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Foreword

The management of children with cancer has become a paradigm of cancer care for patients of all ages. The mul-
tidisciplinary team approach involving oncologists, surgeons, radiologists, clinical scientists, nurses, and other spe-
cialists operates on a basis of mutual respect and understanding for the roles of all disciplines. Such understanding
develops through close clinical liaison but is much facilitated by the availability of readily accessible information
sources which educate and guide practitioners.

This excellent book fulfils that purpose to the fullest extent. In this age of electronic media and the Internet one
can be deluged with information, much of it unhelpful or misleading. In order to see the big picture, publications
such as this are vital. The care of a child with cancer requires a comprehensive understanding of the biology of the
disease, the diagnostic methodologies, and the way in which these impact on treatment decisions. The editors and
authors of this book are to be highly commended for the quality and clarity of the text. This book is relevant not
only to clinical scientists and pathologists but also to oncologists and other clinicians. It represents a one stop, com-
prehensive source of information and can only broaden the horizons of all those who read it. The true beneficiar-
ies of this book will be children with cancer, for with accessible information sources such as this the quality of care
can only be improved.

Allan G. Howatson

Consultant Paediatric Pathologist
Royal Hospital for Sick Children
Glasgow
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Preface

Are you a clinician or scientist working in paediatric oncology who wishes to understand current developments in

molecular pathology as applied to your field? Then this is the book for you! It is a broad ranging review focusing

on the impact of molecular and cytogenetic techniques on understanding of the aetiology, clinical behaviour,

diagnosis, and management of paediatric cancer. The first section outlines the laboratory handling of tissue

samples, theory, and methodology of cytogenetic and molecular techniques and discusses predisposition

syndromes. The second section highlights the application of cytogenetic and molecular methods in diagnosis and
treatment of the major paediatric cancers.

C.J. Cullinane

S.A. Burchill

J.A. Squire

J.J.O’Leary

1.J. Lewis
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lan |. Lewis

Introduction

There has been an explosion of knowledge and enorm-
ous progress in the fundamental understanding of the
biology of cancer in recent years. This has included the
realisation that cancer occurs when normal cellular func-
tions are disturbed leading to a malignant phenotype.
Much research has focussed on understanding the types
of disturbances that can occur, the contribution that these
abnormalities can make to the development and beha-
viour of particular cancers, and more recently, the recog-
nition that these cellular and genetic abnormalities can
provide rational targets for new therapeutic approaches.
Information about the biology of cancers that occur
in children has increased in parallel with these more
general advances and this book is intended to provide a
focus for readers who wish to have an understanding of
our current state of knowledge. The purpose of this first
chapter is to provide a general overview of childhood
cancer for readers who do not consider themselves
expert in this field. It is not intended to be comprehens-
ive but rather to put this book into a clinical context.
Cancer arising in children is nearly always unexpected
and results in significant burdens on the children them-
selves, their families, and the wider community.
Enormous challenges arise for all who are involved in
trying to provide care for the child with cancer and in
many ways the practice of paediatric oncology has
become a paradigm of true multi-professional and
multidisciplinary care. The primary aim of that care is
to offer each affected child the best possible chance of
survival whilst minimising the physical, psychological,
and social costs. Modern convention is that this should
be carried out in an atmosphere and environment of
support and openness. Key to this is the requirement to
provide as much information as possible about the
possible causes and behaviour of their specific cancer. It
is therefore important that professionals dealing with

An introduction to children’s cancer

and the patient pathway

children and their families can help explain our current
state of knowledge about cancer biology. Similarly, it
is important that professional scientists working or
researching into aspects of specific cancers have a broad
understanding of childhood cancer and to what patients
and families experience during the quest for cure.

Epidemiology

Society does not expect children to develop cancer and
fortunately cancer in childhood is relatively rare with
only approximately 1 child in 650 developing cancer
before the age of 15 years. Nevertheless, despite major
advances in diagnosis and treatment over the past
40-50 years, cancer remains a significant public health
problem and a common cause of death in children over
the age of 1 year in developed countries.

In contrast to adult malignancy where most cancers
are epithelial in origin and are classified by site of
origin, cancers occurring in children are histologically
very diverse and can occur in many different anatomical
sites. This has led to a separate standard system of clas-
sification, “The International Classification of Childhood
Cancer’, which has 12 main diagnostic groups, most of
which are divided into a number of subgroups (Table 1).

Interestingly, age-standardised incidence rates of
childhood cancer in different countries and cultures are
relatively similar, lying in the range of 75-140 cases per
million children. There are however quite marked vari-
ations in the incidence of particular types of childhood
cancers in different countries and ethnic groups. Acute
leukaemias account for around a third of all childhood
cancers in the white populations of Europe and North
America but are less than half as frequent in Black
African populations. Burkitt’s lymphoma is by contrast
the commonest cancer in much of sub-Saharan Africa
whilst being rare in White European children. In the



2 Molecular biology and pathology of paediatric cancer

Table 1  Cancer incidence in children under 15 years of age

Type of Percentage Peak age
malignancy of cases incidence (years)
Leukaemia 34.2
ALL 26 2-8
AML 7
Central nervous system 23.5
Astrocytoma 8.8
Medulloblastoma 4.6
Other 10.2
Lymphoma 11.0
Hodgkin’s 4.5 >10
Non-Hodgkin’s 6.0
Neuroblastoma 6.0 <3
Kidney 6.0 <5
Wilms’ 5.9
Soft tissue sarcomas 6.0
Rhabdomyosarcoma 3.8
Embryonal <10
Alveolar >10
Bone tumours 5.0 10-20
Osteosarcoma 3.0
Ewing’s sarcoma 2.0
Retinoblastoma 2.7 <1
Germ cell tumours 2.3 <5 or >15
Liver 0.8
Hepatoblastoma <5
Hepatic carcinoma
Epithelial/Carcinoma 2.0
Others <1.0

United Kingdom, Hodgkin’s lymphoma has a higher
incidence amongst children of South Asian origin than
amongst white children. There are quite considerable
variations in incidence for Ewing’s sarcoma with partic-
ularly low rates in African, Chinese, and American
Black children compared to white children in the United
States, Europe, and Australia.

Different childhood cancers also occur at different
ages. The embryonal tumours of childhood; neuroblas-
toma, nephroblastoma (Wilms’ tumour), hepatoblas-
toma, and retinoblastoma occur most commonly in
young children under 5 years of age. Osteosarcoma and
Ewing’s sarcoma are predominantly malignancies of
adolescence associated with periods of maximal somatic
growth. In White children lymphomas predominate in
teenagers whilst occurring at a younger age in South
Asians. Acute lymphoblastic leukaemia (ALL) occurs

throughout childhood but is most common in children
between the ages of 2 and 8 years. These variations
signpost that both genetic and environmental factors
play roles in the causation of childhood cancer.

Aetiology

All cancers arise as a result of sequential genetic disturb-
ances occurring in target cells in a step-wise manner. The
initiating genetic change may be inherited either as a sin-
gle gene mutation or may be induced by external or envi-
ronmental agents but requires further genetic events to
take place in order to evolve to a true malignant state.
In some childhood cancers as few as two mutations
can be sufficient to cause cancer. In other types of child-
hood cancer, for example, neuroblastoma, multiple
genetic events can be identified in advanced cases
although how many of these events are necessary to ini-
tiate a truly malignant state has not yet been identified.
A small, but important, minority of childhood cancers
arises in association with genetic predisposition, some of
which can be familial. The retinoblastoma gene RB-1 on
chromosome 13q14 normally acts as a negative regulator
of cell division. Deletions or mutations of this gene cause
loss of function and predisposes those affected to
retinoblastoma, the commonest childhood eye cancer.
These genetic abnormalities can be inherited or mutate
spontaneously and both gene copies need to have been
affected for a cancer to arise. Children with germline muta-
tions of RB-1 are predisposed to multiple retinoblastoma
tumours occurring in both eyes, and also to other tumours
such as osteosarcoma, the commonest type of bone
tumour arising in children. Despite this, only a minority of
retinoblastoma tumours are found in children with
germline mutations, the majority occurring sporadically.
Other examples of cancer genetic predisposition
abound. These include the Li-Fraumeni syndrome where
a range of germline mutations in the P53 gene on chro-
mosome 17 predispose to a wide spectrum of cancers
including adreno-cortical carcinoma in young children,
sarcomas, brain tumours, and early onset breast cancer
in adults. Neurofibromatosis type 1 (NF1), occurs where
mutations of the NF1 gene on chromosome 17q result in
an aberrant neurofibromin protein. The normal protein
regulates ras protein activity and mutations result in a
varied clinical picture that includes an increased incid-
ence of cancer, most commonly brain tumours.
There are many examples of particular cancers
arising in children with specific chromosome anomalies
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or congenital malformations. Children with Trisomy 21
(Down’s syndrome) have a higher incidence of acute
leukaemia. Wilms’ tumour occurs in children with a
range of malformations including aniridia, anomalies of
the genito-urinary tract, and certain overgrowth
syndromes such as hemi-hypertrophy or Beckwith—
Wiedemann syndrome. The genetic basis of these is
more complex than just the involvement of a single gene
and as an example, a number of gene abnormalities
have been identified that are associated with or result in
Wilms® tumour. This introductory chapter cannot do
more than highlight the issues and direct the reader to
the chapter focussing on family genetics and predisposi-
tion syndromes or to specific tumour chapters.

The majority of childhood cancers occur sporadically
and are not associated with germline mutations or con-
genital anomalies. It is clear that some environmental
factors can either interact with germline genetic defects
or initiate novel genetic change that results in cancer. As
an example of the former, it is apparent that children
with conditions such as hereditary dysplastic naevus
syndrome or xeroderma pigmentosum are at particular
risk of melanoma at a young age if exposed to ultravi-
olet radiation. Certain viruses are known to be associ-
ated with particular malignancies in children. As
examples, Epstein—-Barr (EB) virus genetic material is
found in Burkitt lymphoma cells and EB virus is also
associated with other lymphomas and nasopharyngeal
carcinoma. Hepatitis B virus infection predisposes to
hepatocellular carcinoma and HIV1 predisposes to
Kaposi sarcoma and B-cell neoplasms in children.

Certain drugs can also cause cancer. A class of anti-
cancer drugs called topoisomerase 2 inhibitors used for
treating a variety of childhood cancers has been shown
to initiate a specific genetic defect in chromosome 11¢23
resulting in the occurrence of secondary leukaemia. This
event appears to be schedule dependent, occurring with
greater frequency when patients are exposed to the drug
for a prolonged period. Similarly, secondary leukaemia
or lymphoma can occur after treatment with alkylating
agents. The risk of second malignancies appears to
increase when radiation therapy is combined with alkyl-
ating agents and this combination can result in a variety
of second tumours including sarcomas and breast carci-
noma. These most commonly occur within, or adjacent
to, the radiation field.

Despite rapidly increasing knowledge about child-
hood cancers, the cause of the majority of these
tumours remain unknown and this is often a source of
enormous frustration to affected families that will only
be relieved by continued research.

Changes in outcome

There have been major improvements in outcome over
recent decades for many childhood cancers (Fig. 1). It
has been estimated that in the 1960s in the United
Kingdom, only 26% of children diagnosed with cancer
survived at least 5 years from diagnosis. This had
increased towards 50% by the late 1970s and 65% by
the late 1980s. Current evidence is that around 75% of
children diagnosed during the 1990s will be living
5 years after diagnosis and that the majority of these
will become long-term disease-free survivors.

There are a number of quite complex and interlinked
reasons for these improvements. There is no doubt that
many of the initial advances in prognosis occurred as a
result of the introduction of effective chemotherapy
agents and in particular the understanding that success-
ful use of chemotherapy often required the use of a
number of drugs in combination in order to overcome
chemo-resistance. Perhaps two of the best examples of
this approach were improvements in prognosis for ALL
and Hodgkin’s lymphoma. Concurrently, solid tumours
were beginning to be treated in a more coordinated
multimodal fashion combining surgery and radiotherapy
with the newer chemotherapeutic agents. This approach
resulted in some early benefits and improvements in sur-
vival, for example, in Wilms’ tumour, Ewing’s sarcoma,
and rhabdomyosarcoma. These early successes con-
tributed to at least two further advances. First, the
development of children’s cancer centres where expert-
ise in these complex treatment approaches and the
associated complications could be developed, where
children with these rare diseases could be managed in a
supportive environment. Second, the coming together of
children’s cancer centres into cooperative groups to
learn from each other, to develop common treatment
approaches and subsequently to develop multicentre
and multinational clinical trials aimed at bringing new
approaches or treatments rapidly into practice. Many of
these cooperative groups came into existence during the
late 1960s and 1970s, perhaps led by the formation of
the Children’s Cancer Study Group (CCSG) in North
America and the International Society of Paediatric
Oncology (SIOP), which mainly operated trials and
studies in Europe.

In the United Kingdom, the Medical Research
Council established a national Leukaemia Working
Group in 1969. This Group subsequently set up a
number of sequential therapeutic randomised trials in
both childhood ALL and acute myeloid leukaemia
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Fig. 1 Trends in 5-year survival rates for childhood cancers.

(AML), which have resulted in major improvements in
outcome for both groups of diseases. In 1977, the
United Kingdom Children’s Cancer Study Group
(UKCCSG) was formed and has been the focus of devel-
opments in children’s solid tumours for 25 years. The
UKCCSG now offers a wide portfolio of trials and stud-
ies across the broad range of childhood solid tumours
and includes subgroups developing new therapeutic
agents and studying the biology of these rare cancers. In
recent years it has become apparent that very large clin-
ical trials involving hundreds of patients are required if
further advances are to be made using current trial
methodology. Even trials involving the entire United
Kingdom are unlikely to have adequate numbers of
patients to allow statistically valid completion in a timely
fashion. As a result, clinical investigators from many
cooperative organisations including the UKCCSG have
been instrumental in coming together and developing
multinational studies for a number of tumour groups
including randomised trials in neuroblastoma, B-cell
lymphomas, osteosarcoma, Ewing’s sarcoma, Wilms’
tumour, soft tissue sarcomas, and hepatoblastoma. This
increase in international collaboration has encouraged a

greater common understanding of the cancers, the fur-
ther development of evidence-based treatment and
allowed improvements in treatment to reach patients
more rapidly.

The patient pathway

The successful overall management of a child with can-
cer is complex and grounded in teamwork involving
personnel from a variety of medical and allied profes-
sions and disciplines within individual professions. The
organisation of care is based on the triad of diagnosis,
treatment, and supportive care (Fig. 2).

It is perhaps easier to understand the processes and
potential pitfalls involved if considered from a patient
and family perspective. On rare occasions, a child might
present through a cancer-screening programme because
there is a known genetic or other predisposition but with
our current state of knowledge this is very unusual.

The journey nearly always begins when a child develops
a particular symptom or symptoms and help is sought
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from primary health care professionals. In the United
Kingdom this is usually the family General Practitioner.
It is beyond the scope of this book to give a full descrip-
tion of the protean ways that cancer can present in
childhood but the relative rarity of childhood cancer
means that it is quite uncommon for primary care
professionals to recognise that cancer is occurring in a
particular child at the time of first presentation and
a degree of delay in further referral is common.

1. Referral

In the United Kingdom and most of the developed
world, nearly all children with cancer eventually reach
specialist children’s cancer units; however the routes by
which they get there are varied and this can potentially
have an adverse effect on the outcome.

The pattern of referral from primary care depends on
the particular symptoms and physical findings. Children
with lethargy, bruising, or enlarged lymph nodes may
well be referred for either haematological assessment by
peripheral blood evaluation or directly to a local paedi-
atrician for a clinical assessment. Children with pain or
loss of function may be referred to a paediatrician but
are more likely to be referred to specialists such as ENT,
ophthalmic, or orthopaedic surgeons depending on the
site of symptoms. Similarly, children with ‘lumps’ or
swellings may be referred to general or specialist
surgeons who may or may not have a particular under-
standing of children’s cancer. Children with symptoms
that might include headaches with vomiting, weakness,
loss of sensation, or unsteadiness are commonly
referred to paediatric neurologists or neurosurgeons.

At some stage there is a realisation by the medical
team that the child may be suffering from one or other
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form of cancer and it is usually at this point that refer-
ral to the specialist cancer unit is made. Historically, this
often happened after a tissue diagnosis had been made
by biopsy but it has been increasingly understood that
children are best served by referral to a specialist centre
when a diagnosis of cancer is suspected so that a full
and comprehensive evaluation can take place giving
maximum information from minimal interference.

2. Diagnostic evaluation

The families of children suspected of having cancer
want and need to know the answers to the questions,
“What is it?’, “Where is it?’, ‘How has it happened?’, ‘Is
it treatable?’, and ‘What will the outcome be?’.
The children’s cancer team also needs to answer these
questions in order to be able to respond to the families
and plan the most effective treatment. Therefore the aim
of the diagnostic evaluation is to establish an accurate
pathological diagnosis and the extent of disease in as
timely a manner as feasible whilst providing the child
and family with clear information and an understanding
of the processes involved.

The initial part of the evaluation is clinical. A compre-
hensive history of symptoms and full examination is a
major tool in establishing an accurate differential diag-
nosis so that investigations can be appropriately targeted.
Pallor and fatigue or bruising tends to point towards
leukaemia. Bone pain or limping with or without fever
can also point to leukaemia but might also indicate
Ewing’s sarcoma, neuroblastoma, or osteosarcoma, the
latter particularly in the presence of a limb mass.
Enlarged lymph nodes most commonly occur with infec-
tions but in the absence of fever or if persistent and not
responding to antibiotics then strongly suggest Hodgkin’s
lymphoma, non-Hodgkin’s lymphoma, or leukaemia.
On occasions parents notice a mass or swelling in their
child’s abdomen. This may indicate Wilms’ tumour, neu-
roblastoma, or a liver tumour. Persistent headaches with
vomiting, disturbances of vision, or newly developed
unsteadiness may all indicate the presence of a brain
tumour. Protrusion of an eye can occur in neuroblastoma,
rhabdomyosarcoma, histiocytosis, or leukaemia. These
are just a few common examples of typical symptoms but
a significant number of children present with less obvious
problems so the clinical level of suspicion that a malig-
nancy is present needs to be high. Clearly the child’s age
is of importance. As already described, certain cancers
are more likely to arise at particular ages.

Other aspects of the history can also be of vital
importance. A careful family history may reveal a

familial predisposition to cancer, for example,
retinoblastoma or neurofibromatosis. The past medical
history of the child may identify an unexpected predis-
position. Down’s syndrome is usually obvious to all, but
the relationship between some of the overgrowth
syndromes such as hemi-hypertrophy or immunodefi-
ciency syndromes and malignancy may not have been
brought to the family’s attention. An understanding of
the social and family background is also essential, not
particularly to help with the diagnosis but to put the
child into a social context so that the oncology team can
provide help and support to the family during the
considerable stresses incurred during and following
treatment. The clinical examination is essential in
providing confirmatory information but also, on
occasions, in identifying new signs that aids the
establishment of a diagnosis.

The initial investigations should be targeted towards
the likely diagnosis and may involve a number of discip-
lines. The first investigation in children suspected of
leukaemia is usually to obtain a blood sample for a
blood count and film in order to identify abnormalities
or deficiencies in red cells, white cells, or platelets.
Children suspected of having solid tumours almost
always require radiological evaluation, and a close rela-
tionship between the clinical and radiological teams is
essential to determine the most appropriate investiga-
tions for each child. Plain X-rays, ultrasound, comput-
erised tomography, magnetic resonance imaging, and
isotope studies may all be important in determining
both the local extent and distant spread of tumours but
each possible diagnosis demands a different range of
investigations. On occasions, the clinical chemistry
laboratory can be of enormous help in trying to
establish a timely diagnosis. Some solid tumours
produce chemical metabolites that can be used as
specific tumour markers. Neuroblastoma, arising from
sympathetic nerve cells, produces a range of substances
but those most commonly assessed are catecholamine
metabolites, which are excreted and can be measured in
urine. These metabolites can also be used to monitor
treatment and subsequent disease progress. Other
tumours, which produce tumour markers that can be
measured in serum include germ cell tumours, which
produce alpha feto-protein (AFP) and/or beta
human chorionic gonadotrophin (BHCG), and
hepatoblastoma, which also secretes AFP. Notwith-
standing this wide range of helpful initial
investigations, for the overwhelming majority of
tumours a tissue sample for pathological diagnosis is
absolutely essential.



Children’s cancer and the patient pathway 7

In the relatively recent past, it was very common for
the initial evaluation, biopsy, and even treatment to be
undertaken prior to referral to a specialist centre. At a
time when the tumours were little understood, treat-
ment was rudimentary, and outcomes poor, this
approach was perhaps understandable, but the
complexities of tumour sub-types and the subtleties of
varied treatments based on biological and genetic
phenotypes really make this approach unacceptable.
Despite this it is not uncommon even nowadays for
children suspected of having cancer to have a biopsy
undertaken without due consideration being given to
the complex technical requirements needed to establish
the most accurate pathological diagnosis possible.
Specialist children’s cancer centres combine the advant-
ages of having access to comprehensive diagnostic
facilities whilst at the same time providing an
environment where children and their families can be
offered appropriate information and support. It is diffi-
cult to understand the logic as to why the diagnostic
process might be undertaken without these facilities and
support.

The process of obtaining the most appropriate and
relevant tissue in order to make a pathological dia-
gnosis is a complex multidisciplinary process requiring
close collaboration between oncologist, surgeon, dia-
gnostic radiologist, and pathologist. Factors that require
consideration include the most likely diagnosis, the site
to biopsy, the amount of tissue needed, the method of
biopsy, and how the specimens should be handled. For
most paediatric cancers, establishing a pathological
diagnosis involves a number of techniques in addition
to routine microscopy. These include specific immuno-
histochemical evaluation, determination of cytogenetic
anomalies using techniques such as G-banding, fluores-
cent in situ hybridisation (FISH), comparative genomic
hybridisation (CGH), and increasingly molecular tech-
niques such as the polymerase chain reaction to analyse
tumour DNA or RNA. It has become common practice
to request permission from families to store frozen
tumour samples in order to take advantage of newer
diagnostic methods or prognostic tests as they become
available, or to use the tissue for research.

When leukaemia is suspected, tissue samples are
obtained by aspirating bone marrow through a hollow
needle and by trephine using a cutting needle in order to
preserve the marrow architecture. Samples are processed
in a variety of ways in order to give maximum micro-
scopic, immunophenotypic, and cytogenetic information
and in the majority of cases results are available within
hours enabling treatment to commence. These samples

allow the haematopathologist to differentiate between
the common forms of leukaemia, acute lymphoblastic
and acute non-lymphocytic leukaemia (also called
AML). This is extremely important as the treatment
regimes for these two main diagnostic groups of
leukaemia differ markedly. They also enable identifica-
tion of leukaemic sub-types and these can indicate
differences in prognosis that also require different treat-
ment approaches, perhaps indicating the need for a more
intensive treatment or even bone marrow transplanta-
tion. This can be illustrated by ‘Philadelphia chromo-
some’ positive ALL. In these cases the presence of a
translocation between chromosomes 9 and 22 results in
fusion between 2 genes BCR and ABL. This phenom-
enon gives rise to a leukaemia, which is relatively
unresponsive to standard therapy and where the recom-
mended treatment involves bone marrow transplanta-
tion. Developing this theme further, it has become
apparent that understanding some of the apparently
more esoteric biological mechanisms has led to
treatments that can be targeted at leukaemia-specific
abnormalities. An example of this is acute promyelocytic
leukaemia, a subtype of AML. This type of leukaemia is
characterised by a translocation t(15;17), which involves
a re-arrangement of the RAR-alpha gene, a retinoic acid
receptor gene. It has now been shown that treatment of
this particular leukaemic sub-type using all trans-retinoic
acid (ATRA) is of benefit in reducing complications and
improving outcome so that early confirmation of diag-
nostic sub-type is important.

For solid tumours, the situation in obtaining dia-
gnostic samples is more complex. Where, following radio-
logical evaluation, a tumour appears to be confined to a
single site and is thought possible to remove, then sur-
geons will consider an exploratory operation with a
view to complete excision. However, when this
approach does not seem feasible then there is often a
healthy tension between the different professional
groups about the method of biopsy and the quantity of
tissue required. The agreed basic premise is to obtain
the required amount of tissue with minimum disruption
to the child. This has led to the development of minim-
ally invasive techniques such as fine needle aspiration
and radiologically guided needle biopsy. Experience
however has led to the realisation that whilst these
approaches clearly have advantages, questions often
arise as to whether the sample is truly representative of
the tumour as a whole and the small tumour volumes
limit the possibilities of undertaking some of the more
complex diagnostic evaluations outlined above. As a
result, there has been a resurgence of the view that
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open, carefully controlled incisional biopsies will pro-
vide optimum tissue for diagnosis and prognosis.
Nevertheless, decisions about the methods of obtaining
diagnostic tissue must be tempered by the clinical status
of the child. Examples of clinical situations where the
wrong choice of diagnostic approach can be life threat-
ening include children with serious biochemical dis-
turbances such as can occur with high grade Burkitt
lymphomas. Similarly, children with major respiratory
compromise caused by massive liver involvement reduc-
ing diaphragmatic movement as can occur with hepato-
blastoma or neuroblastoma. Under these circumstances
clinical expediency clearly demands as minimally dis-
ruptive approach as possible and these children often
require intensive care. There are rare situations where
the clinical status of the child is so precarious that it is
necessary to consider starting treatment without a tissue
diagnosis and in these circumstances treatment is based
on clinical, radiological, and biochemical information.
Perhaps the commonest of these situations is the
diagnosis of brain stem glioma where there is genuine
controversy about the role and dangers of biopsy in
the face of typical clinical and radiological features.
The importance of an accurate tumour diagnosis can-
not be overemphasised. Decisions about treatment
regimes and prognostic information for the family are
dependent on this process. Whilst conventional tissue
staining and light microscopy are of enormous benefit
in some circumstances, many paediatric tumours are
notoriously difficult to distinguish without the full
panoply of diagnostic methodology. Neuroblastoma,
rhabdomyosarcoma, lymphoma, and Ewing’s sarcoma
can all appear as small round blue cells indistinguish-
able by standard microscopy, yet have markedly differ-
ing treatment regimes. Immunocytochemistry can be of
major assistance in establishing the correct diagnosis.
For example, lymphomas nearly always demonstrate
positive reactions to common leukocyte antigen (CD45)
but are negative to antibodies that are markers of meso-
derm or muscle differentiation. These will nearly always
give positive results in rhabdomyosarcoma but are neg-
ative in Ewing’s sarcoma or pPNETs. Despite being very
helpful, there are still areas of overlap as for instance
between pPNETs and neuroblastoma, both of which
might have similar phenotypic positive results with neu-
rally derived antibodies. In these circumstances, cytoge-
netic analysis can be key to diagnosis. Ewing’s or
pPNETs typically exhibit the t(11;22) or a variant
whilst neuroblastoma does not. Cytogenetic abnormal-
ities in neuroblastoma include near-triploidy, deletions
of chromosome 1p, double minutes, and excess copies

of chromosome 17q. These can be of major prognostic
significance. Near-triploidy in a baby of less than 1 year
with apparently disseminated neuroblastoma indicates
that this tumour may spontaneously remit with an
excellent long-term outlook. Contrast this with a slightly
older infant with similar dissemination in whom the
cytogenetic changes include 1p deletion, extra copy of
17q, or double minutes indicative of MYCN amplifi-
cation. This latter infant has a much worse disease and
prognosis requiring very intensive multimodal therapy
in order to have a reasonable chance of survival.

