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ABSTRACT:

Specific and consistent genetic rearrangements have been found to be
associated with particular tumours. The observation of these genetic
changes highlights areas of the genome which may be involved in
tumorigenesis, providing an opening for insights into the molecular
mechanisms involved. The presence of a specific genetic aberration
may also define the diagnosis in certain tumours, or may be

associated with particular prognostic significance in others.

Ewing's sarcoma and PNET are members of a group of childhood
solid tumours which may be subject to diagnostic difficulty. These
tumours are characterised by the presence of a t(11;22) translocation,
and the detection of this in a tissue sample allows a firm diagnosis to
be made, facilitating appropriate treatment. In this study fluorescence
in situ hybridisation (FISH) has been carried out on interphase nuclei
using probes flanking the translocation breakpoint on chromosome 22
to visualise the translocation. With proper controls and statistical
analysis a test has been established which can be used routinely in the

diagnosis of EWing's sarcoma and PNET.

The initial diagnosis of neuroblastoma is not usually difficult, but the
natural history of the disease varies greatly depending on whether
certain genetic alterations are present. Deletions of chromosome 1p,
amplification of N-myc and a near-diploid or near-tetraploid
karyotype are associated with a poor clinical outcome, while those
with a triploid karyotype have a good prognosis. Knowledge of these
genetic data may influence the choice of treatment. In this study FISH
techniques have been modified for use on fresh tumour imprints to

produce a rapid and reliable method of detecting each of these genetic



changes. A large series of patients has been studied and the results
correlated with those obtained using conventional methods. The

technique is now being used routinely in some centres.
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CHAPTER 1

INTRODUCTION

Summary

This section opens with an historical account of the discovery of the

relationship between characteristic chromosome aberrations and cancer.

Consistently observed genetic changes in various types of human malignancy
are listed and the involvement of oncogenes and tumour suppressor genes in
these mutations is discussed. The mechanisms by which translocations,
deletions and amplifications of genes participate in neoplastic transformation
are outlined. The detection of these genetic aberrations in tumours may benefit
patients by aiding diagnosis or giving an indication of prognosis, and may

even be instrumental in the therapy or monitoring of the disease.

There are a number of alternative methods for obtaining this genetic data,
ranging from direct visualisation of chromosomes to molecular techniques.
The possible applications of these different approaches and their advantages

and disadvantages are discussed.

Fluorescence in situ hybridisation (FISH) is identified here as the method of
choice to set up a clinically useful, routine test for the presence of consistent,
specific chromosome aberrations which have an impact on patient
management. A detailed account of the development of this technique, the
advantages and disadvantages and the types of preparations to which it can be
applied is given. The application of FISH to the detection of aneusomy,
deletion, amplification and translocation in tumours is described and the roles

of special FISH techniques such as chromosome painting, chromatin release,



primed in situ labelling (PRINS) and comparative genomic hybridisation

(CGH) are defined.

A section follows outlining the difficulties surrounding the diagnosis of small
round cell tumours of childhood. Ewing's sarcoma was chosen for this study
because of the clinical need for a firm diagnosis in equivocal cases, so that
appropriate therapy can be commenced. Neuroblastoma was chosen because it
bears specific genetic changes which have been found to be potent markers of
prognosis. The clinical features of these two tumours are described, and
accounts of the genetic aberrations found in each tumour are given at a
molecular genetic level. The clinical implications of these genetic findings are

discussed.

This work has aimed to develop innovative FISH techniques which
circumvent the difficulties of culturing and karyotyping, and of molecular
techniques, allowing crucial genetic information to be available to clinicians
within a few days of receipt of a fresh tissue biopsy. The use of FISH in this

context is likely to become a routine in hospital laboratories.
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CHAPTER 1

INTRODUCTION

1.1. Chromosomes and Cancer

In 1960 Nowell and Hungerford from Philadelphia published their classic
description of a small abnormal chromosome which they had consistently
observed in the leukaemic cells of patients with chronic myeloid leukaemia
(CML). This "Philadelphia chromosome" was the first tumour specific
chromosome abnormality found in man, and gave the first direct evidence of a
specific and characteristic genetic change in a tumour. Even at the time it was
possible to speculate that "the findings suggest a causal relationship between
the chromosome abnormality observed and chronic granulocytic leukaemia"
so it seemed that changes in the chromosomes might provide crucial insights

into the mechanism of malignant transformation and progression.

The search for consistent chromosome changes, pursued with a surge of
interest following Nowell and Hungerford's report, was difficult because the
technology available for the identification of chromosomes was not
sufficiently advanced to define chromosome rearrangements accurately. In
addition, many tumours have structural and numerical abnormalities which
are not tumour specific, and which vary from patient to patient with the same
tumour type. Chromosome banding techniques were only described in 1971
(Casperssen et al, 1972; Seabright et al, 1971), and high resolution banding was
introduced in 1978 (Yunis et al, 1978). The development of short term culture
techniques further promoted the study of tumour cytogenetics by producing

larger numbers of dividing cells (Pandis et al, 1994).



Because of the relative ease of obtaining mitotic cells in material from
haemopoietic tumours there were, until recently, very much more data
available concerning the chromosome rearrangements typically found in
leukaemias and lymphomas than in solid tumours. Also haemopoietic
tumours frequently have a nearly normal diploid karyotype with just one or
two characteristic changes. Solid tumours have proved much harder to study
for technical reasons, such as poorer access to tumour material, low mitotic
index, difficulty culturing tumour cells and poor quality chromosomes.
Furthermore, due to the presence of gross abnormalities of chromosome
number as well as multiple complex rearrangements, single critical genetic

changes have been more difficult to identify.

The non-random nature of the cytogenetic changes seen in most neoplasms is
now established beyond doubt, following the analysis of large numbers of
human tumours (Mitelman, 1994), and the elucidation of both the molecular

and the clinical significance of the different types of genetic changes.

Tables 1.1 and 1.2, on the following pages, show some of the well established

chromosome aberrations in solid tumours and haematological tumours.

