in the target genome as possible. Unfortunately at this low annealing

temperature Taq DNA polymerase activity is extremely low. Initial success with DOP-

PCR relied upon the use of 50ng of high quality genomic DNA, yielding amplicons

between 200-2,000bp which generated high-quality hybridisations during CGH.

Dropping the quantity of template DNA had severe effects on the quantity and size of

DOP-PCR products. This was not desirable as it was anticipated that microdissected

tissue would yield far less DNA.

 The use of the Sequenase enzyme in the low stringency cycles improved the yield and

size of the amplicons due to its better performance and activity at lower temperatures

than Taq DNA polymerase. Unfortunately Sequenase is thermolabile and the enzyme

required replenishing after each denaturation step. This increases the possibility of

contamination as observed by the increase in DNA products in the no DNA template

control. The advent of a thermostable version of Sequenase, namely ThermoSequenase

overcame this problem, providing the greater enzyme efficiency of Sequenase at low

temperatures, whilst remaining stable when subjected to the high temperate denaturation

steps. Thus the ThermoSequenase protocol was the favoured method of universal DNA

amplification.
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A major concern of DOP-PCR amplification is the higher proportion of amplification

products in the no DNA template control than during standard PCR, especially when

using Sequenase. An attempt to label and hybridise this DNA to metaphase spreads

produced no fluorescent signal on any chromosome suggesting that the DNA source is

non-human, possibly micro-organism in origin. Additionally it may be a product of

primer-dimer formation due to the nature and sequence of the degenerate primer and

low stringency amplification steps. These observations have been validated by several

independent researchers (Harada et al 2000; Larsen et al 2001). With this in mind

however using extreme aseptic technique and performing all procedures in a laminar

flow hood, amplicons in the no template DNA control were avoided.

3.4.5 DOP-PCR Amplification of DNA from Archival Tissue

As the major focus of this research was the detection of CNAs in NMSC, it was

important to assess the ability of acquiring high quality CGH results from similarly

processed samples. The use of archival tissue, such as paraffin embedded blocks has

had varying degrees of success in other PCR driven studies (Greer et al 1994).

However, the ability of DOP-PCR to amplify adequate DNA representation of the

original template was still poorly defined. At the commencement of research only a

handful of studies had utilised this approach as it was and still is deemed technically

difficult (Speicher et al 1993; 1995b; Wiltshire et al 1995; Kuukasjärvi et al 1997a;

1997b).

DOP-PCR was successful in universally amplifying DNA from minute degraded DNA

samples extracted from paraffin embedded tissue. Amplicon size and yield obtained

from extracted tissue DNA was reduced compared to that obtained from high quality

genomic template. Genomic DNA normally yields a smear between 200-2,000bp. After
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labelling via nick translation the size range of the DNA is only slightly reduced, thus

still optimal in size for CGH. Initial DOP-PCR amplification of microdissected tissue

generated a maximum yield of 600bp in size. Improvements in the DOP-PCR protocols

marginally enhanced this yield up to 1,000bp but in general the DNA from archival

tissue was still fragmented. Nonetheless amplified DNA from paraffin embedded

material was adequate for CGH analysis. Sex-mismatch controls from normal skin

biopsies demonstrated similar dynamic ranges and threshold limits as observed in

standard analyses of genomic and DOP-PCR amplified genomic DNA templates.

Therefore validating that under specific conditions accurate CGH analysis of minute

quantities of fragmented DNA was achievable.

In conclusion CGH allows the reliable detection and mapping of relative DNA-

sequence copy number aberrations within the whole genome (Kallioniemi et al 1992;

1994b). This study amongst others demonstrated the generation of identical results from

DOP-PCR amplicons of DNA template compared to standard CGH (Kuukasjärvi et al

1997a; Zitzelsberger et al 1998; Aubele et al 1999; Harada et al 2000; Hirose et al

2001; Larsen et al 2001). Finally, sufficient DNA from paraffin embedded tissue of

normal skin was able to be synthesised via DOP-PCR. Subsequent CGH analysis

validated that this DNA was representative of the original genomic template. Hence the

techniques developed could now be applied to molecular cytogenetic analysis of

paraffin embedded NMSC tissue.



CHAPTER 4

Molecular Analysis

of Basal Cell Carcinoma
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4.1 Introduction

Basal cell carcinoma (BCC) accounts for greater than 75% of diagnosed nonmelanoma

skin cancers, making it the most prevalent malignancy throughout Caucasian

populations in Australia and the United States (Miller 1991; Miller and Weinstock

1994). BCC are considered malignant due to their ability to locally infiltrate

surrounding tissue, however they rarely metastasise. If neglected, they may infiltrate

deeply, destroying local tissue, this is of particular importance when situated near the

eye, nose or ear. Nodular BCC are the most predominant (45-60%) subtype of BCC and

are found almost exclusively in sun-exposed regions of the body, with superficial BCC

being the second most prevalent (15-30%) type (Preston and Stern 1992).

The analysis of BCC progression has been mainly concerned with a rare genetic

disorder known as nevoid basal cell carcinoma syndrome (NBCC). Also known as

Gorlin’s syndrome, this disease shows a propensity for multiple BCC development.

Genetically, NBCC has been associated with a regional deletion at 9q22.3. Physical

mapping of this locus led to the identification of the putative tumour suppressor gene

Patched (PTCH) (Hahn et al 1996a; Johnson et al 1996). In addition, loss or mutation

of PTCH has been implicated in a third of sporadic BCC development (Gailani et al

1996). Studies have shown that the deregulation of the hedgehog pathway is altered in a

proportion of sporadic BCC (Aszterbaum et al 1999), however it is likely that other

unidentified genetic events may also be involved.

Loss of heterozygosity (LOH) studies by Quinn et al (1994) has also indicated a high

frequency of loss on 9q (59%), in sporadic BCC. Allelic loss on other chromosome

arms were however, uncommon. This study relied upon the allelic loss of one locus per
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chromosome arm, thus leaving the majority of the genome unexamined. Copy number

increases were also not investigated. Cytogenetic analysis has proven difficult due to

associated problems with culturing BCC cells without fibroblast selection bias. Cultures

having an epithelial growth pattern have shown recurrent numerical abnormalities of

+18, +9, +20, +7, +X and +5, in addition to structural rearrangements of the 9q arm (Jin

et al 1998; 2001). A more recent study identified non-random numerical changes

involving +6 by cytogenetics and also interphase FISH analysis in 38% of direct

cultures analysed (Casalone et al 2000).

Because the amount of pure tumour DNA is limited in archival material, we

incorporated the use of tissue microdissection to purify the tumour cell population and

also utilised DOP-PCR. This amplification technique is universal and linear, providing

adequate quantities of DNA for subsequent CGH analysis (Telenius et al 1992a). The

combination of tissue microdissection and DOP-PCR to prepare suitable DNA for CGH

analysis has been implemented with great success in many previous studies (Speicher et

al 1995b; Wiltshire et al 1995; Kuukasjärvi et al 1997a, 1997b).

We report here the analysis of 15 BCC using CGH. Such analysis identified recurrent

chromosomal gains of 6p, 6q, 7, 9p and X. In addition, genetic loss at 9q encompassing

the PTCH locus was observed, and further investigated by LOH.
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4.2 Materials and Methods

4.2.1 Tumour Samples

Formalin-fixed, paraffin-embedded tissue sections from 24 BCC (19 nodular and 5

superficial) were obtained from the Department of Pathology, Gold Coast Hospital.

These tumours were histopathologically examined and classified as characteristic sun-

induced BCC. Samples were selected based on tumour size, location and age of the

affected individual. In addition normal skin sections were collected for use as controls.

4.2.2 Tissue Microdissection

Three consecutive 5-µm sections were cut from each paraffin-embedded tissue block.

The middle section was stained with H&E and used to identify histological

representative regions of the tumour under the guidance of Dr Stephen Weinstein, Head

Pathologist, Gold Coast Hospital. Histologically nodular BCC demonstrate well-

circumscribed masses (i.e. nodules) of tumour cells with peripheral palisading and

retraction clefts. Superficial BCC demonstrate round and smooth contours of the basal

layer of the epidermis with several foci of neoplastic cells extending or budding from

the epithelium into the subjacent dermis (Figure 1.3; 4.1; 4.10). Adjacent sections were

stained with methyl green using standard techniques for use in manual microdissection

as described in Section 2.6. In addition 3 paraffin embedded sections of normal male

skin and 2 histologically normal regions of tissue from BCC sections were also

microdissected for use in sex-mismatch controls for the determination of threshold

cutoffs and dynamic range as described in Section 3.4.3.
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4.2.3 Universal DOP-PCR Amplification and DNA Labeling

DOP-PCR amplification was performed as previously described in Section 2.7 using the

ThermoSequenase protocol from 1.0µL of crude tumour DNA extract. Reference DNAs

from karyotypically normal male or female volunteers were also subjected to universal

amplification. The resulting amplicons were fluorescently labelled via nick translation

with FITC-12-dUTP and Texas Red®-5-dUTP respectively.

4.2.4 CGH and Digital Image Analysis

CGH was performed essentially as described in 2.10. Only metaphases, which were

well spread, intact and with minimal overlapping were acceptable for analysis. Data

from 6 or more homologous chromosomes was used to generate a mean profile ±2SD

per hybridisation. Threshold values of 1.2 and 0.8 were set to identify the presence of

gains and losses, respectively. Regions whose mean ratio were <0.8 were classified as a

loss and >1.5 a DNA gain. These threshold values were based on measurements from a

series of 5 sex-mismatched controls, where no observed deviations in the ratio were

observed down to thresholds of 1.1 and 0.9, excluding problematic GC-rich regions as

previously detailed in Section 3.3.3. The average profiles for all the tumours

investigated were combined to identify recurrent copy number changes.

4.2.5 Controls

A negative control (no template DNA) was included in each DOP-PCR, with all

products discarded if any amplification was observed in this control. In addition, a

positive CGH control slides using A431, MPE600 or MCF-7 breast cancer DNA was

included in each hybridisation batch to validate conditions were adequate for detecting

all known aberrations. Finally, inverse CGH (i.e. FITC-labelled normal reference and

Texas Red®-labelled tumour DNA) was also performed if problematic regions prone to
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labelling and/or hybridisation artefacts were shown to undergo gain or loss (Kallioniemi

et al 1994b; Larramendy et al 1998). Copy number changes were scored only if present

in both standard and inverse CGH.

DNA from normal skin punches were examined by CGH and showed no deviations

from normal ration profiles, confirming that no methodologic artefacts were produced.

Finally data obtained from several BCC cases (BCC01-BCC03) were validated by

duplicating experiments at the Cancer Center, UCSF. Methodologies were similar to

those described here, except the Sequenase protocol for DOP-PCR was substituted for

sample amplifications. CGH digital analysis on these samples was performed using a

custom QUIPS analysis system, a non-commercial version of the Vysis CGH module.

4.2.6 Loss of Heterozygosity

Four polymorphic microsatellite markers located between 9q21 and 9qter (D9S53,

D9S15, D9S287 and D9S303) were used to assess allele loss in paired tumour and

normal DNA samples. The forward primer in each pair was fluorescently 5’-end

labelled enabling accurate quantitation of size, peak height and peak area on an ABI 310

Genetic Analyzer. The method described by Cawkwell et al (1993) was used to detect

LOH, determining the allelic imbalance of a tumour [T1:T2] to the imbalance in normal

DNA [N1:N2]. Where T1 and N1 represent the shorter length allele, T2 and N2

representing the longer length allele. Using the expression T1:T2/N1:N2 or 1/

[T1:T2/N1:N2] if the calculated allele ratio was greater than 1.0, Cawkwell et al (1993)

and others (Canzian et al 1996; Chetty et al 1998) have deemed an allele ratio value of

less than or equal to 0.6 indicative of LOH. Each informative sample was tested in

triplicate and the mean value used to determine LOH status.
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4.3 Results

4.3.1 Sample Preparation and Amplification

The initial screening of 24 separate BCC tumours yielded successful CGH data from 15

cases (63%). Histopathological diagnoses and selected clinical data for the 15 BCC

biopsies successfully characterised by CGH are presented in Table 4.1. The sample

population was comprised of BCC tumours from 8 females and 7 males, the mean age

equal to 69.6 ±13.6 (male = 72.9 ±9.7; female = 66.8 ±15.7). Almost 75% of lesions

were present on the face or associated areas, the remainder were split evenly between

the shoulders and arms. Coincidentally all superficial BCC investigated were from

female patients, those derived from males failing to yield adequate DNA quality.

Tumour cells of interest were isolated by manual microdissection from non-

coverslipped BCC sections stained with methyl green to allow the recognition of tissue

structures. An adjacent H&E stained section was used as a “guide slide” for orientation

and higher visual identification. Figure 4.1 illustrates the results obtained when isolating

a specific region of a section by scraping away the surrounding tissue to purify the

tumour cell population. The isolated region was removed from the slide and the DNA

extracted for subsequent DOP-PCR amplification.

DOP-PCR product size was assessed by agarose gel electrophoresis, normal reference

and cell line DNA yielding amplicons in the range of 200-2,500bp. Tumour DNA

amplicons from fixed tissue were considerably smaller, ranging from 150-1,000bp

indicating fragmentation of archival DNA (Figure 4.2). Products in the size of 150-
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2,000bp for reference DNA and a maximum size of >600bp for tumour were deemed

suitable for labelling and CGH. At this stage labelled DNA obtained from 9 BCC (7

nodular and 2 superficial) were poor in quality with maximum amplicon sizes less than

250bp. Amplification of 2.0µL of tumour DNA template and pooling of triplicates from

these samples still resulted in a poor yield. Highly fragmented DNA of this size results

in extremely uneven and granular hybridisation during CGH. The resulting profiles are

high in background noise and interpretation of ratio profiles impossible, consequently

these tumour samples were excluded from the study. Hence of the 24 BCC cases

ascertained for CGH analysis only 15 yielded DNA of sufficient quality for CGH

studies.