In a similar way, cytogenetic methods can help disting-
uish rarer tumours or variants of common tumours.
Synovial sarcoma is a relatively uncommon tumour in
the childhood population and may cause diagnostic
confusion, however typically this tumour has a t¢(X;18)
translocation. A variety of cytogenetic changes can be
found with rhabdomyosarcoma but one particular sub-
type, known as alveolar rhabdomyosarcoma, typically
has a characteristic translocation between chromo-
somes 13 and 2. This subtype has historically required
a more intensive treatment approach. Interestingly,
recent experience with a new chemotherapeutic agent,
topotecan, has indicated that alveolar rhabdomyosar-
coma is more sensitive to this agent than is the commoner
embryonal subtype and it might be predicted that further
improvements in diagnostic sophistication will lead to
more examples of tumour-specific tailored therapies.

It is to be expected that the even newer methods of
molecular diagnosis will provide oncologists with help-
ful information for treatment planning and commun-
icating to patients. To a limited extent this has happened
already. Analysis of MYCN gene amplification is
already used as an indicator of relatively poor progno-
sis in neuroblastoma and a number of clinical trial pro-
tocols take this into account when allocating treatment
arms. Reverse transcriptase PCR is now used as a dia-
gnostic adjunct allowing the identification of tumour-
specific RNA transcripts that result from specific gene
translocations. There are an increasing number of
leukaemias and solid tumours where this technology is
finding a place for this purpose. Examples abound but
include identification of BCR-ABL in chronic myeloid
leukaemia or Ph positive ALL; EWS-ETS transcripts in
Ewing’s or pPNETs; PAX-FKHR variants in alveolar
rhabdomyosarcoma and MLL gene rearrangements in
acute leukaemias. This technology is now increasingly
used not only for diagnosis but also for identifying min-
imal disease or micrometastases, particularly in bone
marrow. It appears as though this technology will
become a useful adjunct to routine clinical management



Children’s cancer and the patient pathway 9

in many childhood cancers. There have been similar
developments using tissue-specific methods for identify-
ing micrometastatic or malignant disease in neuro-
blastoma, rhabdomyosarcoma, and melanoma. One
example that might prove to be of clinical benefit is the
identification of tyrosine hydroxylase mRNA in blood
or bone marrow as a marker of poor prognosis in neu-
roblastoma.

3. Key decision point

At the completion of the diagnostic process members of
the oncology team should know the pathological dia-
gnosis and have enough information about relevant
prognostic factors to enable treatment to be started. The
multidisciplinary team should have discussed treatment
options and agreed a course of action to be recom-
mended to patients and their families. In most situa-
tions, these decisions are relatively uncontroversial.
Diagnosis and staging is usually straightforward and
protocols or trials exist for most clinical eventualities
and these will be offered to families. Not infrequently,
the situation may be less clear. It is possible that the
pathological diagnosis is unusual or that some of the
staging investigations might be inconclusive. Under
these circumstances the multidisciplinary team need to
come to an agreement about the situation and it is often
helpful to take advantage of the informal national or
international networks in order to obtain a rapid
second opinion or pathological review by acknowledged
experts.

At this time, members of the oncology team meet with
the family in order to provide the diagnostic informa-
tion and to discuss treatment options. This is a key
meeting. Who is present needs careful thought. It must
be remembered that parents and children are experienc-
ing one of the most difficult and frightening times of
their lives. Facing a life-threatening illness induces a
range of reactions and responses that may include fear,
denial, anger, loss, and disbelief. It is unusual for this
key meeting to be the first time that the family has met
members of the oncology team.

For many patients with solid tumours the process
from presentation through investigations including a
biopsy to a diagnosis can take a number of days up to
several weeks and these patients and families can be
well prepared for the discussion. In contrast, children
with leukaemia can present acutely and have a compre-
hensive diagnosis confirmed within 24 h. Under these
circumstances families may be much less adjusted and
prepared for detailed and difficult discussions.

It is advantageous if all relevant parents and carers
can be present at the key discussions. Changes in
patterns of family life means that this can vary from a
single parent through ‘standard’ two married parents to
one or both biological parents and current partners.
Whilst tensions may be apparent, there is clear benefit
in all parties hearing the same information at the same
time. Single parents should be encouraged to have a
trusted partner, friend, or family member with them for
support.

Whether the affected child is present at the meeting is
a matter for debate. Clearly it is not particularly appro-
priate for infants or young children under about 7 or
8 years to be present. Equally, it is probably appropri-
ate for most teenagers to be present during the discus-
sion although they need to be given a clear choice in the
matter. Some choose not to be present but to have a
separate meeting with medical staff. However meetings
are structured it is important that children can access
clear information in an age-appropriate form.

The person providing the information and leading the
discussion from the oncology team needs to be know-
ledgeable and have a comprehensive understanding of the
issues that need to be raised or that might need address-
ing. In most cases this will be the paediatric oncologist
but might be a surgeon or radiotherapist with a particu-
lar interest in children’s cancer. It is helpful to limit the
number of professionals but usually essential for the
child’s nurse or social worker to be present throughout
to help support the family and to provide feedback and
reinforcement after the meeting is concluded.

Families need a clear and understandable explanation
of the diagnosis and staging. Questions often at the
forefront of their minds include ‘Is it something we’ve
done?’ and ‘Is our child going to die?’, so a significant
period of time needs to be given to listen and respond to
the fears of families. Answers need to be as clear as pos-
sible but truthful, otherwise trust will be lost. Families
require time to hear and adjust to what is being said so
it is imperative that enough time is set aside. A balance
has to be set between being too simplistic and short or
trying to be too comprehensive, thereby overwhelming
families with too much information. Different individu-
als within families have different information thresholds
and the members of the oncology team have to judge
the appropriateness of continuing. It is not unusual for
the key discussion to stretch over two or even three
meetings each taking over an hour before it can be
considered to be concluded and decisions made.

In addition to information about the disease and
staging, it is imperative that families understand the
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principles of the oncology team’s agreed treatment plan,
how this has been chosen, how it works, what common
side effects are likely to occur and the range of
outcomes using this approach. Providing families with
written information or tape recording the meetings has
been shown to be helpful. It is often necessary to revisit
or repeat information as parents often find it difficult to
absorb a flood of facts and opinion and can feel
overwhelmed.

At the conclusion of the process parents will be asked
to give written consent to treatment and the professional
team need to be satisfied that the consent is as close to
‘informed consent’ as feasible. Often, parents will be
asked to consent to a range of procedures and this can
add to the feelings of confusion and being over-
whelmed. Consent may be required for treatment, for
entry into a randomised clinical trial, for use of residual
biopsy material for research, and on occasions, for
other local or national research projects. Families need
protection and the pace of requesting these consents
needs to be carefully judged. The concept of clinical
trials is foreign to many people and raises thoughts of
the child being used as an ‘experimental’ subject. This is
rarely the case as most Phase 3 clinical trials are testing
current standard treatment with variations that are
thought to be of possible advantage and have usually
been used extensively in patients who have relapsed.
Nevertheless, parents often find agreeing to participa-
tion in clinical trials one of the hardest things they are
asked to do as they often feel either that the clinician
‘knows’ which treatment arm is best or that they can
choose one particular arm. Parents have to be reassured
that refusal to participate in a clinical trial (or any
other research) will not harm their child or affect their
treatment other than them not having access to any test
arm. A helpful convention is for patients who do
not participate in clinical trials to be treated on the
standard arm.

It is rare for parents to refuse all treatment although
there are occasions when particular personal, religious,
or cultural views can produce conflict between the
family and the oncology team. Examples might include
particular religious views that prohibit transfusion of
blood products or the use of any treatment that might
interfere with ‘God’s will’. It is possible that parents will
change their minds if they build trust in the team but it
has to be made clear to parents that the best interests
of the child is paramount. In the United Kingdom the
courts are very supportive to this view and will override
parents if it is demonstrated that they might not be acting
in their child’s best interests. Conversely, it is also

extremely rare now for the oncology team not to offer
some form of curative therapy at the time of initial
presentation but there are occasions when this might
happen. Examples might include children who have
very major handicaps or serious medical problems prior
to developing cancer where it is felt that the child might
not tolerate appropriate intensive therapy or rarely
children with such extensive metastatic cancer that
treatment could be viewed as futile. Even in these
circumstances the views of the family are imperative.
Children will always be offered appropriate palliative
care.

At the conclusion of this key decision point all
involved parties need to have a clear view of each
other’s understanding and of the agreed path ahead.

4, Treatment

It has already been recognised that treatment delivery
involves a number of different disciplines. Medically
this involves the paediatric oncologist who has respons-
ibility for prescribing chemotherapy, the radiation. or
clinical oncologist who plans radiotherapy, and one or
more specialist surgeons depending on the site and type
of tumour. As examples, brain tumours will be operated
on by neurosurgeons; bone tumours by orthopaedic
surgeons; abdominal neuroblastoma or Wilms’ tumour
by paediatric surgeons and so on. Most children receiv-
ing chemotherapy will have venous access established
using one or other type of central venous catheter usu-
ally inserted into the neck veins and tunnelled under the
skin of the chest wall.

The type of treatment experienced by the child varies
considerably depending on diagnosis and stage. Some
treatments are predominantly surgical and can be com-
pleted within short weeks. Examples of this include
Stage 1 testicular teratoma or localised synovial sar-
coma. Other treatments involve intensive chemotherapy
extending over 4-6 months but no surgery or radio-
therapy, for example, AML or high grade B-cell
lymphoma. In these cases children may have to stay in
hospital for many weeks.

The treatment of many solid tumours starts with
several courses of chemotherapy to produce a reduction
in tumour size following which the primary tumour is
removed surgically, is treated with radiotherapy, or
receives both. This is usually followed by further
chemotherapy courses. Examples of this approach
include Wilms’ tumour, osteosarcoma, and Ewing’s sar-
coma. Metastatic disease brings additional challenges in
how to treat metastatic sites. This also often involves
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complex multimodal therapy and may include a very
high dose therapy with autologous peripheral blood or
bone marrow stem cell rescue. An example of this is
treatment for patients with Stage 4 neuroblastoma.

It should be recognised that delivering treatment
involves a wide variety of professionals in addition to
the medical input. Safe delivery of chemotherapy
demands an expert and comprehensive pharmacy serv-
ice. The pharmacist is a key team member. Similarly,
delivering radiotherapy requires expert therapeutic
radiographers and medical physicists, surgery requires
anaesthetic and operating theatre staff skilled in dealing
with sick children and their worried parents. Central to
delivering all treatment are paediatric oncology nurses
without whom it would be extremely difficult to man-
age children with cancer successfully. They are involved
in monitoring children, giving chemotherapy, support-
ing the children and their families, and often act as
advocates for them.

Whilst nearly all specialised cancer centres undertake
the initial diagnostic evaluation, determine the treat-
ment plan, and initiate treatment, much of the continu-
ing treatment and supportive care may be undertaken in
collaboration with shared care hospitals nearer to the
child’s home. It is clear that parents and children want
access to the best possible care and are willing to travel
long distances to get it. Shared care works best where
the teams are seen to be working harmoniously, using
identical management guidelines and where the families
perceive benefits without sacrificing any quality of care.

5. Supportive care

The successes achieved in improving the outcome for
children with cancer would not have occurred without
major parallel improvements in supportive care. The
successful treatment of a child with cancer is dependent
on an interdependence of the many different clinical
support teams working within the local complex health-
care environment.

In broad terms, supportive care of the child with
cancer can be thought about under two main headings,
medical/technical support and psychosocial support.
Both of these are dependent on the expertise of the
oncology nursing team as outlined above. At the time of
initial presentation with cancer, some children can have
immediately life-threatening tumour complications
requiring complex medical and technical support.
Examples include obstruction of the superior vena cava
by a number of tumours, most commonly T-cell
lymphomas; raised intra-cranial pressure due to brain

tumours obstructing the flow of cerebrospinal fluid;
spinal cord compression causing loss of limb, bladder,
and bowel function by neuroblastoma, Ewing’s sarcoma,
soft-tissue sarcomas, or lymphoma; and metabolic dis-
turbances, perhaps most commonly the tumour lysis
syndrome seen in Burkitt’s lymphoma or high white cell
count leukaemia, which can lead to renal failure and
death. Appropriate management requires close interac-
tion between the oncology team and a number of other
teams offering specialised expertise. Most children with
these complications will require high dependency nurs-
ing and medical care usually within an intensive care
environment. The children will require haematological
and biochemical monitoring, sometimes very intensively,
so close collaboration with the laboratory teams is
essential. Children commonly require repeated blood
product support with red cell or platelet transfusions so
again it is important that the transfusion service is
responsive and has a good understanding of each child’s
needs. Renal failure demands the involvement of the
specialist nephrology team and similarly liver failure
requires experts in hepatology so that appropriate
organ support can be instituted. Raised intra-
cranial pressure requires neurosurgical intervention and
a neurosurgical opinion is essential for spinal cord
compression.

Chemotherapy, radiotherapy, or surgery all bring
treatment associated effects. The most commonly recog-
nised side effects of chemotherapy are hair loss, nausea,
and vomiting although some of the recently introduced
anti-emetics have improved the management of this
latter effect in recent years. Whilst these side effects can
be demoralising and difficult for some children it is
unusual for them to threaten life. More significant side
effects include the severe bone marrow suppression seen
particularly with some of the more intensive treatment
regimes. This often results in severe immune suppres-
sion that predisposes to a range of life-threatening
infectious complications. Chemotherapy can also cause
damage to skin and mucosal layers particularly of the
intestine and respiratory tract. This adds to the risk of
microbial infection and invasion. It is therefore imper-
ative that paediatric oncologists and their teams are
knowledgeable about, and have procedures for, reduc-
ing infection, recognising the various types of infection,
and treating patients when infection is present or
suspected. The involvement of experts in microbiology
and their laboratory teams is another crucial element
of care.

Cancer and its treatment can commonly cause major
debility. This can manifest in numerous ways and these
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often overlap. The majority of children develop
nutritional problems, sometimes as a direct result of the
cancer or as a side effect of any or all of the treatment
modalities. Dietetic expertise is again vital in monitor-
ing intake, weight, and advising parents and children
about nutritional support. Often this support can be
provided orally and dieticians with paediatric expertise
are invaluable in offering advice that takes the child’s
age and preferences into account. Not uncommonly,
children require more invasive nutritional support via a
nasogastric tube, percutaneous gastrostomy, or intra-
venously. The choice and appropriateness of method
again demands close multi-professional collaboration
between medical staff, nursing teams, dieticians,
pharmacists, and of course parents and children.
Physiotherapists have a major role in reducing morbid-
ity from general debility, specific tumour-related dis-
ability, or disability following major tumour surgery
such as amputation. Similarly they and other allied
health professionals such as occupational therapists and
speech therapists can reduce morbidity and improve the
child’s chances of returning to normal activity, for
example, following neurosurgery for brain tumours.

Treatment and monitoring of childhood cancer often
involves difficult or painful procedures. These include
prolonged radiological investigations, bone marrow
examinations, and delivering intrathecal medication.
For many years these procedures were endured by
children whilst awake but advances in anaesthesia has
meant that in most cases children can now have repeated
brief general anaesthetics. This has meant a major
improvement in the quality of care provided but
requires close collaboration with anaesthetists as well as
good access to appropriate facilities.

It is difficult to be comprehensive in a relatively short
chapter such as this but it should be apparent that
medical or technical support for children with cancer
extends to virtually every department or area in medical
institutions. Other groups that should be recognised as
being frequently involved include dental departments
and pain teams. The coordination of this activity is the
responsibility of the paediatric oncologist working in
close collaboration with the nursing team and the
involved family.

Cancer in children is virtually always unexpected and
the diagnosis always has a major psychological
impact on all members of the child’s family and close
acquaintances.

Families come in many shapes and sizes, from differ-
ent ethnic, religious, and philosophical origins, from
varying educational, social, and financial backgrounds,

and with widely different understanding of cancer and
expectations of the health care system. For all these
families the diagnosis of cancer in a child brings feelings
of losing control of their lives and constant uncertainty
about the eventual outcome. Treatment is often intens-
ive and requires that the child and one or more parents
are at the hospital or clinic for prolonged periods. This
is often a long distance from home, extended family and
friends, school or place of work. Not surprisingly, there
can be enormous pressure on marital relationships and
major impact on siblings, careers, family finances, and
educational attainment. Many families are remarkably
resilient but even the most hardy and cohesive families
can struggle with some of the implications of prolonged
treatment, disfigurement, or disability in a previously
well child or the prospect of the child dying of resistant
or recurrent disease.

Whilst treatment now offers a very real prospect of
long-term disease-free survival for most children, it is
axiomatic that successful outcome also incorporates the
concept of psychosocial survival, so that, where
possible, the children and families can emerge from the
treatment process with an intact capacity to resume
their normal lives. This aim demands expert early
assessment, prevention,
necessary by a wide range of professionals including
social workers, psychologists, teachers, play therapists,
psychiatrists, all working in close collaboration with the
nursing and medical teams.

Voluntary agencies, charities, and parents’ groups can
offer enormous support to affected children, their
siblings, and families. Increasingly Internet sites and
chatrooms are also being used for this purpose.

and intervention where

6. Completing treatment and
early follow-up

Families and children see the end of treatment as a very
significant milestone on the path to recovery. This is
often an exciting time for them but many families feel
extremely apprehensive at the thought of losing the per-
ceived ‘security blanket’ of treatment. In most cases the
child will undergo a re-evaluation of both their disease
status and organ function. Children with leukaemia will
have bone marrow and cerebrospinal fluid examined
for evidence of disease and hopefully to confirm remis-
sion with normal cellular morphology. Most children
with solid tumours will undergo radiological evaluation
of their disease status and only have marrow samples if
there had been metastatic disease present at diagnosis.
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This is a time that requires further discussion between
the oncologist and family about what to expect in the
future. Once again the principles of honesty and
openness apply. Most children completing treatment for
cancer will remain in continuous remission and become
long-term survivors. Nevertheless it is impossible to
make this statement about any individual child, so the
threat of relapse hangs over all families and needs to be
recognised. Early follow-up is geared to try and identify
relapse at a time early enough to enable re-treatment.
For most children this will be by regular physical
check-ups in combination with radiological examina-
tion and tumour marker assessment either at the cancer
centre or shared care centre.

7. Relapse

Despite all the improvements in outcome over recent
decades around 40% of children with cancer will have
a recurrence of their disease. The chance of this
happening to any individual is obviously linked to
prognostic factors at diagnosis. Children with ALL who
have very high white cell counts at diagnosis have a
greater risk of relapse than those with low white counts.
Children with solid tumours and identifiable metastases
have a similarly higher risk. Nevertheless, prognostic
factors do little more than provide an indication of risk
and do not predict outcomes completely.

The identification of relapse is always devastating for
children and families. It is often seen as a time when the
hope of cure diminishes or disappears yet for many
children further treatment can still offer the prospect of
prolongation of life or even cure. Clinical symptoms,
laboratory abnormalities or radiological findings
suggestive of relapse means that children re-enter the
diagnostic component of the patient pathway and in
most situations will undergo a further complete evalua-
tion of their disease status as outlined earlier in this
chapter. Once again children and families have to go
through a decision-making process about future
treatment guided and advised by the professional team.
Outcomes can vary enormously. Patients with recur-
rence of localised Hodgkin’s lymphoma or neuroblas-
toma still have a very good prospect of long term
survival with conventional therapy. Patients with
widely metastatic sarcoma or neuroblastoma have a
very poor outlook with conventional treatment.
Children with relapsed leukaemia can often achieve
second remission with conventional chemotherapy but
are more likely to become long-term survivors if subject

to high dose treatment and allogeneic bone marrow
transplantation.

These factors often make the decision-making
processes complex and stressful. Many parents and
patients struggle with the issues and wish to pursue
treatment at all costs. If conventional treatment offers a
reasonable prospect of longer survival then the majority
of families will accept this with relief, albeit with greatly
heightened anxiety. More problematic are the many
occasions when prospects are significantly bleaker or
even negligible. Understandably, many families choose
to investigate or participate in more experimental treat-
ment programmes. It is children from these families
who are often the first recipients of experimental ther-
apies often within the context of Phase 1 or 2 studies. It
is therefore imperative that such treatments are carried
out within an approved ethical framework and that
children and their families receive full information
about the possible risks as well as potential benefits as
part of the consent process.

8. Palliative care and bereavement

At some point it becomes apparent that treatment is
unlikely to provide further prolonged benefit and the
focus of care shifts to providing symptom control whilst
maintaining good quality survival for as long as pos-
sible. This may include the use of palliative surgery,
chemotherapy, and radiotherapy depending on particu-
lar symptoms and does not just imply pain control. This
is an important area of work for the oncology team and
demands close relationships and excellent communica-
tions between hospital and community teams and the
family if children are to receive the best available care.
In some areas children’s hospices can provide respite
and added family and social support.

Following the death of a child, the oncology team will
usually offer continued contact with the family in order
to provide bereavement support. Often the families
maintain contact with oncology units for many years
and provide enormous impetus in trying to improve the
experience and outcome for new families following in
their footsteps. They are often the focus for fundraising
ventures and provide much of the capital for clinical
and biological research.

9. Long-term follow-up

The majority of children treated for cancer will become
long-term survivors and current estimates are that in
the United Kingdom around 1 in a 1000 adults are
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survivors of childhood cancer. Long-term surveillance
of these survivors is important in order to be able to
assess the impact of both the ‘cancer diagnosis’ and per-
sistent treatment effects. Surgery can on occasions be
mutilating or disfiguring and impact on both function
and self-esteem. Examples include amputation of a limb
for sarcoma or removal of an eye as part of the treat-
ment of retinoblastoma. Radiotherapy can cause
impairment of growth, which might result in an asym-
metrical appearance or abnormality in organ function.
A common example of the latter is radiotherapy damage
to the pituitary during treatment for brain tumours
resulting in a need for lifelong hormone replacement.
Many chemotherapeutic agents have the potential for

permanent or long-standing organ damage as part of
the cost of cure. Anthracyclines cause toxicity to heart
muscle, which can result in the need for long-term
cardiac support or rarely even transplant. Cisplatin can
cause hearing loss and renal damage. Many drugs
including alkylating agents can impair future prospects
of fertility. All of these can impact on the survivors’
perspective of the quality of their survival. Long-term
follow-up is therefore vital in supporting each indi-
vidual patient and family and also in understanding the
impact of treatment. Future research should be directed
at identifying treatments that not only continue to
improve the prospects of survival but do so at less
personal cost to each child.



1 Cells, tissues, and the diagnostic

laboratory
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Introduction

Advances in the histogenesis and molecular cell biology
of paediatric cancer have refined and improved the
diagnostic process. Good communication with clinical
colleagues, knowledge of the types of tumours encoun-
tered at particular sites in different age groups, and
recognition of the characteristic light microscopic
appearances of these neoplasms is essential for correct
diagnosis and management. Childhood malignancies
however, may appear similar by routine light microscopy
often as a non-descript population of small round cells
known as round cell tumours (RCT) of childhood
(Table 1.1). The application of ancillary investigations
such as immunohistochemistry (IHC), electron micro-
scopy (EM), and molecular techniques is used not only
to improve the accuracy of diagnosis but also to predict
prognosis; this multidiscipline approach increases the
amount of material required at diagnosis (1-3).

In histopathology, most tissues are fixed before they
are examined microscopically. Fixation is the essential
first step in the processing of tissues for accurate dia-
gnosis, the fixation preserving cell and tissue morphology.
A wide variety of fixatives are available as no fixative
singly or in combination is capable of preserving all
cellular components. With the advent of new technol-
ogies, such as IHC and molecular pathology, it is now
possible to study specimens in greater detail than was

Table 1.1  Small RCT of childhood

Lymphoma/leukaemia

Neuroblastoma

Rhabdomyosarcoma

Tumours of the Ewing’s sarcoma family
Wilms’ tumour

Desmoplastic small RCT

Small cell osteosarcoma

Synovial sarcoma

previously imaginable. However optimal conditions for
fixation may be at the expense of tumour-specific anti-
gens (see immunohistochemistry) and DNA or RNA
quality (see section on Tissue cryopreservation) that may
provide important diagnostic or prognostic information.

It is essential to be familiar with the recommenda-
tions for tissue triaging, documentation of relevant
macroscopic features and appropriate sampling and
handling of the various types of tumours (4-10). These
are included in most paediatric clinical trial protocols
and are also discussed in relevant chapters of this book.
As the number of diagnostic procedures increases and
the amount of diagnostic material is limited, particu-
larly with the increasing trend to perform needle biop-
sies rather than open biopsy, how best to process
material for maximum diagnostic benefit is critical. This
may vary from disease to disease, depending on the most
clinically useful diagnostic and prognostic tests avail-
able, however, for most pathology departments a routine
standard working procedure is most desirable (Fig. 1.1).

In Section A of this chapter we consider the diagnostic
tissue trail and more recent methods used for the accur-
ate diagnosis of malignancy in paediatric oncology, and
in Section B address more specifically the important
issues and dilemmas of tumour fixation that arise for
the pathologist with an increase in the number of
diagnostic methods.

Section A—Tissue handling

Fresh tumour should be transferred immediately to the
pathology laboratory under sterile conditions, accom-
panied by a request form with the appropriate clinical
details. In the pathology department it is assigned a
unique identification number, which will accompany
the specimen through the various procedures in the lab-
oratory. When handling fresh human tissues the worker
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Symptoms and signs

Biopsy or resection

Biochemical screen
Radiological studies

N

Fix for light microscopy
and [HC

Fix for.electron microscopy

Snap freeze for molecular
biological studies, including those of
gene rearrangement and amplification

Place in culture medium
for chromosome G-banding

[X<] Essential for diagnosis

Fig. 1.1 Flow diagram of diagnostic process.

should be aware that the specimen may contain
unknown or unrevealed pathogens, for example,
hepatitis B, hepatitis C, or HIV, and adopt a working
procedure to minimize any risk of infection and con-
tamination of instruments both for themselves and the
well-being of colleagues.

The fresh specimen should be given to a designated
member of staff (a paediatric pathologist, or a surgical
pathologist with a special interest in paediatric
tumours), who should have been notified in advance
of the arrival of the specimen. The pathologist
macroscopically examines the specimen and determines
how best it should be divided and handled to satisfy the
various investigations required (Fig. 1.1). When the
amount of material available is small, that is, needle
biopsies or small open biopsies, morphological dia-
gnosis must be the primary objective. If needle biopsies
are the only tissue source at diagnosis then multiple
biopsies should be taken.

When an excision specimen is received it is orientated
and the external surface carefully examined, for example,
for penetration of the renal capsule in Wilms’ tumour
(7). The tumour is measured in three dimensions and
weighed. Weight is particularly important in assessment
of the malignant potential of adrenal cortical neoplasms

N
(e
-

Macroscopic examination
Weight, dimensions
Photograph
Ink margins
Sample

Prepare for flow cytometry
if lymphoma suspected

Imprint or touch preparation
for FISH

Critical for diagnosis and prognosis

l:l Less critical

(11). The fresh specimen is carefully sliced in two or
bivalved avoiding critical margins, permitting sampling
of fresh tumour for procedures listed below. The surface
and surgical margins are then inked to facilitate the
microscopic assessment of extent of infiltration and
completeness of excision. A variety of different colored
inks may be used, which must be allowed to dry before
fixing the specimen. Inspection of the cut surface should
include an assessment of the amount of necrosis and
documentation of colour and consistency of the mass.
The presence of one or more nodules of a softer con-
sistency, which may or may not be haemorrhagic, in a
suspected neuroblastoma is critical in the diagnosis of
nodular ganglioneuroblastoma (12). Recent evidence of
intratumoural biological heterogeneity makes sampling
from several sites increasingly important (13).

Photographic documentation is recommended and
the photographs should be sent along with any material
when central review is requested.