1.2. Oncogenes and Tumour Suppressor Genes

It is now clear that malfunctioning genes are implicated in the pathogenesis of
cancer. These genes are divided into two distinct groups. Both are indigenous
cellular genes involved in critical regulation of cell growth, but they are
susceptible to mutational damage resulting in deregulation of biochemical

signalling pathways in the tumour cell.
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Table 1.1

Chromosome changes in solid tumours, indicating whether the
change is diagnostic of the tumour involved.

Tumour Chromosome abnomalities Diagnostic?
Myxoid liposarcoma t(12;16)(q13;p11) Yes
Rhabdomyosarcoma t(2;13)(q37;q14) or t(1;13)(P13;q14) Yes
(alveolar)

Leiomyoma t(12;14)(q14-15;q23-24) Yes
Ewing's sarcoma and t(11,22)(q24;q12) Yes
PNET

Synovial sarcoma t(X;18)(p11;q11) Yes
Clear cell sarcoma t(12,22)(q13;q12-13) Yes
(malignant melanoma)

Germ cell tumours i(12p) Yes
Meningioma -22 or 22¢g- Yes
Wilms' tumour 11p- Yes
Renal cell carcinoma 3p- Yes
Retinoblastoma 13g- Yes
Medulloblastoma i(17q) No
Glioma DMs, +7, -10 No
Prostate cancer del(7)(q22), del(10)(q24) No
Neuroblastoma del(1)(p31- pter), DMs, HSRs No
Bladder cancer i(5p) or 5g-, +7, del(8p), -9 or 9q- No
Breast cancer t/del(1)(p35), del(3p), t/del(16q), 17q- No




Table 1.2

Chromosome aberrations in haematological tumours, indicating
whether the rearrangement has been characterised at a molecular
level

Tumour Chromosome abnormalities Characterised?
CML, B-ALL, AML-M1  t(9;22)(g34;q11) Yes (a)
APL (AML-M3) t(15;17)(q22;q11.2-12) Yes (a)
AML-M2, AML-M4 t(6,9)(p23;934) Yes (a)
Pre-B ALL t(1,19)(q23;p13) or t(5;14)(q31,q32) Yes (a) or (b)
Burkitt's lymphoma t(8;14)(q24;932) or t(2;8)(p11,;q24) Yes (b)

or £(8;22)(q24;q11)
Follicular lymphoma t(14;18)(q32;q21) Yes (b)
T-ALL t(7;9)(q35;q34) or t(7;19)(q35;p13) or Yes (c)

t(1,14)(p32;q11) or t(10;14)(q24;q11)
B-CLL +12 or t(8;12)(q24;q922) No
AML-M4(Eo) del(16)(g22) or inv(16)(p13q22) Yes (a)

or t(10;16)(p13q22)
AML-M1 (and M?7) ins(3;3)(q26;921,q26) or t(3;3)(q21;926) No

or inv(3)(q21,q26)
AML-M2 (and M4 baso) t(6;9)(p23;q34) Yes (a)
AML-M2 (Auer rods+)  t(8;21)(q22;q22) Yes (a)
AML-M5b t(8;16)(p11;p13) No
Myelodysplastic -5, del(5)(q12-31 or q31-35), +8,i(17q) No
syndromes -7, de(7)(q22), and many others.

(a) Formation of fusion oncoproteins
(b) Oncogenes juxtaposed to Ig loci
(c) Oncogenes juxtaposed to T-cell receptor loci




The first group of genes is the proto-oncogenes which are involved in growth
promotion in normal cells. After appropriate genetic alteration in various
tissues they may become active oncogenes. Oncogene activation occurs only
through somatic mutation and cannot be inherited through the germline, as
the gene behaves dominantly in the cell and would cause lethal disruption to

embryonic development.

The second group of genes important in cancer pathogenesis is the tumour
suppressor genes, or anti-oncogenes. Normally these genes restrain cell
proliferation, but in malignancies they have been lost or inactivated allowing
malignant growth. Tumour suppressor genes act recessively in the cell, so
when one copy is inactivated the remaining normal (or "wild type") copy still
prevents neoplastic cell growth. Thus both copies of a tumour suppressor gene
must be inactivated, usually through two sequential mutational events, before
tumour formation can take place. However, because of this recessive
behaviour, an inactive allele of a tumour suppressor gene may be transmitted
in the germline. The resulting cells are phenotypically normal but are in a
precarious state genotypically as only one tumour suppressor gene remains
intact. Somatic gene loss or inactivation occurs at a substantial frequency in
normal cells, so inherited loss of one allele causes significant congenital

predisposition to cancer (Weinberg, 1992).

Multiple sequential mutations in growth regulating genes in a single cell and
its progeny are believed to be necessary before a malignant tumour is
produced. It is believed that 6 - 10 separate mutational events may occur, some
causing oncogene activation and others inactivating tumour suppressor genes
(Weinberg, 1992). Each of these somatic alterations must bring a growth
advantage to the affected cell and its progeny, and the mutations must act
collaboratively to deregulate cellular growth factors. This hypothesis is borne

out by epidemiological evidence which shows a striking relationship between
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age and incidence in most common human cancers (Vogelstein and Kinzler,

1993).

Figure 1.1.

The development of colon carcinoma showing correlation of specific
genetic mutations with histological changes

Nomal epithelium

< APC gene inactivation
Mutation / LOH at 5q
Early ad
arly adenoma '< DNA hypomethylation
Cumulative LOH events
Intemediate adenoma ras gene activation
Z DCC inactivation
A Loss of 18q
Advanced adenoma
/ p53 alteration
N LOH at 17p
High grade dysplasia Multiple LOH events
Genomic chaos
Carcinoma

It is likely that multiple mutations accumulate to drive the neoplastic process.
The "multi-hit" theory is illustrated by the case of cancer of the colon. Each
specific gene mutation correlates with distinct histopathological changes in the
developing tumour, with a stepwise gradation through three adenomatous
stages to high grade dysplasia and finally carcinoma (Figure 1.1, after
Vogelstein and Kinzler, 1993; Boland, 1995).
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Hereditary cancers usually follow germline inactivation of a tumour
suppressor gene, as described above. The classic example of this is
retinoblastoma in which one in ten of the hereditary cases show a
constitutional deletion which includes chromosome band 13q14. It was this
finding which led to the discovery of the RB1 gene at 13q14.2 which is now
known to be altered in 40% of cases of retinoblastoma (Knudson, 1993a).
Cancers developing by this hereditary mechanism tend to occur in younger

patients than those reliant on the accumulation of somatic mutations.