4.3.2 Overall Chromosomal Copy Number Changes

To evaluate the presence of DNA sequence copy number changes in BCC, CGH was

performed successfully on 15 separate cases. Evidence of chromosomal imbalances was

identified in 80% (12 of 15) of tumours analysed. Of these tumours, the mean number

of aberrations was 1.9; 95% CI = 1.2-2.6 (range 0-5), with on average, 1.5 gains; 95%

CI = 0.7-2.3 (range 0-5) and 0.3 losses; 95% CI = 0.1-0.6 (range 0-1). Figure 4.3 is a

representative metaphase from case number BCC09, note the non-granular appearance

and homogeneity of the hybridisation. The resulting composite profile of several

metaphases from the same case (Figure 4.4) identified CNAs at +6, +14q and -9q; also

note the even ratio profiles and low SD of normal chromosomes.
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Table 4.1: Summary of selected clinical data and histologic diagnosis associated with

each investigated BCC*

Tumour No. Sex Age Tumour location Histologic diagnosis

1 F 67 Temple Nodular

2 M 92 Ear Nodular

3 M 69 Shoulder Nodular

4 M 75 Forehead Nodular

5 M 61 Eyelid Nodular

6 M 80 Nostril Nodular

7 M 66 Ear Nodular

8 F 49 Ear Nodular

9 M 67 Forehead Nodular

10 F 42 Arm Superficial

11 F 55 Shoulder Superficial

12 F 86 Ear Nodular

13 F 78 Cheek Nodular

14 F 70 Cheek Nodular

15 F 87 Wrist Superficial

*The nine tumours, which failed to yield adequate DNA for CGH analysis, are not listed
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Figure 4.1: Histological appearance and microdissection from a 5-µm BCC tissue

section, case number BCC14. a) H&E stained section immediately adjacent to the

microdissected section. The tumour is a highly characteristic nodular BCC

demonstrating a large, well-defined, round tumour nodule with peripheral palisading. b)

Methyl green stained section prior to microdissection. c) Same section as in b) after

microdissection, the isolated tumour tissue in the centre is then removed and DNA

extracted (original magnification was ×20).

b)

a)

c)
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Figure 4.2: Ethidium bromide-stained 2% agarose gel showing the results of DOP-PCR

amplification of genomic and microdissected DNA. Lanes 1-4, template DNA from

microdissected paraffin embedded BCC tissue demonstrating varied amplicon sizes;

Lanes 6-9, template DNA from 50ng genomic DNA (2× normal female, normal male,

A431 cell line); Lane 10, no template DNA control; Lane M, molecular weight markers

(lambda/HindIII combined with 100bp DNA ladder).

2,023-

1,000-

600-

300-

100-



204

4.3.3 Identification of Recurrent Regions of Gain and Loss

DNA sequence copy number increases were identified in 9/15 cases (60%). Recurrent

changes were observed at 6pter-p21 (47%), 6q (20%), 9p (20%), 7 (13%) and X (13%)

(Figure 4.5 and Figure 4.6). Interestingly the 3 cases demonstrating regional gain of 9p

also displayed an over-representation of 6p. Other less frequent gains at 20 and 18q

were also observed. Genetic loss detected by CGH was confined exclusively to

chromosome 9. Five of 15 cases studied (33%) showed a deletion at this locus.

4.3.4 Localisation of Sub-Regions of Gain and Loss

The most frequent minimal regions of recurrent gain and loss in BCC tumours were

6p22 and 9q22 respectively. Figures 4.7 and 4.8 demonstrate the chromosome 6 and 9

CGH profiles of all cases where respective gain and loss at these loci was observed. The

minimal region of 6p involvement consists of approximately 29 megabase pairs of DNA

with more than 138 known genes mapping to this region (National Center for

Biotechnology Information 2001a). The minimal region of recurrent loss of 9q22-q33

consists of about 23 megabase pairs to which more than 121 genes have been assigned

(National Center for Biotechnology Information 2001b). This region has been further

delineated due to its previous identification as a distinct event in familial and sporadic

BCC development. These investigations have associated the loss encompassing 9q22.3

with the inactivation of the PTCH tumour suppressor gene also found at this locus.
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Figure 4.3: Three colour CGH composite of DOP-PCR amplified BCC09 tumour DNA

green) versus normal female DNA (red). Intermediate tones (orange/brown) indicate

equal copy number in the 2 genomes, green colouration represents a gain of the tumour

DNA (e.g. chromosome 6 and 14q), the red colouration a loss of the tumour DNA (e.g.

9q). The centromeric regions are blocked by unlabelled Cot-1 DNA and thus stain blue

with DAPI.
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Figure 4.4: CGH profile average of BCC09. The mean green-to-red fluorescent ratio

profiles are shown along with ±2SD. CNAs determined using fixed threshold ratio

values of 1.2 and 0.8. The regions of gain (right) and loss (left) are marked as green and

red bars, respectively, next to the chromosome ideograms. This sample demonstrated

copy number gains of chromosome 6 and 14q, regional loss at 9q21-qter is also

identified.
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Figure 4.5: Summary of genetic imbalances detected by CGH in 15 BCC. Losses are

indicated by lines to the left of each chromosome, whereas lines to the right represent

gains. The entire Y chromosome was excluded from analysis.
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BCC tumours (n = 15)
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Figure 4.6: Frequency of all CNAs obtained in 15 BCC cases. x axis, chromosomes 1-

22, X, y axis, number of cases. Ascending green bars represent gains on the short p arm

(light bars) or long q arm (dark bars), whereas descending red bars represent losses on

the short p arm (light bars) or long q arm (dark bars) of the respective chromosomes.
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Figure 4.7: Chromosome 6 CGH ratio profiles of 8 BCC cases with gains involving

partial6p. Also shown is a summary of regional gain of chromosome 6, demonstrating

the minimal region of involvement is 6p22-pter.

Figure 4.8: Chromosome 9 CGH ratio profiles of 5 BCC cases with losses involving

partial 9q. Also shown is a summary of regional loss of chromosome 9, showing the

minimal region of involvement is 9q22-q33.

BCC01                     BCC09                      BCC10

BCC10                    BCC11                    BCC14

BCC12                     BCC15

BCC03                  BCC06                   BCC07                   BCC08
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4.3.5 Validation of CGH Results

Copy number changes in 3 of the 15 BCC cases studied were validated using similar

experimental methodologies and analysis software at UCSF. This was to assess our

methodologies and to determine whether our CGH analysis system gave comparable

results to those of the originally developed CGH system. Figure 4.9 demonstrates

selected profiles from each of the cases analysed, as observed little difference between

the 2 analyses can be discerned.

Additional validation of CGH data was performed when aberrations were detected in

previously outlined problematic regions. It was thus necessary to perform reciprocal

labelling of reference and tumour DNAs to evaluate whether these CNAs were authentic

or artefactual (results not shown). During determination of dynamic range and ratio

thresholds histologically normal tissue was excised and DNA extracted from 2 of the

BCC samples. Therefore a comparison between histologically normal and neoplastic

regions from the same tissue section could be made. CGH profiles from the normal

regions showed no CNAs opposed to copy number changes observed in the tumours

(Figure 4.10).
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Figure 4.9: Comparison of selected CGH profiles from DOP-PCR amplified BCC

tumour DNA using a-c) PSI MacProbe v4.1, d-f) UCSF QUIPS CGH system for

sample cases BCC01-BCC03. As observed CNAs were identically detected using both

methodologies.

f)

a)

c)

b)

d)

e)
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Figure 4.10: Selected CGH profiles showing specific abnormalities and tumour

histology for case BCC12. a) H&E slide demonstrating BCC tumour histology denoting

areas of microdissection; b) methyl green stained section of tumour tissue after clearing.

Chromosome 9 ratio profile for both c) normal and d) tumour tissue shown. Note that

the deletion of 9 is detected in the BCC tumour but absent in normal tissue.

c)

a)

d)

b)
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4.3.6 Fluorescent LOH Analysis of 9q

Confirmation of 9q loss was performed via LOH analysis using 4 microsatellite markers

mapping to this region (D9S53, D9S303, D9S287 and D9S15). Figure 4.11 demonstrates

pooling of all 4 separately amplified microsatellite markers for a single case. Only

markers D9S303 and D9S287 have overlapping allele sizes and thus are differentially

labelled with an alternative fluorescent dye. This enables the accurate allocation of

alleles with their respective marker in a multiplex. This figure also demonstrates the

allotment of base pair size and peak area of each allele by the Genotyper software which

is necessary for LOH determination.

Determination of LOH can only be performed if the marker is heterozygous for a

particular sample. Non-informative alleles as in Figure 4.12 demonstrate homozygosity

for a particular marker. Because there is no allelic distinction for this marker in this case

due to the same size allele represented twice in the genome, conclusive judgment of

LOH status cannot be made. Also note the stutter bands in this example, which fall 2, 4

and 6bp with progressively smaller peak heights before the main peak, an artefact of

this form of analysis. These small peaks should not to be confused with actual alleles in

tumour samples. For this reason accurate determination of allele sizes in the normal

DNA sample is important. This enables precise pairing with alleles in tumour samples,

which may be considerably reduced in peak height due to LOH, and thus may be

mistaken as a stutter band or vice versa.
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Figure 4.11: Multiplexed Genescan analysis of all four 9q22 microsatellite markers. a)

Electrophoretogram of the microsatellite markers D9S53, D9S303, D9S287 and D9S15

from case number BCC09-normal DNA. Note the two major peaks for each marker

except D9S15 (homozygote). The table below electrophoretogram presents raw data

from the Genescan analysis. b) Corresponding fluorescent traces of each analysed

microsatellite marker from Genotyper software. Red and blue boxes under each peak

refer to allele size in bp and peak area respectively.

D9S287

D9S303D9S53 D9S15

b)

a)
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Figure 4.12: Fluorescent traces of a normal:tumour pair showing a homozygote and

therefore non-informative at locus D9S287, case number BCC02. Size in bp is shown

on the X axis at the top of the figure, the peak heights in fluorescent units are shown on

the Y axis to the right. Red and blue boxes under each peak refer to allele size in bp and

peak area respectively. Only one main peak is seen, the smaller ones indicated by arrow

on the normal trace are artefacts known as stutter peaks.

An example of retention of alleles is demonstrated in Figure 4.13 of an informative

sample (i.e. heterozygous at this marker locus). Note that both alleles are easily

distinguished between in the normal tissue sample, both alleles are also visible in the

tumour sample. The relationship with respect the peak area between T1 and T2 is

proportional to that of N1 and N2, therefore the resulting allele ratio value of 1.08 is not

indicative of LOH.

T1

N1
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Figure 4.14 however demonstrates the LOH at D9S303 in case BCC09. Note that the

expected peak in the tumour sample at 157bp is almost absent compared to the paired

normal sample. The resulting ratio value of 0.14 indicates LOH at this locus. The entire

loss of an allele in a tumour sample is very uncommon. This is due to the presence of

DNA from contaminating normal cells and/or heterogeneity of the tumour itself, thus

leading to the amplification of a small allelic peak. LOH was identified in 19 out of 42

(45%) informative loci. A general overview of LOH identified 8 out of 15 cases (53%)

with one or more loci displaying allelic loss, at or near the PTCH locus. A summary of

LOH data is detailed in Figure 4.15. All regional losses of 9q identified by CGH were

confirmed by LOH analysis. However 8 samples demonstrated LOH, but not all at the

9q22.3 locus where the PTCH gene has been mapped. A summary of the CNAs

identified by CGH, together with LOH data are presented in Table 4.2.
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Figure 4.13: Fluorescent traces of a normal:tumour pair where allele retention (no

LOH) was observed at locus D9S303, case number BCC02. Size in bp is shown on the

X axis at the top of the figure, the peak heights in fluorescent units are shown on the Y

axis to the right. Red and blue boxes under each peak refer to allele size in bp and peak

area respectively. Ratios for LOH detection are calculated as before, in this case the

ratio is 1.08 indicating no allelic loss.

T2

N2

T1

N1

52423  /  13711  = 1.08
58709     16637
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Figure 4.14: Fluorescent traces of a normal:tumour pair where allele loss (positive

LOH) is detected at locus D9S303, case number BCC10. An indication of loss of the

larger sized allele in the tumour DNA (lower trace) compared to the normal DNA

(upper trace) can clearly be seen by the decrease in the height of this peak. Size in bp is

shown on the X axis at the top of the figure, the peak heights in fluorescent units are

shown on the Y axis to the right. Red and blue boxes under each peak refer to allele size

in bp and peak area respectively. Ratios for LOH detection are calculated from peak

areas as follows [T1:T2/N1:N2] <0.6 or 1/[T1:T2/N1:N2] > 1.67 then there is a loss of

allele. In this case the ratio is 0.14 indicating LOH of the larger allele.

T2

N2

T1

N1

1  /   86102  /  63296     =  0.14
         9385      49990
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Figure 4.15: Pattern of loss on chromosome 9q22 in 15 BCC showing degree of LOH.

The proportion of informative tumours showing LOH is given. Solid box: Loss of

heterozygosity; open box: no loss of heterozygosity; hatched box: non-informative.
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Table 4.2: Summary of CNAs detected by CGH and LOH data associated with each

investigated BCC

Tumour No. Regional Gains Regional Losses LOH at 9q22.3a

1 - 9q21-q33 Yes

2 20 - -

3 6, 11, 18q21-qter - -

4 - - NI

5 - - -

6 5q11-q14, 6, 7, 17, X - -

7 6pter-p21, 9pter-p13 - -

8 3q21-qter, 6pter-p21,

9pter-p21, 13q14-qter

- Yes

9 7, X 9q22-qter Yes

10 6pter-p22, 9p 9q22-qter Yes

11 6p, 14q21-qter - -

12 - 9 Yes

13 - - Yes

14 6 - -

15 - 9q22-qter Yes

aNI, non-informative at D9S303 and D9S287 locus
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4.4 Discussion

4.4.1 Chromosomal Gains and Losses in BCC

The present study offers the first insight into a genome wide scan of shared copy

number changes in BCC as revealed by CGH. Such an approach provides a

comprehensive screening of the entire tumour genome in a single hybridisation. Whilst

CGH does not define all structural rearrangements, it does detect common genetic

CNAs that are present in a large proportion of the tumour population, hence those

aberrations most likely to be clonal in origin. In addition, the distinction between

genetic gains and losses and detailed information of chromosomal breakpoints supports

the use of CGH as a powerful and informative application. Finally, the incorporation of

tissue microdissection and DOP-PCR enables the identification of potentially important

genetic changes, which may be overshadowed when analysing DNA from a large cell

population, particularly in polyclonal tumours.