Tissue should be

(1) optimally fixed to retain morphology for exam-
ination by light microscopy;

(2) prepared for immunohistochemistry; the fixation
method of choice in 1 should consider the effect
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of fixation on tumour antigen expression that may
be diagnostically and/or prognostically valuable;
(3) fixed for EM;
(4) transported for cytogenetic and cell-cycle analyses;
(5) cryopreserved for assessment of molecular
pathology.

1. Light microscopy

Formaldehyde is the most widely used fixative in
histopathology for routine paraffin-embedded tissue
sections. It is available in a number of commercial solutions,
such as 10% formal saline, and is generally called
formalin. The aim of the routine histology laboratory
procedures is to produce good quality tissue sections on
glass slides so that a diagnosis can be made by identifi-
cation of tumour-specific organelles and cellular patterns
following examination under the light microscope.
Artefacts due to poor fixation, as well as crush, drying,
and heat damage during the operative procedure impact
significantly on the quality of the sections, making inter-
pretation difficult. While most procedures are standard,
there are variations in the techniques in different
laboratories depending on staff preferences. The follow-
ing is a general outline and greater detail is available in
excellent manuals (14, 15).

As routine formalin fixation and processing take time
this results in a delay in diagnosis until at least the
following day. For more rapid diagnosis a number of
different procedures can be employed.

Rapid diagnosis

1. Frozen section: A sample of fresh tissue is rapidly
frozen and becomes firm as water in the tissue turns to
ice and acts as the embedding medium. There are a vari-
ety of freezing methods, however commercial rapid
freezing products are generally utilized today to min-
imize cellular damage by the formation of ice crystals.
Thin sections (5-10 wm) are cut using a cryostat, which
is a refrigerated cabinet that contains a specialized micro-
tome operated from the outside. The temperature in the
cryostat is usually kept at —35°C and the tissue block at
—10°C for optimal sectioning. The sections are mounted
on glass slides, may be fixed briefly in alcohol, and
are then quickly stained with haematoxylin and eosin
(H&E) or methylene blue depending on the preference
of the pathologist. Frozen sections are available
throughout the day or night, and the cryostat is often
located adjacent to the theatre. It is not a method
routinely employed in paediatric tumour diagnosis as it

has a number of limitations (16). The quality of the sec-
tions is not as good as in routinely processed tissue and
as many RCT of childhood require ancillary investiga-
tions it is not suitable for diagnosis. However, it can be
used to establish that the surgical specimen does indeed
contain malignant tumour, although this interpretation
itself can be fraught with difficulty, and may be helpful
in deciding the appropriate procedures to adopt in a
particular case, for example, formalin, BS, zinc forma-
lin, and Bouin’s fixation and cell suspension for flow
cytometry if lymphoma is suspected (10).

2. Cytology: Cytological preparations permit rapid
morphological assessment of cells but are limited by
lack of architecture (Fig. 1.2). Fine needle aspiration
(FNA) is a technique that allows rapid assessment of a
patient’s lesion in the clinic without the need for anaes-
thesia or surgical intervention. Cells from the lesion are
collected in a needle or aspirated into a syringe and sub-
sequently smeared onto a slide. It is particularly useful
for superficial lesions such as thyroid lumps, enlarged
lymph nodes, and soft tissue masses (10, 17-19). The
technique is not well tolerated by young children and is
most often utilized in older teenagers and adults. It has
the advantage that inflammatory and benign lesions can
be excluded early in patient assessment and those with
suspicious or frankly malignant lesions rapidly referred
for further investigation and biopsy. It is rarely used as
the sole means of diagnosis in paediatric oncology, but
may have a role in assessment of metastatic disease and
recurrence. Although challenging, there are morpholog-
ical criteria for specific tumour diagnosis, and aspirated
cells can be used for ancillary investigations such as
cytogenetics and flow cytometry (18; see later in this
chapter). However surgical intervention and biopsy is
practically always required to obtain sufficient material.

It is possible to do rapid cytological assessment of a
tumour specimen received fresh in the pathology labor-
atory, including needle biopsies, by means of touch
imprints. Making contact between a glass slide and the
tumour surface results in transfer of cells onto the slide.
Usually 10 or more imprints are made. These can be
used for morphological assessment, as well as other
studies including immunocytochemistry and fluorescent
in situ hybridization (FISH). To study the cell morpho-
logy the slides are air-dried, and rapidly stained by a
Romanowsky method. This consists of methylene
blue/azure B and eosin in methanol and includes
Giemsa, Leishman, May Grunwald, and Jenner stains.
This is the usual procedure for blood and bone marrow
smears. Diff Quik or a variety of other commercially
available stains are usually used for imprints and fine
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Fig. 1.2

(a) H&E stained section of paraffin wax embedded neuroblastoma, demonstrating nuclear, cellular, and architectural

morphology. Note the neural (Homer Wright) rosette with central tangle of neurofibrils. (b) Romanowsky stain (Leishman) of
air-dried slide from a malignant effusion (same case as above) with clump of cells with dark nuclei and orientation of cytoplasm
centrally forming a structure resembling a rosette. (c) Papanicolaou (PAP) stain of same effusion fixed in alcohol, with clump of

dark cells, tending to form a rosette at one edge.

needle aspirates. Slides are also fixed immediately in
alcohol (ethanol 95%) and stained by the Papanicolaou
technique (PAP stain) which includes haematoxylin,
Orange G, and EA 50. H&E or other stains may also
be used. A variety of histochemical stains may be used
in leukaemia diagnosis such as myeloperoxidase,
Sudan black B, oil red O, acid phosphatase, Periodic
Acid Schiff (PAS), and naphthol ASD chloroacetate
esterase.

3. Rapid fixation: Small pieces of tissue (1-2 mm thick)
are fixed in alcohol or warm formal saline (40-45°C) for
rapid processing, permitting light microscopic examina-
tion of cells and tissue architecture in 2-5 h.

Routine diagnosis

Formalin is the fixative of choice but portions of
the tumour may be placed in additional fixatives, for

example, BS when lymphoma is suspected. Needle biopsy
samples are either placed directly in formalin or placed
in a numbered cassette and then immersed in the fix-
ative. Larger biopsies and resection specimens need to
be cut into slices to allow optimal fixation throughout
the specimen. The larger the specimen the longer it
takes to fix. Bone is too hard to cut sections following
fixation, therefore the bones must be softened by decal-
cification, which can take several days to weeks. Large
bones are decalcified in mineral acids, usually formic
acid, and small bone biopsies in chelating agents, usually
EDTA (ethylene diamine tetracetic acid).

Following fixation representative portions or ‘blocks’
of the tumour are selected for processing. These are
placed in numbered cassettes, which accommodate
tissue up to 2 X 2 cm? and 3-5 mm thick. With large
specimens it is standard practice to take at least
one block per centimetre of the greatest dimension and
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to include resection margins, peripheral and central
areas, plus any regions of differing appearance. The
sites of the blocks should be documented or noted on a
photograph. A block from the region sampled for
molecular studies should also be selected and identified
separately. In addition adjacent normal tissue should be
sampled as well as any lymph nodes.

Following fixation and blocking the tissue under-
goes several further procedures before it is suitable for
examination under the light microscope. These steps
may be automated using a Shandon Hypercentre XP or
Shandon Pathcentre. During processing the tissue is
embedded in a solid medium to give it support and
rigidity so that it can be cut into thin sections (3-5 pm
thick) on the microtome, a specialized cutting tool. The
embedding medium usually used is paraffin wax. There
are several stages in tissue processing: dehydration in
increasing concentrations of alcohol, usually ethanol, to
remove fixative and water; clearing in a hydrocarbon
solvent, usually xylene, which replaces the dehydrating
fluid and is miscible with the embedding medium;
infiltration with the embedding medium; embedding.

Embedding is usually performed at a commercially
available embedding station, for example, Leica EG
1160. This comprises a paraffin wax dispenser, cold
plate, and moulds. The tissue block with the surface to
be cut face down is placed in a mould, which is filled
with molten wax and allowed to solidify on the cold
plate. In some circumstances embedding in a medium
harder than paraffin wax is necessary in order to
provide adequate tissue support to facilitate the cutting
of ‘semi-thin’ sections (<1 pum thick). Semi-thin sections
provide greater cytological and nuclear detail and are
required in lymphoma/leukaemia diagnosis, they are
also used to embed bone marrow trephines that do not
require prior decalcification. These harder mediums are
plastic resins. Epoxy and methacrylate are the two prin-
cipal types of resin used. Processing is usually performed
manually; from small biopsies semi-thin sections can be
available in 1-2 days.

Sections are cut on a microtome. Different types of
microtomes are used for paraffin, resin, and EM blocks.
With paraffin blocks the ends of successive sections tend
to stick together forming a ribbon, which is then floated
out onto a waterbath. The sections flatten on the water
and creases can be removed by gentle teasing with a
forceps. All or selected sections are then mounted, that
is, drawn up onto glass slides and allowed to
air-dry. In routine practice the sections stick sufficiently
to the glass slides, however adhesives are necessary for
some procedures.

As the sections are translucent it is necessary to
colour the tissue before it can be examined under the
light microscope. This is achieved by staining or dyeing
the sections. H&E are the standard stains used in
diagnostic laboratories. Haematoxylin is a natural dye
extracted from the logwood, Haematoxylon campechi-
anum that is grown commercially in the West Indies
(14). Haematoxylin itself does not stain and must be
oxidized to haematein, which acts as the dye. The solu-
tion however, is usually known as haematoxylin. In tissue
sections it stains the nuclei blue. It is combined with a
counterstain, usually eosin, which dyes the cell cytoplasm
and other tissue components in varying shades of pink.
A wide variety of other stains, often referred to as
‘special stains’, are available for use in histopathology
to demonstrate the various cellular and stromal
components in tissues such as proteins, carbohydrates,
and collagen fibres (14, 15). With the availability of a
wide variety of antibodies to cellular and structural
tissue components IHC has largely replaced the need
to utilize many of these stains. In current practice
H&E staining of tumours is used to determine the
nuclear morphology and architectural characteristics.
Additional stains still commonly employed include PAS
to demonstrate cytoplasmic glycogen, especially useful
in Ewing’s family of tumours, and reticulin stain to
show the architecture in sarcoma and lymphoma. The
sections are then covered with a glass-cover slip (fixed
in place with nail-varnish or glue) ready for examina-
tion under the light microscope.

2. Immunohistochemistry

Although most macromolecules are common to all cell
and tissue types, expression of some are specific to
particular cell types and/or functions. These so-called
molecular markers can be exploited to provide informa-
tion on tissue structure, integrity, and origin, in addition
to pathological or dynamic processes such as prolifera-
tion, differentiation, and apoptosis. IHC of tissues or
immunocytology (IC) of cells for such molecular mark-
ers has been one of the most significant advances in
diagnostic pathology over the last two decades. This has
been particularly useful in the evaluation of poorly dif-
ferentiated tumours, and the sub-classification of tumours
with similar morphology, for example, use of desmin,
myogenin, and MYOD1 to distinguish rhabdomyo-
sarcoma from other small RCT (Fig. 1.3). It is usually
necessary to employ a panel of antibodies in the assess-
ment of RCT of childhood; desmin, myogenin,
MYOD1, vimentin, MIC2, neural (NSE, PGP9.5,
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(a) Small RCT (H&E on formalin-fixed paraffin-embedded tissue block), which with the aid of immunohistochemical

reactions described below was diagnosed as a rhabdomyosarcoma (solid alveolar type). (b) Desmin antibody positivity in cyto-
plasm demonstrated by brown colour (ABC method, with DAB as chromogen). (¢) MYOD1 positivity in nuclei demonstrated by
brown colour (ABC method, with DAB as chromogen). (d) Myogenin positivity in nuclei demonstrated by brown colour (ABC

method, with DAB as chromogen). See Plate 1.

synaptophysin, NB84), lymphoid (CD45, CD10, CD3),
and epithelial (cytokeratin, EMA). In addition to
improving diagnostic accuracy IHC also increases
understanding of the relationship between tumours and
can provide important prognostic information that may
be used to stratify patients for therapy.

The generation of antibodies through immunization
of animals with purified antigen or antigen-mixtures
(which may be protein, carbohydrate, or lipids) provides
a highly specific tool for the recognition of unique
antigenic epitopes, many of which are expressed by a
limited number of cells and/or tissues. Antisera may
contain multiple antibodies to different epitopes of
an antigen, that is, polyclonal, or recognize a single anti-
genic epitope, that is, monoclonal. Both have different
advantages and disadvantages, depending on the intended
purpose (Table 1.2). Most companies provide data sheets
that may help identify the most appropriate antibody

for a specific process, for example, IHC, Western
blot, enzyme-linked immunosorbent assay (ELISA). To
optimize shelf-life antibody stocks are usually stored at
4°C, undiluted or with a protective protein added,
that is, bovine serum albumin (0.1% w/v) or foetal
bovine serum albumin (10% v/v). Sodium azide
(0.1% w/v) may be added to inhibit protein degrada-
tion. Most antibodies retain activity for many months
when stored in this way. Some antibodies may be stored
by freezing, in aliquots to avoid freeze-thawing,
although sheep antisera, IgM monoclonal antibodies,
and immunoconjugates are particularly susceptible to
freeze-damage.
There are three key stages to IHC and IC:

e Specimen preparation
e Binding of antibody
e Detection of bound antibody.
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Table 1.2  Advantages and disadvantages of polyclonal and monoclonal antisera used in IHC

Polyclonal Monoclonal

Advantages Disadvantages Advantages Disadvantages

Recognise No reproducible Unlimited supply Generally not as

partially way of generating of antibody useful on paraffin-

denatured (immunisation raised against a embedded material

epitopes and animal single antigenic as polyclonal
dependent) epitope antisera

Sensitive May require Purification of May have reduced

pre-absorption to
improve specificity

Form insoluble
complexes?

antigen not
required

sensitivity compared
to polyclonal
antisera!

Cannot absorb out
cross-reactivity

1 Very antisera dependent.
2 Useful for immunoprecipitation.

Optimal specimen preparation is essential to retain cel-
lular morphology and antigen expression. Rapid transfer
of tissues from surgery to fixation is particularly import-
ant for retaining intact RNA (see below), although it is
equally important to prevent dehydration of tissues and
loss of antigen expression. The primary consideration is
the fixation process (see other sections in this chapter).
The choice of fixative is usually a compromise between
that which preserves cell and tissue morphology and
retains the antigens of interest for IHC; optimal condi-
tions for each antibody should be established empirically.
Cryopreservation is the optimal method for retaining epi-
topes, although morphological preservation may be poor.
Aldehyde fixation and paraffin wax embedding permits
excellent preservation of morphology, but the harsh
treatment can irretrievably destroy antigenic epitopes. In
many cases the epitopes can be recovered by using
antigen-retrieval techniques (Table 1.3), although care
must be taken to ensure the retrieval technique does not
reveal cryptic or neo-epitopes. Whenever a new antibody
is being evaluated it is essential to compare the immuno-
labelling patterns on paraffin-embedded material after
antigen retrieval with those of unfixed cryostat sections.
Sections of 4-5 pum are typically prepared from the tissue
blocks and mounted onto microscope slides for max-
imum antibody penetration and ease of handling.
Adherence of sections to slides can be increased by using
Superfrost slides (BDH) or coating glass slides with
3-aminopropyltriethoxysilane (2% in ethanol v/v) or
poly-L-lysine (10% in water plus preservatives).

Optimal IHC is dependent on maximizing the antigen
signal to background noise ratio. This is achieved by

Table 1.3 Some common methods of antigen retrieval

Technique Procedure

Microwave* Cover sections in citrate buffer (10 mM
pH 6), and boil in a microwave. Place
on ice

Trypsin Treat with trypsin (0.1% w/v) in 0.1%

calcium chloride pH 7.8 for 10 min at 37°C

Treat with trypsin (0.1% w/v) in 0.1%
calcium chloride pH 7.8 for 1 min at 37°C
and boil in a microwave as above

Boiling trypsin

Note: Antigen retrieval may be necessary in dewaxed, rehydrated
paraffin sections; care should be taken to confirm the retrieval does
not expose cryptic-epitopes.

* Some use an autoclave in place of a microwave.

empirical optimization of primary and secondary
antibody concentrations; typically primary antibody con-
centrations are 1-10 pg/ml or up to 1:500 dilution
whereas secondary antibodies are diluted to <1 pg/ml
or >1:2000 dilution to minimize background.
Incubations of 60 min are usually adequate, most
frequently at room temperature. Incubation at 4°C,
overnight may improve poor specificity. High back-
ground staining is most commonly caused by antibody
drying on the section during incubations, inadequate
washing between incubations, binding to Fc receptors
on leukocytes, or endogenous immunoglobulins,
endogenous peroxidase, or autofluorescence depending
on the detection technique used. These can be min-
imized by taking a number of simple precautions
(Table 1.4). The specificity of antibody binding must be
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Table 1.4 Solutions to common background artefacts

Problem Solution

Incubate slides in a sealed container
lined with damp paper to humidify

Antibody drying on
slide during incubation

Inadequate washing Include a detergent in the final
wash step e.g. 0.1% (v/v) Tween

20 or Nonident P-40

Pre-absorption of sera with serum
of the same species as the
specimen; primary antibody must
be raised in a different species to
the tissues being labeled

Endogenous
immunoglobulins

Pre-block Fc sites with serum
from same species as secondary
antibody

Binding to leukocyte
Fc receptors

Block or destroy endogenous
activity or use an alternative
detection system. e.g. endogenous
peroxidase activity blocked with
hydrogen peroxide (0.6% v/v) in
methanol or alkaline phosphatase
activity destroyed by heating
sections at 95°C for 15min*

Endogenous proteins
used in the detection
process expressed in
tissues

* These procedures may affect some epitopes or histologies.

checked by using appropriate positive and negative
controls in each experiment. These should include:

(1) a negative no primary antibody control to check
non-specific binding of the secondary antibody
(ideally an irrelevant primary antibody should be
included, isotype matched where appropriate);

(2) a positive tissue to confirm the activity of primary
and secondary antibodies;

(3) a negative control tissue to check non-specific bind-
ing of the primary antibody. When multi-cellular
sections are used this may be a negative cell type
readily recognized by its morphology, for example,
normal tissue adjacent to a tumour section.

Detection of bound antibody is usually through use
of a secondary anti-immunoglobulin antibody raised in
a different host species from that of the primary anti-
body. The sensitivity of detection can be increased by a
series of amplification steps (Fig. 1.4). These may
include the use of digoxygenin conjugates and antibody
reagents (DIG method), avidin (or streptavidin) binding
to biotin (ABC method; (20)), peroxidase-anti-
peroxidase (PAP), or alkaline phosphatase-anti-alkaline
phosphatase (APAAP). These use a bridging antibody
that binds to the primary antibody but has free-binding
sites that bind PAP or APAAP complexes enhancing the
detection signal.
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Fig. 1.4 Diagrammatical representation of IHC methods.
(a) ABC detection of bound antibody. (i) Primary antibody
added to section and incubated. (ii) Biotinylated secondary anti-
body added. Incubated. (iii) Streptavidin-biotinylated-enzyme
complex added. Incubated. (b) The sensitivity of IHC detection
can be increased by using a polymer that enables binding of
multiple enzyme molecules to a secondary antibody via a
dextran backbone, for example, DAKO Envison™ system.
(i) Primary antibody added to section. Incubated. (ii) Application
of polymer and secondary antibody.

There are three key detection systems:

1. Chromogenic where the secondary antibody is con-
jugated to an enzyme, for example, horseradish
peroxidase or alkaline phosphatase, the antibody
being detected by precipitation of a coloured reac-
tion product.

2. Fluorescence where the secondary antibody is con-
jugated to a fluorescent tag, for example, fluorescein-
isothiocyanate (FITC) (green fluorescence), tetraethyl
rhodamine isothiocyanate (TRITC, red fluorescence),
or 7-amino-4-methylcouramin-3-acetic acid (AMCA,
blue fluorescence).

3. Colloidal gold particles (10 nm) may be used to
bind secondary antibody and visualized under light
microscopy or EM. This is most usually the
method of choice for transmission and scanning
immunoelectron microscopy (21).

For most applications chromogenic or fluorescent detec-
tion are the methods of choice; routine THC usually
employs chromogenic detection. This is particularly
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useful in a diagnostic setting as a permanent record of
the staining pattern is the result, unlike immunofluores-
cence where the signal rapidly fades with time. However
recent mountants have been developed that stabilize
the immunofluorescence signal (Dako, CA, USA,
Fluorescent Mounting Medium). In some cases, for
example, cell phenotyping, double- and triple-labelling
with multiple antibodies can be a very powerful
technique. This is most successful when the primary
antibodies are raised in different species and/or different
immunoglobulin class, and different fluorochromes and
fluorescence microscopy can be used.

One of the concerns for anyone undertaking mor-
phological studies is tissue and antigen preservation.
For many years the quality of sections from formalin-
fixed, paraffin-embedded tissues was never questioned,
however recent studies have shown changes in
immunoreactivity in as little as 12 weeks (22, 23).
Consequently interpretation of IHC on stored unstained
sections should be made cautiously. This appears to be
tissue and antigen dependent, although why some
antigens are susceptible to change by storage but not
others is unclear. Antigen degradation does not appear
to be such a problem in uncut paraffin blocks, which
suggests exposure of the sections to air may contribute
to alteration in the antigen. For routine diagnostic
pathology this is unlikely to be a problem, as ITHC for
patient diagnosis is usually performed on one- or
two-day old sections, however for retrospective studies
this could be critical. For such studies cryopreserved
material may be most useful.

3. Electron microscopy

Glutaraldehyde is the fixative usually employed in dia-
gnostic transmission EM. The fresh tissue is cut into
small pieces, usually 1 mm?3, and placed in ice-cold
gluteraldehyde for optimal fixation (15). The tissue is
postfixed in osmium tetroxide and then dehydrated,
embedded in a plastic medium, usually epoxy or acrylic
resin, and sectioned on an ultramicrotome. Semi-thin
sections (0.5-2 wm thick) are cut initially and stained
with basic dyes such as methylene blue, toluidine blue,
or a combination of methylene blue and Azur 1l for light
microscopic examination, to confirm the presence of
tumour cells in the block and to assess morphology. The
next procedure is to cut ultrathin sections (80 nm
thick). These are mounted on copper grids, stained with
uranyl acetate followed by lead citrate, and dried. The
grid is placed in the electron microscope and the tumour
ultrastructure examined.

4. Cytogenetic, DNA, and
cell-cycle analysis

Cancer is a genetic disease, and where non-random
chromosome abnormalities have been identified these
play an important role in the diagnosis of haematolog-
ical and solid malignancies. Traditionally chromosome
analysis is carried out by G-banding of metaphase
chromosomes, although FISH (the hybridization of
conjugated probes to metaphase chromosomes and
visualization of the probe by fluorescent microscopy) is
increasingly used (see Chapter 2). For both these
techniques tumour material should be taken into
tissue culture media and transferred within 24 h to the
Cytogenetic Department where viable cells are grown.
The main limitation with these techniques is the diffi-
culty obtaining metaphase tumour cells, in the absence
of dividing tumour cells these techniques can provide
a false normal cytogenetic profile. Adaptations to the
FISH technique have overcome such problems, for
example, multicolour FISH uses 24 different fluoro-
chromes to paint individual chromosomes of interphase
and metaphase cells. This obviates the requirement for
dividing tumour cells, as does comparative genomic
hybridization. Both these techniques and new develop-
ments in the analysis of chromosome abnormalities are
described in Chapter 2.

To measure the underlying cell-cycle kinetic features
that determine the overall growth rate of cancer cells
several methods have been employed including evalua-
tion of cell-cycle stage, exploiting markers of DNA syn-
thesis, counting mitosis, and more recently endogenous
markers of proliferation. The term ‘growth fraction’
(GF) has been proposed to distinguish the cells pro-
gressing through the cell-cycle (P) from the non-cycling
or quiescent (Q) cells in tumours; GF=P + (P + Q).
The classical autoradiographic techniques based on
pulse- or continuous-cell labeling with tritiated thym-
idine (24) have been largely replaced by flow cytometric
methods, as these are less time consuming and over-
come the ambiguities in the GF estimation due to radio-
biological effects of the precursor radioisotope and the
diluting effect of proliferating cells on unlabeled cells.
Although flow cytometry is not informative in all
tumours, it remains a particularly useful tool in some
haematological, for example, acute lymphoblastic
leukemia, and solid tumours, for example, astrocy-
tomas, medulloblastomas, neuroblastoma, osteosar-
coma, hepatoblastoma (25).

Flow cytometry can be used to measure a number of
cellular features including cell size, granularity of cyto-
plasm, cell viability, cell-cycle (S-phase fraction), DNA
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content (DNA ploidy), cell surface markers, and enzyme
content (26, 27). The flow cytometer hydrodynamically
focuses cell suspensions in a sample chamber and
passes single cells through a light source, usually using
a laser. The light scattered at various angles by the cells
is registered by detectors and converted to an electronic
signal, which is digitized and analysed by a computer to
produce a histogram. The technique allows the analysis
of between 5000 and 10,000 cells per second.

The strategies of cell-cycle analysis by flow cytometry
can be subdivided into three main categories:

1. Snapshot or static analysis, which can be based on
a single measurement of DNA content or multi-
parameter analysis where DNA content is coupled
with a second feature, providing more information
on a particular metabolite or molecular trait that
generally correlates with progression through the
cell-cycle or with cell quiescence. This is the strat-
egy most commonly used in clinical practice.

2. A combination of multiparameter flow cytometry
with kinetic measurements; the time lapse static
observations as in 1 are combined with the rate of
cell progression through the cell cycle.

3. Analysis of DNA replication by simultaneous
measurement of BrdU incorporation and DNA
content.

The position of a cell in the cell cycle can be estimated
based on its DNA content. Because the duration of S
and G, and M phases is relatively constant, while the
duration of G, varies, and quiescent (G) cells usually
have a DNA content equivalent to that of G, cells, the
sum of cells in S, G,, and M phases reflects the prolifer-
ative potential of the cell population. Nuclear DNA
content doubles during S phase and therefore the cell
age during S phase can be estimated based on the
amount of replicating DNA (increase in DNA content).
In contrast, cells in G, and cells in G, and M, have
identical DNA content; equivalent to the DNA ploidy
index 1.0 and 2.0, respectively. Under ideal conditions of
DNA measurements based on DNA-specific fluores-
cence, the G, and G, and M cells therefore would have
uniform DNA values. Due to inaccuracies in DNA
measurements, the actual data are in the form of G; and
G, + M peaks. Several mathematical methods and com-
puter programs are available to obtain the percentage of
cells in Gy, S, and G, + M from the flow cytometry his-
tograms (26). This information is clinically useful in
some cancers where high rates of proliferation have
been correlated with aggressive tumour behaviour (28).

During flow cytometry, any fluorescent dyes the cells
contain will be excited by the light beam and the emitted
fluorescence intensity quantified using photomultiplier
tubes. If antibodies are bound to fluorochromes, anti-
body staining can readily be detected. Fluorescent dyes,
which bind particular cellular components can also be
quantified, for example, propidium iodide (a red fluo-
rescent dye, which binds DNA by intercalation). Total
DNA content can be measured by red fluorescence per
cell; G, and M together have twice as much fluorescence
as G, cells, and S phase cells will have a range of inter-
mediate fluorescence values, giving rise to a characteristic
histogram from which the proportions of cells in these
phases can be calculated. Tumours are often aneuploid
(29), and show an extra fluorescent peak, corresponding
to normal diploid cells in the tumour (e.g. lymphocytes,
fibroblasts). The major limitation of flow cytometry is
that cells need to be prepared in single cell suspensions
for analysis. This is easily achieved with blood and other
fluids making the analysis of leukaemias and lymphomas
relatively simple. Obtaining samples from solid tumours
is more difficult as disaggregation of the cells is necessary.