Table 1.3 shows some tumour suppressor genes, with their chromosomal
location, some of which have been cloned. The tumours associated with

germline mutation of these genes are listed (after Knudson, 1993b).

Table 1.3

Malignancies associated with germline mutations in selected tumour
suppressor genes

Neoplasm
TSG Location Sarcoma, Neuroectodermal Carcinoma
Wilm's and endocrine
Cloned
RB1 13q14 Sarcoma  Retinoblastoma
WT1 11p13 Wilm's
TP53 17p13 Sarcoma  Glioma Breast
NF1 17q11 Sarcoma  Glioma
NF2 22q12 Schwannoma
VHL 3p25 Phaeochromocytoma Kidney
APC 5q21 Colon
CDKN2 9p21 Melanoma
BRCA1 17921 Breast, Ovary
Uncloned
NB1 1p36 Neuroblastoma
MEN1 11q13 Pituitary adenoma
BCNS 9q31 Medulloblastoma Skin

RCC 3pl4 Kidney
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1.3. Consequences of translocations, deletions and amplifications

Proto-oncogenes may be converted from normal cellular genes to oncogenes by
various molecular events such as point mutations, small insertions and
deletions, or by juxtaposition with other chromosome sequences by
translocation, insertion or inversion. Thus cytogenetically visible changes may

be the vehicle of oncogene activation.

1.3.1. Translocations

Tumour specific translocations are typically found in haemopoietic
malignancies, but are also seen in some solid tumours, mostly soft tissue
sarcomas, and are present in 3% of tumours overall (Solomon et al, 1991). The
characterisation of these translocation breakpoints has allowed great insights
into cancer pathogenesis. The Philadelphia chromosome was proved to be the
result of a translocation in 1973 (Rowley et al, 1973), but the subsequent
molecular characterisation of the breakpoint began much later (de Klein et al,
1982). It was then realised that specific genes are involved at recurrent
translocation breakpoints and that their rearrangement can contribute directly
to the malignant phenotype. There are now a large number of malignancies in
which the nature of the molecular events at consistent translocation

breakpoints has been elucidated (for some examples see table 1.2).

There are two ways in which a translocation may alter the activation of an
adjacent gene. Firstly, an oncogene may be juxtaposed with an enhancer or a
promoter sequence which is active in the cell type from which the tumour
arises. An example is Burkitt's lymphoma, the first lymphoma to be
characterised by a specific chromosomal change, in which the proto-oncogene
myc at 8q24 may be deregulated by sequences from the immunoglobulin (Ig)
light chain k or A loci (at 2p12 and 22q11 respectively) or by the Ig heavy chain
locus at 14g32.
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Secondly, an oncogene may fuse with another gene as a result of a
translocation or inversion, resulting in a chimeric gene which encodes for an
oncoprotein. The Philadelphia chromosome is a classic example of this
(Heisterkamp and Groffen, 1991; Sandberg, 1994). Normally the ABL gene at
9934 codes for an mRNA which in turn codes for a 145kd protein. The BCR
gene at 22qll codes for a 160kd protein. The chimeric gene produces an
abnormal 210kd protein which is believed to be responsible for the
development of CML. (A variant translocation with a breakpoint in a different
BCR intron produces a 185kd protein with more potent transforming activity.

This type is found in Philadelphia positive ALL.)

The molecular events at the (11,22)(q24q12) breakpoint in EWS and PNET will

be described in detail below.

1.3.2. Deletions

Changes in the dosage of large blocks of genes may occur because of changes in
chromosome number, deletions or amplifications. In this situation, although
the region of the genome harbouring a tumour suppresser gene is implicated
by the cytogenetic change, the specific gene or genes responsible for inducing
phenotypic changes may be hard to identify. This loss of genomic material,
including a gene whose function is important in the initiation or the
progression of cancer, is most commonly seen in solid tumours, although it is

also found in myelodysplasia and some haematological tumours (Johansson et

al, 1994).

A number of chromosome deletions, although not completely tumour
specific, are strongly associated with particular malignancies. Examples include
the deletion at 13q14 typical of retinoblastoma, and the loss or inactivation of
11p13 in inherited Wilms' tumours. In these cases, as described above, a

constitutional or germline deletion may be combined with a somatic
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mutation. One of these is frequently a cytogenetically visible chromosome
aberration; loss of an entire chromosome, loss of all or part of a chromosome
arm or deletion of a sub-chromosomal band. Studies using restriction
fragment length polymorphisms (RFLPs) may reveal a "second hit" even in
chromosomes lacking obvious alterations. Consistent loss of heterozygosity
even in cytogenetically normal chromosomes has allowed confirmation of the
location of tumour suppressor genes in areas originally defined by cytogenetic

abnormality.

Less specific tumour deletions occur, such as the cytogenetically visible loss of
5q in myelodysplasia, secondary leukaemia, acute non-lymphocytic leukaemia,
lymphoproliferative disorders and chronic myeloproliferative diseases. The
region deleted includes 5q21-31 which contains many genes for growth factors
and their receptors, and which may be important in myeloid differentiation.
Tumours of different tissue origin share a deletion of 3p13-23; these include
small cell carcinoma and adenocarcinoma of the lung, renal carcinoma, and
ovarian carcinoma. The molecular locations of the critical genes lost in this
deletion have not yet been identified, but it may be that inactivation of the

same tumour suppressor gene is involved in all of these epithelial tumours.