In this study CGH analysis of BCC tumours identified recurrent chromosomal gains

mapping to 6p (47%), 6q (20%), 9p (20%), 7 (13%) and X (13%). Other less frequent

gains at 20 and 18q were also observed. The occurrence of some of these abnormalities

has been previously described through cytogenetic analysis (Casalone et al 2000; Jin et

al 1998; 2001). CGH analysis provides additional evidence that these are non-random

changes and may be important genetic events in BCC tumourigenesis. Of particular

interest is the over-representation of 6p (minimal overlap of 6pter-p22) in 7 of 15 (47%)

tumours investigated. This novel change correlates well with the findings of Casalone et

al (2000) who identified recurrent trisomy of chromosome 6 in direct preparations of

BCC. A recent interphase FISH survey of paraffin embedded BCC biopsies identified
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trisomy 6 as correlating with aggressive biological behaviour. The precise mechanisms

underlying this genetic event have yet to be characterised (Nangia et al 2001).

4.4.2 Regional Gain of 6p

Frequent over-representation of 6p is an uncommon event in the majority of major solid

tumours studied by CGH, including breast, prostate, renal, head and neck SCCs and

lung carcinoma (Zitzelsberger et al 1997; Knuutila et al 1998). However recurrent 6p

gains have been observed by CGH in a number of cutaneous related neoplasia such as

Merkel cell carcinoma and malignant melanoma (Gordon et al 1994; Härle et al 1996;

Bastian et al 1998; 2000; Van Gele et al 1998; Balázs et al 2001). Additionally the gain

of 6p in these neoplasias has been confirmed and documented by FISH and cytogenetic

analysis (Thompson et al 1995; Mertens et al 1997; Gancberg et al 2000). This

observation suggests that 6p may be a common and important chromosomal aberration

in skin neoplasia.

Malignant melanoma of other body sites including meningeal and uveal melanoma also

demonstrate a gain of 6p, often as an isochromosome (Prescher et al 1995; Ghazvini et

al 1996; Baudrier-Régnier et al 2000; Tschentscher et al 2000). Other neoplasias with

recurrent gain of 6p includes bladder carcinoma, high-grade non-Hodgkin lymphoma

and retinoblastoma. (Knuutila et al 1998; Bruch et al 2000; Chen et al 2001). This

observation is often associated with increased aggressiveness (Horsthemke et al 1989;

Schouten et al 1990; Nangia et al 2001). At present 138 known genes have been

mapped to the minimal region of involvement of 6p22-pter (National Center for

Biotechnology Information 2001b). From these, no real candidates for involvement in

tumourigenesis are overly apparent. Further delineation of this locus is therefore

necessary before putative genes can be further targeted.
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A further observation is the association of all cases with an over-representation of 9p

with the regional gain of 6p. Because of the limited number of cases sampled, no

correlation between this association and clinical or histological appearance was

observed. The significance of this concurrent gain of 6p and 9p is currently unclear. In

this study it was observed in a limited number of samples and to our knowledge has not

been observed in other tumours examined by CGH.

4.4.3 Regional Loss of 9q

Deletion involving chromosome 9 was the only genetic loss observed in BCC biopsies

by CGH analysis. Loss at 9q was revealed in 33% of BCC studied using CGH and 53%

using LOH, CGH failing to detect loss of 9q in 2 cases (percentage concordance =

83%). This may simply be due to a small deletion at this locus, which is beyond the

detection of CGH. However, due to the non-informative nature of some of the markers

in these 2 samples, no strong conclusions can be drawn regarding the size of this

deletion.

These results are concordant with previous published data on 9q loss in sporadic BCC

(Quinn et al 1994; Shen et al 1999). The frequency of loss detected by LOH is almost

always higher than that reported by karyotyping, FISH and CGH due to the ability of

the LOH technique to detect very small deletions and differentiate between alleles over

a diploid background (Tirkkonen et al 1998). Additionally it has been observed that the

loss of the maternal or paternal chromosome can often be accompanied by the gain of

the opposite one (Barch et al 1997). The cell appears karyotypically normal with respect

to this chromosome, but hemizygous with respect to alleles on this chromosome and

thus detectable by LOH. Biologically this may have an impact on the cell due to it now

being homozygous for mutations present in important genes on this chromosome. It is
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not uncommon for neoplasias including colon, breast, head and neck SCC, pancreas and

prostate carcinoma to lose over 25% of their alleles whilst retaining two identical copies

of many of their chromosomes (Lengauer et al 1998).

The detected regional loss of 9q22 has been well characterised in hereditary and

sporadic BCC, leading to the inactivation of the PTCH tumour suppressor gene. This

gene is a known regulator of the hedgehog pathway (Gailani et al 1996). As previously

mentioned in Section 1.8.7 in addition to deletion of this gene inactivating UVR-

induced mutations are also frequent in PTCH (Gailani et al 1996; Hahn et al 1996a;

Johnson et al 1996; Unden et al 1996; Wolter et al 1997; Evans et al 2000). The

inactivation of PTCH through deletion and/or mutation can lead to the oncogenic

activation of SMOH. Further evidence to support the involvement of this pathway in

BCC tumourigenesis is the identification of activating mutations and/or overexpression

of other genes within this pathway including SMOH, SHH and GLI1 in BCC tumours

(Dahmane et al 1997; Kallassy et al 1997). Dysregulation of the hedgehog pathway

through DNA methylation is also plausible. Inactivation of genes through the process of

genomic imprinting is known to exist in a number of inherited disorders (Lichtenstein

and Kisseljova 2001 and references within). A number of these genes have

demonstrated putative roles in tumour suppression (Paulsen and Ferguson-Smith 2001).

At present the relevance of imprinting regarding genes of the hedgehog signalling

pathway is currently untested.
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4.4.4 Trisomy 7 and X

In conjunction with the presented CGH data, standard cytogenetic analysis of cultured

BCC tumours has revealed trisomy 7 and X as recurrent CNAs in this tumour type (Jin

et al 1998; 2001). However, the relevance and significance of these trisomies in tumour

development is still poorly understood. Trisomy 7 is a common observation in solid

tumours and premalignant lesions (Heim and Mitelman 1995; Mitelman 1995).

However this numerical aberration is also commonly displayed in macroscopically non-

neoplastic and normal tissue (Johansson et al 1993; Elfving et al 1995). This obviously

has severe implications for the interpretation of the significance of the aberration in

tumourigenesis. It has been suggested that +7 may simply be a neutral karyotype

imbalance due to frequent non-dysjunctional errors unrelated to tumour development

(Cheville et al 1995; Barch et al 1997). However trisomy 7 has been strongly correlated

with reduced patient survival in prostate cancer (Alcaraz et al 1994). Therefore

significance and interpretation of this abnormality with respect to tumourigenesis is still

very much controversial. The relevance of trisomy of the X chromosome is similarly

poorly defined as is its significance to carcinogenesis (Barch et al 1997).

4.4.5 Summary and Conclusions

Previous genome investigations of BCC have shown these neoplasias to in general be

very genetically stable with very few gross genetic changes and with most tumours

close to diploid (Quinn et al 1994; Shanley et al 1995; Robinson et al 1996). In this

study a number of chromosomal gains were also detected in BCC biopsies. These gains

may indicate additional mechanisms in BCC tumourigenesis, aside from the mutation or

loss of PTCH. However, further analysis into intra-tumour heterogeneity and the

activity and mutational status of PTCH and other members of the hedgehog pathway

need to be addressed to support this hypothesis. Interestingly, clonality studies
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involving BCC have suggested that at least 60% of these tumours are monoclonal

(Walsh et al 1998). In addition, mutational analysis of PTCH has implicated the

involvement of this locus in only a third of sporadic BCC (Gailani et al 1996), therefore

suggesting additional gene involvement.

In conclusion, we have demonstrated that BCC may be more genetically unstable than

previously thought. The identification of recurrent regions of imbalance, particularly

6p21-pter and 9p warrants further analysis of these loci. As others have suggested, the

gain of 6p may be related to increased aggressive behaviour of these tumours, a

characteristic we were unable to investigate. Molecular characterization of genes at

these chromosomal regions may help in understanding the underlying molecular

mechanisms of BCC pathogenesis and help delineate the average progression pathway

of BCC development.



CHAPTER 5

Molecular Analysis of

 Solar Keratoses and

Squamous Cell Carcinoma
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5.1 Introduction

Cutaneous SCC are malignant neoplasms originating from epidermal keratinocytes.

They represent approximately 20-25% of NMSC, the remainder comprising of BCC

(Marks et al 1983; 1988b; 1989; 1993; Goodman et al 1984; Giles et al 1988; Green et

al 1988). BCC are locally invasive and destructive but rarely metastasise, however,

SCC are capable of deep invasion with a metastatic potential of approximately 3%

(Friedman 1991; Rowe et al 1992). SCC develop predominately on sun exposed regions

of the skin and their development has been strongly linked to a combination of

cumulative UVR exposure, age and skin type (Marks et al 1983; 1988b; Green and

Battistutta 1990).

Solar keratoses (SK), also known as actinic keratoses, are small, scaly, dysplastic

epidermal lesions of the skin that appear to be biologically benign in nature (Sober and

Burnstein 1995). Their formation is related to the same factors (age, skin reaction and

UVR exposure) as NMSC prevalence (Marks et al 1988b). For this reason they make

excellent biological markers for the prediction of NMSC risk (Marks et al 1983; 1988b;

Green and Battistutta 1990). SK affects more than 50% of Australian Caucasians over

40 years, with the majority having at least one lesion by the age of 70 years (Marks et al

1983, Holman et al 1984; Green et al 1988). In actual fact, greater than 75% of

individuals with SK have been shown to have multiple lesions on their body (Marks et

al 1983; 1988a; 1989; Goodman et al 1984). Of additional interest is the observation

that almost a quarter of developing SK spontaneously regress within 1 year (Marks et al

1986). The cause of regression is currently not fully understood but can be contributed

partly to decreasing sun exposure to the affected areas (Thompson et al 1993).
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It is widely accepted that SK are premalignant precursors to SCC (Marks et al 1988a;

1988b; Sober and Burnstein 1995). Estimates into the development of SK to SCC have

been extremely variable. Clinical and histological studies have associated between 10-

97% of SCC with a contiguous SK, although this data alone does not establish a clonal

relationship (Marks et al 1988a; 1996; Takemiya et al 1990; Dodson et al 1991;

Hurwitz and Monger 1995; Dinehart et al 1997). As the clinical and histological

presentations of SK and SCC are remarkably similar, with no sharp line of demarcation

between the two it has been proposed that the two lesions are fundamentally one and the

same, with SK classified as a superficial SCC (Ackerman 1997; 1999; Guenthner et al

1999; Lober and Lober 2000).

Although clinically benign in nature, several genetic studies have shown recurrent

genetic abnormalities in SK, similar in type and frequency to those shown in SCC.

Mutational analysis of the tumour suppressor gene TP53 identified a high frequency of

UVR-induced mutations in SK (30-60%) and SCC (58-90%) (Brash et al 1991; 1996;

Rady et al 1992; Campbell et al 1993; Ziegler et al 1993; 1994; Nelson et al 1994;

Taguchi et al 1994). Positive p53 staining is observed in both dysplasias, although the

relation between immunostaining and mutation in skin cancer is complex (Campbell et

al 1993; Kubo et al 1994). Inactivation of p53 is therefore believed to be an early event

in tumour progression (Nelson et al 1994; Taguchi et al 1994; Park et al 1996; Rehman

et al 1996). LOH at 17p suggests a further role of TP53 in SK and SCC development.

Other common chromosomal loci (3p, 9p, 9q, 13q and 17q) of genomic loss are

observed in similar frequencies in both SCC and SK (Quinn et al 1994; 1995; Rehman

et al 1994; 1996). Non-random numerical chromosomal changes in SCC have been

cytogenetically detected; in decreasing order of frequency these involved 1, 11, 8, 9, 5, 3

and 7. Recurrent isochromosomes of 1q, 8q, 5p, 1p, 9p and 9q were also detected (Jin et
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al 1999). Interphase FISH analysis of SCC detected frequent deletion of 3p21 in 67% of

cases, while a surprising gain of 17p13 (TP53) was observed in 27% of SCC tumours

(Döbler et al 1999). CGH studies on keratinocyte derived cell lines have demonstrated

copy number gains at 3q, 5p, 7p, 8q, 9q, 11q and 17q and losses at 3p, 4p, 5q, 8p, 9p,

10p and 17p (Boukamp et al 1997; Popp et al 2000; Shimizua et al 2001). These

findings are comparable to other SCC derived tumours including head and neck,

cervical, lung and bladder carcinomas as detailed in Section 1.7.3.11. Classical and

molecular cytogenetic data concerning SK is currently lacking.

This study aims to identify recurrent chromosomal copy number changes present within

these dysplasias and provide further evidence to support or challenge current dogma

concerning the relationship between SK and SCC. In this study, DNA from 12 SK and

15 SCC tumour specimens were analysed by CGH to detect recurrent genetic alterations

common and specific to each type. Additionally these findings were used to establish

whether a clonal and genetic relationship between the two dysplasia types exists.

5.2 Materials and Methods

5.2.1 Tissue Samples

Formalin-fixed, paraffin-embedded tissue sections from 41 SK and 47 SCC cases were

obtained from the Department of Pathology, Gold Coast Hospital. In addition to these

separate tissue samples 18 SCC tumours arising from an adjacent SK lesion were

obtained. All tumours were histologically examined and classified as characteristic sun-

induced lesions. Five tissue sections of normal skin were also obtained for use in

hybridisation efficiency and dynamic range determination.
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5.2.2 Tissue Microdissection, DOP-PCR and DNA Labelling

Experimental procedures were performed essentially as described in Sections 2.6 and

2.7.4 on 10-µm cut sections. Additionally due to the small size of microdissected tissue,

2-3 DOP-PCR replicates of each tissue sample were often pooled before labelling. This

increased the quantity and quality of higher molecular weight DNA required for good

labelling and subsequent hybridisation. After pooling and concentration, tumour DNA

with a maximum size of 600bp or greater was deemed suitable for nick translation as

previously described in Section 2.8.