5. Tissue cryopreservation

Tissue samples may be frozen and stored at low tem-
peratures with good preservation for many years if
rapidly and appropriately processed (30). Cryopreservation
is advantageous as the epitopes of tumour-specific anti-
gens are retained so there is no requirement for antigen
retrieval, and RNA and DNA are not chelated to under-
lying cellular proteins making assays for DNA or RNA
markers more reliable and robust. A potential problem
with cryopreservation for busy Pathology departments
is the speed required to transfer newly dissected mater-
ial through the freezing process to ensure optimal qual-
ity. To minimize degradation of nucleic acids, in
particular, RNA, tumour material can be rapidly frozen
in liquid nitrogen (<—200°C). However loss of ultra-
structure and ice-damage frequently occurs as tissues
are frozen so rapidly that ice crystals form in the sec-
tion. This can be overcome by slowing the freezing
process by placing the tissue in liquid nitrogen cooled
isopentane, this results in rapid freezing but impregna-
tion of the tissue with ice-cold isopentane minimizes
crystal formation. Tissue integrity may be further
improved by mounting the section, for example, in OCT
compound and then freezing through liquid nitrogen
cooled isopentane. From material frozen in this way
cryosections can be prepared for immunohistology and
THC, laser-capture (see below), or nucleic acid extraction.
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Cytogenetic analysis is important for the accurate
diagnosis of an increasing number of paediatric malig-
nancies, for example, lymphoma and leukaemia,
tumours of the Ewing’s sarcoma family, alveolar rhab-
domyosarcoma. Genetic anomalies are particularly use-
ful for the accurate diagnosis of tumours with similar
histological appearance but which may have atypical
clinical presentation, such as the sarcomas and small
RCT (Table 1.5). Different techniques have been
developed to identify these abnormalities (see Chapters 2
and 3). As the amount of tumour material taken at dia-
gnosis is often small, polymerase chain reaction (PCR)
amplification methods are ever more attractive for the
increasing number of diagnostic tests.

The analysis of fresh clinical material by reverse tran-
scriptase polymerase chain reaction (RT-PCR) or PCR is
relatively straightforward if good quality RNA or DNA
respectively can be extracted. Providing there is sufficient
material and specimens are rapidly processed or trans-
ferred to liquid nitrogen/—80°C freezer this is not usually
a problem. Techniques for extracting DNA from fresh
tissues are well described in many excellent laboratory
manuals (31) and although often long and laborious do
produce good quality material, for example, proteinase K

digestion for up to 24 h, followed by purification of DNA
by extraction using phenol and chloroform. Extraction of
un-degraded RNA is more difficult because of its labile
nature and the presence of ribonucleases in the speci-
mens. Standard RNA extraction protocols (31) overcome
this problem by lysing tissues and cells in guanidium thio-
cyanate (32), a chemical which denatures ribonucleases.
The RNA is then purified by organic extraction and
ethanol precipitation (similar to that for DNA extraction)
or by sedimentation through caesium chloride. Because
RNases are present in the environment, on hands, and on
glassware, extraction of RNA requires the use of gloves,
sterile plastics and glassware, and RNase-free solutions.
Commercial preparations to extract DNA and RNA are
readily available; although often expensive these prod-
ucts generally exploit the basic techniques outlined above
but often provided in a rapid, user-friendly format.

In contrast DNA or RNA extracted from archived tis-
sue tends to be impure and of low molecular weight.
However the sensitivity of RT-PCR and PCR is such
that small quantities of degraded nucleic acids may be
amplified successfully. Hence PCR can be used for the
retrospective analysis of a range of pathological archival
material. Improved methods for the isolation of DNA

Table 1.5 Examples of malignancies with characteristic gene translocations and their respective gene
fusion transcripts, that can be used as targets for RT-PCR characterization or detection of disease

Malignancy Translocation Fusion transcript
Alveolar t(2513)(q35;q14) PAX3-FKHR
rhabdomyosarcoma t(2513)(q35;q14) PAX7-FKHR
Synovial sarcoma t(X;18)(p11.2;q11.2) SYT-SSX1
SYT-SSX2
SYT-SSX4
Tumours of the Ewing’s t(11;22)(q24;q12) EWS-FLI1
sarcoma family t(21;22)(q22;q12) EWS-ERG
t(7;22)(p22:q12) EWS-ETV1
t(17;22)(q12;q12) EWS-E1AF
t(2522)(q33;q12) EWS-FEV
Desmoplastic small RCT t(11;22)(q13;q12) EWS-WT1
Myxoid chondrosarcoma £(9;22)(q22;q12) EWS-CHN
Myxoid liposarcoma £(12522)(q135q12) EWS-CHOP
Clear cell sarcoma £(12;22)(q13;q12) EWS-AFT1
Congenital fibrosarcoma t(12;15)(p13;q25) ETV6-NTRK3
Anaplastic large cell t(255)(p23;935) NPM-ALK
lymphoma t(2;3)(p23;921) TFG-ALK
inv (2)(p23;q35) ATIC-ALK
t(1;2)(q25;p23) TPM3-ALK
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and even mRNA from archived paraffin-embedded
material have now been described (33, 34). The amount
of nucleic acid isolated from diminutive and/or archived
samples is often small, making it difficult to visualize
when the extraction and purification process requires
precipitation. Pellet-paint™ NF co-precipitant, a dye-
carrier that is co-precipitated with nucleic acids and
appears red under normal light, can aid visualization of
small nucleic acid pellets (Novagen, United Kingdom).

Although good quality RNA is more difficult to isol-
ate and is less stable than DNA, RT-PCR is increasingly
used for the characterization of tumour-specific gene
rearrangements or detection of circulating tumour cells.
In particular, RT-PCR may be used to design multiplex
assays for the characterization of tumours by their
genetic abnormalities (35, 36, 37) or tissue-specific
RNA profile (38, 39). Amplification by RT-PCR
requires the conversion of tumour derived mRNA to
c¢DNA, which is subsequently amplified by PCR for the
targets of interest (Fig. 1.5(a)). The position of chro-
mosome translocation breakpoints can vary between
tumours and may be scattered across many kilobases of
DNA from either chromosome. Splicing exons during
transcription of the chimeric gene to generate fusion
transcripts usually reduces the length of target nucleic
acids to be amplified, improving the efficiency and reli-
ability of the amplification, which can often be achieved
with a single primer pair. A second advantage is the
broader application of RT-PCR, allowing identification
of tissue-specific mRNA. Because of the sensitivity of
PCR and RT-PCR, it is susceptible to contamination
and false positive results. Consequently stringent labor-
atory practice and good quality control are essential for
its use in a routine diagnostic laboratory (33, 34).

The presence of chimeric fusion products detected by
RT-PCR correlates well with conventional G-banding
studies, but perhaps more interestingly RT-PCR can be
used to identify tumour-specific gene rearrangements in
tumours where conventional G-banding has been unin-
formative, either due to a very complex gene rearrange-
ment or lack of mitotic cells. The use of RT-PCR to
detect tissue-specific RNA profiles is less robust that
detection of tumour-specific genetic abnormalities, since
there is a risk that the RNA sample analysed may con-
tain normal tissues that express the RT-PCR target, for
example the use of RT-PCR for myogenin to character-
ize rhabdomyosarcoma may also detect myogenin
expressed by native muscle fibres. In such situations the
isolation of tumour mater-ial by laser-capture or micro-
dissection may be particularly useful (Fig. 1.6), ensuring
only tumour cells are captured for RNA, DNA, or even
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Fig. 1.5 Diagrammatical representation of RT-PCR applied
to peripheral blood for the detection of circulating tumour
cells. (a) RNA is extracted from peripheral blood, and reverse
transcribed into cDNA. ¢cDNA is amplified by PCR to generate
double stranded DNA products that can be analysed by sepa-
ration in an agarose gel, and visualized under ultraviolet
(UV)-light after staining with ethidium bromide. (b) Using RT-PCR
it is possible to detect 1 tumour cell in up to 1 X 10¢ normal
cells. This approach assumes that non-haemopoietic cells are
not normally found in the circulation and requires a target
mRNA for amplification by RT-PCR, that is expressed in
the tumour cell but not the haemopoietic cells. The presence
of tumour cells in peripheral blood does not necessarily mean
the tumour cell will go on to metastasize, although dissemination
of tumour cells is an essential step for metastasis.

protein isolation and analysis (40—42). This approach
can also be useful for the characterization of focal dif-
ferences within a tumour. Cryostat sections are the most
useful sources of tumour material for laser-capture. The
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Fig. 1.6 Laser-capture. Tumour sections (7 microns) were stained with H&E and tumour cells were laser-capture micro-
dissected using the PixCell laser-capture micro-dissection system (Arcturus Engineering, Inc., Mountain View, CA); tumour was
captured using 2000 pulses of the 30 wm laser beam onto CapSure™ film (Arcturus Engineering Inc.). (a) Tumour before laser-
capture micro-dissection. (b) Tumour after micro-dissection of tumour cells, leaving the normal tissue behind.

sections may be stained with H&E to allow identification
of cells based on morphology; alternatively sections may
be stained with antibodies to isolate cell populations
with specific phenotypes. Obviously the small number of
cells captured means sensitive methods for the extraction
of nucleic acids or proteins from laser-capture cells must
be developed. For some of these applications commercial
kits are available that work very well, for example, RNA
isolated from the laser-captured material using the micro
RNA isolation kit from Stratagene, Cambridge, UK.
RT-PCR for tumour- or tissue-specific genes has also
been exploited to detect small numbers of tumour cells
in cytologically normal bone marrow aspirates and
peripheral blood (Fig. 1.5(b)). For metastasis to occur
tumour cells must circulate in body fluids. Although the
presence of such cells is necessary for metastasis to
occur, it is of course not sufficient. However, increas-
ingly the presence of tumour cells detected by RT-PCR
is reported to provide clinically significant data that
reflects the evolution and management of cancers (43).
The molecular detection of these small numbers of cir-
culating tumour cells may ultimately lead to a redefini-
tion of metastatic disease and disease-free, and
consequently may change patient management.

Section B—Fixatives

Of the many tissue fixatives available, the most suitable
for all the diagnostic and prognostic procedures must
be selected. Consequently when deciding which of the

Table 1.6 Categories of fixation* and examples

Fixation method Examples

Aldehydes Formaldehyde, glutaraldehyde,

acrolein

Oxidising agents Osmium tetroxide, potassium
permanganate, potassium

dichromate

Protein denaturing Acetic acid, methanol, ethanol

reagents
Other cross-linkers Carbodiimides
Physical Heat, microwave

Unknown mechanisms Picric acid, mercuric chloride

* According to Baker (44).

many fixatives (Table 1.6) (44) to use, it is essential to
know the precise effects of the fixative on the different
tissue macromolecules, that is, proteins, nucleic acids.
The ideal fixative preserves tissue morphology from
osmotic damage and shrinkage (45) and retains in situ
all tissue components and their characteristics including
antigenic epitopes for IHC.

Cytochemical aspects of fixation

1. Protein fixation

The most important reaction in tissue fixation is that
which stabilizes protein. The basic mechanism of how
this occurs is largely unknown, but in general it appears
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that fixatives have the ability to form cross-links
between different proteins in the cell thereby forming
a cellular gel that maintains symmetry within the cell.
Thus soluble proteins are fixed to structural proteins,
rendering them insoluble and thereby giving the cell
added strength.

Aldebydes: Reaction between aldehydes and proteins
has long been known and forms the basis of the Cross-
link hypothesis (46-49). The reactions which occur are
usually mild and the fixation time is relatively short.
Cross-links are formed between protein molecules, the
reaction centring on the basic amino acid lysine (the
residues of which exist on the exterior of the protein
molecule). In the case of formaldehyde, the reaction is
largely reversible by an excess of water in the first 24 h
post fixation. In contrast, glutaraldehyde fixation is
more rapid and is irreversible at 24 h. The speed of
reaction and the degree of reversibility when treating
tissues with aldehyde fixations is pH dependent (pro-
ceeding very rapidly in acid pH). Fixation in general
denatures protein but for routine diagnostic purposes
this is not of great importance. It does however, attain
significance in IHC, high resolution EM and molecular
pathological techniques. Aldehydes react with basic
proteins and alter their iso-electric points. During the
process of cross-linking, polymerization occurs and the
size of the polymer formed is governed by the pH of
the fixative.

Oxidising agents: Little is known about the interac-
tion of oxidizing agents (potassium dichromate, osmi-
um tetroxide, and potassium permanganate) with
proteins. It is known that cross-linking occurs
with osmium tetroxide, but whether or not this occurs
with other agents is unclear.

Mercuric Chloride: When used as a secondary fix-
ative, mercuric chloride has been shown to interact with
certain amino acids in proteins, including amino, imi-
dazole, thiol, phosphate, and hydroxyl groups. The
reaction with thiol groups has been extensively investig-
ated and it has been shown that dimercaptide is
formed. 2R.SH + HgCl, = (RS),Hg + 2H + 2Cl. The
production of hydrogen ions makes the resulting solu-
tions acidic. In addition, mercuric compounds react
with disulphide groups forming reaction products,
which may vary with the pH of the reaction.

Microwave fixation: It has been known for a long
time that tissues and blood films may be fixed by heat-
ing. Cooking is in fact an extreme form of fixation.
Until recently, the heat used was relatively uncontrolled,
for example, from a Bunsen burner. Microwave ovens
can now be used to deliver heat in a uniform manner;

microwaves penetrate into the tissues for about 2 cm
from the surface. Microwave energy interacts with
dipolar molecules causing their oscillation with a fre-
quency of 2450 MHz. Because of this, polar side chains
of proteins and water suffer increases in their respective
thermal energies, and protein denaturation then ensues.
Optimal microwave temperature fixation is approx-
imately 60°C (15). The chief advantages of this system
are that the tissue is fixed right through in a very short
time, potentially allowing the analysis of cellular pro-
cesses that proceed quickly. In this way microwaves dif-
fer from conventional heating in a water bath, which
produces a temperature gradient across the tissue.
Microwaving at 45-55°C stabilizes the tissue but does not
fix it. It may be stored at 4°C for some time in this state.

2. Nucleic acid interactions

High quality DNA is usually required for PCR work;
nevertheless formalin-fixed paraffin-embedded tissue
has been successfully used with PCR to detect the pres-
ence of viruses or oncogene mutations (51-54). Reaction
of nucleic acids and histone proteins with fixatives has
not been extensively investigated (55). Fixation of tissues
alters the chemical and physical state of DNA and RNA.
Little is known however, of the basic mechanism
involved but the subject has been reviewed by Hopwood
(56). Glutaraldehyde is known to react with histone pro-
teins of chick erythrocyte nuclei; reactivity appears to be
confined to F1 histone proteins (57). The interaction
between histone and glutaraldehyde and formaldehyde
has also been investigated (58). F1 histone proteins react
much faster with the aldehydes than any other histone
protein group, probably due to the higher lysine content,
which is the nidus of aldehyde—protein interactions. The
above work suggests that the formaldehyde cross-links
histone to DNA whereas glutaraldehyde links histone
proteins to one another.

Many fixatives have been used for preservation of
nucleic acids but relatively few with the exception of mer-
cury and chromium salts, are known to react with them
chemically. Indeed the interaction of mercuric salts with
DNA was discovered through preservation of viral DNA
sequences with subsequent decrease in the infectivity of
the virus. Acidic alcohol fixatives, including Carnoy’s are
frequently used for nucleic acids. Although largely chem-
ically bland, they are known to extract histone proteins.
In prolonged fixation states, acidic alcohol fixatives
extract RNA and with continued fixation, DNA.

DNA and RNA normally in their resting/native states
do not react with formaldehyde. However, if the fixative
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solutions are heated to approximately 45°C for DNA and
65°C for RNA, uncoiling of the helices occurs. Similar
reactions have been observed with glutaraldehyde (56). At
fixation temperatures up to 64°C, no reaction occurred
between native DNA (calf thymus or herring roe) and glu-
taraldehyde. Above 75°C reactions commenced and pro-
ceeded more quickly the higher the temperature. A similar
reaction held for RNA and glutaraldehyde except that
reactions began at 45°C. This selective non-reactivity
appears to be related to the structure of the nucleic acids,
the hydrogen-bonded structures of which are only broken
at relatively high temperatures when purine and pyrimi-
dine bases become available for reactions with aldehyde.
Typical thermal transition profiles can thus be created for
each particular fixative. Most tissue fixation is carried out
at room temperature or 0—4°C where there can be little or
no reaction between nucleic acid and fixative.

Amino groups of the nucleosides appear to be
involved when and if fixation by formaldehyde takes
place with the subsequent formation of methylene
bridges. The mechanism and kinetics involved in these
reactions have been studied by McGhee and Von Hippel
(59-62). Regions of nucleic acids rich in adenosine and
thymidine residues are most open to reaction with
formaldehyde. This basic mechanism appears as fol-
lows: first, base pairs become unstuck due to local
thermal fluctuations during fixation, then the exocyclic
amino group of adenosine react. This reaction is
reversible and the rate of interaction increases in pro-
portion to the pH of the solution.

The denaturing effect of formaldehyde on nuclear
chromatin structure has also been investigated (63).
Conformational changes seen using circular dichroism
in chromatin are due to cross-linkage with histones or
between histones. Nucleic acids, being relatively large
molecules, are most likely physically entrapped in the
tissues following fixation. This non-fixation concept for
nucleic acids has been confirmed by Langenberg for
viral and yeast RNA (64). The use of more vigorous
agents such as chromic-acid formaldehyde has been
suggested, as such a mixture of fixatives is believed to
stabilize nucleic acids (65). In addition, rapid chilling of
tissues before glutaraldehyde fixation for approximately
12 h appears to preserve fragile viral inclusions in
various plants. Without cooling, redistribution of viral
particles is evident. Cell death, itself temperature
dependent, is a very active process and cooling would
considerably slow down many metabolic processes
while fixation is taking place (66).

The importance of these observations is that, at tem-
peratures normally used for fixation, uncoiling of nucleic

acids does not occur. Only when temperatures are elev-
ated does significant degradation of DNA occur. During
paraffin wax infiltration or resin embedding, a reaction
with any remaining fixative can take place. Adequate
washing is therefore required to prevent such a
phenomenon.

The question therefore is, how are nucleic acids
retained in the tissues following fixation and to what
extent do they undergo degradation? From studies, it
appears that up to 30% of nucleic acids may be lost
during the fixation process. During the cross-linking of
proteins and the subsequent polymerization that occurs,
it is possible that DNA/RNA becomes trapped in the
protein matrix that is formed as a result of the fixation
process. This is most likely the principle mechanism by
which nucleic acid is retained following fixation.

The alcohol fixatives (ethanol and methanol) are
commonly used for nucleic acid fixation and have the
added advantage of causing little chemical change.
Physical chemistry evaluations show that DNA is largely
collapsed (unwound) in ethanol and methanol. It has
been estimated that the concentration required for such
collapse to occur is approximately 65%. When this
denatured DNA is re-hydrated there is considerable
reversion to the original state. The presence of salts in
the fixative solution is known to be essential for the
proper precipitation of nucleic acids.

Like most biological systems, individual fixatives are
usually not sufficient for most purposes so usually com-
binations or mixtures of fixatives are used, the short
comings of one being compensated for by another. With
some mixtures, the individual components of the fix-
ative cocktail react directly with one another, an example
of which are the aldehydes and oxidizing agents. When
such mixtures are made, use must subsequently be
immediate, otherwise the effective concentration of
each of the components will be decreased. Another phe-
nomenon, which has been observed is that cross-linking
produced by the mixture is usually less than that pro-
duced by the more active of the pair on its own.

Non-tissue factors that influence fixation

1. Buffer and bydrogen ion change

Because fixatives vary, it is natural to expect that the pH
of fixatives will vary also. In general, a physiological
range of pH is attained by the addition of a suitable
buffer. Satisfactory fixation will occur between pH 6
and 8. Outside these limits, ultrastructural changes
occur with dissociation of proteins, lipids, etc. Indeed
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during the agonal stages of cell death, the microenvir-
onment of the cell changes and a reduction of the pH
within cells occurs, mediated by anoxia.

A critical fixation pH is required for some morpho-
logical assessments. For example, gastric mucosa is
optimally fixed at pH 5.5 in keeping with the natural
local environment of the stomach. Indeed the idea of
selective pH fixation has recently again become popular
with the concept that gradual alterations in the pH of
fixative solutions may be of advantage in dealing with
tissues for EM. Glutaraldehyde, commonly used in EM
fixation, is known to selectively polymerize at different
pH with subsequent alteration in protein reactive
groups and the protein cytoskeleton of the cell.

Some fixatives by their nature will automatically alter
the pH of the solution. Acetic acid (a weak acid) will
lower the pH, the effect of which is to alter the tertiary
and quartenary structures of most proteins, which are
usually stable over a limited range of pH. Other acids
react similarly. Buffer systems are commonly used in fix-
ation, the most common being Tris, bicarbonate, veronal
acetate. When selecting a buffer care should be taken
that the chosen buffer will not react with the fixative
thereby reducing buffering capacity and fixation effect.
If histochemical studies are to be performed, ideally the
buffer must not alter enzyme activity or structure.

2. Temperature variations: are they critical?

Traditionally, fixation of routine surgical biopsy mater-
ial has been carried out at room temperature. For some
investigations, such as histochemistry and EM, fixation
ideally should be performed at 4°C. At lower tempera-
tures autolysis and diffusion of cellular substances is
slowed down and preservation of cellular microarch-
itecture is more readily achieved. Fixatives in general act
more rapidly at higher temperatures. Peracchia (67) has
suggested that fixation should ideally be carried out
under conditions of increasing temperature, an ideal
which immediately appears impractical in busy labor-
atories. Indeed the interaction of nucleic acids with
commonly used fixatives is negligible at temperatures
commonly employed for fixation (56). Rapid fixation
is achieved with heated formalin (40-45°C). Higher
temperatures (60°C) impair tissue morphology.

3. Fixative penetration: a rate limiting step

Fixative penetration into tissue is of paramount import-
ance. The process is usually slow therefore careful
attention must be given to the size of the block taken, in

order to obtain satisfactory fixation. In 1941 Medawar
investigated the basic principles of fixative penetration
in tissues, he found the depth of penetration was pro-
portional to the square root of the time immersed (68).
Discrete tissues react differently with a particular fix-
ative and also the interaction of cellular subfractions
with the fixative governs the diffusibility of the fixative.
In general, fixatives with low diffusibility coefficients
will give rise to uneven fixation and penetration of the
tissues and thus preservation of proteins, nucleic acids,
and fats will vary greatly from site to site.

4. Osmolarity of fixative solutions and
the importance of fixative concentration

Most fixatives are used in aqueous solutions. More exact-
ing requirements demand the addition of a buffer with
special reference to the effect of osmotic pressure exacted
by the resulting solution. In general, hypertonic solutions
give rise to cell shrinkage; isotonic and hypotonic fix-
atives result in cell swelling and in general poor fixation.

By varying the osmolarity of the chosen fixative solu-
tion, it is possible to alter the structure of membrane
systems. The addition of vehicles to fixative solutions
(dextrans and polyvinyl pyrrolidone) also plays a part
in determining osmolarity. Indeed it is true to say that
vehicle osmolarity is usually more important than the
total osmolarity of the fixative solution. Vehicle osmo-
larity should ideally be isotonic with that of tissues in
their in situ setting. Glutaraldehyde has been investig-
ated for this and it has been found that hypotonic glu-
taraldehyde solutions produce diffusion of acid
phosphatase from lysosomes thus causing chemical
changes in the cellular cytostructure (69).

The exact concentration of fixative used in any par-
ticular formulation depends not only on fixative effect-
iveness and solubility, but also invariably on cost.
Glutaraldehyde has been extensively researched and has
been found to be highly effective when used as a 3%
solution but still retains significant activity at lower
concentrations. For cellular morphology, staining of tis-
sues varies with the concentration of fixative used.

5. The effect of adding substances
on fixatives

Any chosen fixative solution will consist of the fixative
agent(s), a buffer, and water. Various substances are
sometimes added to produce specific chemical effects.
The addition of some salts such as ammonium sulphate
and potassium dihydrogen phosphate is known to
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stabilize proteins. Sodium chloride and sodium sulphate
are used in conjunction with mercuric chloride. It has
been shown that the sodium chloride in particular
increases the bonding of mercuric chloride to the amino
group of proteins and possibly also degrades coagula-
tion factors. Tannic acid, used in EM, which is known
to enhance fixation of proteins and lipids is also useful
in demonstrating microtubules and filaments in the cell
cytostructure (70).

6. The effect of detergents

The effect of making the cell membrane more permeable
and thus allowing fixation of cytosolic components
has focused attention on the use of detergents in the fix-
ation processes. These are commonly employed with
immunofluorescent techniques where the intracellular
localization of substances is critical, many of which with
high molecular weights are unable to pass through the
cell membrane. Complete removal of the cell membranes
by detergents has been used for cell skeletal surveys.

7. Fixation time: a critical parameter

The routine practice of many laboratories varies greatly
but primary fixation in buffered formalin for 6 h fol-
lowed by a period in formol sublimate appears to be a
popular protocol with some centres. For EM, it is recom-
mended that the submitted tissue be diced and placed in
the appropriate fixative for 3 h and then placed in a
holding buffer. Formalin fixation is known to proceed
rapidly and is largely reversible. If tissues are fixed for
24 h or more in formalin, then most of the formalin can
be washed out. Prolonged formalin fixation produces
morphometric shrinkage and hardening of the tissues.

Glutaraldehyde on the other hand is shown to exhibit
beneficial effects at longer fixation times. Prolonged
fixation in aldehydes is known to greatly inhibit enzyme
activity and also retards substrate diffusion and cross-
linking between protein complexes, which may have
implications for molecular pathological techniques on
archival material. Oxidizing agents (osmium tetroxide
and potassium permanganate) on the other hand
degrade the tissues by oxidative cleavage of proteins
with the loss of peptides.

8. Secondary changes in tissues

Tissue should ideally undergo immediate and complete
fixation following removal from the living body.
However this ideal is rarely achieved. Primary agonal

changes due to anoxia occur during the handling of the
tissues. Secondary agonal changes occur during the fix-
ation process, and their extent is governed by individual
variables such as the fixative used, fixative concentra-
tion, vehicles used in the fixative solution, solution
osmolarity, and the tissue itself (70). Until full penetra-
tion has occurred, secondary agonal changes will con-
tinue. To quantify these changes for various fixatives
would be an enormous task.

Time sequences for primary and secondary agonal
changes are themselves highly variable. It is known that
anoxia causes changes in cellular subfractions after
10 min. An example of this is mitochondrial swelling
seen on EM. Within 1 h, enzymes involved in oxidative
phosphorylation are lost.

The size of the submitted piece of tissue will directly
govern the length of the secondary agonal phase; those
cells at the centre undergoing differentially longer sec-
ondary agonal changes than those cells at the periphery.

Temperature variations are also important, as pri-
mary and secondary agonal changes vary directly with
temperature; the hotter the local environment the more
rapid the deterioration of the tissues. Indeed at cellular
level, the way the individual cell deals with the fixative
is dependent both on time and fixative concentration.
Following removal from the body, all cells encounter a
period at which they are exposed to an increasing grad-
ient of fixative as it diffuses into the tissue. This “Tidal’
concept of fixative penetration dictates that at very low
concentration, cells may be able to metabolize some fix-
atives. One example of this is formaldehyde, which may
be metabolized by aldehyde dehydrogenase present in
cells. As fixative concentration rises, the local kinetics of
the cell alters with protein excess replaced exponentially
by fixative concentration. Simultaneously, metabolic
pathways will be preferentially lost, with consequent
effects on various organelles of the cell microstructure.