Mutations of the p53 gene are probably the most common genetic aberration in
human tumours. Following its mapping to chromosome band 17p13, loss of
heterozygosity of this region has been observed in a variety of human
tumours, especially carcinomas of the colon, breast and lung, brain tumours
and CML in blast crisis. p53 is believed to function as a tumour suppressor

gene (Levine et al, 1991; Knudson, 1993a).

The significance of the del(lp) commonly found in neuroblastoma will be

discussed in detail in a subsequent section.

31



1.3.3. Amplification and gain

Neoplasms may be affected by amplification of particular genes or groups of
genes, in which up to 500 or more copies of a small chromosome region may
be present. Alternatively there may be gain of a whole chromosome or part of
a chromosome, producing just one or two extra copies of hundreds or
thousands of genes. Gene amplification is more frequently found in solid
tumours than in haematological malignancies, which tend to be linked with
genetic gain, due to aneuploidy. The balance between the gene product of the
amplified genes and the normal diploid loci must be critically upset by this
occurrence. Imprinted genes in which only one parental allele is normally

expressed may be particularly affected.

Among the most common examples of aneusomy are trisomy 8 in
myelodysplasia, myeloproliferative disease and acute leukaemias; trisomy 9 in
myeloproliferative disease, and trisomy 12 in chronic lymphoproliferative
disorders and lymphomas. In solid tumours the only commonly observed
trisomy is of chromosome 7, which is seen in epithelial and neurogenic
tumours. Low level amplification may also be the result of iso-chromosome
formation. This appears to produce a growth advantage which is not tissue

specific, except in the case of i(12p) in germ cell tumours.

High levels of amplification, up to 100 times or more, are often visible in
cytogenetic preparations as homogeneously staining regions or double minute
chromosomes. Usually a small group of genes is involved in the amplicon,
one of which makes a critical contribution to the malignant phenotype. Such
amplification is not seen in many types of tumour at presentation: it is more
commonly present in advanced or relapsing tumours, and in cultured tumour
cells. Epidermal growth factor receptor gene has been found to be amplified in
some gliomas, and a related gene, ErbB2 is amplified in advanced carcinoma of

the breast or ovary. In addition, in breast cancer, squamous cell tumours and
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melanomas amplification of part of 11p is reported. However the classic
example of oncogene amplification in a primary tumour is N-myc
amplification in neuroblastoma, the rapid detection of which is one of the

major aims of this study, for reasons that will be discussed in detail below.

1.4. Potential benefits to the patient of establishing the presence of
genetic alterations in tumours

There are several ways in which the identification of a genetic aberration in a

particular tumour may benefit the patient.

1.4.1. Diagnosis

The precise nature of the tumour may not be apparent from histopathology
alone. Intensive investigation involving immunocytochemistry, electron
microscopy and molecular studies may become necessary to define tumour
type reliably. This is often time consuming and can give equivocal results. The
detection of consistent, characteristic chromosome aberrations can be utilised
to make a definitive diagnosis. This is important to both the patient and the

clinician, as the exact diagnosis may crucially influence the treatment strategy.

Examples of genetic changes in tumours which may help to finalise a diagnosis
include the t(2;13)(q37;q14) in alveolar rhabdomyosarcoma; del(11)(p13) in
Wilm's tumour; t(X;18) in synovial sarcoma; del(13)(q14) in retinoblastoma
and the Philadelphia chromosome in chronic myeloid leukaemia (CML). In all
of these tumours there may be a small minority of cases in which the
characteristic change is not visible cytogenetically , but in each case the positive
finding of a specific genetic aberration is diagnostic. In addition Ewing's
sarcoma or PNET may be diagnosed with certainty in the presence of a typical
t(11;22). An approach which utilises detection of this genetic change in a

diagnostic test will be evaluated in this study.
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1.4.2. Prognosis

In some tumours the diagnosis may not be in doubt, but the presence or
absence of a certain genetic aberration may have a profound bearing on the
overall outlook for the patient. The finding at the time of diagnosis of a genetic
change associated with poor prognosis enables the physician to commence
intensive chemotherapy before the disease has progressed too far, potentially
improving the chance of remission. On the other hand a specific and
prognostically favourable genetic sign may mean that the patient can avoid
unnecessary, unpleasant and dangerous treatment. In addition to the planning
of appropriate therapy, knowledge of the prognosis of a cancer is a great help to
the patient and his or her family in allowing them to adjust their attitudes and

expectations.

Tumours in which prognostic information may be available from the
identification of genetic changes include Philadelphia positive acute
lymphocytic leukaemia (ALL) which carries a poor prognosis (Fletcher et al,
1991), and breast cancer, in which the presence of ERBB2 amplification implies
a poor outcome (Borg et al, 1991; Prost et al, 1994). The presence in ALL of
hyperdiploidy of more than 50 chromosomes, especially without structural
rearrangements, carries a good prognosis, as does a normal karyotype. Cases
with rearrangements of 8q24 or 14q32, or with the t(4;11)(q21;q23), and those
with near haploidy (22 to 28 chromosomes), have a relatively poor prognosis.

(Sandberg, 1994)

In some situations the exact diagnosis and the prognosis go together, 'for
instance t(8;21)(q22;q22) is diagnostic of M2 acute myeloid leukaemia (AML),
which carries a good prognosis. Similarly involvement of 16q22 in a deletion,
inversion or translocation is diagnostic of M4 AML which also has a good

prognosis. Conversely t(8;14)(q24;q32) is diagnostic of L3 ALL which has a poor
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prognosis. (Sandberg, 1994). Table 1.4 shows the FAB classification of

leukaemia for reference.

There are additional benefits to the patient arising from the diagnosis of a
particular condition by identifying its characteristic genetic abnormality. These
include specific therapy resulting from molecular knowledge of the genes
involved in the aberration, diagnosis of tumour predisposition in the next

generation, and monitoring of treatment for success or relapse.