5.2.3 CGH and Digital Image Analysis

CGH and subsequent analysis was performed essentially as described in Section 2.10

and 2.11. Only metaphases showing a uniform hybridisation with non-granularity were

used in analysis. Data from 5-10 metaphases were used to generate a mean ratio profile

for each chromosome. Gains and losses were scored if the mean and standard deviation

were above 1.15 or below 0.85, respectively. In addition reciprocal labelling of tumour

and normal DNA with Texas Red® and FITC was applied to a subset of tumours to

confirm the presence of CNAs. Analysis was excluded from regions prone to artefactual

hybridisation (1pter, 16p, 19, 22 and Y), in addition heterochromatin, acrocentric p-

arms, centromeres and telomeres were excluded from analysis due to their natural high

polymorphic DNA content.
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5.2.4 Controls and Threshold Determination

Each hybridisation batch included a previously characterised cell line control (MCF-7

or MPE600 verses normal female DNA) and a sex-mismatch control (normal male

verses female DNA) for determination of dynamic range. These controls verified

hybridisation sensitivity and specificity of detection. Results were used only if all

known CNAs in the cell line were detected and the dynamic range in the sex-mismatch

control did not exceed a ratio of 0.65 at the X chromosome. Due to the heterogeneity of

the tissue samples and the varying degrees of normal cell contamination it was deemed

necessary to reduce threshold limits for detection of gains and losses to 1.15 and 0.85,

respectively. These cut-off values were determined by a series of 5 sex-mismatch

controls from normal paraffin embedded skin tissue. No observable deviations were

apparent at threshold limits of 1.1 and 0.9 in non-problematic chromosomal regions.

5.2.5 Statistical Analysis

Statistical analysis was performed essentially as described in Section 2.13. Briefly

differences in the prevalence of the most common CNAs were analysed using Fisher’s

exact test with two-tailed P-values. P-values were considered significant if they were

equal to or less than 0.05. Percentage concordance was calculated for matched SK and

SCC lesions as described in Section 2.13 and by Waldman et al (2000). Finally,

clustering analysis was used to compare patterns of aberrations in SK with those of SCC

and to investigate the relationship between SCC associated with a contiguous SK. The

hierarchical clustering algorithm applied, used the Pearson correlation coefficient as the

measure of similarity in conjunction with complete linkage clustering (Dysvik and

Jonassen 2001).
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5.3 Results

5.3.1 Tissue Sample Preparation

Out of the 106 cases screened for inclusion in this study, repeated microdissection and

DOP-PCR amplification of only 12 SK and 15 SCC (26%) samples yielded DNA of

sufficient quality for CGH analysis. Figure 5.1 demonstrates representative histology

slides of the isolation of SK and SCC tissue via manual microdissection. It was often

necessary in some cases to pool duplicate or triplicate DOP-PCR amplifications and

concentrate the DNA by ethanol precipitation. This strategy enabled an increase in yield

of higher molecular weight DNA in a number of previously unanalysable cases (Figure

5.2). However, as demonstrated in Figure 5.3 the size of DNA amplified by DOP-PCR,

even after concentration of the maximum molecular weight DNA varied considerably

from less than 100 to 1,000bp.

5.3.2 Histopathology of SK and SCC Cases

Histopathological diagnoses and selected clinical data for the 12 SK and 15 SCC

biopsies characterised by CGH are presented in Table 5.1. In the case of 5 subjects, both

a SCC and an associated SK at the same site were available for CGH analysis.
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a)          b)

Figure 5.1: Histological appearance and microdissection from a 10-µm SK a) and SCC

b) tissue section, case numbers SK04 and SCC20 respectively. i) H&E stained section

immediately adjacent to microdissected section. ii) methyl green stained section prior to

microdissection. iii) same section as in ii) after microdissection, the isolated tumour

tissue in the centre is then removed and DNA extracted (original magnification was

×50).

i)

iii)

ii)
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Figure 5.2: Representative ethidium bromide-stained 2% agarose gel demonstrating the

effects of pooling duplicate and triplicate DOP-PCR products from microdissected

tissue DNA. Lanes 1-2, single DOP-PCR amplification; Lanes 3-4, concentrated

duplicates; Lanes 5-6, concentrated triplicates; Lane M, molecular weight marker.

Figure 5.3: Representative ethidium bromide-stained 2% agarose gel showing varied

DOP-PCR amplification of SK and SCC DNA after pooling and concentration of

triplicates.  Lanes 1-8, 9-15, template DNA from microdissected paraffin embedded SK

and SCC tissue demonstrating varied amplicon sizes; Lanes 16-19, template DNA from

50ng normal genomic DNA; Lane 20, no template DNA control; Lane M, molecular

weight marker.
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Table 5.1: Histology and clinical data from SK and SCC cases

Case No. Sex Age Location Clinical
diagnosis

Description

SK01 M 76 Scalp SK Hypertrophic

SK02 M 42 Nose SK Extensive solar damage to skin

SK03 F 79 Unknown SK Bowenoid

SK04 F 81 Forearm SK Bowenoid

SK05 M 43 Hand SK Hyperkeratotic

SK06 M 63 Lip SK Hypertrophic

SK07 M 80 Leg SK Hyperkeratotic

SK08/SCC08m M 64 Neck SK/SCC WD with SK in middle, extends
mid-dermis

SK09/SCC09m M 81 Scalp SK/SCC WD with hyperkeratotic SK,
extends deep dermis

SK10/SCC10m M 68 Scalp SK/SCC WD, extensive SK

SK11/SCC11m M 69 Calf SK/SSC WD, arising in SK

SK12/SCC12m M 75 Forehead SK/SSC WD, arising in Bowenoid SK

SCC13 M 74 Forehead SCC WD, extend sub cutaneous fat

SCC14 M 62 Ear SCC WD

SCC15 M 65 Hand SCC WD, keratinising invasive, no
perineural invasion

SCC16 M 71 Calf SCC WD, infiltrates sub-cutaneous fat

SCC17 M 86 Scalp SCC WD

SCC18 M 70 Scalp SCC WD, multifocal, arising in
association with multifocal SK

SCC19 M 54 Ear SCC MD, invades deeply

SCC20 M 51 Leg SCC WD, extends mid dermis

SCC21 M 52 Face SCC MD-WD infiltrating, extends to
subcutis, no perineural invasion

SCC22 M 54 Scalp SCC WD, invasive, no perineural
invasion
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5.3.3 Overview of CNAs Detected by CGH in SK

In SK dysplasia the average number of aberrations was 6.3; 95% CI = 5.5-7.1 (range 0-

10). On average, 2.8 gains; 95% CI = 1.9-3.7 (range 0-5) and 3.5 losses; 95% CI = 2.7-

4.4 (range 0-6) per dysplasia were observed. Only one SK lesion demonstrated no

detectable CNAs. Frequent gains were observed at chromosomal regions 3q, 4p, and

17q (33% of the cases for each region), 5p, 9q and 17p (25%). The most recurrent losses

in SKs were observed at 9p and 13q in 7 tumours each (58%). Other losses were

detected at 3p, 4q, 11p and 17p in 25% of cases each.

Selected ratio profiles and representative fluorescent images for these CNAs are

demonstrated in Figure 5.4a. A significant association (P = 0.045) was demonstrated

between the occurrences of a 4q loss with a 5p gain, no other significant correlations

could be made. CGH results for all CNAs detected in SK lesions are summarised in

Figure 5.5 and Table 5.2.

5.3.4 Overview of CNAs detected by CGH in SCC

Cutaneous SCCs displayed an average number of aberrations of 8.1; 95% CI = 6.8-9.4

(range 4-13). On average, 4.1 gains; 95% CI = 3.3-4.8 (range 1-7) and 4.1 losses; 95%

CI = 3.1-5.0 (range 1-7) per dysplasia were observed. High frequency gains were

observed at chromosomal regions 3q (47%) and 17q (40%). Other recurrent gains were

demonstrated at 14q, Xq (33%), 4p, 8q (27%), 1q, 5p, 7q, 9q, 10q and 20q (20%). The

most common loss of genetic material in SCC was observed at 9p in 10 tumours (67%).

Less frequent losses were demonstrated at the chromosome arms of 3p (53%), 18q

(47%), 17p (33%), 4q (27%), 5q, 8p, 11p, 13q, and 18p (20%).
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Ratio profiles and representative fluorescent images for selected CNAs in SCC are

demonstrated in Figure 5.4b. Significant correlation between 3p loss and 3q gain (P =

0.041), 1q gain and 8p loss (P = 0.002) 1q gain and 18p loss (P = 0.029) and 8p and 18p

loss (P = 0.029) was observed. CGH results for all CNAs detected in SCC tumours are

summarised in Figure 5.6 and Table 5.3.
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Figure 5.4: Representative examples of chromosomal aberrations detected by CGH in

a) SK and b) SCC lesions. The chromosomal ideograms are shown along with the mean

ratio profiles and the corresponding digitised fluorescent images [number of

chromosomes analysed is n; lower/upper diagnostic thresholds are the ratio values of

0.85 (red line) and 1.15 (green line), respectively]. Loss of chromosomal material are

shown as red bars to the left of the ideogram; gains are depicted as green along the right

side. These examples show chromosomal aberrations common to both SK and SCC

such as gains on 3q and losses on 3p, 9p, and 13q. Also shown is loss of chromosome

18, frequent only in SCC.

a) b)
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Figure 5.5: Summary of genetic imbalances detected by CGH in 12 SK lesions. Losses

are indicated by lines to the left of each chromosome, whereas lines to the right

represent gains. Chromosomal regions 1pter, 16p, 19, 22 and Y were excluded from

analysis due to their unreliability (as denoted by the hatched boxes).
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Table 5.2: Chromosomal alterations detected by CGH in SK

Case

No.a
Regional Gains Regional Losses

SK01 14q11-21 9p, 10q22-qter, 11p

SK02 5p, 9q21-qter, 10q23-qter 3p, 4q, 13q21-qter

SK03 3q, 4p, 15q21-qter, 17, 20q 6q, 9p21-qter, 11p, 13q21-qter, 18p

SK04 4p15-pter, 5p14-pter, 17p, Xp 4q11-q28, 9p, 13q21-qter

SK05 None None

SK06 1q31-qter, 2q, 7, 17q 12p, 13q, 17p, 20

SK07 17 1, 8, 15q

SK08m 3q, 4q, 8q, Xq 8p, 10p, 13q, 17

SK09m 4p, 9q22-qter, 15q 9p, 13q, 14q11-q23, Xq

SK10m 5p 4q, 9p

SK11m 3q, 9q22-qter, 14q11-23,

Xpter-q21

3p21-pter, 5q23-qter, 9p, 13q, 17p,

Xq22-qter

SK12m 3q21-qter, 4p15-pter, 17q22-qter,

20

3p, 9p, 11p12-14, 11q22-qter, 18

aThe letter m denotes that a SK/SCC pair was available from the same patient
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Figure 5.6: Summary of genetic imbalances detected by CGH in 15 SCC tumours.

Losses are indicated by lines to the left of each chromosome, whereas lines to the right

represent gains. Chromosomal regions 1pter, 16p, 19, 22 and Y were excluded from

analysis due to their unreliability (as denoted by the hatched boxes).
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Table 5.3: Chromosomal alterations detected by CGH in SCC

Case
No.a

Regional Gains Regional Losses

SCC08m 5q, 9p, Xq 15q22-qter, 17p

SCC09m 3q21-qter, 10q22-qter, 11q,
14q24-qter

9p21-qter, 10p, 17p, 18q, X

SCC10m 3q, 7q11-q22, 11q, 16q, 17q 3p14-pter, 4q26-pter, 5q, 9, 11p14-pter,
18, 21q

SCC11m 3q, 4p, 5p, 9q22-qter, 14q24 3p, 5q, 9p21-pter

SCC12m 3q21-qter, 4p15-pter 17, 20q 3p, 9p, 11p12-14, 11q22-qter, 18, X

SCC13 2p16-pter, 4p15-pter, 8q23-qter,
14q23-qter, 17, 20q

4q, 6q11-q22, 9p, 18q

SCC14 1q, 3q, 6p, 8q22-qter, 10q, 14q,
Xq

3p, 8p, 9, 11q22-qter, 17, 18

SCC15 8q 3p13-qter, 4q27-qter, 5q22-qter,
6p21-pter, 10q23-qter, 15q, 18q

SCC16 10q23-qter, 16, 17q22-qter, 20q 3p, 9p21-qter

SCC17 9q31-qter, 17q, Xq 9p, 11p14-pter, 13q

SCC18 4q, 6q, 8q, 14q, Xq 10q23-qter, 13q

SCC19 1q, 3q, 9q31-qter, 17q 3p, 8p, 9p, 18q

SCC20 1q, 3q21-qter, 4q, 11p, X 3p22-qter, 8p, 12, 13q21-qter, 17, 20

SCC21 5p, 7 4q, 9p, 16q

SCC22 4q, 5p, 7 17p

aThe letter m denotes that a SK/SCC pair was available from the same patient
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5.3.5 General Comparison Between SK and SCC lesions

The total number of numerical chromosomal aberrations detected in SCC (mean = 8.1;

95% CI = 2.7-4.4) was significantly (P = 0.026) higher than those observed in SK

(mean = 6.3; 95% CI = 5.5-7.1). Comparisons of the frequency of CNAs in both SK and

SCC are summarised in Figures 5.7 and 5.8. Figure 5.9a demonstrates the total number

of CNAs in both SK and SCC, this clearly reveals the increase in genetic imbalances

between SK and SCC. In addition trends concerning the total number of CNAs and the

prevalence of 3p loss, 3q gain and 18q loss can clearly be seen in Figure 5.9b and c.

Comparison of SK and SCC revealed a similar pattern of chromosomal imbalances

except at 18q in SCC tumours (Table 5.4). Loss of 18q was significantly (P = 0.043)

more common in SCC than SK.

Hierarchical clustering of SK and SCC based on their chromosomal copy number

imbalances grouped the lesions into 4 distinct clusters (A-D) in Figure 5.10. As

observed SK and SCC cases are dispersed almost evenly throughout each group in the

dendrogram. Matched pairs of SK and SCC samples for cases 8, 11 and 12 also

clustered into the same group as their respective partner, cases 9 and 10 failed to pair

correctly (Figure 5.12).

To further test the hypothesis that both SK and SCC are the same dysplasia, associations

between CNAs were investigated in the entire sample population (i.e. SK and SCC

treated as a single group). As demonstrated in Table 5.6 numerous statistically

significant correlations between the common CNAs exist. Thus, many of these recurrent

abnormalities seem to occur together in the same dysplasia.
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Figure 5.7: Summary of genetic imbalances detected by CGH in 12 SK (discontinuous

lines) and 15 SCC (continuous lines). Losses are indicated by vertical lines to the left of

each chromosome, whereas vertical lines to the right represent gains of genetic material.

Chromosomal regions 1pter, 16p, 19, 22 and Y were excluded from analysis due to their

unreliability (as denoted by the hatched boxes).