9. Post-fixation: secondary fixation
(another fixation tool)

Several situations warrant the use of two fixatives
in succession. The practice in some laboratories is to
fix tissues in buffered formaldehyde and then to
subject the tissue to further fixation with mercuric
chloride, for example, for a period of a few hours. It is
observed that tissues are more easily cut and flatten
more readily after sublimate post-fixation compared
with buffered formaldehyde fixation alone. Staining
intensities can be increased by the use of mercuric
chloride compounds.



32 Molecular biology and pathology of paediatric cancer

Chemical properties of fixatives

1. The formaldebyde containing fixatives

The aldehydes most commonly used in histopathology
are formaldehyde (either by itself or in formulations)
and glutaraldehyde. Commercially available formalde-
hyde is a gas, which is 49% soluble by weight and
sometimes called formalin. For routine histological use,
it is usually diluted to a 10% solution; pH changes
occur during storage due to formation of formic acid
and this usually requires buffering. In aqueous solution,
formaldehyde exists primarily in its monohydrate form,
methylene glycol (CH,(OH)), in equilibrium with
monomeric formaldehyde. In addition, low molecular
weight polymers are also present. The carbonium ion
CH,OH formed in solutions of formaldehyde appears
to be the agent responsible for the majority of the fix-
ative effects of formalin.

Chemically, formaldehyde forms cross-links between
protein groups amino peptidyl, thiol, imino, carboxyl,
aromatic, amido, and hydroxyl. This interaction is pH
dependent and results in the formation of methylene
bridges (71, 72). Cross-linking may be abolished by
vigorous washing, thus unmasking the reactive groups.
The properties of formaldehyde have been assessed by
Walker in a monograph in 1964 (73).

The effects on the various tissue components may be
summarized as follows:

1. Nucleic acids: Formalin is known to block the reac-
tive groups of nucleic acids thereby reducing their
stability. During formalin fixation, cross-linking
occurs between DNA and histone proteins present
in the nucleus thus making DNA more inaccessible
to extraction procedures and producing a coupled
product.

2. Carbohydrates: Formalin fixes glycogen attached
to protein very well but has little effect on other
carbohydrates.

3. Lipids: Preservation is generally good although not
all phospholipids are fixed.

In histological and histochemical work, formalin is
nearly always used in buffered solutions at or above the
neutral point.

2. Glutaraldehyde

This possesses similar physical and chemical char-
acteristics to formaldehyde, the difference being the

existence of the second aldehyde group in formaldehyde.
Glutaraldehyde has been used extensively as an agent
for the modification of proteins for protein linking and
thus for fixation. The chemistry of aqueous glutaralde-
hyde solutions has been reviewed (74, 75). Aqueous
solutions consist of approximately 40% free aldehyde,
16% monohydrate, 9% dihydrate, and 70% hemiacetal
forms (76). Glutaraldehyde is known to rapidly deteri-
orate in solution but this is effectively delayed by reduc-
ing the pH. Storage at 4°C is recommended with the
addition of a few drops of HCI. The reaction of glu-
taraldehyde with proteins, peptides, and amino acids is
analogous to that of formaldehyde since gluraraldehyde
is a bifunctional aldehyde. However, the precise mode
of action remains to be determined; the cross-linking
process produces three dimensional structures, which
primarily constitute its action as a fixative.

3. Alcobolic fixatives

The possible singular use of absolute alcohol in tissue
fixation is for the preservation of glycogen. Ethanol can
preserve some proteins in an undenatured form and is
therefore useful in immunofluorescence. The rapid pen-
etration of alcohol in tissues makes it useful in combi-
nation with other fixatives, and it may therefore be
usefully employed to speed up tissue processing time.
Carnoy’s fluid is particularly useful for the preservation
of nucleic acids in paraffin tissue sections, and has the
advantage that it does not interfere with the subsequent
use of nucleases if this is so desired by the operator.
Methanol and ethanol are the only alcoholic fixatives,
which are commonly used in histopathology. Methanol
is analogous to water and therefore competes effectively
with the latter for hydrogen bonds in proteins, nucleic
acids, etc.

The addition of alcohols to a protein solution causes
aggregation or precipitation of proteins at or near their
isoelectric points. Tertiary structure of proteins is also
disrupted primarily due to the interruption of
hydrophobic bonds in the protein backbone.

Methacran described in 1970 by Puchtler consists of
a mixture of methanol, chloroform, and glacial acetic
acid in the proportions 6:3:1 and was especially
recommended for the preservation of helical proteins in
myofibrils of collagen (77). Retief and Ruchel have pres-
ented evidence that a 3:1 mixture of methanol and
acetic acid removes almost all H1 histone protein from
the nucleus together with a substantial fraction of H2A,
H2B, H3, and H4 (78).
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4. Picric acid fixatives

The compound 2,4,6-trinitrophenol has long been con-
sidered as a single protein precipitant and is now used in
a variety of fixative mixtures. It reacts with histone pro-
teins in the nucleus and basic proteins to form crystalline
picrates with amino acids. Glycogen preservation is
maximal but morphometric volume changes are con-
siderable. In contradistinction to its role as a simple protein
precipitant, there is evidence that bonds are created
between picric acid and the surface groups of fibrous
proteins thus acting as an inter-molecular bonding agent
and not functioning totally as a precipitator of protein.

5. Mercuric chloride containing fixatives

Mercuric salts were formerly commonly employed in
histological fixative cocktails. The interaction of mercury,
and other metallic ions, may be summarized as follows:
it combines with the acid groups on protein, especially
carboxyl and hydroxyl and phosphoric acid of nucleo-
proteins. Mercuric ion appears to have a specific and
selective affinity for thiol (SH) groups. For histochemi-
cal and molecular pathological purposes an important
question remains to be answered. Is the reaction of mer-
curic ion with various tissue components reversible by
ordinary processes of tissue embedding, in addition to
washing and removal of coarse mercuric precipitates by
means of iodine and thiosulphate? It is conceivable that
at least some mercuric compounds remain bound where
sulphydryl group interaction has occurred, particularly
in nucleotides and proteins. This alteration in the con-
formation symmetry of these molecules may have dele-
terious effects on PCR and in situ hybridization
techniques.

Mercuric chloride penetrates tissue poorly and pro-
duces considerable tissue shrinkage and thus is used as
a combination fixative and rarely used on its own.
Indeed Hopwood discussed fully the role of fixation
with mercurials and his conclusion was that they are
best avoided altogether (47). In contrast, the demon-
stration of stable peptides like insulin is enhanced by the
use of mercuric containing fixatives. Zenker’s, Helly’s,
and B5 solutions contain mercuric chloride.

Nucleic acids and nucleoproteins:
what fixative is ideal?

Nucleic acids exist in different forms, and it appears
that whatever method of fixation is used the physical
properties of nucleoproteins are altered. Chemical

reactivity is also changed. Formalin is not a good fixative
for nucleic acid and nucleoproteins, its combination
with nucleoproteins blocking a large number of reactive
groups. Mercuric or chromium salts improve preserva-
tion but also inhibit many histochemical reactions.

Precipitant fixatives like alcohol and acetic acid are
much more often recommended for preservation of
nucleic acids. Unfortunately, ethanol causes irreversible
changes in the structure of isolated DNA as measured by
the ability of nucleic acids to induce dichroism when
stained with a variety of dyes and examined under polar-
ized light (79). Methanol is less active in this respect,
possibly because it is a weaker dehydrating agent.

Acid fixatives produce superb morphological preser-
vations by the precipitation of nucleoproteins. If tissues
are placed for prolonged periods in acid fixatives,
extraction of RNA occurs first, followed by DNA.
Therefore, it appears reasonable that prolonged fixation
in Carnoy’s fixative is best avoided for morphological
correlation but may be of value for molecular patholog-
ical techniques.

The precise mechanism of formaldehyde interaction
with components of chromatin has been studied
extensively. Formaldehyde induced histone-DNA cross-
linking has been conclusively demonstrated (80, 81).

Marked differences have been noted between formalde-
hyde and glutaraldehyde in the fixation of histone pro-
teins. Short term treatment of tissues with formaldehyde
gives rise to reversible covalent bonds between histones
and DNA, while initial treatment with glutaraldehyde
induces the production of polymers of F1 histones and
oligo polymerization of remaining histone proteins (80).

In 1976, McGhee used formaldehyde as a probe for
DNA structure (59, 60). In theory, formaldehyde is
capable of replacing protons in the exocyclic amino
groups of purines and pyrimidines as well as protons
attached to the endocyclic nitrogens of the purine and
pyrimidine rings. It was shown that at low formalde-
hyde concentrations, the product contains a single
hydroxymethyl group attached to one of the ring nitro-
gens on purines and pyrimidines, while at high concen-
trations a hydroxymethyl adduct existed. Both of these
reactions appear reversible. In the sugar backbone of
DNA, formaldehyde does not appear to react with
hydroxyl groups present in deoxyribose or with the
phosphate ester groups of nucleic acids (82). The
bi-functional aldehydes, glyoxal and malondialdehyde
were investigated for their reactions with DNA (83).
Both these aldehydes were found to induce resistance
to deoxyribonuclease digestion, suggesting structural
alteration of native DNA.
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Duration of fixation

Pathology departments aim to give a diagnostic service
within 24 h of receiving surgical specimens, for reasons
of patient well-being and cost. The duration of fixation
is variable. At a minimum this may be 2 h. Prolonged
fixation inhibits enzyme and immunological activity
although it will still produce satisfactory morphological
results. Washing of fixed tissues in running water can
restore much activity of some enzymes. There is evid-
ence that if fixation has not exceeded 24 h, much of the
formaldehyde may be removed from the tissue by
washing. This is largely because the initial reaction,
namely the formation of Schiff bases, is reversible by
excess water.

Hydrogen ion concentration and buffers

Most fixation is carried out using 0.2 M phosphate-
buffered 4% formaldehyde at pH 7.2. Some laborator-
ies use formaldehyde in isotonic saline, which is acidic.
Satisfactory fixation occurs between pH 6 and 8.
During fixation the cells become increasingly acidic due
to anoxia and the alteration in cell metabolism. The pH
of the buffer will also have an effect on the molecular
conformation of the cellular components and will affect
the rate of reaction between protein and aldehyde: at
higher pH the reaction proceeds more rapidly. Care
must be taken to ensure that the fixative and buffer do
not react with each other. The buffers used more com-
monly in fixation include phosphate, cacodylate, Tris,
s-collidine, and veronal acetate.
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Methods of genetic analysis applied to

Jane Bayani, Maria Zielenska, and Jeremy A. Squire

Introduction

Genetic technologies have made major advances in
recent years, and both the power and sensitivity of
methods in molecular biology have been greatly aided by
the increasing number of genes discovered as part of the
Human Genome Project (1, 2). The fields of genetics and
pediatric cancer overlap in many areas, and much of the
success in our understanding of genetic defects in
childhood tumors has depended on the application of
molecular genetic and advanced cytogenetic methodolo-
gies. Some of the newest genomics methods used to
identify and investigate genes associated with pediatric
cancer are presented below. The reader is directed
to more comprehensive texts for a full explanation of the
methodologies and experimental details (3-6).

Cytogenetics methods

Classical cytogenetic analysis is the cornerstone for
many of the recent advancements in molecular cytoge-
netics. Since the first karyotype from peripheral blood
cultures were made in 1959 (7), the wealth of informa-
tion derived from the study of chromosomes has
enabled the identification of recurrent chromosomal
aberrations in various diseases, cancers, syndromes and
has greatly facilitated an improved understanding of the
chromosomal causation of many pediatric cancers. A
properly handled specimen can influence the success of
any cytogenetics-based assay. All specimens, whether
blood, bone marrow, or solid tissue, should be handled
using aseptic techniques. Some general considerations
include a sterile workspace in a ventilated tissue culture
hood. While costly, sterile disposable plastic pipettes,
petri dishes, flasks, and disposable scalpel blades are
also a wise investment. All tissue culture growth media,
antibiotics, and other additives should be used well
within their expiry dates and properly stored. The CO,

incubator should be clean and free of pathogens and
fungal spores.

Other texts comprehensively describe various proced-
ures for optimizing the yield and quality of metaphase
preparations derived from diverse cell types from cancer
cytogenetics samples (5). Briefly, samples in suspension,
such as hematologic samples or short-term tumor cul-
tures, can be readily added to the growth medium and
allowed to culture in suspension. Solid tumor tissue
samples require disaggregation into a single cell suspen-
sion. This can be achieved first through manual mincing
of the tissue with scalpel blades. Depending on the tissue
type, such as brain, manual mincing is sufficient. For
other tissues, treatment with enzymes such as collage-
nase is also required to obtain a single cell suspension.
Cells derived from solid tissue samples may grow as an
adherent culture, as a suspension, or both. Once in cul-
ture, the cells are allowed to divide. Depending on the
type of tissue and the quality of the sample, the success
of growth in culture will vary. The cells are then arrest-
ed at the metaphase stage and fixed using a methanol
and acetic acid fixative. These fixed cells are then ready
to be applied to clean microscope slides and analyzed.
Classical cytogenetic analysis requires the staining of the
metaphase cells to reveal their unique banding patterns,
typically using Giemsa as the medium (hence the term
G-banding Fig. 2.1). The success of banding analysis lies
in the overall quality of the starting material, the mitotic
activity of the culture, the ability to arrest sufficient
numbers of cells at metaphase, and the morphology of
the chromosomes themselves (i.e. length and shape).

Fluorescence in situ
hybridization (FISH)

Fluorescence in situ hybridization is a chromosome-
based assay (5) that involves two parts: the chromo-
some (or interphase) cell target and the labeled probe.
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Fig. 2.1 G-banded karyotype of an astrocytoma cell line. Shown is a karyotype of an astrocytoma metaphase cell stained with
Giemsa. This cell is hypertriploid with 73 chromosomes present. Structural aberrations as well as over-representation of almost
all the chromosomes are indicated. Also present are 4 marker (MK) chromosomes.

Modifications to the basic FISH protocol have spawned
two other FISH-based assays: comparative genomic
hybridization (CGH) (8) and spectral karyotyping
(SKY) (9). Chromosome preparations for FISH involve
the same preparations used for banding analysis with
little or no pretreatment. The DNA probe used for FISH
can be specific for a gene, chromosome segment, or
whole chromosome paints (Fig. 2.2(a)). The DNA
probe can be derived from cloned sources such as plas-
mids, cosmids, BACs, or YACs. They can also be DNA
fragments extracted through microdissection and poly-
merase chain reaction (PCR) amplified. Labeling is usu-
ally achieved by the incorporation of biotin and/or
digoxigenin by nick translation (10-12) and is later
detected using a fluorochrome conjugated antibody.
More recently, fluorochrome conjugated dNPTs have
been more readily available and have been used to
“directly” label the DNA probe. This has generally per-
mitted less bench work and cleaner preparations, but at
a larger expense as compared to the “indirect” method
using biotin or digoxigenin. Once labeled, DNA is quite
stable and can be stored at —20°C almost indefinitely.
Directly labeled probes generally have a significantly
shorter shelf life since the signal from the fluorochrome
will degrade over time. For this reason, an indirect
approach may be more cost effective and practical.
Prior to hybridization, metaphase chromosome spreads
are heated briefly to ~75°C with 70% formamide in
buffered isotonic saline to denature the DNA. The DNA

probe, which has been precipitated with unlabeled
Cot-1 DNA to suppress the repetitive sequences, is also
heat denatured at ~75°C in a formamide-based
hybridization solution to its single stranded state.
Following a pre-annealing stage at 37°C for 1 h, the
denatured probe is added to the denatured DNA target
on the slide and allowed to hybridize at 37°C for at least
24 h. Following the hybridization step, post hybridiza-
tion washes and hapten detection (if using indirectly
labeled probes) is carried out. The slides are counter-
stained and mounted in an antifade medium to prevent
rapid signal quenching. The sites of hybridization are
clearly visualized as fluorescent points of light where the
probe is bound to chromatin. The versatility of FISH
lies in its ability to be used for chromosome targets,
interphase nuclei, cells embedded in paraffin section or
from a cytological smear. The following section briefly
discusses the various sources of target DNA for FISH
analysis.

Clinical samples for FISH analysis

Successful FISH depends largely on the initial quality of
the patient sample. This presents a technical challenge
for the clinical laboratory since the number and scope
of applications of FISH is increasing as more commer-
cial probes and hybridization kits become available. In
addition, clinicians are becoming more aware of the sig-
nificant advantages of performing FISH analyses on
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Fig. 2.2 Examples of FISH on metaphase and interphase cells. (a) FISH analysis of a pediatric osteosarcoma. (i) Use of
centromere probes and chromosome paints. In this image, a centromere probe for chromosome 8 (green) and a chromosome 8
painting probe (red) were used to examine complex structural rearrangements involving chromosome 8. In this spread there are
two normal chromosome 8s (upper left). A pair of abnormal chromosomes (upper right) possess the centromere of chromosome
8, as well as chromosome 8 material, structurally rearranged with some other chromosome. The lower right aberration contains
only blocks of chromosome 8 material. (ii) Use of centromere probes and locus specific probes. From the same osteosarcoma
sample, rearrangements involving the region of 1p35-p36 are studied using a 1p35-p36 specific probe (red) and a centromere
probe for chromosome 1 (green). FISH analysis indicates extra copies of 1p35-p36 over the ploidy number for chromosome 1 as
ascertained by the centromere probes. FISH also indicates the translocation of the 1p35-p36 region to other chromosomes.
(b) Sequential G-banding and metaphase FISH analysis of a CML specimen, using locus specific probes for BCR and ABL. In this
example, G-banding of the spread was carried out to identify the Ph chromosome. FISH using the BCR-ABL probe set was used
on the same specimen to confirm the presence of the Ph chromosome and to determine that the derivative chromosome 9 (9q+)
also was deleted for the reciprocal fusion signal. (¢) FISH on paraffin-embedded material. (i) Interphase FISH analysis on an
Ewing’s sarcoma specimen using chromosome 8 centromere probes. In this image, chromosome 8 centromere probes were used
to examine the ploidy status of an Ewing’s sarcoma. The image on the left shows the centromere 8 hybridization under the FITC
filter. The corresponding DAPI image to show the cell morphology is also shown. FISH analysis indicates an overall gain of
chromosome 8 in most cells. (ii) FISH analysis of a prostate carcinoma sample from paraffin section. In this low power view, a
locus specific probe for MYCC (8q24), in red, and centromere probe for chromosome 8, in green, was used to enumerate the
number of copies of chromosome 8 and to determine whether amplification of MYCC was present. See Plate 2.
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their patient’s samples because of the speed, sensitivity,
and specificity of FISH techniques (13). Thus, FISH
analysis is now being requested from diverse tissue
types and results are usually required as fast as possible.
This section will review the various types of patient
samples used for FISH and describe the commonly used
approaches for preparing optimal target slides for FISH
in a clinical setting.

Cytogenetic preparations for
FISH analysis

Slide quality

Slide quality is one of the most important factors affect-
ing hybridization efficiency and signal intensity. Slides
should be evaluated using a phase contrast microscope
before hybridization. The cell density should not be too
high such that the cells are evenly distributed across the
slide. Areas of cell clumping indicate poor slide prepara-
tion or sample quality. Under phase microscope, nuclei
and chromosome should appear dark gray in color. If
they are light gray or very black and refractile they may
not hybridize well. Visible cytoplasm surrounding
metaphase spreads or interphase nuclei may also
adversely affect hybridization and contribute to
increased background. It is useful to apply a protease
pretreatment, such as Proteinase K, when residual cyto-
plasmic material is detectable by phase contrast
microscopy. Most experienced cytogeneticists acknow-
ledge that the quality of chromosomal preparations for
both banding and FISH procedures can be greatly influ-
enced by the drying environment during slide making.
Humidity and temperature will significantly influence
the rate of fixative evaporation during slide making. The
drying time should be well controlled so that when the
overall humidity is less than 30% slide making is per-
formed near a steam source or humidifier. In recent years
a controlled environmental evaporation chamber devel-
oped by Thermotron Inc. (see Appendix) has made for
more reproducible slide making and has gained in popu-
larity in clinical laboratories. In our experience the opti-
mal humidity for drying slides for FISH is 55% and we
prefer to dry slides at ~25°C so that slides will take
approximately 1-2 min to dry.

Slide storage and aging

Once the slide preparations have been made, care must
be taken in their storage and aging to ensure future
experiments are successful. In contrast to banding
procedures where aging for 2-3 days improves the
morphology of the sample, FISH could be performed

using fresher slides. In general, FISH can be performed
the day following slide preparation with aging slides at
37°C overnight in a dry incubator. However, from our
experience, 3 h of incubation at 37°C is sufficient. This
appears to improve both hybridization efficiency and
signal brightness. In general, FISH and chromosome
painting should be performed within 2-3 days of
making slides. However, FISH will still yield reasonable
results several weeks after slides are prepared, provided
they are stored at room temperature in a dry atmos-
phere. Longer storage will lead to slow deterioration of
slides. Some investigators feel that this deterioration in
signal quality can be prevented if the slides are placed in
dry airtight boxes sealed at —70°C for long-term stor-
age. For indefinite storage of patient samples for future
retrospective studies, we prefer to store fixed cell pellets
in 1.5 ml polypropylene cryotubes at —20°C. Cells
stored in fixative should be rinsed in fresh fixative just
before making slides, as pH and water content may
have changed during long-term storage.

Slides of in situ specimens

In many clinical cytogenetics laboratories, an alternat-
ive to harvesting a culture into a fixed cell suspension
and preparing the cells from solid tumors on slides is to
grow the patient specimen directly on the analytical
surface to provide iz situ analysis of individual clones or
mosiaics. This is a common practice in prenatal diagnosis
where amniocytes or chorionic villi cells are cultured
directly on the slide. Solid tumors may also yield more
representative cytogenetic preparations when cultured
and harvested as attached colonies. To obtain sufficient
cells for analysis, primary cultures must contain several
large colonies of growth. It should be remembered that
colony size and cell density will greatly influence the
accessibility of the hypotonic treatment and fixative.
Metaphase cells on the peripheral zone of colony
growth are often more likely to have less cytoplasmic
material yield, better quality FISH signals, and
hybridization efficiencies. If cytoplasmic material is
apparent throughout a colony of interest when viewed
by phase contrast microscopy, then the slide or coverslip
should be treated with proteinase K.

Previously G-banded slides

Previously G-banded material is an importance source
for FISH analysis (14) (Fig. 2.2(b)). In some situations,
it may be necessary to perform FISH on previously
G-banded slides. This procedure can be especially
important for verifying an inconclusive chromosomal
aberration on a specific metaphase cell. In this situation
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an image of the G-banded metaphase cell of interest
should be captured and the microscope coordinates
noted. The banded slide is treated with xylene to remove
any residual immersion oils from the microscopic work.
The slides are destained with methanol and passed
through a rehydration series of ethanols. Protease steps,
if necessary, can be carried out at this point, and the
slides are then dehydrated and ready for denaturation.
It is usually possible to obtain FISH results from
samples that have been G-banded and stored as stained
slides for 1-3 months. For older samples, slide storage
variables such as humidity and ambient temperature
will greatly influence success. It is thus very important
to find out how the sample was prepared and stored. If
there are a limited number of slides remaining from the
patient sample of interest it is sometimes helpful to use
surplus slides from other samples (ideally prepared the
same week) to optimize the best experimental condi-
tions with respect to aging and storage.

Other clinical specimens suitable for
interphase FISH analysis

Very often only interphase nuclei are present in a clin-
ical sample and special techniques are required to pre-
pare and analyze such specimens for FISH procedures.
The unique ability of interphase FISH analysis for docu-
menting cell-to-cell heterogeneity makes interphase
FISH particularly important in the analysis of
mosaicism, tumor cell heterogeneity, and for monitoring
allogeneic transplant engraftments. Similarly, the inter-
phase FISH can be very helpful for the analysis of small
samples such as specimens obtained from cytology
smears or from needle biopsies. Paraffin blocks are also
widely used since most pathology laboratories routinely
archive all formalin-fixed paraffin-embedded tissue for
future retrospective studies.

Cytological specimens

Routine blood films, cytological smears, cytospin, and
tumor touch (or imprints) preparations will usually
contain sufficient cells for interphase FISH studies.
Often such preparations are “dirtier” than cytogenetic
preparations so additional pretreatment steps such as
proteinase K treatment are required to reduce back-
ground. For cytological preparations cells on the slide
should be fixed with a standard cytology fixative and
air-dried and then processed usually involving a
protease step (such as pepsin or proteinase K) before the
general FISH protocol.

Paraffin-embedded specimens

Paraffin-embedded material holds a wealth of material
for analysis (Fig. 2.2(c)); however, it can also be techn-
ically challenging. Tissue samples such as solid tumors
are usually fixed in formalin (a 37% commercially
available paraformaldehyde solution) and then embed-
ded in paraffin wax to preserve cell and tissue mor-
phology for histopathological analysis. The success of
FISH on paraffin-embedded specimens is directly
dependent on the accessibility of the target DNA within
the cell nucleus and will be enhanced considerably by
the utilization of pretreatment methodologies that
increases the efficiency of the hybridization.

To prepare paraffin sections in the most optimum
manner, specimens should be fixed as soon as possible
upon receipt by the laboratory. They are most com-
monly preserved in 10% Formalin. Other types of fixat-
ives may be used, however, certain agents alter DNA
structure making the samples incompatible with FISH.
Furthermore, if specimens are overfixed, the tissue will
be dry and brittle, while underfixation may produce soft
and malleable tissue. Both these characteristics render
sectioning difficult and yield poor subsequent FISH
results. A delay in tissue fixation or long incubations in
a fixative solution will also lead to weak signals and
reduced hybridization efficiencies.

Sections are usually prepared in the histology laborat-
ory. Typically five sections at 5-8 um on silanated slides
will be cut and one Heamatoxalin and Eosin
(H&E) stained slide prepared. It helps to view the
stained slide prior to the FISH experiment to determine
if the section contains tumor or area of tissues of inter-
est. It is useful to get an experienced pathologist to care-
fully examine the slide, if it is difficult to interpret. Once
sections have been prepared, the insoluble wax embed-
ding compound must be removed. Deparaffinization is
accomplished by immersing the slides in xylene fol-
lowed by dehydration in ethanol to prepare the samples
for pretreatment. The pretreatment procedure involves
a series of incubations in sodium bisulfite (optional), a
protein digestion solution, wash buffer, and an ethanol
series in order to denature cellular proteins, aid in the
removal of nuclear and extracellular matrix proteins,
and to remove protein crosslinks caused by formalin
fixation. Digestion with a protease such as proteinase K
or pepsin further enhances hybridization efficiency by
digesting tissue proteins and making the target DNA
more accessible for probe entry and subsequent
hybridization (15).

Troubleshooting suboptimal FISH results on paraffin
sections may be difficult due to the large number of
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steps occurring between specimen procurement and
FISH analysis. Proper preparation, embedding, and sec-
tioning techniques are dependent on the type of tissue
under investigation and these steps can introduce many
variables to processing. Specimen variability will also
introduce difficulties relative to the tissue type and the
amount of extracellular and cytoplasmic material pres-
ent. Certain tissues show greater resistance to protease
digestion and prove difficult to analyze by FISH.
Difficult samples may benefit from an increased incuba-
tion time in the protease solutions or an increased
incubation time in sodium bisulfite to increase the
permeabilization of the tissue and to enhance the action
of the enzyme.

Recently, interphase FISH surveys of formalin-fixed
tumor tissue have been greatly facilitated by the use of
tissue arrays which contain multiple small circular
punches derived from representative areas of a paraffin
section of different tumors (16). The arrays can contain
hundreds of different tumors represented as a 0.5-2 mm
diameter disc of tissue containing several thousand cells
which retain all the morphologic features of the original
specimen from which the tissue punch was obtained.
Tissue arrays should be processed in much the same
way as a regular paraffin section as described below.