Table 1.4

French-American-British (FAB) classification scheme for acute non-
lymphocytic leukaemia and acute lymphoblastic leukaemia

Acute non-lymphocytic leukaemia

M1 Myeloblastic leukaemia without maturation
M2 Myeloblastic leukaemia with maturation
M3 Hypergranular promyelocytic leukaemia
M3 variant Microgranular promyelocytic leukaemia
M4 Myelomonocytic leukaemia

M4Eo Myelomonocytic leukaemia with eosinophilia
M5 Monocytic leukaemia

Mb5a poorly differentiated

M5b well differentiated

Mé Erythroleukaemia

M7 Megakaryocytic leukaemia

Acute lymphoblastic leukaemia

L1 A homogeneous population of small cells with scant cytoplasm,
fine dispersed chromatin and regular nuclear shape

L2 A heterogeneous cell population with abundant cytoplasm and
differing sizes, chromatin patterns and nuclear shapes.

L3 A homogeneous population of large B-cells with a fine chromatin
pattern and regular nuclei. The lymphoblasts are similar to blasts
in Burkitt's lymphoma
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1.4.3. Therapy

Genetic information can be used for diagnostic and prognostic purposes, and,
as described above, may lead the molecular biologist to identify critical genes
involved in tumorigenesis. But it may also open the door for development of
appropriate therapies. An example of this is acute promyelocytic leukaemia
(AML-M3). The finding of t(15;17)(q22;q12-21) is diagnostic of the condition.
Molecular investigation of the breakpoints has resulted in the discovery that
the retinoic acid receptor gene is involved on chromosome 17 (de The et al,
1990). This gave an insight into the clinical discovery that retinoic acid can be

used in the treatment of APL with some startling results (Grignani et al, 1994).

1.4.4. Pre-natal diagnosis

In hereditary cancers in which a germline deletion may be the first "hit" that
predisposes an individual to cancer, it may be possible to detect the presence of
the critical genetic change in the embryo. An example is retinoblastoma, for

which pre-natal detection of predisposition is available to affected families.

1.4.5. Monitoring

After diagnosis the presence of a characteristic chromosome aberration in
tumour cells can be used as a means of following the response to treatment, to
establish the completeness of a remission, and to check for subsequent relapse.
This application is particularly appropriate in the haematological malignancies
in which serial bone marrow aspirates can be performed easily to obtain this

information.

1.5. Methods available for obtaining genetic information

There are a number of different approaches to the gathering of genetic data,
These range from methods which involve visualisation of chromosomal

defects, either directly, such as in karyotyping, or indirectly as in the various in
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situ hybridisation techniques, to mechanisms for evaluating total DNA
content and molecular methods to detect changes in the DNA itself or in its
protein products. There are two important differences between cytogenetic and
molecular genetic techniques. Firstly, cytogenetics reveals all chromosome
aberrations, while molecular analyses reveal only those aberrations that are
tested for. Secondly cytogenetics analyses real individual cells and reveals their
heterogeneity, while molecular approaches produce an "average" result from a

large number of cells (Heim, 1992).

1.5.1. Karyotyping

The conventional method for detecting chromosomal abnormalities in
tumours is to perform a karyotype. This requires access to a fresh sample of the
relevant tissue, which is generally cultured for several days, with or without
exogenous stimulation, so that as many cells as possible are in metaphase. Cell
division is then halted and the cells are harvested and fixed prior to the
preparation of metaphase spreads. Sometimes metaphases can be obtained

from fresh tissue directly without culture.

Metaphases on slides are banded using one of several methods and
chromosomes can then be identified according to their unique banding
patterns, and arranged sequentially as a formal karyotype. Alterations in
chromosome number are obvious, as are major deletions or translocations. In
many tumours abnormal marker chromosomes are seen whose constituents
are unclear without further investigation. Small deletions, insertions,
inversions and translocations may be identified by a practised observer
depending on the degree of resolution of the banding. The original banding
techniques produced karyotypes of human cells with a total of about 300 bands.
It is now possible to obtain less condensed chromosomes earlier in mitosis
using, for example, methotrexate blocking and thymidine release. This

produces up to 1200 bands per karyotype allowing accurate detection of much
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smaller chromosomal changes. Karyotyping is well suited to the detection of
numerical changes and structural aberrations involving 5 megabases (Mb) or
more of DNA. An advantage is that cell heterogeneity can be assessed and

multiple chromosome aberrations may be identified.

For technical reasons, chromosomal analysis of the haematological
malignancies has been easier than analysis of solid tumours. Accurate
karyotyping of metaphase preparations from solid tumours is difficult due to
poor chromosome spreading and banding, and condensed or fuzzy appearance
of chromosomes. In addition, areas of necrosis in the biopsy and a low mitotic
index in the viable material often result in few metaphases being obtained.
This has meant that our understanding of solid tumours, in both molecular
and biological terms, has emerged later than our understanding of

haemopoietic tumours.

1.5.2. In situ hybridisation

The techniques of in situ hybridisation directly couple molecular and
cytogenetic information, and allow genotype to be correlated with cellular
phenotype on a cell to cell basis. There has been a dramatic increase in the
number of new applications for some of the techniques largely because
technological improvements and modifications now allow precise
visualisation of single sequences within individual metaphase and interphase
cells. This has implications for gene mapping, the analysis of nuclear
organisation, clinical and diagnostic cytogenetics, virology and studies of gene

expression.

A full discussion of in situ hybridisation, its relevance in clinical oncology and

haematology and the different approaches available follows in section 1.6.
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1.5.3. Flow cytometry

The DNA index of certain malignancies is known to correlate closely with
pr‘ognosis. Flow cytometry has been used to screen single cell suspensions
made from tumours so that DNA index, or ploidy level, can be established.
The techniques can be applied to suspensions of nuclei isolated from fresh
tumour samples or from paraffin blocks, and are fairly rapid and simple.
However a relatively large tumour biopsy is required to obtain enough cells for
sorting, and in certain instances sufficient material for all the essential
laboratory investigations cannot easily be obtained, especially when the patient
is a small child or baby, or when only a needle biopsy can safely be performed.