246

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

Chromosome

Lo
ss

   
   

   
   

   
   

   
   

   
   

   
  G

ai
n

1     2      3     4    5     6     7     8     9   10   11   12   13   14   15   16   17   18   19   20   21   22   X

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

Chromosome

Lo
ss

   
   

   
   

   
   

   
   

   
   

   
  G

ai
n

1     2     3     4     5     6     7     8     9   10   11   12   13   14   15   16   17  18   19   20   21   22   X

Figure 5.8: Frequency of all CGH results obtained from SK (top) and SCC (bottom)

biopsies. x axis, chromosomes 1-22, X; y axis, number of cases. Ascending green bars

represent gains on the short arms (light bars) or long arms (dark bars), whereas

descending red bars represent losses on the short arms (light bars) or long arms (dark

bars) of the respective chromosomes.

SK lesions (n = 12)

SCC tumours (n = 15)
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a)

b)

c)

Figure 5.9: Accumulation of genetic alterations in SK and SCC cases. a) Number of

CGH alterations detected in an individual lesion are shown in the respective group,

mean ± SEM are displayed as bars *, significant difference compared with values for

SK (P<0.05). Distribution of recurrent CNAs in, b) SK and c) SCC. ●, carries the

specified CNA; ○, does not carry the specified CNA.
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Table 5.4: Comparison of the frequency of the most common chromosomal changes in

SK and SCC. NS, not significant.

Chromosomal

change

SK SCC Significance of

the difference

+1q 8% 20% P = 0.605, NS

-3p 25% 53% P = 0.239, NS

+3q 33% 47% P = 0.696, NS

+4p 33% 27% P = 1.000, NS

-4q 25% 27% P = 1.000, NS

+5p 25% 20% P = 1.000, NS

-5q 8% 20% P = 0.605, NS

+7q 8% 20% P = 0.605, NS

-8p 17% 20% P = 1.000, NS

+8q 8% 27% P = 0.342, NS

-9p 58% 67% P = 0.706, NS

+9q 25% 20% P = 1.000, NS

+10q 8% 20% P = 0.605, NS

-11p 25% 20% P = 1.000, NS

-13q 58% 20% P = 0.057, NS

+14q 17% 33% P = 0.408, NS

-17p 25% 33% P = 0.696, NS

+17p 25% 13% P = 0.628, NS

+17q 33% 40% P = 1.000, NS

-18p 17% 20% P = 1.000, NS

-18q 8% 47% P = 0.043

+20q 17% 20% P = 1.000, NS

+Xq 8% 33% P = 0.182, NS
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Table 5.5: Significant correlations between the CNAs found in grouped SK/SCC by

CGH analysis

Aberration 1 Aberration 2 Significance of the

difference

+1q -8p P = 0.013

+1q -18q P = 0.049

-3p +3q P = 0.041

-3p -5q P = 0.019

+4p +17p P = 0.017

-4q +5p P = 0.024

-8p -18p P = 0.029

-17p -18p P = 0.019

-17p +Xq P = 0.040

-18p -18q P = 0.017

Figure 5.10: Dendrogram displaying clustering (using Pearson’s correlation with

complete clustering) of CGH data from all SK and SCC cases analysed. Note the

arrangement of 4 distinct groups (denoted A-D) within the dendrogram.

C
A

B D
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5.3.5 Comparison Between Matched SK and SCC

As previously mentioned, in 5 of the subjects an adjacent SK was associated with the

SCC tumour. Common and specific chromosomal aberrations detected by CGH for each

matched dysplasia are detailed in Table 5.6. The mean percent concordance for the

matched samples was 46% (range, 25-80%; 95% CI = 25%-66%). Therefore, all

matched cases demonstrated some degree of similarity between the SK and SCC. Figure

5.11 demonstrates the histological association of a SCC arising in a SK for case 11.

Regions of microdissection and selected CGH ratio profiles are also presented.

The clustering of each matched tumour pair demonstrated essentially the same grouping

of matched SK and SCC as previously shown in Figure 5.10. Cases 8, 11 and 12 formed

pairs with their relevant partners. Although both matched SK and SCC for case 10

clustered  together in the same group for the previous dendrogram (Figure 5.10), they

did not pair as observed in cases 8, 11 and 12. This becomes more obvious when the

number of samples is reduced for clustering and non-pairing becomes more apparent

(Figure 5.12). This observation is due to how the clustering algorithm handles the

reduced sample number. As in Figure 5.10 matched SK and SCC for case 9 failed to

group together with their respective pair.
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Table 5.6: Chromosomal alterations detected by CGH in matched SCC and SK

Case
No.

%
Concordance

CNAs
common to
SK and SCC

CNAs
present
only in SK

CNAs
present
only in SCC

No. alterations
in common

8 29% +Xq, -17p +3q, +4q,
+8q, -8p,
-10p, -13q,
-17q

+5q, +9p,
-15q22-qter

2

9 27% -9p21-pter, -Xq +4p,
+9q22-qter,
+15q, -13q,
-14q11-q23

+3q21-qter,
+10q22-qter,
+14q24-qter,
+11q, -10p,
-17p, -18q, -Xp

2

10 25% -4q26-qter, -9p +5p, -4q +3q, +7q11-q22,
+11q, +16q,
+17q,
-3p14-pter, -5q,
-9q, -11p14-pter,
-18, -21q

2

11 67% +3q, +9q22-qter,
+14q,
-3p21-pter,
-9p21-pter,
-5q23-qter

+Xpter-q21,
-13q, -17p,
-Xq22-qter

+4p, +5p 6

12 80% +3q21-qter,
+4p15-pter,
+17q22-qter,
-3p, -9p,
-11p12-14,
-11q22-qter, -18

+20p +17p, -X 8

+ = gain on chromosomal arm; - = loss on chromosomal arm
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Figure 5.11: Histological presentation of case 11, demonstrating an SCC with an

adjacent SK lesion. Boxed regions dictate the areas of microdissection, selected ratio

profiles from CGH analysis of these regions are also exhibited (H&E, original

magnification ×40). Selected ratio profiles for shared (+3q, +9q, +14q24, -3p21-pter, -

5q23-qter and –9p) and distinct copy number changes (SK: +Xp, -Xq22-qter; SCC:

+5p) are also demonstrated.

SK SCC
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Figure 5.12: Dendrogram displaying clustering (using Pearson’s correlation with

complete clustering) of CGH data from the 5 matched SK and SCC cases analysed.

Note the paired arrangement of matched SK and SCC in cases 8, 11 and 12. Cases 9 and

10 failed to group with their respective partner.
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5.4 Discussion

5.4.1 Sample Collection

From the initial sample population of 106 specimens to be studied by CGH only 25%

yielded suitable DNA for analysis. A number of investigations have demonstrated the

fragmentation of DNA during the fixation process before paraffin embedding. DNA

isolated from routinely processed, formalin-fixed paraffin embedded tissue is often

degraded with the bulk of DNA showing a fragment size of only 400-750bp (Speicher et

al 1993; Greer et al 1991; Wiltshire et al 1995). Although DNA suitable for general

PCR can be obtained from most paraffin embedded tissue, the targets for this type of

analysis is often only a few hundred base pairs in size. CGH however requires an

excessive yield of higher molecular weight DNA for good quality hybridisation

(Kallionemi et al 1992; 1994b). The age of the tissue block in storage is also an

important factor in DNA yield (Greer et al 1994). The skin tissue samples used dated

between 1-5 years after excision and embedding.

The size of the microdissected region is obviously also a significant factor in the success

of obtaining high molecular weight DNA. The greater the number of cells removed the

larger the quantity and hopefully quality of DNA extracted. Unfortunately many of

these lesions, especially SKs are histologically minute in size. Well-differentiated SCCs

were also small in size, as with most tumours, SCC of greater size are often less

differentiated due to aberrant cell function brought on by the multiple genetic alterations

they contain (Iwabuchi et al 1995). As the aim of this study was to investigate early

genetic changes in SCC and whether they have an association with aberrations observed

in SK, moderately and poorly differentiated SCCs were not desirable.
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5.4.2 Recurrent CNAs Identified by CGH in SK and SCC

Whole genome analysis of SK and cutaneous SCC by CGH identified many recurrent

CNAs acquired during carcinogenesis. The number of genetic imbalances in each

dysplasia type was significantly different supporting the role of SK as an earlier

“precursor” to SCC. Comparison of SK and SCC revealed a similar pattern of

chromosomal aberrations except for loss of the chromosome 18q arm. This aberration

was more common in SCC than SK, and may be an important event in tumour

progression and invasion of atypical squamous cells into the dermal layer.

Regions of recurrent regional gain shared by both lesions in decreasing order of

recurrence were located at 3q, 17q, 4p, 14q, Xq, 5p, 9q, 8q, 17p and 20q. Common

regional losses were observed at 9p, 3p, 13q, 17p, 11p, 8q and 18p. Many of these

genetic imbalances coincide with previously reported karyotypic findings and CGH

results of keratinocyte derived cell lines (Boukamp et al 1997; Jin et al 1999; Popp et al

2000; Shimizua et al 2001). Previous LOH studies have shown similar degrees of

genetic alterations present in SK and SCC dysplasia, as found in our own observations.

These investigations also revealed the regions of high frequency genomic loss (3p, 9p,

9q, 13q, 17p and 17q) were common in both types of skin lesions (Quinn et al 1994;

1995; Rehman et al 1994; 1996). The observation of common recurrent CNAs by these

numerous molecular methods in SK and SCC investigation further validates the

importance of these genetic changes in skin tumourigenesis. Comparison of these

observations with genetic data from CGH analysis of other tumour types identified

extreme similarities with those of SCC origin. These included head and neck,

oesophageal, bladder cervical and squamous cell of the lung carcinomas (Zitezelberger

et al 1997, Knuutila et al 1998, Allen et al 2000).
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5.4.3 Genetic Relationship Between SK and SCC

The relationship between SK and SCC has become a recent topic of discussion in the

field of dermopathology (Cockerell 2000; Lober and Lober 2000). Although SK are

widely recognised as precursor lesions to SCC development, there still exists a large

degree of controversy over the extent of this progression. It has recently been proposed

that a reclassification of SK is required. This is based upon the histological observation

of a high correlation of a concomitant SK (referred to as SCC in situ) with cutaneous

SCC tumours (Marks et al 1988a; Horowitz and Monger 1995; Mittelbronn et al 1998;

Takemiya et al 1990; Guenthner et al 1999; Lober and Lober 2000). Such observations

suggest that all SCC evolve from SK lesions, and cases where a contiguous SK is not

present merely suggest that the carcinoma has engulfed the preinvasive lesion (Lober

and Lober 2000; Scurry 2001). Further expansion of this conjecture suggests that SK

and SCC are in fact one and the same (Ackerman 1997; 1999). SK is merely the earliest

visible presentation of an SCC. These observations have led to a proposition for the

reclassification of SK as a SCC in situ, superficial SCC or keratinocyte intraepithelial

neoplasia (Guenthner et al 1999; Cockerell 2000; Lober and Lober 2000).

The present study and others support the hypothesis of a clonal relationship between the

two lesions. As previously discussed, shared regions of genetic loss has been observed

in both SK and SCC (Quinn et al 1994; 1995; Rehman et al 1994; 1996). In addition

CGH analysis in this investigation has identified common recurrent aberrations in both

lesion types. The frequency of each genetic imbalance in each dysplasia type identified

significant differences at only one locus, loss of the 18q arm in SCC. However, the

frequency of total CNAs was significantly lower in SK than SCC. The histological

diagnosis of SK is based mainly on the architecture of the dysplastic cells not reaching

dermal invasion. Therefore cell masses are small and may purely represent the greater

heterogeneity of these cell populations compared to SCC. CNAs identified by CGH
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represent a global view of predominant genetic imbalances found in the cell population.

Therefore CNAs can be masked by the presence of different clonal populations.

Expansion of the tumour cell population would enrich for those cells with a higher

mitotic index, generally those that are more genetically unstable, thus promoting the

growth of specific cell populations, reducing heterogeneity and masking of CNAs

(Kallionemi et al 1994b). Genetic analysis of several cases where a contiguous SK was

associated with a SCC further validates the clonal relationship between SK and SCC.

Hierarchical clustering is a common method used to classify and identify associations

between identical and similar and identical tumours types using microarray data (Bittner

et al 2000; West et al 2001). Several studies using this approach from CGH data have

also been documented (Desper et al 1999; 2000; Waldman et al 2000). Clustering of

aberrations between SK and SCC demonstrates a dispersion of SK samples amongst the

SCC population. If SK were a dysplasia distinct from SCC most would cluster into a

separate subset. This data therefore provides further evidence to support a clonal

relationship of SK with SCC. Additionally many samples containing a SCC and

associated SK (cases 8-12) paired with their respective match within each cluster subset

within the dendrogram. This observation suggests a clonal relationship between the two

lesions as all paired samples showed some degree of concordance. Results from cases

where the paired SK and SCC did not cluster may be explained by the heterogeneous

nature of this tissue, possibly where the SCC is derived from a small sub-population of

cells within the SK. A disadvantage of the CGH technique is its inability to provided

copy number information on a cellular level unlike FISH. Subsequently the global

CNAs detected are those that are most prominent in the cell population, aberrations in

smaller sub-populations, are unfortunately masked.
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5.4.4 Putative Candidate Genes

Many of the chromosomal regions observed to undergo copy number changes in SCC

and SK contain numerous known and putative oncogenes and tumour suppressor genes.

To discuss each region of aberration with respect to candidate gene/s involvement

would be premature without further higher resolution analysis. It is however, rational to

discuss those CNAs that provide links to genetic alterations currently hypothesised in

SK and SCC development. In addition, genes that are known to have roles in

development of other SCC derived tumours will be discussed where applicable to skin

neoplasia. Finally, it is highly probable that chromosomal regions to be discussed

contain other currently unidentified cancer related genes with involvement in skin

cancer development and progression.