Isolation of intact nuclei from paraffin-embedded
material. One of the drawbacks of using paraffin sec-
tions for FISH studies is that statistical methods have to
be employed to indirectly estimate whether numerical
changes in chromosomal regions of interest have taken
place. Statistical inference is not required if FISH is per-
formed on intact nuclei that have been dissected from
the region of interest on the section (17).

Criteria for assessing and reporting FISH results

The minimum number of cells or metaphase spreads
required to obtain a given result reflects the clinical con-
text of the finding and the limitations of the patient
material available for study. With tissue or cells that are
hard to obtain, a single abnormal metaphase may be sig-
nificant. For example, in some situation limited FISH
data may be supported by results obtained using quanti-
tative PCR and/or Southern analysis. Prior to enumerat-
ing or analyzing FISH results on a patient sample, it is
important to carefully assess the overall quality, unifor-
mity, and effectiveness of hybridization. Each hybridized
slide should be evaluated for the specificity of the
hybridization, the probe signal intensity, and the signal
to background noise to determine if the hybridization
was optimum for the given analyses. There should be
minimal background or nuclear fluorescent “noise.” At

least 85% of all nuclei in the target area should be easily
enumerable. For some applications (such as the detec-
tion of chromosomal heterogeneity, disease progression
or minimal residual disease), more rigorous analytical
sensitivities and hybridization efficiencies are required.

General considerations when selecting
cells for FISH microscopy

Generally look at all areas of the slide analyze regions
with uniformity in signal strength. Compare the intens-
ity of the background signals to the intensity of the sig-
nals in the nuclei or metaphases of interest. The FISH
signal intensity should be consistently greater than
background intensity in the regions of the slide chosen
for analysis. If there are any background signals with an
equivalent signals in the nuclei, then your counts will be
skewed and the results biased.

FISH signal evaluation and enumeration

Interpretation of interphase FISH is very much dependent
on statistical analyses and has inherent technical chal-
lenges. The presence of the signal is dependent upon the
probe and its fluorescent label successfully entering the
cell and hybridizing to the target DNA. The detection of
the correct number of signals can be complicated by sig-
nals overlapping or splitting. Any background hybridiza-
tion whatsoever will lead to major complications in
interpretation. It is not uncommon to find “monosomy”
or “trisomy” in nuclei that reflect technical artifact or
“false positive” background signals. Therefore, the
accuracy of interphase FISH analysis is dependent upon
recognizing these technical issues, correcting them, and
standardizing the scoring criteria accordingly.

Analytical sensitivity of interphase FISH assays

Once a particular probe set is made available as a rou-
tine “FISH test” as part of clinical service it is important
that the laboratory performs assay validation and estab-
lishes a database, which will allow reportable range and
general laboratory experience with each probe to be
established. The analytical sensitivity assay measures
the success of a given FISH test in a particular laborat-
ory environment and on a given tissue type. Since there
are known differences in the cell populations and tissue
types, it is important to use the appropriate positive
control tissue for the assessment of analytical sensitivity
and for the establishment of the database. Analytical
sensitivity analyses are performed by scoring 200 inter-
phase nuclei representing at least 5 normal, preferably
male, individuals (pooling of samples on one slide is



Methods of genetic analysis 43

acceptable). The nuclei are scored for the percentage of
nuclei that exhibit the appropriate number of distinct
signals.

Statistical consideration concerning interphase

FISH analysis of paraffin sections

Due to truncation of the nuclei during sectioning, loss
of signal from areas of the nucleus excluded from the
target slide will be encountered when enumerating sig-
nals after FISH has been performed on paraffin sections.
The criteria for determining the significance of loss or
gain of signals in interphase nuclei will depend on a
number of parameters such as nuclear diameter, age of
patient, type of tissue, etc. Readers are referred to some
of the scientific literature where suggested cutoff values
were adopted from the available literature (18). In our
experience with FISH analysis of prostate cancer,
chromosomal gains can be identified when more than
~10% of the nuclei exhibit more than two signals.
Chromosomal losses have been identified when more
than 50% of the nuclei exhibit a reduction of signal
number and tetraploidy has been assumed when all
chromosomes investigated show signal gains up to four.

Analysis of pediatric hematologic
malignancies

Use of the three color fusion

(translocation/inversion) probes

If the probes based on green and red fluorescence used
for FISH are close to specific translocation breakpoints
on different chromosomes, they will appear joined as a
result of the translocation generating a “yellow color
fusion” signal (14, 19). In Fig. 2.3(a), the detection of a
Philadelphia chromosome in interphase nuclei of
leukemia cells is achieved by the presence of two double
fusion (D-FISH) signals. All nuclei positive for the
translocation contain one red signal (BCR gene), one
green signal (ABL gene), and two intermediate fusion
yellow signal because the 9;22 chromosome transloca-
tion generates two fusions: one on the 9q+ and the
other on the 22q—. The following general guidelines
may be helpful for performing this type of assay.

1. A green and red signal that are juxtaposed but not
overlapping should be scored as “ambiguous.”

2. Do not score nuclei that are missing a green or a
red signal. This assay is looking for the presence or

absence of a fusion signal, not the absence of a
green or red signal.

3. Atypical signal patterns have been reported and
these are now considered to be clinically important
(14, 19).

In Table 2.1 some of the commonly used FISH assays in
hematologic cancer are presented. In addition to the
scientific literature readers are referred to the suppliers
web sites (see Appendix), which will provide the most
up-to-date listing of currently available probes and the
preferred scoring method.

Use of FISH probes in assessing
childhood tumors

Gene amplification is one of the mechanisms by which
cancer cells achieve over-expression of some classes of
oncogenes and involves an increase in the relative num-
ber of copies per cell of a gene. This can range from one
or two additional copies per cell to extreme examples
where over a thousand copies per cell have been reported.
Gene amplification can occur in association with the
over-expression of oncogenes, thus conferring a select-
ive growth advantage or as a mechanism of acquired
resistance to chemotherapeutic agents and to poor prog-
nosis. Gene amplification is highly suited to FISH ana-
lytical approaches which have the added benefit of
excellent sensitivity and the ability to address cellular
heterogeneity (20). Neuroblastoma is characterized by
the frequent occurrence of a highly amplified oncogene,
MYCN (15, 21). It has been known for many years that
the presence of this aberration is strongly associated
with poor outcome. More aggressive management is
usually required when MYCN is found to be amplified.
Examples of metaphase and interphase FISH assays for
gene amplification are shown in Fig. 2.3(b). Some of the
commonly detected aberrations observed in solid
tumors, which are amenable to FISH analysis, are pre-
sented in Table 2.2.

Spectral karyotyping

Spectral karyotyping (9, 22) and a related technique
called multicolor FISH (M-FISH) (23) are recent appli-
cations of FISH technology that overcome some of the
shortfalls of classical banding cytogenetics and standard
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(ii)

(b)

(i)

Fig. 2.3 FISH analysis for the detection of translocations and gene amplification. (a) Interphase FISH analysis using locus
specific probes for BCR and ABL. (i) A normal interphase cell. Hybridized with the BCR and ABL probes, in this normal cell,
two distinct signals for BCR (red) and ABL (green) are present. (ii)) A CML interphase cell. Shown in this image is the typical
double fusion signal for a positive CML sample as described in the text. (b) FISH analysis of neuroblastoma samples with dif-
ferent patterns of amplification. (i) A neuroblastoma specimen hybridized with a specific probe for MYCN. Shown is an inter-
phase cell and metaphase cell from the same specimen. The hybridization signal pattern in the interphase cell is indicative of
double minute chromosomes (left), confirmed by the hybridization of the probe to extrachromosomal bodies in the metaphase
cell (right). (ii) A neuroblastoma specimen hybridized with a specific probe for MYCN. In this image, hybridization with the
MYCN probe revealed a block of signal in the nucleus characteristic of a pattern of highly amplified sequences inserted into a
chromosome, called a homogeneously staining region (HSR). A metaphase cell nearby illustrates the block of amplified MYCN

sequences. A normal pair of MYCN signals can be seen on chromosome 2 beside the nuclei. See Plate 3.

FISH assays (reviewed in (24)). In some karyotypes, it is
often difficult to determine the identity of a small struc-
tural chromosomal aberration with certainty using con-
ventional cytogenetic banding methods alone. The
problems that can typically arise in both clinical and
cancer cytogenetics are the presence of structural chro-
mosome aberrations with unidentifiable chromosomal
regions, or very complex chromosomes (sometimes
called “marker chromosomes”) in which no recogniz-
able region appears to be present. Confirmation of the
cytogenetic origins of such chromosomal aberrations
can sometimes be obtained by the judicious application
of locus-specific FISH analysis, as discussed above, if
the investigator has some general impression regarding
a possible identity. However, such an approach is very
subjective, risky, and requires some knowledge of the
specific loci and available probes likely to be involved in

the aberration. A more systematic approach is to use
whole chromosomal paints in succession, until the
marker chromosome and its constituents can be identi-
fied. While this strategy will eventually identify each
chromosomal region involved, it is both costly and time
consuming and may lead to the depletion of valuable
patient samples.

In one experiment SKY permits the simultaneous
visualization of all the chromosomes. It is a combina-
tion of optical microscopy, high-resolution imaging, and
the measurement of spectral emissions by Fourier spec-
troscopy (25, 26) (Fig. 2.4(a)). The commercial SKY
probes are derived from flow-sorted chromosomes that
are amplified and labeled using DOP-PCR (27). A
24-chromosome probe cocktail is generated by the com-
binations of 5 pure dyes, namely Rhodamine, Spectrum-
Orange™, CyS§, Cy5.5, and Texas Red. This allows
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Table 2.1  FISH analysis of pediatric hematologic malignancies

Chromosomal
Neoplasm location Probe Scoring method
CML/pediatric ALL 9q34/22q BCR/ABL Color fusion observed in
metaphase and interphase
Various leukemias 11923 MLL Split signal, metaphase
Various leukemias 5q31 EGFR1 Loss of signal,
metaphase/interphase
Various leukemias 7q31 DSS486 Loss of signal,
metaphase/interphase
AML M4 EO Inv(16) CBFB Split signal, metaphase
Various leukemias 20q13.2 ZNF217, Loss of signal,
D20S183 metaphase/interphase
Various hematologic 8q24/14q32 MYCC/IgH Color fusion observed
malignancies in metaphase and interphase
AML-M1 12p13/21q22 TEL/AML1 Color fusion observed in
8q22/21q22 AML1/ETO metaphase and interphase
AML-M3 15q22/17q21.1 PML/RARA Color fusion observed in
metaphase and interphase
Various hematologic 8cen D871 Enumeration using interphase
malignancies, often when and metaphase cells
acceleration suspected
Intersex transplant Yp11.3/Xcen SRY/DXZ1 Enumeration using interphase
monitoring and metaphase cells
Table 2.2 FISH analysis of solid tumors
Chromosomal
Neoplasm location Probe Scoring method
Neuroblastoma 2p24 MYCN Interphase, metaphase
2p23-24 LSI N-myc Amplification
Ewing’s sarcoma 11q24/22q12 FLI1/EWS Color fusion observed
in metaphase and
interphase
Rhabdomyosarcoma 2q35/13q14 PAX/FKR Color fusion observed

in metaphase and
interphase

27~1 or 31 combinations. Thus, each chromosome has
a unique spectral “signature,” generated by the specific
combination of the five pure dyes. For every chromoso-
mal region, identity is determined by measuring the
spectral emission at that point. Regions where sites for
rearrangement or translocation between different chro-
mosomes occur are visualized by a change in the display
color at the point of transition. Examples of the use of
SKY are illustrated in Fig. 2.4(b).

The SKY assay follows the basic FISH protocol:
a cytogenetic (metaphase) preparation of the patient
sample is prepared and denatured to its single stranded
state. The 24-chromosome painting probe cocktail is
also denatured and applied to the denatured slide. The
probe and slide are allowed to hybridize at 37°C for 48 h,
after which any unbound probe is washed off. The
commercially made probe (Applied Spectral Imaging)
consists of both directly labeled and indirectly labeled
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Fig. 2.4 SKY. (a) Schematic representation of image acquisition and conversion. (b) Sequential G-banding, SKY, and FISH
analyses of a variant CML specimen. (i) G-banded metaphase of interest. Abnormal chromosomes detected by G-banding are
annotated. (ii) SKY analysis of the same metaphase spread. Following a destaining protocol, the 24-color SKY probes are
hybridized to the slide. Shown is the Red—Green-Blue (RGB) image of the fluorescent dyes. (iii) FISH analysis using the BCR-ABL
probe set. After SKY analysis, the slides are washed, dehydrated, and denatured once more and hybridized to the locus specific
probe set. (iv) Identification of abnormal chromosomes by G-banding, SKY and FISH. For each abnormal chromosome, the
G-banded image, pseudo-colored (classified) SKY image and FISH image are presented. In this specimen, the hallmark Ph
chromosome (5) on the derivative chromosome 22 is present, however, the ABL-BCR translocation usually on the derivative
chromosome 9 is not present. SKY analysis confirmed the involvement of chromosome 4 in the translocation process leading to

the variant karyotype. See Plate 4.

DNAEs, thus antibody incubation is required. Like FISH,
the criteria for target slides include specimens that are
free of extracellular debris and cytoplasm and are stored
in good condition. Previously banded slide materials are
also amenable to SKY analysis (14, 28) and are illus-
trated in Fig. 2.4(b).

Spectral karyotyping has enabled the elucidation of
latent structural aberrations that may otherwise have
been left undetected by classical cytogenetics or
FISH alone. Fan et al. (29) described the lower limit for

detection to be a chromosomal segment at least 1-2 Mb.
Furthermore, the chromosomal origins of all “marker
chromosomes” can usually be identified. However, SKY
cannot identify specific arm or band locations without
generating unique arm specific probes, making the
strategic use of analysis subsequent to FISH an extremely
powerful cytogenetic tool (22, 24, 28, 30).

The most amenable malignancy to SKY analysis are
the hematological malignancies (14, 31-35). Although a
number of known chromosomal aberrations have been
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identified to be specific to certain hematological malign-
ancy, the value of SKY analysis is in the identification of
novel recurrent aberrations that may confer a specific
phenotype or predict a modified response to treatment
or outcome. The study of solid tumors, including sarco-
mas (36-39), carcinomas (40-42), and brain tumors (43,
44) have also benefited from SKY analysis. Known to be
highly aberrant, solid tumors have revealed spectacular
karyotypes using SKY analysis. Numerous marker
chromosomes, hidden translocations, chromosomal
insertions, and additions have been revealed.

Still in its infancy, current studies involve the cata-
loging of the chromosomal changes as revealed by SKY,
then using gene/locus-specific FISH probes to identify
recurrent aberrations that may have diagnostic and
prognostic significance (14, 28, 39, 45) (Fig. 2.4(b)).
Many of the cytogenetic changes are thought to arise as
a result of segregation defects during mitosis leading to
an increase in the number of numerical changes in the
karyotype. SKY analysis provides an opportunity to
readily gauge the level of instability or cytogenetic het-
erogeneity within a tumor population, by giving more
information on the number and forms of structural
aberrations present.

Comparative genomic
hybridization (CGH)

Comparative genomic hybridization is a FISH-based
assay that determines the net gain and loss of genomic
material in a given DNA sample (8, 46). This compar-
ison between the tumor (or test DNA) and a normal ref-
erence DNA sample is visualized against a normal
metaphase spread. This is in contrast to standard FISH
and SKY analyses where the actual patient material is
the chromosomal/interphase preparation on the slide, is
the target substrate for hybridization, and is probed
with a known DNA probe. The real advantage of CGH
over the other FISH-based techniques described above,
is that archived DNA samples or DNA extracted from
paraffin blocks section (47) can be studied and investig-
ated to identify recurrent genomic imbalances such as
amplification or deletion.

For CGH, the slide preparation is a normal
metaphase preparation, with the probe being the patient
“unknown” sample. In this scheme, DNA is extracted
from the tumor and is labeled with biotin. An equal
amount normal reference DNA is labeled with digoxi-
genin. Both normal and tumor DNAs are denatured in

the presence of unlabeled COT-1 DNA and allowed to
pre-anneal at 37°C for 1 h. A normal metaphase slide
preparation is denatured and hybridized with the
normal/tumor DNA probe at 37°C for 72 h. The
unbound probes are washed off and the haptens are
detected with FITC for the biotinlylated tumor DNA,
and rhodamine for the digoxigenin-labeled normal
DNA. CGH analysis relies on the ratio differences
between the tumor and normal along the length of the
chromosome. Thus, a increase in green:red ratio
indicates that a gain of genomic material in the tumor is
present at that chromosomal location. Conversely, a
decrease in green:red ratio indicates that a loss of
genomic material in the tumor is present at that chro-
mosomal location. However, because CGH is limited by
the resolution of cytogenetics metaphase-based, the
technique can only detect at best large blocks (>5 Mb)
of over- or under-represented chromosomal DNA. This
shortcoming is now being addressed by the application
of CGH methods to microarray targets (see below).
When metaphase CGH is applied and there are no gross
chromosomal imbalances, i.e. rearrangements such as
inversions or translocations in the sample, then such
alterations will escape detection. In addition, the sensi-
tivity of CGH can be compromised when normal cell
contamination approaches 40-50% of the test sample.
The CGH technique has been useful in detecting pat-
terns of gains and losses for many pediatric tumor types
(36, 39, 43, 44, 48-50). An example is shown in
Fig. 2.5(a) in which regions of amplification has been
detected, a significant shift in the green:red ratio is pres-
ent as a peak as shown in Fig. 2.5(a). Shown in Fig. 2.5(b)
is an example of CGH analysis of a pediatric osteosarco-
ma sample where SKY and FISH were used to confirm
changes detected by CGH (39), specifically in this case
the gain of 1p35-36. Together with standard cytogenetic
analyses, FISH and SKY analysis, CGH provides valuable
complimentary information on a tumor sample.

Cancer genomics and microarray
methods

One of the important high-throughput technologies that
has been developed to assess the expression of the
increasing number of genes identified by the Human
Genome Project is microarray analysis (51). The
approach involves the production of DNA arrays on
solid supports for large-scale hybridization experi-
ments. Two variants of the microarray or “DNA chip”
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Fig. 2.5 CGH analysis and combined molecular cytogenetic techniques. (a) CGH analysis of a pediatric medulloblastoma.
Shown is a normal metaphase spread hybridized with both normal (red) and tumor (green) DNA. An increase in green: red ratio
indicates a gain of genomic material as in chromosomes 1 and 2, while a decrease in green : red ratio indicates a loss of genomic
material as in chromosome 13. High level of amplification can be seen as bright areas of green as in chromosome 2. The
corresponding CGH karyotype is presented with green bars indicating regions of net chromosomal gain and red bars indicating
regions of net chromosomal loss. Amplification as in the case of chromosome 2 (2p24) is seen as a spike in the profile. (b) The
use of sequential SKY and FISH analysis to confirm CGH findings. In this pediatric osteosarcoma sample (also shown in
Fig. 2.2(a)), CGH analysis detected a net gain of the 1p35-p36 region. SKY analysis of metaphase spreads revealed many chro-
mosomal aberrations: (i) inverted DAPI, (ii) RGB image, (iii) classified image, (iv) FISH of the same metaphase using probes for
centromere 1 (green) and locus specific probes for 1p35-p36 (red). FISH verified the increased copy number of 1p35-p36 from
the expected 3 copies to 6 copies. Both FISH and SKY analysis indicated that the region of 1p35-p36 was translocated to
chromosome 17. See Plate 5.

technology exist currently: in one format, DNA probe approach, in theory allows for the simultaneous analysis
targets are immobilized to a solid inert surface such  of the differential expression of thousands of genes at
as glass and exposed to a set of fluorescently labeled once and is having a major impact on understanding the
sample DNAs; in the second format, an array of differ- dynamics of gene expression in cancer cells (53).
ent oligonucleotide probes are synthesized in situ on the ~ Microarrays are also being used to look at copy number
chip (52). The array is exposed to labeled DNA changes in CGH-like approach, thus increasing the
samples; hybridized and complementary sequences are  sensitivity to the gene level, rather than in blocks of
determined by digital imaging techniques. This >5 Mb of chromosomal material (5).
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Expression microarrays

Expression microarray analysis detects differential gene
expression using complex populations of RNAs. Cancer
results from the accumulation of genetic and epigenetic
changes resulting from the altered sequence or expres-
sion level of cancer-related genes such as oncogenes or
tumor suppressor genes, as well as genes involved in cell
cycle control, apoptosis, adhesion, DNA repair, and
angiogenesis. Because gene expression profiles provide a
snapshot of cell functions and processes at the time of
sample preparation, comprehensive combinatorial
analysis of the gene expression patterns of thousands of
genes in tumor cells, and comparison to the expression
profile obtained with normal cells should provide
insights concerning consistent changes in gene expres-
sion that are associated with tumor cellular dysfunction
and any concomitant regulatory pathways. Microarray
technology has been widely used in the past 3 years to
investigate tumor classification, cancer progression, and
chemotherapy resistance and sensitivity.

Manufacturing of microarrays

For both expression microarrays or CGH microarrays,
the spotted arrays are manufactured using xyz robots
that use hollow pins to deposit cDNA (PCR products)
or short oligonucleotides onto specially coated glass
microscope slides (54). Spot sizes range between 80 and
150 pm in diameter and arrays that contains up to
80,000 spots can be obtained. Gene sequences to be
arrayed are selected from several public databases,
which contain resources to access well-characterized
genes and ESTs representative of genes of unknown
function. The clones chosen are amplified from appro-
priate cDNA libraries using PCR, and purified before
spotting on the solid support.

In addition to their lower price and flexibility in design,
spotted arrays (Fig. 2.6(a)) offer the advantage of allow-
ing the simultaneous expression analysis of two biological
samples, such as test and control samples. This direct
comparison of expression profiles of two biological
samples, such as untreated cells compared to treated cells,
or normal tissue compared to cancer is an enormous
advantage for any pairwise analysis. Furthermore, because
these arrays can be spotted with thousands of sequenced
expressed genes and ESTs of unknown function, they offer
the potential for the discovery of new genes and defining
their role in disease. One disadvantage of spotted arrays
is that they provide information only on the relative level
of gene expression between specific cells or tissue samples
as opposed to direct quantification of RNA level.

Affymetrix GeneChips™ are produced by synthesizing
tens of thousands of short oligonucleotides iz situ onto
glass wafers, one nucleotide at a time, using a modifica-
tion of semiconductor photolithography technology (535,
56). Generally, GeneChips are designed with 16-20
oligonucleotides representing each gene on the array.
Each oligonucleotide on the chip is matched with almost
identical one, differing only by a central, single base mis-
match. This allows the determination of the level of non-
specific binding by comparison of target binding intensity
between the two partner oligonucleotides. The main
advantage of Affymetrix GeneChips™ is their ability to
measure absolute level of expression of genes in cells or
tissues. Their disadvantages, beside their higher costs,
include their current inability to compare simultaneously,
on the same array, the level of expression of two related
biological samples. In addition, oligonucleotide-based
microarrays require a priori knowledge of the gene
sequences and require complex computational manipula-
tion to convert the 40 feature signals into an actual
expression value. More recently, oligonucleotide arrays
have been developed that combine some the flexibilities
and qualitative advantages associated with the use of
synthetic probe arrays, with the benefits of simultaneous
analysis afforded by spotted glass array (57).

Target preparation and hybridization

Both total RNA and mRNA can be used for microarray
experiments and allow the attainment of high quality
data with a high level of confidence. High quality RNA
is crucial for successful microarray experiments. One of
the current limitations in the routine application of
microarray technology to patient samples is sufficient
RNA availability. Thus, there has been considerable
interest in the development of RNA amplification
strategies that facilitate RNA extraction from laser cap-
ture microdissected (LCM) samples such as fine needle
biopsies. For standard microarray experiments the
isolated RNA is reverse-transcribed into target cDNA in
the presence of fluorescent (generally Cy3-dNTP or
CyS5-dNTP) or radiolabeled deoxynucleotides ([>3P]- or
[32P]-adCTP). After purification and denaturation, the
labeled targets are hybridized to the microarrays at a
temperature determined by the hybridization buffer
used. After hybridization, the arrays are washed under
stringent conditions to remove non-specific target bind-
ing, and air-dried (Fig. 2.6(b)).

Image acquisition and quantification
Microarray image processing employs differential exci-
tation and emission wavelengths of the two fluors to
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Fig. 2.6 Expression microarray technology. (a) Unhybridized spotted glass array. Shown is a spotted glass array before
hybridization. (b) Imaged array post-hybridization. Shown is one quadrant of the array after being hybridized with differentially
labeled RNA. In this experimental design, cDNAs found to be over-expressed appear more red, while those found to be under-
expressed appear more green. Those with normal or similar levels of expression appear yellow. (c) Cluster analysis. Shown is an
example of a cluster analysis and the resulting dendogram, where groupings are based on similarity within the group of tumors.

See Plate 6.

obtain a scan of the array for each emission wavelength.
These images are then analyzed to identify the spots,
calculate their associated signal intensities, and assess
local background noise. Most image acquisition soft-
ware packages also contain basic filtering tools to flag
spots such as extremely low intensity spots, ghosts spots
(where background is higher than spot intensity), or
damaged spots (e.g. dust artifacts). Using these results,
an initial ratio of the evaluated channel/reference channel
intensity is calculated for every spot on the chip. The

products of the image acquisition are the TIFF image
pairing and a quantified data file that has not yet been
normalized. An excellent assessment of different image
analysis methods can be found at http://oz.berkeley.edu/
tech-reports/.

Statistical analysis and data mining

Analysis of large gene expression data sets is a new
area of data analysis with its own unique challenges.
Data mining methods typically fall into one of two
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classes: supervised and unsupervised. In unsupervised
analysis the data is organized without the benefit of
external classification information. Hierarchical cluster-
ing (58), K-means clustering (59), or self-organizing
maps (60) are examples of unsupervised clustering
approaches that have been widely used in microarray
analysis (58, 61, 62). Supervised analysis uses some
external information, such as the disease status of the
samples studied. Supervised analysis involves choosing
from the entire data set a training set and a testing set,
and the construction of classifiers, which assign prede-
fined classes to expression profiles. Once the classifier
has been trained on the training set and tested on the
testing set, it can then be applied to data with unknown
classification. Supervised methods include k-nearest
neighbor classification, support vector machines, and
neural nets. Tusher ez al. (63) recently proposed a strat-
egy called significance analysis of microarrays (SAM)
which allows the determination of significantly differ-
entially expressed genes between groups of samples ana-
lyzed by expression arrays. We have used this approach
to narrow down the analysis to a subset of genes that
were also shown to be differentially expressed when
analyzed by conventional two-dimensional hierarchical
clustering (Fig. 2.6(c)).

CGH microarray

An emerging platform that addresses the shortcomings
(described above) of metaphase-target CGH couples the
technique to microarray expression technology, and is
generally referred to as “microarray CGH.” Instead of
using metaphase chromosomes, CGH is applied to
arrayed short sequences of DNA bound to glass slides
and probed with genomes of interest (Fig. 2.7). With
sufficient representation on the microarray, this system
significantly increases resolution for localizing regions
of imbalance. Furthermore, just as with expression
microarray screening, the analysis is straightforward
and automated.

The manufacturing and imaging of the arrays for
CGH is the same as for expression microarrays (as dis-
cussed above). The only differences are with regard to
the type of analytical and interpretative software
required. Quantification of fluorescence intensities
requires normalization and establishment of the fluores-
cence ratio baselines, based on control studies using
DNA, with known chromosomal deletions or gains.
Often, microarray DNA features are spotted in duplic-
ate or triplicate for assessing result reproducibility. For
array CGH, inclusion of genomic clones onto the

microarray from regions that are known not to be
involved in copy number change are recommended as
internal controls for these purposes. In addition, parallel
experiments in which differentially labeled normal
genomic DNA is compared against itself can serve to
establish the specificity of the system. Overall, there is
an obvious need for statistical analysis of the conformity
of the results (64). Global normalization approaches
such as those used in expression microarray experi-
ments may also be used for establishing baseline thresh-
olds (65).