A further limitation is that although the technique provides quantitative

information on the DNA content of cells in large populations, and identifies -

intra-tumour heterogeneity by being applied to one cell at a time, no

information about specific genetic events can be obtained.

1.5.4. Southern blotting

Named after its inventor, Edward Southern, this restriction endonuclease
mapping technique is a pivotal tool in clinical genetics. DNA is obtained from
the tissue under study, and it is purified and digested with a particular
restriction enzyme. The resulting mixture of different sized DNA fragments is
then electrophoresed on an agarose gel. The DNA in the gel is denatured and
the fragments are blotted onto a nitro-cellulose filter. The DNA on the filter is
then hybridised with a radioactively labelled gene probe. The position of the
fragments containing the gene can then be determined by auto radiography. By
using a series of different restriction enzymes which cleave the DNA in or
around the gene being studied, restriction enzyme maps can be built up of
areas of the genome. Any normal or mutant gene for which a probe is
available can be studied in this way. Similar methodology may be used to

detect mRNA (Northern blotting) or protein products (Western blotting).

39



In the clinical setting one disadvantage of Southern blotting is that it may be
hard to provide a biopsy of sufficient size to extract DNA for this technique
when samples are also required for histological and other investigations. In
addition the procedure is time consuming, requires specialist training, and
makes use of radioactive materials. Information can be obtained about changes
in the number of copies of DNA sequences that occur during amplification or
deletion, and rearrangements may be detected and characterised, but little
information is provided about heterogeneity, and results may be confused by

the admixture of normal stromal cells in the tumour.

1.5.5. Polymerase chain reaction

Recently the polymerase chain reaction (PCR) technique has been developed
which allows the amplification of any short DNA sequence in a few hours.
DNA from only one or two cells is required to obtain sufficient amplified DNA
to be diagnostically useful. DNA primers must be available which flank the
region of interest, on each and opposite ends of the two homologous DNA
strands. After denaturing the DNA by heating, the primers attach to the two
separated DNA strands, and a heat tolerant DNA polymerase allows the DNA
to be copied on each strand in opposite directions at the same time. Reheating
separates the double helix again and the DNA polymerase can act to amplify
the strands further. DNA from blood or tissue samples can be amplified
without previous purification, and the DNA fragments obtained can be
visualised directly on a gel without the use of radioactive probes. By
combining PCR with the use of specific oligonucleotide probes even single base

mutations can be identified very quickly.

This technique has been applied widely in medical genetics. It may be used to
determine whether or not a specific genetic aberration is present in a particular
tissue sample (Peter et al, 1992), thus being applicable for diagnosis and

prognosis, as well as for the detection of residual disease, for instance on the
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bone marrows of patients who have undergone chemotherapy for

haematological malignancies.

Reverse transcriptase polymerase chain reaction (RT-PCR) can be used in a
limited number of situations where associated specific DNA sequences are
known, for instance the t(14;18) in lymphoma, the Ph translocation t(9;22) in
CML, the t(15;17) in APL and the t(11;22) in Ewing's sarcoma (Potter et al, 1993;

Downing et al, 1993). This technique requires fresh or snap-frozen tissue.

1.5.6. Dot blot

Since DNA can be amplified so rapidly and mutations defined using
oligonucleotide probes, these mutations can now be detected without needing
to run the DNA out on gels. The DNA is simply spotted onto a nylon filter and
probed directly with the relevant oligonucleotide. When combined with non
radioactively labelled probes this provides a very rapid and simple approach to

the diagnosis of genetic disease.

1.6. Fluorescence in situ hybridisation : FISH

1.6.1. Background

The idea of hybridising probes directly, or "in situ", onto cellular or nuclear
material was first described in 1969 (Gall and Pardue, 1969; John et al, 1969).
Initially probes were labelled radioactively by nick translation with a
radioactive nucleotide triphosphate and the bound probe was detected by auto
radiography. The method was applied to highly repetitive sequences on

metaphase chromosomes (Evans et al, 1974).

Only in 1981 was it first possible to localise single DNA sequences on
metaphase chromosomes using tritium (3H) labelled probes (Harper et al,

1981a, 1981b) or iodine (125]) labelled probes (Gerhard et al, 1981). Tritium
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labelled probes have been used extensively in gene mapping: however FISH is

probably now the method of choice.

Various non-isotopic methods were developed in the 1980s to overcome some
of the limitations of radioactive techniques. The avidin-biotin system was
originally developed for electron microscopic localisation of RNA (Manning et
al, 1975; Broker et al, 1978). In 1981 Langer described the incorporation by nick
translation of biotinylated dUTP into a DNA probe, and in 1982 described
detection by an anti-biotin antibody coupled to a fluorescent molecule or an
enzyme (Langer-Safer et al, 1982). Other labelling techniques developed at this
time included mercuration (Hopman et al, 1986a), in which FITC molecules
are directly bound to mercurated DNA probes after hybridisation,
sulphonation (Verdlov et al, 1974), acetyl aminofluorene (AAF) (Landegent et
al, 1984) and horse radish peroxidase (Renz and Kurz, 1984). The AAF
procedure has been adapted to label nuclei in suspension for quantification of
bound probe in a flow cytometer (Trask et al, 1985). The AAF and biotin
systems or mercury and biotin systems can be used simultaneously to label two
DNA sequences with different fluorochromes (Hopman et al, 1986). The
company Boehringer Mannheim developed the digoxygenin system in which
labelled nucleotides are detected with anti-digoxygenin antibodies bearing
fluorescent of enzymatic tags. Most recently the probes themselves have been
fluorescently labelled so that a second detection step is unnecessary. This has
been achieved either by incorporation of fluorescent nucleotide triphosphates
during nick translation (Wiegant et al, 1993) or using covalent attachment of a
fluorochrome (Gall and Pardue, 1969). These techniques simplify and hasten
the hybridisation process but at present in situ hybridisation with directly
labelled probes is not as sensitive as with multistep amplification schemes