5.4.4.1 Regional Loss at 3p

Allelic loss of 3p in cutaneous and other SCC has been found previously through LOH

analysis (Quinn et al 1994; 1995; Emilion et al 1996; Mao et al 1996). Previous

indication of 3p involvement has led to higher resolution deletion mapping of this arm

in NMSC.  Sikkink et al (1997) identified two commonly deleted loci on this arm,

3p24-pter and 3p12-p14.1. The Fragile Histidine Triad (FHIT) gene located at 3p14.2 is

a possible candidate, this gene having putative roles in DNA replication and cellular

response to metabolic stress (Sozzi et al 1996). Deletions and abnormalities of the FHIT

transcript in a large proportion of head and neck SCC and lung carcinomas makes this

gene a prime candidate (Sozzi et al 1996). However, observations of the loss of FHIT in

NMSC were an infrequent occurrence (Sikkink et al 1997), thus suggesting the role of

one or more currently unidentified tumour suppressor genes.
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5.4.4.2 Regional Gain at 3q

The recurrent gain at 3q is a common observation in a number of tumour types

(Knuutila et al 1998; Zitzelsberger et al 1997; Allen et al 2000). Many known and

putative oncogenes are located within this region and have been implicated in numerous

neoplasms. Speculation into the putative involvement of each gene in skin cancer

development is premature, without further delineation of 3q. However, of interest is the

localisation of the human telomerase RNA gene to 3q26.3 (Soder et al 1997). Briefly

aberrant telomerase activity has been linked to cellular immortality and tumour

progression in a wide array of tumour types, many of which often demonstrate

overexpression of the 3q arm  (Kim et al 1994; Zitzelsberger et al 1997). As discussed

in Section 1.8.10 there is a putative role for this enzyme’s contribution in NMSC

tumourigenesis (Taylor et al 1996; Ueda et al 1997; Parris et al 1999; Ueda 2000).

Interestingly the loss of 3p and gain of 3q was a significant occurrence in SCC. The loss

of one arm and the gain of the respective one is often associated with the formation of

an isochromosome (Barch et al 1997). Cytogenetic analysis of cutaneous SCC by Jin et

al (1999) demonstrated frequent isochromosome formation in SCC.

5.4.4.3 Regional Loss at 9p

Deletion of chromosomal region 9p through LOH and FISH studies validates this

frequent genetic event in SK and SCC development (Quinn et al 1994; 1995; Rehman et

al 1996; Döbler et al 1999). A comparative study of SK and SCC by LOH demonstrated

a decreased frequency of loss (although statistically non-significant) at 9p21 in SK

compared to SCC. This observation suggests a possible mechanism of progression from

SK to SCC via loss of genes in this locus (Mortier et al 2002). This loss is also the most

commonly reported defect in head and neck SCC (Miracca et al 1999). Several tumour

suppressor genes including CDKN2A, located at 9p21-p22 map to this chromosomal
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arm. This gene encodes 2 structurally unrelated proteins, the first known as p16INK4A, a

cyclin dependant kinase inhibitor. The major role of p16INK4A is to halt the progression

of the cell growth cycle at G1 by regulation of pRb (protein product of the RB1 gene)

(Serrano et al 1993). Mutation of p16INK4A/CDKN2A therefore leads to the loss of pRb

function and inappropriate cell cycling. The second protein is known as p14ARF, a

mediator of p53 activity (Zhang et al 1998). The inactivation of p16INK4A or p14ARF

function therefore results in the loss of cell cycle control via pRb and p53 respectively,

leading to unregulated cell growth (Zhang et al 1998). Mutations in p16INK4A/CDKN2A

have been observed in a number of NMSC cases (Kubo et al 1997; Chang et al 1997;

Soufir et al 1999). Additionally loss and mutation of p16INK4A/CDKN2A is an important

event in the development of a subset of malignant melanomas (Dracopoli and Fountain

1996).

5.4.4.4 Regional Loss at 13q

Chromosomal loss at 13q has also been delineated by Sikkink et al (1997), centred

around 13q13 in their population. A possible candidate includes the RB1 tumour

suppressor gene, which is located just outside this region at 13q14 (Francke 1976;

Duncan et al 1987). Although this gene is most commonly associated with

retinoblastoma formation, its contribution to tumour progression in oral and laryngeal

SCC has been implicated (Pande et al 1998; El-Naggar et al 1999). Under normal

conditions pRb functions as a cell cycle regulator, control of which is governed through

phosphorylation of the protein via a cascade of cyclins and cyclin dependant kinases.

These in turn are regulated by cyclin dependant kinase inhibitors, of which p16INK4A is a

member (Serrano et al 1993). As discussed above, the deletion of the p16INK4A locus

(9p21-22) is also a frequent event in SCC tumourigenesis. However a number of studies

involving pRb expression and LOH have demonstrated a limited or negligible role in



261

SK and SCC development (Bito et al 1995; O’Connor et al 2001), thus suggesting the

role of another tumour suppressor gene mapping close to RB1 with a function in SCC

development.

5.4.4.5 Regional Loss at 17p

Loss of the TP53 tumour suppressor gene, located at 17p13, explains most of the 17p

losses. Loss and mutations of this gene are frequently observed in both SK and SCC

lesions (Quinn et al 1994; Rehman et al 1996; Brash et al 1991; 1996; Ziegler 1993;

1994). The lower frequency of 17p loss in SK by CGH compared to LOH studies is

probably due to the inactivation of both TP53 alleles by UVR-induced mutations, a

common occurrence in SK (Ziegler et al 1994; Taguchi et al 1994). Interestingly, gain

of 17p was also observed in this study and by others, the significance of which is poorly

understood at present (Döbler et al 1999).

 5.4.4.6 Regional Loss at 18q

The regional loss of 18q in oesophageal SCC has been associated with increased

biological aggressiveness (Kelker et al 1996; Frank et al 1997). This has been further

supported by Vogelstein et al (1988), who observed of a high frequency of 18q loss in

colorectal carcinomas and advanced adenomas compared to earlier-stage adenomas.

This pattern of aberration is significantly observed in investigated SK (8%) and SCC

(47%) tumours in the present study. Several known tumour suppressor genes are located

on 18q, these include DCC, DPC4 and MADR2 (Fearon et al 1990; Hahn et al 1996).

Involvement of DCC is believed to be selective for gastrointestinal cancers, although a

role in pancreatic adenocarcinoma is supported (Hohne et al 1992).
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Deletion and mutational studies of these genes demonstrated an infrequent involvement

in head and neck tumourigenesis (Kim et al 1996; Maesawa et al 1996;

Papadimitrakopoulou et al 1998). Recent high resolution LOH analysis of 18q in head

and neck SCC has identified 3 regions of involvement outside of these genes, further

suggesting the presence of 1 or more additional tumour suppressor genes at 18q

(Takebayashi et al 2000). The involvement of these genes in NMSC progression is at

present undefined, however, due to the similarity of mutations in cutaneous SCC with

head and neck SCC it is expected that the genes of contribution will most likely not

entail DCC, DPC4 or MADR2.

5.4.5 Summary and Conclusion

In conclusion we have identified common chromosomal imbalances shared by SK and

SCC dysplasia. These aberrations are in line with current knowledge of genetic events

involved in NMSC development. Additionally, the genetic changes observed overlap

those identified in other SCC derived tumours. This suggests possible common

mechanisms for tumourigenesis of this cellular sub-type. Comparison of aberrations

found in SK and SCC demonstrate common genetic changes, only the loss of 18q was

statistically different in SCC. This may be a defining event in SCC progression into the

dermal layers of the skin. This genetic change has been associated with more aggressive

nature in other SCC derived tumours. This could also explain the clinical benign nature

of many SK, as all but 1 lesion demonstrated retention of both copies of chromosome

18. Finally these findings also provide further evidence to support a clonal relationship

between SK and SCC dysplasia.



CHAPTER 6

Summary and Discussion
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6.1 Introduction

A little over ten years ago, before the advent of CGH, classical cytogenetic techniques

were used to screen for chromosomal aberrations in cancer research. Although widely

applicable and informative in studying haematological malignancies, there are clear

limitations to this approach when applied to solid tumours, including NMSC. Cells of

this nature do not grow well in culture and have a low mitotic index. Consequently the

yield of metaphase spreads is low and their quality poor, making karyotypic

interpretation/determination extremely difficult. For whole genome screening, DNA-

based methods are limited due to their high specificity. DNA probes and PCR primers

necessary for this approach investigate only small regions of the genome, thus making

whole genome screening laboratory intensive, expensive and time-consuming. With

these difficulties and limitations in mind the development of CGH was a much needed

solution, overcoming many of the previous problems associated with solid tumour

research. As a consequence, the knowledge of chromosomal aberrations in solid

tumours has expanded rapidly in the past decade (see Forozan et al 1997; Zitzelsberger

et al 1997; Knuutila et al 1998 for reviews). CGH also provided the first step towards

macro- and microarray technologies.

Although CGH has proven its power in cancer research it does have its own limitations.

This technique is able to characterise chromosomal abnormalities where there is a net

loss (deletion) or gain (duplication, insertion or amplification) of genetic material.

However, CGH cannot be used to characterise aberrations where there is no overall gain

or loss of DNA. Therefore, balanced chromosomal rearrangements including

translocations and inversions cannot be detected. In addition small genomic gains and

deletions (<2-5Mbp) are beyond the resolution of this technique.
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CGH only provides a relative estimate of copy number in large amplifications and is

unable to distinguish between ploidy changes within tumour cells, due to the

normalisation procedure. Finally, unlike cytogenetics and FISH which look at

aberrations on a cellular level, CGH provides an overview of the most prominent

genetic CNAs present in the tumour cell population, i.e. those most likely to be clonally

derived and therefore important (Kallionemi et al 1994b).

For the evaluation of genetic changes throughout the entire genome, FISH and LOH are

too specific, classical cytogenetic procedures are laborious, with difficulties in

interpretation and DNA cytometry too crude. The power of CGH lies in the ability of

this approach to screen the entire genome of a tumour sample for regional and

chromosomal changes in copy number in a single experiment.

CGH is useful for the characterisation of hotspots for unbalanced rearrangements. The

analysis of identical tumour types tend to reveal consistent, non-random genetic

rearrangements which may be specific or common to different tumour types. It has also

been possible to identify putative cancer genes (e.g. NABC1 and AR) involved in CNAs

through the initial detection of novel amplifications by CGH analysis (Visakorpi et al

1995; Collins et al 1998). In conjunction with other molecular methods, CGH provides

a first line screen or validation of loss of gene material enabling gene identification, for

example 19p loss was detected in intestinal polyps in Peutz-Jegher syndrome

(Hemminki et al 1997). Characterisation of stepwise gene alterations involved in

tumour progression is possible. Changes not found in primary tumours but present in

metastatic lesions may identify genes important in metastatic progression. CGH is also

being used as a diagnostic tool in solid tumours, leukaemias and lymphomas with low

mitotic indexes. Prognosis and survival rates of node negative breast cancer and renal
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carcinoma demonstrate a high level of gene alterations correlating with biological

aggressiveness. For example 91% of sporadic breast carcinomas display gains at 1q and

8q and frequent loss of 13q. The presence of gains of 1q and 8q has demonstrated an

association with increased tumour progression (Tirkkonen et al 1998). Finally, clinical

cytogenetics has utilised CGH in the identification of complex karyotypes and for the

identification of marker chromosomes (Lapierre et al 1998; Pinkel et al 1998; Carpenter

2001; Kirchhoff et al 2001).

As previously mentioned, the detection resolution of CGH has been determined to be

within 2-5 Mbp. Fortunately changes of this magnitude are common occurrences in

solid tumours (Kallionemi et al 1994b; Bentz et al 1998). Chromosomal aberrations are

mapped to normal metaphase chromosomes providing easy karyotypic determination, a

major drawback with preceding cytogenetic techniques (James and Varley 1996a;

1996b). A major advantage of CGH is that because cell culturing of tumour cells is

avoided, archival material including frozen or paraffin embedded tissue can be

investigated. With the incorporation of tissue microdissection specific regions of tissue

can be isolated and analysed separately. This reduces the heterogeneity of the tumour

providing a more accurate determination of chromosomal aberrations in histologically

distinct regions. With the incorporation of universal DNA amplification techniques such

as DOP-PCR, the investigation of aberrations by CGH in small cell populations is

feasible (Speicher et al 1993; Wiltshire et al 1995; Kuukasjärvi et al 1997a; 1997b).
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6.2 CGH Optimisation and Validation

As demonstrated in this present study and by others, CGH is a reliable technique for

detecting DNA sequence copy number changes in a single experiment (Kallionemi et al

1994b, Zitzelsberger et al 1997; Knuutila et al 1997).

Controls

Control experiments were established using MCF7, MPE600, A431 and normal male as

test DNA versus normal female DNA as the reference. The purpose of these

experiments was to assess the reproducibility of CGH, determine minimum fixed

threshold values and dynamic range. As demonstrated we were able to reproduce the

findings of other researchers accurately using CGH on cell line DNA. The techniques

established were highly reproducible with good dynamic range and uniformity in sex-

mismatched controls.

The use of these controls also helped identify regions that were problematic in CGH

analysis. These included polymorphic chromosomal regions such as acrocentric p-arms,

centromeres and heterochromatin. These loci are blocked in varying degrees by excess

Cot-1 DNA and thus are unreliable. Other chromosomal regions (1pter, 16p, 19, 22 and

Y) show consistent abnormal ratios in normal controls, thought to be due to their rich

GC-content. Finally, the hybridisation signal fades towards the telomeric ends of

chromosomes. Thus, interpretation of all these regions must be performed with extreme

caution or discarded from analysis (Kallionemi et al 1994b).
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Optimisation

All controls were conducted using genomic and DOP-PCR generated DNA for direct

comparison. Several improvements have been made since Speicher et al first proposed

this approach in 1993. After trialing several DOP-PCR protocols the incorporation of

ThermoSequenase provided the largest molecular weight DNA with the greatest yield,

whilst reducing the possibility of contamination from foreign DNA. We were also able

to remove the artefactual band, which may have adverse effects on CGH data by

introducing bias during amplification. In all counts CGH analysis of DOP-PCRed DNA

yielded the same CNAs as identified using genomic DNA for each cell line investigated.

Furthermore sex-mismatched controls showed uniform hybridisation of all

chromosomes with the additional identification of the X whose mean ratio was found to

be between 0.60-0.65 as previously discussed in Section 3.4.3. Finally we were able to

extract sufficient DNA from a small single 5-µm paraffin embedded tissue section for

DOP-PCR amplification. The amplicons were sufficient for high quality CGH analysis

with results in good concordance with those obtained from high molecular weight

DNAs.

Tissue

A major disadvantage of using paraffin embedded tissue is the severe reduction in DNA

quality through high degradation by the fixative agent. PCR of fragments approximately

600-1,000bp in size are possible from formalin-fixed tissue, but this is extremely

dependent on fixation time (Greer et al 1994). Most clinical laboratories routinely fix

tissue for 24 hours or less, which is often applicable for PCR analysis. However, tissue

excised away from the laboratory is often shipped in buffered formalin for embedding

and analysis, thus severely degrading the DNA further. This is a common practice for
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the treatment of NMSC, which are often treated by a general practitioner. In addition,

DNA from unfixed tissue is more easily denatured and therefore more accessible to

enzyme activity. Fixatives cause cross-linking of the DNA making it harder to denature,

an important consideration during PCR. Finally the age of the tissue specimen is

extremely important. Several studies have demonstrated a marked decrease in efficiency

and yield of large DNA fragments with increasing age (Greer et al 1991; 1994).