As representation on the microarrays increases in
density, data storage (66) and bioinformatics will
become an important aspect of the CGH analysis.
Furthermore, the increase in resolution will make the
task of identifying consensus regions of genomic
imbalance amongst samples more challenging. This will
necessitate data mining techniques that can handle
many data points on multiple dimensions between
experiments. Moreover, for cDNA array CGH, in silico
determination of chromosomal localizations of cDNA
targets is essential for providing a comprehensive
ideogram-type schematic of chromosomal copy number
changes (65). As microarray CGH technology becomes
more prevalent, more standardized informatics and
analysis tools will appear.

Validation of microarray findings

One of the most significant challenges facing investiga-
tors using microarray analysis is determining which of
the plethora of new differentially expressed genes is bio-
logically relevant to the tumor system being studied.
Even when rigorous efforts are made to minimize the
number of variables in a microarray study, there may be
an unmanageable number of differentially expressed
genes that will contribute excessive background values.
Therefore, combining expression microarray analysis
with other approaches, particularly cytogenetics tech-
niques, such as SKY and chromosome and array CGH
(51), offers the possibility to focus on significantly
smaller subsets of genes of direct relevance to tumor
biology (67). Monni and colleagues have recently used
a combination of expression arrays and CGH array
techniques on breast cancer cell lines, and have identi-
fied a limited number of genes that are both amplified
and over expressed (68).

Finally, validation of the relative levels of expres-
sion obtained from genomic-wide microarray analysis is
critical. Several approaches can be chosen, from basic
Northern semi-quantitative

analysis  or reverse
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Fig. 2.7 CGH microarray analysis of chromosome 17 in osteosarcoma. (a) Metaphase CGH spread of a pediatric osteosarcoma
sample. In this spread, arrow heads point to chromosome 17 where amplification of the p arm was detected. (b) High resolution
detection of gene dosage changes at 17p. Chromosome CGH analysis detected the amplification of segments from 17pter to
17921 (green line). Microarray analysis of the same sample resolved the boundaries of the amplification to 17p12 to 17p11.1
(green shading). The Y-axis represents copy number following normalization. (c) Distribution of genes in the 17p region arrayed

on the slide. See Plate 7.

transcriptase PCR (RT-PCR), to in situ hybridization
Mousses et al. (69) have
recently analyzed expression levels of a number of
candidate genes associated with prostate cancer that
they had previously identified using cDNA microarray
analysis. Tissue microarrays constructed from 544
histological biopsies were analyzed by ISH using RNA
probes and/or antibodies immunohistochemistry (IHC).
There was excellent correlation between the ¢cDNA
microarray results and the results obtained with ISH
and Northern blot analysis. In addition, protein levels
assessed by IHC were also consistent with RNA
expression levels. Similarly, Dhanasekaran et al. (70)
have wused comparable technologies to confirm
over-expression of hepsin and PIM-1 in prostate cancer.

using tissue microarrays.

Future applications of profiling techniques

The range of future applications of genomic profiling
technologies is enormous. Recent studies in human can-
cer have demonstrated that microarrays can be utilized
to develop a new molecular taxonomy of cancer includ-
ing clustering of cancers according to prognostic groups
on the basis of gene expression profiles. The applica-
tions of profiling techniques is not limited only to the
analysis of DNA and RNA. Now global analyses of
protein profiles of gene expression are being performed
using a variety of analytical techniques, including
two-dimensional gel analysis, mass spectrometry, and
“protein chips” (71). By combing cellular profiling
techniques at all levels, the role of drugs, environmental
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toxins, or oncogenes may be elucidated and regulatory
networks and co-expression patterns of cancer cells will
be deciphered comprehensively.
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Appendix

Cytogenetics

Thermotron: http://www.thermotron.com/cryogen.html

Imaging systems and optics

Applied  Spectral http://www.spectral-
imaging.com/

Metasystems: http://www.metasystems.de/

Applied Imaging: http://www.aicorp.com/

Zeiss: http://www.zeiss.com/

Chroma: http://www.chroma.com/

Imaging:

FISH probes

Vysis: http://www.vysis.com/

Cytocell: http://www.cytocell.co.uk/

Ventana: http://www.ventanamed.com/

Research Genetics: http://bio.worldweb.net/indorgs/
resgen.html

Cambio: http://www.cambio.co.uk/

Microarray

Affymetirx: http://www.affymetrix.com/index.affx
Spectral Genomics: http://www.spectralgenomics.com

Tissue arrays

Tissue array: http://www.tissue-array.com
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sequencing

This chapter details some of the technologies used in
molecular pathology and their potential uses. The
chapter does not aim to provide an exhaustive list of
technologies but attempts to highlight important
developments, which facilitate molecular diagnostics.

Restriction endonucleases (REs)

Restriction enzymes (REs) are bacterial proteins that cut
long, linear DNA molecules into smaller fragments.
Restriction endonucleases are a major tool in recomb-
inant DNA technology. A RE recognizes a specific
sequence in DNA such as AGCT and cuts DNA wher-
ever this combination of bases occurs in the genome.
The enzymes are isolated from bacteria and are named
with a three or four letter sequence, usually followed by
a roman numeral (eg. EcoRI). The prime function of
REs is to destroy bacteriophages or other viruses that
invade bacteria. Bacteria have developed these enzyme
systems to cut the invading DNA sequences of viruses,
etc., thereby rendering the virus harmless.

Importantly, the nucleotides of the bacteria’s own
DNA are methylated to protect them from autodiges-
tion by the bacteria’s own REs.

Table 3.1 lists some examples of commonly used
REs in molecular biology. The number of cut sites in

Table 3.1 Examples of commonly used
restriction endonucleases

# sites in
Recognition bacteriophage
Enzyme sequence lambda
BamHI G/GATCC 5
Bglll A/GATCT 6
Ddel C/TNAG > 50
EcoRI G/AATTC 5
Hind1Il A/AGCTT 6
Psil CTGCA/G 18
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lambda bacteriophage DNA is given. The hundreds of
REs now available provide a very powerful tool in the
molecular analysis of DNA molecules (1). The REs are
extensively used in restriction fragment length polymor-
phism (RFLP) analysis and may be used for confirma-
tion of polymerase chain reaction (PCR) products. They
are extensively used in cloning protocols.

Southern blot analysis

Southern blot analysis was first described by Edwin
Southern in 1975. The technique allows the analysis of
DNA fragments from a wide variety of samples (1). The
technique proceeds as follows.

DNA is extracted from a clinical sample. Usually
1-5 pg of DNA are required to perform a Southern blot
analysis, thereby necessitating the use of fresh/frozen
material. This in general precludes archival paraffin
wax embedded material and small biopsies.

The extracted DNA is then incubated with a RE (e.g.
BglIl). This enzyme cuts the entire human genome into
tens of thousands of fragments ranging from 100 to
20,000 bases in size. These fragments are then run on an
electrophoretic gel and size sorted. The smallest fragments
move most rapidly through the gel. For demonstration of
the fragments, the gel is stained with an intercalating
DNA dye such as ethidium bromide. The second step
involves transfer of the resolved DNA to a solid support,
such as nitrocellulose or nylon. Nitrocellulose or nylon
binds DNA. To do this, the nitrocellulose paper is placed
on top of the gel slab, which is then covered with
absorbent paper. DNA is wicked out of the gel by using a
transfer solution such as 20 X SSC (sodium chloride, sodi-
um citrate). Overnight transfer is usually achieved. For
laboratories performing many blots, vacuum blotting is
commonly used.

After blotting the gel, the membrane is now
hybridized with a labelled (isotopic or non-isotopic)
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probe, to the region of interest, using a suitable solution
called a hybridization buffer. Hybridization is usually
carried out in a plastic bag (hybridization bag) or a
hybridization oven. The probe is a cloned fragment of
DNA that has a complementary sequence to the DNA
fragment of interest. During the hybridization, the
probe seeks out its complementary sequence. The spec-
ificity of binding of the probe to its complementary
sequence is called the stringency. The stringency of the
hybridization can be varied by adjusting the tempera-
ture of hybridization, salt concentration of the
hybridization mix, and adding additional agents such as
formamide that lower the melting temperature of DNA
interactions. After hybridization, the blot is washed and
detected. Figure 3.1 shows a Southern blot analysis of
lambda DNA, a normal patient DNA, and DNA from
the HL 60 cell line (a leukemia cell line) for the
myeloperoxidase gene (a reference housekeeping gene),
with different enzyme patterns illustrated.

The Southern blot analysis can be used to detect
alterations in DNA sequences, by looking for differ-
ences in DNA fragments after digestion with a restric-
tion endonuclease. Southern blot analysis has been
successfully applied to the analysis of many diseases
including sickle cell anaemia, cystic fibrosis, and for the
detection of the Philadelphia chromosome (Ph) in
chronic myeloid leukaemia.

123123
1 =lambda DNA
2 = normal DNA
3 = HL-60 DNA
EcoRI  Bglll

Fig. 3.1 Southern blot autoradiograph. Lambda DNA, nor-
mal human DNA, and HL-60(leukaemic) DNA was examined
using the myeloperoxidase gene.

Northern and Western blots

Northern blot is analagous to Southern blotting except
that it analyses RNA molecules (1). Western blot
analyses protein (1).

mRNA is an unstable molecule, making Northern
blot technically more difficult that Southern blots, even
in experienced hands. Northern analysis begins with the
extraction of RNA from the cell or tissues. Cells are
initially lysed in the presence of strong RNase
inhibitors, in order to prevent destruction of endogen-
ous RNA within the cell by ubiquitous RNases present
in the environment. Because RNA is labile precautions
to reduce its degradation must be taken; all plastics and
glass-ware must be sterile, solutions that may contain
RNases must be treated with diethylpyrocarbonate
(destroys RNAses), and gloves worn at all time (fingers
are covered in RNases). Isolation of RNA from crude
cell extracts is usually performed by chromatographic
separation. mRNA is then electrophoresed in an
agarose gel; however unlike the gel for the Southern
blot the gel for Northern blot is a denaturing gel, for
example, formaldehyde containing gel. Restriction
digestion is not required, because RNA molecules are
already small compared to their larger DNA counter-
parts. After electrophoresis, blotting is carried out as for
Southern transfer (as described above). Hybridization is
then carried out using a labelled probe specific to the
mRNA molecule of interest.

Western blotting, is an analogous technique for the
analysis of proteins within the cell. Proteins are elec-
trophoresed through a vertical polyacrylamide gel so as
to separate the molecules according to size and charge,
and are then transferred to a membrane and hybridized
with an antibody against the specific protein of interest.
Unlike Northern or Southern blots, Western blots can
be denaturing or non-denaturing (depending on the
application).

Dot and slot blots

Alternative techniques have now developed to short-cut
classical transfer techniques described above. Included
among these are dot and slot blots (where DNA or
RNA samples are applied directly onto a membrane).
Commercially available instrumentation using blotting
manifolds are available to perform these techniques (e.g.
BioRad dot blot apparatus). These are high through put
ways of analysing DNA and RNA; once the nucleic acid
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has bound to the nitrocellulose membrane it is
hybridized and washed as for standard Southern and
Northern blots. However using these techniques nucleic
acids are not size-separated, and so this information is
lost. False positives and high backgrounds can also be a
problem, where probes or hybridization conditions are
not optimal.

Microsatellite PCR analysis

Microsatellites (also called simple repeat sequence
length polymorphisms or short tandem repeat polymor-
phisms), are defined as arrays of short stretches of
nucleotide sequences scattered throughout human
DNA, repeated between 15 and 30 times (2—4).

Several authors however distinguish between micro-
satellites (2-base pair (bp) repeats) and short tandem
repeats (STR; 3-5-bp repeats) (5, 6). Microsatellites
belong to the family of repetitive non-coding DNA
sequences, which are classified as follows:

1. Satellite sequences: arrays with repeat sizes ranging
from 5 to 100 bp, usually arranged in clusters up
to 100 megabases (Mb). These are usually located
in the heterochromatin near chromosomal
centromeres and telomeres and are not variable in
size within populations, as compared with other
members of this family (7-9).

2. Minisatellite sequences: arrays with repeat sizes of
15-70 bp which range in size from 0.5 to 30
kilobases (kb). Minisatellites are found in euchro-
matic regions of the genome and are highly vari-
able in repeat size within the population (6, 10).

3. Microsatellite sequences: arrays with a repeat of
2-6 bp, highly variable in size, but ranging around
a mean size of 100 bp. Microsatellites are found in
euchromatin and allele sizes in populations charac-
teristically exhibit multiple size classes distributed
about a population mean (11).

4.  Short nucleotide polymorphisms (SNPs): short
nucleotide polymorphic regions scattered through-
out the geonome and associated with known/
sequenced genes. Each individual has a specific
SNP profile, making these markers extremely useful
in disease pedigree analysis and linkage studies.

Microsatellites were originally described in eukaryotic
genomes as stretches of dT-dG alternating sequences
with varying lengths. Subsequently it was shown that

these microsatellites could easily be amplified using
PCR, particularly of dT-dG and dC-dA dinucleotide
repeat microsatellites. Importantly, these repeat
sequences showed the Mendelian codominant inherit-
ance of the size polymorphisms.

In order of decreasing abundance, dA, dA-dC,
dA-dA-dA-dN, dA-dA-dN, and dA-dG repeats were
identified as the most frequent sequence motifs in
human microsatellites.

(dC-dA)n microsatellites are estimated to number
between 35,000 and 100,000 copies in the human
genome—giving a marker density of one microsatellite
every 100,000 bp (12). Although widely distributed,
microsatellites are not evenly distributed along chromo-
somes, being particularly under-represented in sub-
telomeric regions of the genome.

The informativeness (polymorphic information con-
tent, PIC) of dinucleotide microsatellites increases with
increasing average number of repeats (13). The human
genome contains approximately 12,000 (dC-dA)n
microsatellites with PIC>0.5 (700 of which have
PIC=0.7. Tri- and tetranucleotide microsatellites have
been identified at a frequency of 1 every 300-500 kb on
chromosome X (4). About half of these microsatellites
appear to be informative.

The precise function of repeat sequences in the
human genome is not known. The initial occurrence of
short repeat sequences could be due to chance alone, or
they may have arisen as mutations from poly(dA)n
sequences at the 3" end of adjacent Alu repeat sequences
(12). The selective prevalence of (dC-dA)n repeats can
be explained by the methylation of dC residues at the 5’
dG-dC 3’ sequences normally present in the human
genome. Methylated dC residues can be deaminated,
producing a transition of dC to dT. This process leads
to an abundance of 5’ dC-dA 3’ motifs in the genome.
Subsequent expansion of the repeat sequence may be
due to slippage synthesis during DNA replication. This
will then create polymorphisms differing by a few
repeats each time. Additional sequence motifs may sub-
sequently arise because of mutations of the expanded
dC—dA repeats.

It was initially thought that repeat sequences
possessed a functional role in the genome, either directly
via gene regulation or indirectly as hot spots for
recombination (14). CAG tri-nucleotide repeats are
transcribed to polglutamine tracts. In addition, DNA
binding proteins specific to di- and trinucleotide repeats
have been identified and it has recently been suggested
that some repeats may act as a site for nucleosome
assembly in vitro (15).
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Microsatellite PCR

PCR amplification of microsatellite DNA sequences
follows the basic broad principles of a normal solution
phase PCR. Like a standard PCR, the reaction mixture
consists of the sample DNA, two primers, four
deoxynucleotides, a buffer containing magnesium
chloride, and Taqg DNA polymerase, combined in a
single tube assay.

When performing microsatellite PCR the following
should be borne in mind:

DNA template: starting DNA template can be extract-
ed from a wide variety of sources, including formalin
fixed tissues, paraffin embedded blocks, cytological
smears, and cell aspirates. The extraction protocol used
depends largely on the individual investigator, but can
proteinase K digestion followed by
phenol—chloroform purification and ethanol precipita-
tion, simple boiling, or chelex treatment of cells and tis-
sues. DNA degradation (due to fixation, etc.) must be
considered when one is performing microsatellite PCR.
This requires that each assay is optimized for each
primer pair under investigation.

Primers: 20 mers are best used for microsatellite PCR
with a GC content of 35-55%. The matched GC content
of the primers should be within 5%. Additional precau-
tions need to be taken to ensure non-complementarity,
no secondary structure, and non-homology with alu
repeat sequence, which are often located near micro-
satellites. Primers should ideally be sited as close to the
microsatellite as possible, ensuring optimal amplifica-
tion. Optimal annealing temperature range 3-12°C
above the theoretical Tm values and require empirical
optimization. The concentration of primer used varies
between 0.1 and 0.3 uM.

dNTPs: deoxynucleotide concentrations between 20
and 100 pM are suitable. These concentrations are
lower than standard solution phase PCR, and reflect the
specificity and fidelity required for microsatellite PCR.

PCR buffers: the buffer for each assay should ideally
be optimized for each assay. Initially it is advisable to
prepare six buffers (100 mM Tris-HCI, 500 mM KCl,
and 1% Triton-X 100) at two magnesium concentra-
tions (1.5 and 3.0 mM) and three pH values (pH 8.0, 8.5,
and 9.0). Simultaneous amplification under the same
cycling conditions with these six buffers is a useful aid
to optimization. The addition of bovine serum albumin
(BSA), glycerol, formamide, and ammonium sulphate
have been reported to increase specificity, and should be
used if initial optimization is unsuccessful.

include

Thermocycling: the accurate scoring of allelic fragments
can be severely affected by spurious amplification
bands, which are due to mis-priming events. High
annealing temperatures and short extension times
(given that the nucleotide incorporation rate of Taq
DNA polymerase is 35-150 nucleotides (nt)/s at
70-80°C, and the size range of allelic fragments is
small) are advised. Hot start PCR and heat soaked PCR
(invoving incubation of the DNA template at 94°C for
30 min before adding Tag DNA polymerase) are recom-
mended to increase specificity. Touchdown PCR (using
high initial annealing temperatures, and reducing by
1-2°C in each successive cycle) has been suggested as a
way of bypassing the need to optimize individual PCR
thermal cycling conditions.

Detection and scoring of microsatellites: polyacry-
lamide gel electrophoresis (PAGE) is the usual means to
resolve microsatellite PCR amplicons. Specific oligo-
probing can also be performed using a specific probe
that will only recognize the desired repeat sequence.
‘Stutter bands’ are often encountered on PAGE gels,
making interpretation very difficult in some assays.
Stutter bands are additional bands differing by 1-2 bp
in size. They arise probably due to slippage synthesis by
Taq DNA polymerase (akin to the mechanism that may
be involved in the formation of microsatellites in the
first place). It is also possible that Taqg DNA polymerase
fails to read through the repeat sequence, or due to the
3’ terminal addition of nucleotides by Tag DNA poly-
merase, or due to differences in the migration of
(dC-dA)n and (dG-dT)n strands (when both strands
are labelled) (16).

There are several methods which can be used for the
detection of microsatellite amplicons.

Radioactive methods have traditionally been used for
the detection and quantitation of microsatellite PCR,
using either a labelled nucleotide triphosphate in the
PCR reaction mix (alpha 32) P-dCTP or a single
labelled (gamma 32) dATP labelled primer (Fig. 3.2).
The primer end labelled approach minimizes additional
bands on the gel and facilitates analysis. Products are
resolved on sequencing gels, fixed, dried, and autoradio-
graphed, with or without intensifying screens. Pre-flashing
of the X-ray film is important to ensure linearity. Optical
densitometry is then used for quantitation of PCR
products (17).

Non-radioactive methods include ethidium bromide
staining (which offers low detection sensitivity; only
>10 ng of dsDNA can be detected) and silver staining
(with attendant problems of background and non-linear
deposition of silver) (17).
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Fluorescence analysis offers the most sensitive and
reliable method for the detection of microsatellite PCR
amplicons (Figs 3.3, 3.4, and 3.5). The advantage of
analysing multiple polymorphic markers using an autom-
ated DNA sequencer was first described by Skolnick and

(a) (b)

-

N T

N T

Fig. 3.2 Autoradiograph showing an Al assay in normal (N)
and tumour DNA(T) from the same patient. (a) no LOS.
(b) LOS in the tumour sample.

72 77 82 87 92 9|7 1(|)2

Wallace in 1988 (18). In 1992, Ziegel et al. reported the
use of an automated DNA sizing technology, for geno-
typing microsatellite loci, using a four colour
fluorescence technique (19).

In this method, fluorescent phosphoramidites are
linked to the 5’ end of one of the primers in a PCR
assay. The labels used include FAM (blue), TAMRA
(yellow), JOE (green), and ROX (red). In addition,
newly introduced fluorescently labelled dNTPs (R110,
blue: R6G, green; TAMRA, yellow) can be used to
internally label the PCR product.

Uses of microsatellites and
SNPs in pathology

Genome analysis

Restriction fragment length polymorphisms were
initially proposed as the DNA markers of choice
permitting the reliable detection of genes for dominant

1(|)7 1}2 1}7 12|2 12|7 1_?2 1_?7 1I4
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Fig. 3.3 Electrophoretogram of a chromosome 11 microsatellite analysis showing an uninformative homozygous case

(one allelic peak).
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Fig. 3.4 Electrophoretogram of a chromosome 11 microsatellite analysis showing an informative heterozygous case, with two

allelic peaks.
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Fig. 3.5 Electrophoretogram of a chromosome 11 micro-
satellite analysis in normal glandular intra-epithelial neoplasia
(GIN) and invasive adenocarcinoma of the cervix. Note the
decrease in the size of the allelic peak in the middle and bottom
panels, indicating that Al is present both in GIN and the
invasive adenocarcinoma.

diseases. The RFLPs suffer from one major disadvant-
age, in that they exhibit low heterozygosity. The analysis
of RFLPs is also tedious and laborious (see later in the
chapter).

The most informative member of this class, VNTRs
(variable number of tandem repeats) or minisatellites,
tend to cluster at the ends of chromosomes, where
telomeric shortening occurs independent of tumourigen-
esis, as part of the normal ageing process. Minisatellites
however give good coverage of centromeric regions
of chromosomes, where microsatellites tend to be
sparsely distributed. Currently, the number of Genome
Database (GDB) marker loci, scorable by PCR with

Table 3.2 Human genome maps

Year  Group Marker Loci no. Resolution (cM)
1981  Keats Classical 53 16

1987 CRI RFLP 403 10

1992 Genethon CA 814 4.4

1992 NIH/CEPH Mixed 1416 3.0

1994  Genethon CA 2066 2.9

1994 CHLC Mixed 5840 0.7

2000  Celera SNP ? 0.2

heterozygosities greater than 69%, is in excess of 3000
(see Table 3.2). The current microsatellite map of the
human genome gives a 0.7 ¢cM resolution (21). More
recently SNP analysis has facilitated completion of the
genome mapping project by Celera Corporation USA.

Microsatellites can be used easily for linkage analysis
studies. Owing to the enhanced density of microsatellite
markers, linkage analysis is now no longer limited to
monogenic markers, and has been successfully applied
in the study of early onset Alzheimer’s disease and in
mapping BRCAT1 in breast cancer (22-24).

In addition to linkage analysis, allele sharing and asso-
ciation studies can easily be performed using microsatel-
lite PCR, to identify novel disease loci. In allele sharing,
one attempts to prove that the inheritance pattern of a
chromosomal region is not consistent with random
Mendelian inheritance, with association studies testing
whether a disease and an allele show correlated occur-
rences in a defined population. Allele sharing has been
successfully applied by Todd et al. in their genome-wide
study of type I diabetes mellitus, in which they identified
18 chromosomal regions with evidence for linkage, iden-
tifying three new genes involved in diabetes mellitus,
IDDM3, IDDMS5, and a locus on chromosome 18 (25).
Other genes have similarly been identified including
apolipoprotein E in Alzheimer’s disease and angiotensin
converting enzyme in myocardial infarction (17).

Allelic imbalance (AI)/loss of
heterozygosity (LOH) studies

Allelotyping of the entire 23 pairs of chromosomes has
been performed by Vogelstein et al. in colorectal cancer
(26). The Al assays use the Knudson hypothesis of
deleted anti-oncogenes. Loss of hereozygosity, the loss
of an allelic band in a tumour versus constitutional
DNA from the same individual is now universally
recognized as indicative of putative tumour suppressor
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Table 3.3 Tumours associated with AI/LOH

Table 3.4 Microsatellites associated with disease

Breast 1p,1q,3p,6q,11p,11q,13q,16q,17p,17q
Lung 3p,59,8p,11p,139,17p

Renal 3p,5q,17p

Colorectal 1p,2p,5q,8p,11q,13q,14q,17p
Gastric 13q,18q

Pancreas 1p,3p,6q,8p,11,17p
Hepatocellular 8p,13q,16q,17p

Cervical 3p,11q,17p

Ovarian 3p,6q,11p,13q,17p

Testicular 3p,11p,17p

Prostate 8p,10q,16q

Melanoma 6q,9p,11p

genes. Cawkell et al. have applied microsatellite PCR
technology for the analysis of microdissected tissues
from archival paraffin wax embedded material. With
small starting amounts of DNA, allelic amplification is
difficult to distinguish from allelic loss, and therefore
the term allelic imbalance (AI) is used (27).

Individuals are either heterozygous or homozygous at
microsatellite loci (see Figs 3.3 and 3.4). The Al is calcul-
ated as a ratio; the numerator and denominator being
the ratios of the intensities of the two allelic peaks in the
tumour and constitutional DNA (Fig. 3.5). At least
30% tumour load is required for AI/LOH assays,
although recent reports using flow cytometry suggest a
figure as low as 10% tumour cells.

Using such AI/LOH assays, the search is now on to
identify novel tumour suppressor genes in many
solid/non-solid tumours (Table 3.3).

Microsatellite markers in human disease
Microsatellite expansion in disease

Mutations in repeat sequences may be a common cause
of human disease. In myotonic dystrophy (MD) and the
fragile X syndrome, expansion of microsatellite repeats
has been identified (28). The expansion is linked to
parental copy number and that such repeats predispose
to mutations. In the fragile X syndrome, expansion of
the CCG trinucleotide repeat in the 5’ untranslated
region of the FMR1 gene on chromosome X, causes
methylation at the CpG residues, both in the repeat
region and also in the adjacent FMR1 promoter,
effectively stopping transcription of the gene (17). In
MD, the degree of expansion of the non-coding 3’
trinucleotide repeat is associated with disease severity
and the age of onset. Table 3.4 lists common microsatel-
lite markers, which are associated with disease.

Repeat sequence Association
Mononucleotide HPNCC
Dinucleotide

Trinucleotide

Dinucleotide Various human cancers
Trinucleotide
Tetranucleotides
CCG Fragile X syndrome
FRAXA
FRAXE
FRAXF
CAG Spinal and bulbar muscular atrophy

MD

Huntington’s disease
Spinocerebellar ataxia (type 1)
RED-1

Machado-Joseph disease
Haw River syndrome

Microsatellite instability (MSI) in
human disease

Microsatellite instability was first discovered in the
search for causal mutations in hereditary non-polyposis
colorectal cancer (HNPCC), an autosomal dominant
syndrome, in which there is a predeliction to colorectal
and endometrial tumours (29). In HNPCC kindreds,
there is linkage to the marker D25123 on chromosome
2p. In addition, MSI was present throughout the
genome. This was represented by microsatellites of
varying size. These groups of patients became known as
replication error positive (RER+). It is estimated that
the total number of mutations at microsatellite loci in
RER+ tumour cells could be up to 100-fold that in
RER— cells, suggesting a mutation affecting DNA rep-
lication, or repair, thereby predisposing to replication
errors. Studies in mutator mutants of Saccharomyces
cerevisiae and Escherichia coli showed that mutations
in the mismatch repair genes, PMS1, MLH1, or MSH2
and Mut S produced an RER+ phenotype. The mecha-
nism of error is explained by slippage DNA synthesis,
whereby DNA polymerases slip on the repeat motif dur-
ing normal cellular replication, with subsequent correc-
tion of the frame-shifts by the mismatch repair complex,
thereby predisposing to the RER+ phenotype. Thus
was discovered hMSH2, homologous to the yeast
MSH2 gene, whose protein product has been shown to
be a DNA mismatch binding protein. Other mismatch
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repair genes involved in the pathogenesis of HNPCC
include, AMLH1, hPMS1, and hPMS2. Indeed analysis
of sporadic tumours belonging to the HNPCC spectrum
also reveals a significant proportion of cases with
multiple replication errors. Some small cell lung
tumours (with multiple primary sites) are also now
shown to demonstrate the RER+ phenotype.