(Gray et al, 1994).
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Although non isotopic detection became more widely applied for highly
repetitive sequences, single copy genes were still detected using radioactive
techniques during the 1980s, owing to the limiting factors affecting
fluorescence in situ hybridisation (FISH) at that time. Only since the late 1980s
has the performance of FISH improved sufficiently for it to become the
invaluable tool that is today, with a constantly increasing number of
applications in genetics, virology and cell biology as well as in clinical
medicine. This improvement has largely come about due to modifications in
hybridisation conditions so that efficiency of hybridisation is greater,
background fluorescence is reduced, and sensitivity and resolution are
enhanced (Lawrence, 1990). Detection of hybridisation to unique sequences was
hampered by the existence of interspersed repeat sequences in most probes
larger than a few kilobases. Hybridisation with these probes resulted in binding
to similar repeats throughout the target genome. This limitation has been
overcome by the inclusion of unlabelled or cot-1 DNA during hybridisation
which competitively inhibits binding of interspersed repeat DNA sequences
(Landegent et al ,1987). The sensitivity of FISH now approaches that of
isotopically labelled probes, with accurate mapping reported of 1 - 5 kb probes
(Fan et al, 1990). However, mapping using such small probes, which are
usually ¢cDNA clones, is rarely successful. Specific locus probes for larger
regions can be produced by cloning probes into larger insert vectors such as

phage, cosmids and yeast artificial chromosomes (YACs).

1.6.2. Basic steps in FISH

All procedures rely on several basic steps:
1) Denaturation of target nuclei or chromosomes to separate the double
stranded DNA into separate single strands.

2) Addition of denatured, single stranded and chemically labelled DNA probe.
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3) Incubation of target and probe molecules under proper conditions to allow
optimal hybridisation or reannealing of probe to complimentary sequences in
target.

4) Washing (usually at elevated temperatures) to remove mismatched and
unhybridised probe molecules.

5) Immunofluorescent detection of chemical labels on probe molecules.
Additional steps can be added if necessary; for instance proteinase K may be
employed to improve the accessibility of probe and detector molecules to the
target DNA, and RNAse treatment may be used and milk may be added to the

buffer to minimise non-specific binding of probe and detector molecules.

1.6.3. Advantages and disadvantages

Both enzymatic and fluorescent methods have an advantage over auto-
radiographic methods in that the substances involved are stable and there are
no disposal problems. Enzymatic methods such as horse radish peroxidase and
alkaline phosphatase require extra steps to make the substrate visible, but
amplification of the signals can be achieved simply by prolonging the reaction,

and the results do not fade.

Fluorescent reporter molecules have the advantage that they have the highest
spatial resolution possible with the light microscope. In addition the method is
faster and more sensitive than either isotopic methods (in which auto-
radiography may take several weeks) or enzymatic methods, and statistical

analysis is not necessary as it is with tritium.

The fluorescent technique allows the use of different reporter/detector systems
in tandem in different colours, which means that several probes can be
visualised individually and simultaneously. Fluorescein isothiocyanate (FITC)
and Texas red (TR) are the most frequently used, but with the use of double

labelling and of additional fluorochromes such as amino methyl coumarin
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acetic acid (AMCA) and rhodamine isothiocyanate (TRITC) up to seven
different probes may be mapped at once (Ried et al, 1992). Signdls can be
amplified to enhance sensitivity, for instance using antibody stacking
techniques (Pinkel et al, 1986). In addition image processing computer software

has increasingly been employed to enhance signal to noise ratio further.

1.6.4. Preparations used for FISH

Generally molecular cytogenetic studies have targeted DNA sequences in
isolated metaphase spreads or nuclei attached to microscope slides (Lawrence,
1990). However, much time and effort has been put into investigating the
possibility of using archival material for FISH studies, as this would open the
door on vast quantities of otherwise unavailable information. Some success
has been achieved using thin sections from formalin fixed, paraffin embedded,
histological samples (Stock et al, 1993; Lutz et al, 1992). One of the major
problems when using tissue sections for FISH is excessive auto-fluorescence,
and it has been found by some experimenters to be more effective to use an
enzymatic detection system (Arnoldus et al, 1991). Another problem, mainly
applicable to thin sections, is that portions of almost all the nuclei are lost
because of the sectioning process, thus invalidating the many studies in which
signal counting is an integral part. Some authors have attempted to
compensate for this effect by statistical methods applied to controls (Hopman et
al, 1991b; Kim et al, 1993 ). This problem can be circumvented by using intact
nuclei extracted from thick (50um) sections using xylene and enzymes (Hedley
et al, 1983; Schofield et al, 1992). However more DNA probe and greater signal
amplification are required for effective visualisation of probes, and non-
specific background fluorescence may then become problematic. Also the
distinct bonus of using tissue sections, the preservation of tissue architecture,

is lost during the process of dispersing the nuclei.
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The confocal microscope allows three dimensional FISH studies, both on thick
paraffin sections (Thompson et al, 1994) and on cells in suspension prepared
from culture (refs). This has also facilitated the study of chromosomal

organisation in the interphase nucleus (Trask et al, 1988; Cremer et al, 1993).

In the clinical situation the availability of tissue is frequently limited,
particularly if the tumour being investigated is in a small child, or is in a
location which makes it difficult or dangerous to biopsy. This means that it is
not always possible to obtain sufficient tissue to prepare a nuclear suspension
which can then be applied to microscope slides. Also there may be nobody at
the centre in which the biopsy is performed who is able to prepare the tissue
appropriately, because of constraints of time, facilities or training. New, tissue
conserving approaches to the preparation of material for FISH are required:

this problem is addressed further below.