Thresholds

The choice of minimum cut-off levels is important for sensitivity and accuracy of CGH.

Narrow thresholds (0.90-1.10) can be prone to inaccuracies when dealing with less than

optimal CGH conditions. The resulting data is often granular with poor homogeneity,

leading to the observation of characteristic false positives. For this reason stringent

control experiments must be performed with every experimental batch to ensure

optimisation of the CGH procedure when utilising these lower threshold limits.

However, the use of wider thresholds (0.75-1.25) can severely compromise the

sensitivity of CGH. These wider thresholds are often insufficient to detect deletions and

low-copy number gains in cases where a chromosomal imbalance is present in only a

proportion of cells within the test DNA. This is a common occurrence in solid tumours,

which are often heterogeneous, or those that contain contaminating non-neoplastic cells

from normal surrounding tissue (Kallionemi et al 1994b; du Manor et al 1995a; 1995b;

Karhu et al 1997).

As previously mentioned tumour DNA extracted from tissue may contain a significant

proportion of contaminating ‘non-neoplastic’ cells. It is important to know the effect of

this on CGH sensitivity. As expected the presence of non-tumour cells dilutes the ability
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to observe copy-number changes. However, it has been shown that CGH will ‘tolerate’

a dilution of 30-50% of tumour DNA with normal and still enable the detection of copy

number changes. In order to do this however, the threshold values for detection must be

decreased significantly to ≤1.15 and ≥0.85. By microdissecting histologically

representative regions of the tissue the purity of tumour DNA can be increased resulting

in more noticeable changes.

Advancements

A recent improvement in the detection of CNAs is the assembly of genomic DNA

arrays for CGH (array CGH) (Pollack et al 1999; Bruder et al 2001; Collins et al 2001;

Snijders et al 2001). The approach pursued by Snijders et al (2001) was the construction

of a 2,400 element human genomic DNA array, with an approximate resolution of

1.4Mb across the genome. Although array CGH is still in its infancy, preliminary data

suggests a vast improvement over the standard CGH technique. This is obviously due to

the higher resolution afforded by this approach. Using this method CNAs of specific

genes are identified rather than mapping to chromosomal regions. This approach also

removes the reliance on metaphase spreads, which can be extremely variable and

uncooperative as previously discussed.
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6.3 Chromosomal Gains and Losses in BCC

The incorporation of microdissection, DOP-PCR and CGH as an approach to study

genetic changes in BCC demonstrated recurrent changes in a small number of

chromosomes. Loss encompassing 9q22.3, a previously defined region of aberration in

BCC was detected in 33% of biopsies studied. A similar frequency of loss has been

observed at this locus by several other independent investigations (Quinn et al 1994;

Shen et al 1999). Deletion and mutation of the PTCH tumour suppressor gene at this

locus has been indicated as an important event in the development of many familial and

sporadic BCC. The protein product of this gene is a regulator of the hedgehog pathway,

an important developmental pathway in Drosophila. Little is currently known about this

pathway in higher organisms and its exact role in BCC development. However

transgenic and knockout mouse studies and mutational analysis of other members of this

pathway have demonstrated further links to BCC tumourigenesis as described in Section

1.8.7.

Confirmation of 9q22 loss was performed using microsatellite markers mapping to this

region. LOH was discovered in all BCC samples initially identified by CGH, in addition

a further 2 biopsies demonstrated loss of genetic material at 9q. CGH tends to under

estimate changes in copy number at a rate similar in frequency to FISH and classical

cytogenetics. This is mainly due to the lower resolution of these approaches compared

to LOH. In addition LOH can distinguish between hemizygous cell populations, which

appear diploid with respect to that chromosome (Barch et al 1997; Lengauer et al 1998).
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The most frequent CNA detected in BCC was an over-representation of 6p in 47% of

samples investigated. This novel finding correlates well with the independent

investigations of Casalone et al (2000) and Nangia et al (2001). Both studies identified

trisomy 6 as a recurrent event in direct BCC preparations and archival tissue,

respectively. Nangia et al (2001) further hypothesised a relationship between the

presence of trisomy 6 and increased aggressive behaviour of the tumour. The exact

genetic mechanisms of this relationship are currently unknown, but may provide further

understanding into the biological nature of BCC and possible therapeutic targets.

Other tumour types demonstrating gain of 6p include malignant melanoma and Merkel

cell carcinoma, both cutaneous derived tumours, although derived from neural crest

cells. The relevance of this is poorly defined, but may involve a common mechanism of

aberration in skin tumourigenesis. Uveal melanoma, bladder carcinoma and

retinoblastoma also display over-representation of 6p. Putative cancer-related genes on

6p are poorly recognised and this region is therefore the focus of further delineation.

The observation of trisomy 7 is also a common abnormality, especially in epithelial-

derived tumours. Gain of chromosome 7 has however been observed in non-neoplastic

and putative normal tissue (Johansson et al 1993; Elfving et al 1995). Additionally

chromosome 7 is often a common participant in non-disjunction, thus leading to the

increased belief that this numerical aberration is an unrelated event in tumour

development (Barch et al 1997). The frequency of CNAs at other chromosomes was

infrequent; therefore no conclusive evidence on their roles in BCC development could

be made.
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The investigation of gross genetic changes in BCC revealed that these tumours are close

to diploid with very few detectable aberrations by CGH. This is in line with other

evidence which supports the proposal that BCC are in general genetically stable and

close to diploid (Quinn et al 1994; Robinson et al 1996). Approximately a third of

sporadic BCC tumours have inactivating mutations in the PTCH tumour suppressor

gene as demonstrated in the study by the regional loss encompassing 9q22 (Gailani et al

1996). This suggests other mechanisms in BCC tumourigenesis exist, indirectly or

independent of PTCH in the remaining two-thirds.

The application of this approach demonstrated the ability to uncover previously

identified and novel recurrent copy number aberrations with implications in BCC

development. This validated previous and successive investigations on loci with

putative involvement in the mechanisms of BCC tumourigenesis, the further delineation

of which may shed further light on the genetic events involved in the initiation and

promotion of BCC tumour development.

6.4 Comparison of Chromosomal Changes in SK and SCC

In comparison to BCC, the number of copy number aberrations in SCC and SK were

markedly higher. Similar frequencies of genetic alterations to our own observations

were demonstrated in LOH studies of these lesions (Quinn et al 1994; 1995; Rehman et

al 1994; 1996). Regions of recurrent regional gain shared by both dysplasia in

decreasing order of recurrence were located at 3q, 17q, 4p, 14q, Xq, 5p, 9q, 8q, 17p and

20q. Common regional losses were observed at 9p, 3p, 13q, 17p, 11p, 8q and 18p. The

observation of many of these genetic imbalances supports previously reported
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karyotypic findings and CGH results of keratinocyte derived cell lines (Boukamp et al

1997; Jin et al 1999; Popp et al 2000; Shimizua et al 2001).

These genetic changes in SK and SCC are markedly different to those observed in BCC

tumours. What becomes apparent in this study is the fact that BCC are quite different

from SCC based on cellular behaviour, histology and genetic data. However from what

appears to be for purely historic reasons, BCC and SCC are still classified under the

common title of NMSC. This distinction has little relevance to the biology of these

tumours, their classification being based purely on their derivation from the same cell

type.

Conversely genetic similarities between SK and SCC were observed in both groups.

Hierarchal clustering of the copy number aberrations demonstrated a dispersion of SK

cases throughout the SCC population. If SK were distinct lesions from SCC they would

group as a separate sub-cluster. This provides additional evidence for a clonal

relationship between the two. Several studies have suggested that SK and SCC are in

fact the same dysplasia, SK is simply a superficial or in situ SCC (Ackerman 1997;

1999; Guenthner et al 1999; Lober and Lober 2000). Comparisons of SCC arising in

association with a SK demonstrated genetic similarities between the two lesions, further

suggesting a relationship between the two. Clustering analysis of this data grouped the

majority of SK with its respective SCC pair.

Only loss of chromosomal region 18q was statistically higher in SCC than SK. This

may indicate a molecular mechanism of progression from SK to SCC. Otherwise,

similar frequencies of common genetic aberrations were observed in both. However,

SCC did demonstrate a significantly higher number of aberrations than SK lesions. This
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may be due to an increased instability in genomic integrity or may purely reflect

masking in the SK lesions. A greater degree of non-neoplastic cells are present in SK

therefore reducing the sensitivity of CNA detection. This is a major problem when

dealing with heterogeneous tissue, even after microdissection. Comparison of the type

and frequency of CNAs detected by CGH in SK and SCC shows remarkable similarity

to other squamous-cell derived tumours. Head and neck SCC and cervical cancer both

demonstrate similar numerical genetic aberrations. This suggests a common mode of

tumourigenesis in SCC-derived cancers.

Delineation of several implicated loci in non-cutaneous SCC have attempted to identify

the causative genes involved in SCC tumour development. The gain of 3q may be

linked to the human telomerase RNA gene, which maps to this arm (Soder et al 1997).

Aberrant telomerase activity has been linked to cellular immortality and tumour

progression in a wide array of tumour types including NMSC, many of which often

demonstrate overexpression of the 3q arm (Kim et al 1994; Taylor et al 1996; Ueda et

al 1997; Parris et al 1999; Ueda 2000). Regional loss at 9q may indicate one mode of

inactivation of the CDKN2A gene. The inactivation of the protein products p16 and p19

of this gene results in the  deregulation of p53 and pRb pathways, respectively.

Mutations in this gene have been identified in NMSC and other SCC-derived tumours in

several studies (Kubo et al 1997; Chang et al 1997; Soufir et al 1999). Loss at 17p is

characteristic of TP53 inactivation. This is one of the most consistently implicated

genes in SK and SCC development. Numerous investigations have demonstrated

deletion of this gene and/or UVR-induced inactivating mutations (Ziegler et al 1994;

Taguchi et al 1994). Genetic loss at 3p, 13q and 18q indicated possible involvements of

FHIT, RB1 and DCC, DPC4 or MADR2 tumour suppressor genes, respectively.

However, further delineation of these loci indicates other currently unidentified tumour
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suppressor genes are more likely to be involved in SCC-derived tumourigenesis (Bito et

al 1995; Kim et al 1996; Maesawa et al 1996; Sikkink et al 1997; Papadimitrakopoulou

et al 1998; Takebayashi et al 2000; O’Connor et al 2001).

This study identified recurrent aberrations in SK and SCC lesions, showing similarities

in type and frequency to those detected in other SCC-derived tumours. Extended

delineation of these loci should further define their roles and significance in SCC

development. Several loci also correlate well with genetic mechanisms previously

identified as important in SCC tumourigenesis. An understanding of the multi-step

progression of SCC development should enable the identification of molecular targets

for diagnosis, management and treatment of this disease.

6.5 Clinical Significance of Chromosomal Changes in NMSC

As previously discussed recurring and highly consistent structural and numeric

alterations are present in the majority of leukemias and solid tumours. The specific and

consistent appearance of particular CNAs supports the notion that they play a significant

etiologic role in tumourigenesis. However, the clinical significance of chromosomal

gains and losses in solid tumours is still unclear and poorly defined. It has been

demonstrated that tumours that are poorly differentiated exhibit more aberrations than

those that are moderately or highly differentiated (Iwabuchi et al 1995; Reid et al 1999).

Whilst, other studies have associated specific recurrent changes with disease

progression and poor prognosis. A strong correlation between the amplification of the

HER-2 gene and poor clinical outcome in breast cancer has been identified (Ciocca et al

1992). Additionally the relationship between drug resistance and numerical
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chromosomal changes has also been revealed in breast tumours (Achuthan et al 2001).

Unfortunately as a whole, consistent correlations between genetic aberrations and

clinical behaviour have not yet been demonstrated. This is probably due to the limited

number of tumours studied, the genetic complexity of the tumours and the wide

spectrum of their biological properties (Gray and Collins 2000).

What is understood is that the observation of non-random chromosomal aberrations is

associated with particular tumour types, as demonstrated for NMSC in this study. It is

important to stress that not all chromosomal aberrations signal genetic events are

important in tumour progression. The major challenge is to identify those that are

important amongst the secondary genetic abnormalities. Aberrations, which may be

important, include those that occur at high frequency in one or more tumour types, and

those able to predict clinical endpoints such as time to recurrence, response to therapy

or metastatic potential, or predict biologic behaviour such as proliferation or apoptotic

activity (Gray et al 1994). The identification of these changes and their correlation with

phenotype is believed to be an important step in the understanding of tumour

development and progression, with implications for development of prognostic markers,

therapeutic treatment and disease management.
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6.6 Limitations

As previously discussed the major limitations of CGH are its inability to detect balanced

chromosomal rearrangements such as translocations and inversions. Information

regarding ploidy status is also not accessible. Also the resolution of CGH is limited with

the detection of only gross genetic imbalances possible. Finally in heterogeneous

tumours only those CNAs present in a high proportion of cells within the cell

population are detected. Numerical aberrations present in smaller sub-populations are

masked and thus not observed.

As CGH does not require culturing of tumour cells, analysis of archival material

including frozen and paraffin-embedded tissue is possible. However as demonstrated

with respect to small tumour cell masses, not all paraffin embedded tissue is suitable for

investigation by CGH. Due to the nature of the fixation process DNA within these

tissues is often severely degraded compared to DNA from frozen or fresh tissue. DNA

size is further reduced over time during storage (Greer et al 1994). Even with the

inclusion of DOP-PCR adequate DNA from small histologically distinct regions is not

always obtainable for successful CGH analysis. A final drawback of the CGH technique

is the use of metaphase chromosomes for the mapping of CNAs, the quality of which is

extremely variable and difficult to control. Even under optimum conditions only the

location of numerical chromosomal aberrations can be determined. Further higher

resolution studies must be performed to reveal the actual genes involved. With the

recent advent of ordered genomic arrays (discussed in further detail in Section 6.7), the

majority of these problems have been circumvented with an additional increase in

resolution.
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6.7 Future Developments

The present study identified and confirmed several recurrent regions of aberration in

BCC (+6p and -9q) and SK/SCC (-3p, +3q, -9p, -13q, -17p). Higher resolution analysis

of these loci is essential to confirm the frequency and for further delineation of these

aberrations. As discussed by Lengauer et al (1998), numerical changes in regional copy

number are only one method of oncogenic activation or tumour gene suppression. The

role of other mutations and their interactions with CNAs is also important, as

demonstrated by TP53 and PTCH inactivation in SCC and BCC, respectively (Section

1.8).