1.6.5. The application of FISH to tumour diagnosis

Fluorescence in situ hybridisation has become an essential and invaluable
addition to conventional cytogenetic and molecular studies, both in
haematological conditions such as leukaemia, lymphoma and myelodysplasia,

and more recently in solid tumours.

i) Aneusomy: Probes to chromosome specific, tandemly repeated sequences
were among the first to be used in molecular cytogenetic studies (Pinkel et al,
1986). These probes are quite simple to use as the target sequence at the
chromosome centromere is often greater than 1 Mb in size, so that a large,
localised signal is produced even in interphase. Chromosome specific
centromere probes are now available for each of the human chromosomes,
and they are useful to demonstrate aneusomy in interphase cells, thus
obviating the need to obtain mitotic cells either for karyotyping or for FISH.

This is important both because of the technical simplicity, and because
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dividing cells obtained from a tumour are frequently not representative of the
whole cell population, so sub-populations with different cytogenetic
abnormalities may be missed. Chromosome counting studies have been
carried out on a range of different tumours. Numerical chromosome
aberrations in bladder cancer have been studied using single cell suspensions
from fresh tumour tissue, and the results compared favourably with those
obtained by flow cytometry (Hopman et al, 1988, 1989 and 1991a). Interphase
cytogenetics has been found to be a very helpful adjﬁnct to conventional
karyotyping in the study of malignant haematological disease, often providing
more information in a greater number of cases (Poddighe et al, 1991). The
technique has been invaluable in detecting trisomy 12 in chronic lymphocytic
leukaemia (CLL), a condition in which the neoplastic lymphocytes exhibit a
very low mitotic rate, prohibiting karyotyping in all but a few cases (Lalkin et
al, 1993). This is the most common cytogenetic abnormality in CLL, and may
have prognostic significance (Que et al, 1993; Coignet et al, 1993). In the study of
numerical chromosome aberrations in childhood acute lymphoblastic
leukaemia FISH has been shown to yield more results in more cases than
karyotyping or flow cytometry (Berger et al, 1994). A similar comparison has
been made in normal brain and malignant gliomas, both of which have low
baseline proliferative activity, and FISH was a helpful alternative approach
(Dalrymple et al, 1994). FISH using centromere probes provides an extremely
sensitive way of detecting minimal residual disease or relapse in the bone
marrow of patients with acute leukaemia after chemotherapy (Heerema et al,
1993) or bone marrow transplant (BMT). This method can detect disease
significantly earlier than morphological or karyotypic analysis, and salvage
therapy may be commenced as soon as possible. In addition, following BMT
with a non sex matched donor, X and Y probes may be used to detect residual
host cells (Wessman et al, 1993), and recurrence of leukaemia in donor cells

(Mouratidou et al, 1993).
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ii) Deletion: The detection of monosomy, or of deletion of a region of a
chromosome is possible with centromere probes and with specific locus probes.
Great care must be taken, and appropriate controls are essential, because
inefficient hybridisation will produce false positive results. Interphase FISH
has been used to seek monosomy 7 in myelodysplastic syndromes, which is a
prognostically important finding, and was detected in samples which had
appeared to be normal using conventional cytogenetic methods (Flactif et al,
1994a). The deletion of 5q characteristic of some myelodysplasias has also been
studied using FISH and it has been reported that IRF1, a putative tumour
suppressor gene on 5q, is not generally lost with the commonly deleted section
in 5g- syndrome (Boultwood et al, 1993; LeBeau et al, 1993). Cosmid probes
have also been used to detect deletions of other regions of specific relevance
both in metaphase (Kobayashi et al, 1993) and in interphase (Kallionemi-A et
al, 1992a). One study attempts to detect distal deletions of chromosome 1p in
neuroblastoma in thin paraffin sections (Leong et al, 1993). In the absence of
convincing statistical analysis of results and controls, and given the problems
of sectioned nuclei and poor probe penetration in paraffin sections, this
appears to be a very preliminary exploration of the technique. The use of
cosmid probes to detect deletion of 1p in neuroblastoma will be discussed in

detail below.

iii) Amplification: FISH may be used to visualise gene amplification using
specific locus probes, and estimation of the number of copies of the amplified
gene is sometimes possible. In a study of ERBB2 amplification in breast cancer,
ERBB2 copy number was compared with chromosome 17 centromere copy
number in cell lines, so that true amplification could be separated from the
effect of aneuploidy. In addition the spatial arrangement of the signals
suggested an intra-chromosomal distribution of the amplified gene. The
results correlated well with Southern blotting results (Kallioniemi-O-P et al,

1992). Similarly another study used FISH to localise the amplified myc
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sequences to double minutes in metaphases from a case of acute myelogenous
leukaemia (Slovak et al, 1994). An account of the detection of N-myc
amplification in thin paraffin sections has also been published (Leong et al,

1993).

iv) Translocation: A different approach is to use locus specific probes for the
detection of characteristic translocations which have diagnostic or prognostic
significance in some tumours. If flanking cosmids are hybridised each side of
the known breakpoint on one of the chromosomes involved in the
translocation then the signals from these probes will be closely associated in a
normal chromosome, but the association will be lost if the translocation is
present. This approach can be applied to any observed translocation provided
suitable flanking probes are available. The probes do not need to be adjacent to
the breakpoint, and the molecular events at the breakpoint itself do not need
to be delineated. In this way Ewing's sarcoma has been diagnosed by detecting
the characteristic t(11,22) in metaphase (Desmaze et al, 1992). A study detecting
the presence of the translocation in interphase has also been published
(Giovannini et al, 1992). This paper merely states that "the translocation was
detected in a straightforward manner" and gives no details of the number of
nuclei observed, the distances between signals, or of any appropriate controls
performed, and although it was observed that the number of nuclei showing
the hallmark translocation varied from sample to sample no analysis was

made of this. The visualisation of the signals in this study depends on the use

of a confocal microscope and on image processing software, neither of which.

are widely available in diagnostic laboratories. I have made a detailed analysis
of the application of FISH to the t(11;22), for routine use, which is presented

below.

The approach described above may be modified further if probes are available

for specific genes which are brought together by a translocation. An example of
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