Current research strategies have put a great deal of emphasis on high throughput

analysis; with the advent of robotic array technology this has become a reality (Going

and Gusterson 1999). This enables the rapid characterisation of thousands of point

mutations (single nucleotide polymorphisms or SNPs), copy number aberrations (array

CGH) or tissue samples (tissue arrays). In addition the identification of genes that are

expressed differently in normal and tumour cells of the same tissue origin is another

central approach. The application of differential display, serial analysis of gene

expression, nucleic acid subtraction and expression microarray techniques promise to

allow large-scale, quantitative analysis of gene expression.

With respect to gene expression arrays several preliminary studies had demonstrated the

profiling of genetic changes in cancer lines and biopsies. West et al (2001)

demonstrated the prediction of clinical status in oestrogen receptor positive and negative

human breast cancers using gene expression profiling. Molecular classification of

malignant melanomas has also been assessed using these methods (Bittner et al 2000).



280

Gene expression patterns of 60 cancer cell lines revealed correspondence with the

tumour and its tissue of origin. These studies also identified similarities between

tumours of different cellular origins but reflect similar proliferative, aggressive

behaviour and drug resistance (Ross et al 2000). It is hoped that such approaches can be

applied to the characterisation of in vivo tumours with similar success.

Monni et al (2001a; 2001b) have demonstrated the incorporation of many of these

techniques to comprehensively identify chromosomal alterations with gene expression

profiles. Using such approaches, it seems possible that the integration between

cytogenetic and functional genomics will provide important information for the

targeting of cancer-related genes. This has obvious implications in unravelling the

complexity of tumour initiation, development, progression, therapy and management.



CHAPTER 7

Appendix
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Table A.1: Common cytogenetic nomenclature symbols and abbreviations

Symbol or abbreviation Description

→, arrow from - to

:, colon break

-, minus loss of material

+, plus gain of material

( ), parentheses enclose structurally altered chromosome

;, semicolon separates region of structural alteration

add additional material of unknown origin

cen centromeres

del deletion

der derivative chromosome, result of a translocation

inv inversion

mar marker chromosome

p short arm of chromosome

q long arm of chromosome

s satellite

t translocation

ter terminal end (telomere) of chromosome
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Figure A.1: CGH metaphase of MPE600 cell line before image processing. Note the

fluorescence in the background, which must be removed before analysis. Also not as

apparently visible are the differences in intensities of the green and red channels, these

required normalising so each is of equal overall brightness. a-d shows a representative

metaphase in the combined, green, red and DAPI images. a) Each of the three channels

are pseudo-coloured (tumour DNA (green), reference DNA (red) and the DAPI

counterstain (blue) after digital image capture and overlaid to give a three-colour

composite image. b) Visualisation of the green fluorescent channel (FITC) specific for

the tumour genome. c) Visualisation of the red fluorescent channel (Texas Red®)

specific for the normal/reference genome. Note the uniform coverage and non-

granularity of each chromosome in b) and c), characteristic of a good DNA

hybridisation. d) Inverted grayscale of the DAPI channel for karyotyping.

a)

d)

b)

c)
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Figure A.2: CGH metaphase of MPE600 cell line after image processing. Note the

removal of the background fluorescence and colour balancing. a) Three-colour overlaid

image of tumour DNA (green), reference DNA (red) and the DAPI counterstain (blue).

Most chromosomes are coloured orange/brown indicating equal copy number in the two

genomes. DNA gains are indicated by increased green fluorescence (e.g. 1q), DNA

losses indicated by increased red fluorescence (e.g. 11q). b) Visualisation of the green

fluorescent channel (FITC) specific for the tumour genome. Note the increased

fluorescent intensities on 1q and weaker intensities on 11q (arrows). c) Visualisation of

the red fluorescent channel (Texas Red®) specific for the normal/reference genome.

Note the uniform fluorescent coverage of all chromosomes except at the centromeres. d)

Inverted grayscale of the DAPI channel producing weak G-like bands on each

chromosome for karyotyping.

a)

d)

b)

c)
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Figure A.3: Three colour CGH composite of breast cancer cell line MPE600,

intermediate tones (orange/brown) indicate equal copy number in the 2 genomes. Green

colouration represents a gain of the tumour DNA (e.g. 1q and 11q proximal), the red

colouration a loss of the tumour DNA (e.g. 9p, 11q distal and 16q). The centromeric

regions are blocked by unlabelled Cot-1 DNA and thus stain blue with DAPI.

1q

9p

1q11q

11q

16q

13q

16q

9p
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Figure A.4: Digital image enhancement of DAPI bands for chromosome identification

before karyotyping. a) Original inverted grayscale of the DAPI channel without digital

enhancement, chromosomes appear fuzzy with no distinct banding patterns. b) After the

removal of background noise, adjusting the contrast and sharpening the image, distinct

G-like banding patterns can be seen on each chromosome allowing individual

chromosome identification.

a)

b)
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Figure A.5: Digital chromosome segmentation of DAPI channel before karyotyping. a)

Original inverted grayscale of DAPI channel with computer delineation of

chromosomes, each identified by a colour boundary. Manual correction is necessary for

some chromosomes that are incorrectly segmented. e.g. chromosome 1 identified as two

separate chromosomes, q arm of chromosome 16 is not identified, chromosome 14 and

21 are touching and classified as a single object. b) After manual correction 44

analysable chromosomes are identified in this metaphase spread for karyotyping.

a)

b)
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Figure A.6: Semi-automated karyotyping of DAPI banded chromosomes for CGH

analysis. a) After segmentation pattern recognition algorithms held in a previously

trained classifier is used to pair and correctly identify homologous chromosomes within

the karyogram. Not all chromosomes are classified or orientated properly (examples

indicated by red boxes), necessitating manual correction. b) After manual correction of

classification, orientation, centromere position and removal of overlapping or bent

chromosomes the karyotype is ready for CGH analysis.

a)

b)



289

Figure A.7: Colour karyogram of breast cancer cell line MPE600. After karyotyping

the colour channels are overlaid onto the karyogram. Large gains are visually apparent

by an increase in the green fluorescent intensity (1q and 11q proximal), large regional

losses are also apparent by the increase in red fluorescence (9p, 11q distal, and 16q).

Smaller CNAs are difficult to detect visually but are identified by subsequent generation

of a green-to-red fluorescent ratio profile for each chromosome.
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Figure A.8: CGH colour overlay of breast cancer cell line MPE600. Gains (green) and

losses (red) of chromosomal regions within the MPE600 genome are overlaid on the

karyogram, normal regions are coloured gray.  CNAs are identified at 1q, 9q, 11q, 13q,

16q and 17p. Note other chromosomes do display a colour overlay, which does not span

the entire width of the chromosome, this is due to difference in hybridisation efficiency

and is not recognised as an aberration when averaged across each chromosome.
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Figure A.9: Axis tracking of chromosomes from MPE600 CGH analysis. Before profile

generation the boundary and axes of each chromosomes is plotted (yellow lines) to

define the regions to be involved in fluorescent ratio calculation. Manual correction is

available to edit poorly defined chromosomes.
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Figure A.10: CGH analysis of a single chromosome 11 from MPE600 experiment. a)

Fluorescent profile of a single chromosome 11 showing a gain at 11q (proximal) and a

loss at 11q (distal), the ideogram to the left enables approximate localization of CNAs.

The following images are the three-colour composite, DAPI channel (blue), reference

DNA (red) and the tumour DNA (green) respectively. Note the increase in green

fluorescent intensity below the centromeres and the decrease in green fluorescent

intensity below that compared to the normal 11p arm. b) Individual traces of each

fluorescent channel of chromosome 11. Note the fluorescent intensity differences

(indicated by arrows) between the reference (red) and the tumour (green) corresponding

to the observed gain and loss of DNA.

a)

b)

 Composite         DAPI             Control         Test/Tumour

↑↑↑↑ DNA

↓↓↓↓ DNA
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Figure A.11: CGH profile from a single MPE600 hybridised metaphase displaying

green-to-red fluorescent ratio profiles for each chromosome. For each profile: black

vertical mid-line, a ratio of 1.0; red line (left), a ratio of 0.8; green line (right), a ratio of

1.2. The regions of gain (right) and loss (left) are marked as green and red bars,

respectively, next to the chromosome ideograms. Several CNAs have been identified,

most noticeably gains on 1q, 7q, 11q, and 13q; losses on 1p, 6, 9p, 10, 11q, 16q and

17p. Not all these changes are characteristic of the MPE600 cell line; some can be

attributed to hybridisation artifacts. Small gains and losses have been identified at many

chromosome telomeres, these are due to poor definition of telomeric ends. Also

aberrations have been identified at some centromeres, these regions are also excluded

from analysis due to the natural variability in repetitive sequences amongst normal

individuals. All these factors can be eliminated/reduced by analysis of several

metaphases and reporting the mean copy number changes only.
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Figure A.12: CGH profile average from several MPE600 hybridised metaphases. The

mean green-to-red fluorescent ratio profiles are shown along with ±2SD. For each

profile: black vertical mid-line, a ratio of 1.0; red line (left), a ratio of 0.9; green line

(right), a ratio of 1.1. The regions of gain (right) and loss (left) are marked as green and

red bars, respectively, next to the chromosome ideograms. Below each ideogram, n =

the number of homologous chromosomes analysed. Copy number changes are listed

below the profile Gains: 1q, 11q13-q14, 13q11-q14, 13q13-qter; Losses: 1p33-p35, 9p,

11q11-qter, 16q, 17p. Other aberrations displayed in the profile are strictly limited to

the telomeric tips and centromeres, which are well-established problematic regions and

are therefore excluded from CGH analysis.
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Figure A.13: Outline of default Human Template (PSI MacProbe v4.0 and later

versions) for semi-automated karyotyping, containing 24 chromosome classes for the 22

autosomes and chromosomes X and Y. Classes 1-3 correspond to group A of the

karyogram, classes 4-5 group B, classes 6-12 group C, etc. Note the Discard class for

removal of bent and overlapping chromosomes from CGH analysis.
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Figure A.14: Outline of Human CGH Profile Template (PSI MacProbe v4.0 and later

versions), containing 24 chromosome classes for the 22 autosomes and chromosomes X

and Y.
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Figure A.15: Preference settings for PSI MacProbe v4.0 and later versions. a) general

preferences; b) digital image capture preferences; c) CGH analysis preferences, d) semi-

automated karyotyping preferences; e) trained classifier preferences for pattern

recognition of DAPI banded chromosomes.

a)

c)

b)

d)

e)
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Figure A.16: Schematic of DAPI-banded chromosome patterns used for karyotyping.

For example chromosomes 13-15 are identified based on being large acrocentrics;

chromosome 13 has a dark distal area, compared to 14 and 15. Chromosome 14 has a

lighter distal area but darker proximal than 13, it is slightly larger and has a telomeric

band compared to 15, more details are outlined in Figure B.17 (reproduced by

permission).
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KARYOTYPING GUIDE
To construct a karyotype the autosomes are number 1-22 in descending order of length, the sex

chromosomes are referred to as X and Y.

The short chromosome arm is designated ‘p’

The long chromosome arm is designated ‘q’

Ensure that all the chromosomes are orientated with the short p arm uppermost.

Chromosomes are arranged into 7 groups (A-G).

Group Chromosomes Description No. of Chromosomes

A 1-3 Large Sub- and Metacentrics 6

B 4-5 Large very submetacentrics 4

C 6-12+X Medium Sub- and metacentrics 15 (16)

D 13-15 Medium Acrocentrics 6

E 16-18 Small Sub- and Metacentrics 6

F 19-20 Smaller Metacentrics 4

G 21-22+Y Small Acrocentrics 4 (5)

Separate chromosomes into their respective groups in the following order:

GROUP D: Medium in length, acrocentrics (6)

GROUP G: Small acrocentrics (4)

GROUP F: Small metacentrics (4 or 5 if male (Y))

GROUP E: Medium to small sub- and metacentrics (6)

GROUP A: Largest sub- and metacentrics (6)

GROUP B: Very sub-metacentric medium sized (4)

GROUP C: Medium sub- and metacentrics (all remaining chromosomes) (15 (X) or 16 (XX))
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Once arranged into their respective groups individual pairs of chromosomes can be identified.

Karyotype in the following order (easiest to hardest)

NB: Not all bands are described, only the most distinct landmarks.

GROUP D: 14 (p)distinct band 3/4 down, upper p is dark
15 similar to 14, except band less distinct and more telomeric
13 (p) proximal 1/2 light, distal 1/2 two dark bands

GROUP G: 21 (q)dark band (chromosome smaller than 22)
22 dark centromere, (q) light band
 Y extremely dark terminal heterochromatic region

GROUP F: 19 darker centromere than 20, both arms light
20 (p) distinct terminal band, (q) less distinct band

GROUP E: 16 metacentric, dark centromere, (q) two bands
17 submetacentric, lighter than 18, (q) doublet band
18 submetacentric, darker than 17, (q) two dark bands

GROUP A: 1 largest metacentric, (p) upper 1/2 lighter than rest
2 largest submetacentric
3 second largest metacentric, (q) thick dark band below centromere

Hard to distinguish 4-5

GROUP B: 4 (p) double dark band in centre of arm, lighter tip than 5, (q) distinct
‘shoulder’ band below centromere

5 (p) single central dark band, (q) ‘shoulder’ band less distinct than in 4,
 central triplet band

Hard to distinguish 7-X, 8-10 and 11-12

GROUP C: 9 (p) dark overall (q) thin light area below centromere, followed by a
distinct dark band and a doublet, dark centromere

6  (p) central broad light band, (q) two central dark bands, centromere
flanked by narrow bands

7       (p) distinct telomeric ‘hat’ band, (q) two distinct dark bands, followed
 by a lighter third

X (p) strong central dark band (q) proximal band of equal distance from
centromere as p arm band followed by two less distinct bands

8       (p) two narrow dark bands, (q) central bands followed by a darker more
distal band

10 (p) dark overall with a single small central dark band, (q) dark distinct
 proximal band followed by two less prominent bands

11        More metacentric than 12, (p) two bands, (q) more distinct light region
below centromere followed by a doublet band

12        More submetacentric than 11, (p) one band, (q) dark band below
centromere several bands close together in the centre
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