Forensic and population study
applications of microsatellites

Population studies reveal that microsatellite alleles seg-
regate in a Mendelian fashion in families (30). The
de novo mutation rate for tri- and tetranucleotide repeats
(STRs) ranges from 2.3 to 15.9 X 1015, Therefore new
mutations are not a significant problem in identity
determination. The STRs are therefore ideally suited for
use in medical and forensic identification and are
admissible in court. Using fluorescent technology as
little as 100 pg of DNA target can be used for the direct
identification of an individual.

In addition, a number of markers of genetic diversity
have been utilized to construct a phylogenetic tree of
human populations, in order to understand fully popu-
lation mobility traits and evolutionary trends. Genetic
similarity can be interpreted as evidence of shared
ancestry, though most genetic variation in humans
exists between individuals within races.

DNA fingerprinting

The establishment of identity in forensic medicine and
in paternity cases is extremely important. Fingerprinting
has long been the only method of identification of
human subjects. Recombinant DNA testing now has the
potential to replace conventional hand fingerprinting.
Just like the fingerprint, the human genome is different
for every individual (except for genetically identical
twins). Of the 6 billion bp making up the diploid con-
tent of a human cell, one person differs from another by
about 3 million bp, or at least 0.5% of the genome.
Some of these differences between individuals are due to
mutations, thereby affecting the phenotype of the indi-
vidual, although most mutations are silent with no
constitutive effect. Most changes do not occur within
coding regions of the genome, and therefore do not
affect the phenotype of the individual. These alterations
are called polymorphisms (incidental variations in the
genome, with no affect on gene expression). Many of

the polymorphisms that constitute differences in indi-
viduals occur in areas called ‘spacer DNA’. These are
short segments of DNA that repeat a variable number
of times (see microsatellites above).

When a sperm or an egg is formed by the process of
meiosis, the number of spacer segments in the germ cell
changes in a random fashion. A fertilized zygote is
formed at the moment of conception by the combina-
tion of two haploid genomes (from haploid germ cells)
to give a diploid cell. The diploid zygote has different
numbers of spacer elements than either of its parents.
This forms the basis of DNA fingerprinting.

The human genome is present in every cell of the
body, and all cells serve as sources of material for DNA
fingerprinting. DNA is very stable: indeed a dried blood
sample can be tested many years after a crime.

Several recombinant DNA techniques are useful for
DNA fingerprinting, employing both PCR and Southern
blot techniques. One technique utilizes VNTRs, typic-
ally 6-8 bases in length, repeating 6-20 times. The ran-
dom nature of VNTRS throughout the genome of an
individual gives that individual a unique serial number,
akin to a ‘bar-code’ on the side of a carton of corn
flakes. Figure 3.6 illustrates schematically how the map-
ping pattern of VNTRs from two different individuals
can be used in DNA fingerprinting. In this illustration,
three different regions with VNTRs are used (A, B, and
C). An RE digestion site (indicated by the vertical
arrows) on either side of the VNTR, releases the DNA
fragments containing that VNTR. More copies of the
tandem repeat results in larger DNA fragments being
cut. In region A, patient 1 has six repeats, patient 2 has
two repeats. In region B, patient 1 has five repeats and
patient 2, three. In region C, patient 1 has two repeats
and patient 2 has eight. Southern blot analysis of the
restriction digest electrophoresis, probed for the VNTR
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Fig. 3.6 Schematic diagram illustrating a typical DNA
fingerprinting assay using the VNTR method.
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sequences establishes the banding pattern and size of
each band for a particular patient. Figure 3.6, only
shows a three region analysis, but in practice many
regions (up to a 1000 or more) can be probed for using
such a methodology. This increases the specificity of the
DNA fingerprint, effectively giving a ‘bar-code’ result as
mentioned previously.

PCR can be used to detect specific site differences in
DNA, which also form a unique DNA signature for that
individual. PCR methods are now commonly employed
to examine variations in regions of the HLA-Dq locus
of the human histocompatability system (HLA).
Employing PCR means that minute quantities can be
used (as little as 100 pg), as compared to Southern
analysis, which requires 10 pg, a 106-fold difference in
starting DNA template concentrations. More import-
antly, however, PCR can be used with degraded DNA
samples, which are often the only means of forensic
identification.

DNA fingerprinting is offered by several companies
and hospital laboratories worldwide, particularly in the
investigation of rape, paternity suits, and forensic
identification of human remains.

There are however problems associated with DNA
fingerprinting techniques. False DNA left at a crime
scene can totally confound a DNA fingerprinting result.
In addition, some cosmetics contain human DNA (e.g.
shampoos), consequently if hair samples were used for
DNA fingerprinting analysis this may make interpreta-
tion of the result extremely difficult. In routine
histopathology, DNA fingerprinting is sometimes
resorted to, to sort out mis-labelled tissue specimens
from different individuals, where the diagnosis carries
serious implications for one individual.

Taq Man PCR for DNA and
RNA amplification

This newly described technique utilizes the 5'-3’
endonucleolytic activity of AmpliTaq DNA polymerase
(31-33) (Fig. 3.7). The technique allows the direct
detection of PCR product by the specific release of a flu-
orescent reporter molecule during the PCR reaction
(34). Tag Man PCR uses a primer pair (as in conven-
tional solution phase PCR) and an internal oligoprobe,
called a Tag Man probe. The release of the fluorescent
reporter molecule only occurs if target specific amplifica-
tion occurs, obviating the need to confirm the amplicon
following amplification.

Taq Man probe chemistry

The Taq Man probe consists of an oligonucleotide usu-
ally 20-30 bases in length with a 5’ reporter dye, a
3" quencher dye and a 3’ blocking phosphate. The fluo-
rescence reporter dye, for example, FAM (6-carboxy-
fluoroscein), JOE, or VIC is covalently linked to the 5’
end of the oligonucleotide probe. In this system, TET
(tetrachloro-6-carboxy-fluoroscein) and HEX (hexa-
chloro-6-carboxy-fluoroscein) can also be used as fluo-
rescent reporter dyes. Each of these reporters is
quenched by TAMRA (6-carboxy-tetramethyl-rho-
damine) a non-fluorescent quencher (NFQ), which is
attached by a LAN (linker-arm-modified nucleotide)
to the 3" end of the probe. The probe is chemically phos-
phorylated at its 3’ end, which prevents probe extension
during PCR applications. When the probe is intact
(linearized), the proximity of the reporter dye to the
quencher dye results in direct suppression of the fluo-
rescence from the reporter dye by Forster-type energy
transfer (35, 36). During PCR, if the target of interest is
present the probe will specifically anneal between the
forward primer (primer 1) and the reverse primer
(primer 2). Due to the nucleolytic activity of the
AmpliTag DNA polymerase, the probe is cleaved
between the reporter and the quencher sequence only if
the probe is hybridized to its target.

Importantly, AmpliTaq DNA polymerase does not
digest free probe. After cleavage, the shortened probe
dissociates from the target and strand polymerization
continues. The process occurs in every cycle and does
not interfere with the exponential accumulation of prod-
uct. Cleavage of the oligonucleotide between the
reporter and quencher dyes results in a specific increased
fluorescence from the reporter that is proportional to the
amount of the product that has accumulated.

The specificity of the 5’ nuclease assay results from
the requirement of the Taq polymerase enzyme for
sequence complementarity between the probe and the
template, in order that specific cleavage of the probe
occurs. Thus the fluorescence signal that is generated is
a reflection of the presence of the target sequence of the
probe being amplified during PCR. No signal is gener-
ated by non-specific amplification. The availablity of
spectrally resolvable reporter dyes enables the investiga-
tor to use up to three probes in a single reaction, thus
performing multiplex Tag Man PCR. Applications for
multiple probes include multiplex PCR allelic discrim-
ination, and internal standards.

Increase in fluorescence can be detected using a lum-
inescence spectrophotometer for end-point detection
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Fig. 3.7 Schematic representation of Taq Man PCR, illustrating the use of a conventional primer pair and a Taq Man probe.
The assay utilize the 5" nuclease activity of Taq DNA polymerase.

(i.e. at cycle 35, 40, etc.). This allows a relatively easy
quantitative detection of amplified nucleic acid and is
reliable and simple to perform. Detection is achieved
using a 96-well plate reader and avoids the complexities
of gel electrophoresis followed by ethidium bromide
staining or autoradiography.

Real-time amplicon detection can also be achieved
using the Applied Biosystems 7700 DNA thermal cycler,
which utilizes a laser scanning format to detect
increases in fluorescence at defined time points in the
thermocycling protocol.

The fact that the fluorogenic probe emits fluorescence
if the target sequence is amplified confers great spec-
ificity on the reaction without the need for post-PCR
hybridization. Fluorescence emission increases in direct
proportion to the starting copy number so that the sys-
tem produces directly quantitative results.

Amplified signals may typically be within the range of
100-1200 bp. Larger signal detection is theoretically
possible but has not yet been investigated.

For end-point detection, the luminescence detector is
used. The increase in fluorescence is compared to fluo-
rescence of a ‘No Template Control’. To normalize for
pipetting errors and volume changes that inevitably
occur during PCR, the reporter fluorescence is divided
by the quencher fluorescence to determine a ratio
known as the RQ for each reaction.

The difference between the sample RQ (RQ+)
and the No Template Control RQ (RQ—) is called
ARQ. This difference represents the amplification of the
specific product, which has occurred during PCR.

Using the real-time detector (7700), a value called the
AR is derived, using an integrated software package in-
built in the 7700 DNA thermal cycler. An additional
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fluorogenic reporter, such as ROX, can be added to the
PCR mix, which serves as an internal standard for the
reaction.

An advancement in Taqg Man chemistry has been the
development of minor groove binder (MGB) probes. It
has been found that conjugation of an MGB to an
oligonucleotide stabilizes nucleic acid duplexes. This
causes a dramatic increase in oligonulceotide melting
temperature. Such probes have enhanced performance in
the 5’ nuclease (Taq Man) assay and allow for shorter
probe and amplicon sizes.

Taq Man PCR can also be used for allelic discrimina-
tion assays for the detection of cystic fibrosis
mutants, viral strain identification, and complex

allelotyping reactions (Fig. 3.8). Alleleic discrimination
employs differentially labelled Taq Man
probes emitting spectrally different signals (Fig. 3.9).
The assay facilitates single copy gene detection and
allelic assignment can then be performed using dedicated
software.

two

DNA sequencing
In 1953 the three-dimensional structure of double

stranded DNA molecule was unravelled and published
by James Watson and Francis Crick (37).
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Fig. 3.8 Schematic representation of allelic discrimination Taq Man PCR using a two-colour Taq Man probe system.
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Fig. 3.9 Typical result obtained with a Taq Man allelic discrimination assay.
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Since the identity and structure of the molecule
responsible for inherited change was discovered the
language of the genetic code, based on the four bases,
adenine (A), cytosine (C), guanine (G), and thymine (T)
has been established.

Chemical sequencing of DNA, the Maxam
and Gilbert approach

One of the earliest methods to determine the nucleotide
sequence of a fragment of isolated DNA was the chem-
ical sequencing of the DNA strand, more usually
referred to as the Maxam-Gilbert technique, published
in 1977 (38). In this method isolated single stranded
DNA is labelled, generally with a radioisotope marker,
at its terminus and is then partially degraded by sub-
jecting the labelled template to a series of base-specific
cleavage reactions. Conditions are designed such that
only a limited number of each of the cleavage reactions
occurs within a given DNA strand. Four different chem-
ical modifications occur in separate reaction tubes with
G residues being methylated using dimethylsulfate in
one tube, G and A residues being methylated by formic
acid, C and T being removed by hydrazine, and C alone
being removed by hydrazine in the presence of NaCl.
Following each of the specific chemical reactions the
template in the tube is treated with piperidine, which
then cleaves the DNA where there is a chemically mod-
ified or missing base.

Since the starting DNA template is end labelled and
the components of the reaction and its kinetics can be
closely controlled such that the lengths of the labelled
fragments can identify the position of the individual
bases the combination of reactions yield a ‘ladder’ of
fragments that vary in size from one another by a single
base. This array of cleaved products generated can then
be subjected to PAGE to resolve fragments of different
lengths and the ladder of radiolabelled products can be
then visualized and analysed by autoradiography, the
process of exposing the radiolabelled fragments in the
gel to X-ray film to produce an image of the fragments.
In the early days it was possible to only read some
100 bases from the point of labelling, making the
sequencing of long fragments of DNA time consuming
and tedious. Since the publication of this method many
modifications have been made to optimize both the
sequencing chemistry and to improve the spatial
separation of the labelled fragments, in some cases
the use of 1-m long gel separation systems has enabled
the number of bases that can be resolved from a single
reaction to approach 600 or more bases.

Sequencing by chain termination, the
Sanger methodology

The Sanger (37) or chain termination method of
sequencing DNA is now the main workhorse of the
major genome initiatives. The principle of this method
is simple; an isolated fragment of DNA or entire plas-
mid, cosmid, or PCR product is denatured to its single
stranded form by heat or alkali treatment. A short syn-
thetic oligonucleotide primer is annealed to its compli-
mentary sequence encoded on one of the single stranded
templates. The 3’ end of the primer/template duplex is
then used as the initiation site for polymerase action
and a complimentary DNA strand is synthesized using
dNTPs as precursors (Figs 3.10 and 3.11).

Chain termination chemistry has been used in con-
junction with either labelled oligonucleotide primers or
by incorporation of labelled nucleotides during the exten-
sion reaction. Early chemistry employed polymerases
such as the Klenow fragment of DNA polymerase I or
used the bacteriophage derived T7 DNA polymerase
or its variants. In more recent times thermostable poly-
merases such as AmpliTaqg DNA Polymerase and its vari-
ants have been exploited to carry out the chain
termination chemistry by the marriage of chain termina-
tion and the PCR process. Such an approach is termed
cycle sequencing (Fig. 3.12).

In a standard chain termination sequencing approach
four separate synthesis reactions are required. Each of
the individual reactions contains a small amount of one
of the four dideoxynucleotide triphosphates (ddNTPs).
When the growing strand of DNA being synthesized
incorporates a specific ddNTP the reaction elongation
reaction is terminated since the ddNTP lacks the
3'-hydroxyl group required for further chain elonga-
tion. By careful control of the ratio of ddNTP to dNTP
in each of the four reactions one achieves a random but
low level incorporation of each of the ddNTPs into the
growing strands of DNA and creates an array of frag-
ments with a common 5’ end, defined by the primer, but
terminating at each possible position where the specific
ddNTP could have been incorporated. The average
length of such chains can be manipulated by altering the
ddNTP to dNTP ratios to ensure that all of the products
can be easily resolved by PAGE.

By carrying out four reactions, with each of the four
ddNTPs present and then resolving the four reactions,
A, C, G, and T terminated, side by side on a resolving gel
we again produce the characteristic ladder of fragments
that enables the sequence to be read. Common labelling
strategies include incorporation of radiolabelled dNTPs
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Fig. 3.10 Sanger or chain termination sequencing chemistry employing fluorescent dye labelled primers. Four different dye
labelled primers (A, C, G, and T termination) are used in four separate extension and termination reactions. At completion of
the reactions the contents of the four tubes are pooled and loaded onto a single lane of a polyacrylamide gel. The ladder of dye
labelled products are separated by electrophoresis and detected in real-time.
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Fig. 3.11 Sanger or chain termination sequencing chemistry employing dye labelled dideoxy terminators. Dideoxy terminators,
with each of the four possible ddNTPs being labelled with a different fluorescent dye, are incorporated by a polymerase during the

extension phase of the sequencing reaction. The ladder of dye labelled products are separated by electrophoresis and detected
in real-time.
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Fig. 3.12  Chain termination cycle sequencing. In a combination of the Sanger chain termination method and the PCR process
the original DNA serves as a template for a linear PCR reaction. In each of 25 rounds of PCR cycling a ladder of dye labelled
terminated fragments are produced from the templates. Following the extension step the subsequent denaturation then allows the
same DNA molecules to serve again as a template for production of more dye-labelled products.

followed by autoradiography or chemiluminescent
detection of the terminated products.

Comparative genomic
hybridization

Comparative Genomic Hybridization (CGH) is a tech-
nique that allows detection of chromosomal copy num-
ber changes and provides a global overview of
chromosome gains and losses throughout the whole
genome of a tumour and it maps the origins of ampli-
fied and deleted DNA sequences in normal chromo-
somes (39). Kallioniemi et al. 1992, were the first
group to describe CGH as a new chromosome analysis
technique (40). Briefly tumour DNA is labelled with a
green fluorophore and mixed (1:1) with red labelled
normal DNA and hybridized to normal metaphase
preparations. The green and red DNA compete for
hybridization to their specific locus of origin on the
chromosome. The ratio of green to red fluorescence is

measured along the chromosomal axis, a ratio of <1
representing a loss and >1 representing a gain of genetic
material in the tumour at that specific locus.

Using metaphase chromosomes for hybridization
limits the detection of events involving small regions
(<10-20 Mb) of the genome. The sensitivity of CGH
depends upon the level and size of the copy number
changes and contamination of tumour material with
normal DNA. A novel technique that is currently being
developed is CGH microarray analysis. Microarray
CGH enables the analysis of genetic aberrations in can-
cers with a high resolution and provides the precise
locations of the amplified gene boundaries within the
chromosome. A number of studies to date have
compared array-based CGH with conventional CGH
techniques and found the array CGH had a greater sens-
itivity than conventional metaphase CGH, and a num-
ber of a specific oncogenes were amplified or deleted by
array CGH that were not detected by metaphase CGH.

The quality of DNA is a very important issue when
performing CGH. DNA extracted from fresh or frozen
tissue is usually of high molecular weight and is of good
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quality for labelling purposes. However DNA extracted
from formalin fixed, paraffin wax embedded tissues can
be quite degraded and may yield low amounts of DNA.

Laser Capture Microdissection is a technique that
allows a researcher to procure specific cell types from a
given tissue section (41). This technique overcomes the
issue of contamination of tumour material with normal
DNA and ensures a pure tumour DNA sample. Briefly,
to capture cells from fixed tissue, a tissue section is
mounted on a glass slide and viewed under an inverted
microscope (PixCell II laser capture microdissection sys-
tem; Arcturus Engineering Inc., Mountain View, CA).
A transparent cap, which fits into a microfuge tube, has
attached to it a transfer film that is placed directly
above the tissue to be examined. The cells of interest
(tumour) are then selected by activating a laser beam.
Cells that are in the path of the laser beam become
focally adhesive and fuse to the transfer film, which is
then lifted off for processing. DNA can then be extracted
from the sample for analysis. In the majority of
instances the DNA yield from microdissected tissue
specimens is too small to perform microarray CGH.

In this situation degenerate oligonucleotide-primed
(DOP) PCR can be used to amplify the DNA. DOP PCR
was first described in 1992 by Telenius et al., and
employs a single primer of partially degenerate
sequence, which utilizes a low annealing temperature
and allows random priming from multiple evenly dis-
persed sites within a given genome (42). A number of
studies have used DOP PCR amplification to amplify
genomic DNA from microdissected tumours for use
with genomic CGH microarrays. In these instances it
was often necessary to perform two rounds of DOP
PCR amplification to obtain sufficient DNA to
hybridize to the array. The authors also compared
microarray CGH results obtained from genomic DNA
and DOP PCR amplified DNA from control cell lines
with known amplification profiles and comparable
results were obtained.

Microarray-based genomic analysis (Genosensor
CGH, Vysis, Downers Grove, IL) is a novel technique
intended for the rapid examination of human DNA for
changes in copy number of specific sequences. The
AmpliOnc I microarray contains 58 target DNA clones
(P1, PAC, or BAC clones) representing genetic regions
that have so far been associated with tumour formation
through amplification at the genome level. Similar to
conventional CGH tumour DNA and normal control
DNA is labelled by nick translation with green and red
labelled nucleotides. In the case of DOP PCR amplified
DNA there are two methods to label the DNA,

DNA
ladder
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Fig. 3.13 A 1% agarose gel of DOP PCR amplified tumour
and control DNA labelled with green and red fluorophores.
Two approaches for labelling DNA were compared: (a) direct
incorporation of labelled nucleotides during second round
DOP PCR amplification (lanes A and B) and (b) nick trans-
lation of second round DOP PCR amplified DNA with
labelled nucleotides (lanes C and D).

incorporating the fluorescent nucleotides during a
second round of DOP PCR amplification or nick trans-
lating the 2 round DOP PCR amplified DNA. Several
groups have reported on these approaches (5, 6). The
authors have found that nick translation to label the
DOP amplified DNA is more efficient than direct incor-
poration of labelled nucleotides during DOP amplifica-
tion. Figure 3.13 shows an agarose gel of DOP labelled
DOP amplified DNA and labelling of DOP PCR amp-
lified DNA by nick translation. The optimum size range
of labelled probe for microarray analysis is shorter
(300 nt and below) than for conventional CGH
(~600-800 nt).

Briefly the microarray CGH assay involves labelling a
sample (Tumour) DNA (0.5-1 ug) with a green fluo-
rophore. This is mixed with whole genomic reference
DNA (0.5-1 ug) that is labelled with a red fluorophore
and co-hybridized to a microarray in the presense of
human Cot 1 DNA to suppress hybridization of labelled
probe to repeat sequences. Following hybridization and
removal of unhybridized probe target spots are counter
stained with a blue fluorophore (DAPI IV mounting
soliution) and analysed using the Vysis Genosensor™
System. Figure 3.14 shows a CGH array scanned
using the Vysis Genosensor™ System and a typical plot
of genes amplified in the test sample (Fig. 3.15).
The technique allows simultaneous examination of
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250 oncogenes/anti-oncogenes known to be amplified/
deleted in various human cancers.

cDNA microarray technology

Microarrays are one of the latest breakthroughs in
experimental biology, which allow monitoring of gene

(a) (b)

Fig. 3.14 CGH array using nick translated PCR products (a)
and DOP labelled PCR products (b). See Plate 8.

expression of tens of thousands of genes in parallel and
are already producing huge amounts of valuable data
(43, 44). The ability to monitor gene expression at the
transcript level has become possible due to the advent of
DNA microarray technology. A microarray is a glass
slide, onto which single stranded DNA molecules are
attached at fixed locations (spots). There may be tens of
thousands of spots on an array, each related to a single
gene. Microarrays exploit the preferential binding of
complementary single stranded nucleic acid sequences.
There are several variations of microarray technology,
each used in a specific way. Many commercial arrays
are now available including Affymetrix, Clontech
ATLAS arrays, Micromax (Perkin Elmer Life Sciences)
to mention a few.

One of the most popular experimental platforms is
used for comparing mRNA abundance in two different
samples (or a sample and a control). RNA from the
sample and control cells are extracted and labelled with
two different fluorescent labels, for example, a red dye
for the RNA from the sample population and a green
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Fig. 3.15 Typical result obtained from Vysis CGH array showing gene copy number of defined oncogenes/anti-oncogenes.
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dye for that from the control population. Both extracts
are washed over the microarray. Gene sequences from
the extracts hybridize to their complementary sequences
in the spots. To measure the relative abundance of
the hybridized RNA the array is excited by a laser. If the
RNA from the sample population is in abundance, the
spot will be red; if the RNA from the control population
is in abundance, it will be green. If sample and control
bind equally, it will be yellow. While if neither binds it
will not fluoresce and appear black. Thus from the
fluorescence intensities and colours for each spot, the
relative expression levels of the genes in the sample and
control population can be estimated.

The process of differential gene expression analysis
with Micromax TSA (Perkin Elmer life sciences) (45)
involves total RNA extraction, in parallel from cells or
tissues being compared.

The poly A" mRNA in each pool, without further
purification, is then converted into Fluorescein (FL) and
Biotin labelled ¢cDNA using reverse transcriptase and
nucleotide analogues, for use as individually traceable
gene targets in the assay. These cDNA probes are then
mixed and simultaneously hybridized to the micro-
arrays in an overnight incubation.

FL and biotin labelled cDNAs are sequentially detected
with a series of conjugate reporter molecules according
to the TSA process. Ultimately, each of the two fluores-
cent reporter molecules (Cyanine 3 or Cyanine 5) are
associated with the hybridized genetic material from
each of the two starting samples.

The sequential Cyanine 3 and Cyanine 5 TSA detec-
tion process follows hybridization and stringency
washes. The microarray is first conjugated with anti-
FL-HRP. This antibody—enzyme conjugate specifically
binds to the hybridized FL labelled cDNA probe. The
enzyme portion of the conjugate is horseradish peroxi-
dase, which catalyzes the deposition of cyanine 3
labelled tyramide amplification reagent. The reaction is
quick, (less than 10 min) and results in the deposition of
numerous Cyanine 3 labels immediately adjacent to the
immobilized HRP. Because this is an enzymatic process,
the amount of tyramide relative to ¢cDNA hapten (i.e.
FL or biotin) is greatly amplified. Prior to the second
TSA step, the residual HRP is inactivated. In the second
TSA step, streptavidin—HRP binds to the hybridized
biotin labelled cDNA probes. The HRP portion of the
enzyme conjugate catalyzes the deposition of Cyanine 5
Tyramide. Fluorescence detection takes place in a slide-
scanning instrument containing two tuned lasers, which
excite both Cyanine dyes at the appropriate wave-
lengths. A laser detection system is required to scan and

report the relative quantity of the two dyes at any given
gene spot on the microarray.

Finally, the differential scanning data must be
processed by computer imaging software to ascertain
and profile the genes of interest identified by the experi-
ment. The Micromax™ system of differential cDNA
expression is semiquantitative. It is capable of detecting
signal from as little as 0.5 pg of total RNA. It is a ratio-
metric assay. All results should be interpreted with
regard to the relative differences between the samples
under analysis. Typical results indicate that any com-
parative signal (e.g. Cyanine 3 to Cyanine 5 ratio) that
is greater than three-fold is considered biologically
significant.

By measuring transcription levels of genes in an
organism under various conditions, at different develop-
mental stages and in different tissues, we can build up
‘gene expression profiles’, which characterize the
dynamic functioning of each gene in the genome.
Although mRNA is not the ultimate product of a gene,
transcription is the first step in gene regulation, and
information about the transcript levels is needed for
understanding gene regulatory networks. The correla-
tion between the mRNA and protein abundance in the
cell may not be straight forward, but the absence of
mRNA in a cell is likely to imply a not very high level
of the respective protein and thus at least, qualitative
estimates about the proteome can be based on the trans-
criptome information.
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Inherited cancer predisposition
syndromes

Genetic cancer predisposition can be inherited as a result
of mutations inherited in either dominant or recessive
manners.

In paediatric practice the issue of inherited predis-
position has an impact on the following areas:

1. Congenital malformation syndromes where cancer
risks are increased. This refers especially to the
DNA repair disorders.

2. Familial cancer syndromes caused by highly penetr-
ant genes in which children are at risk in child-
hood. Possibly 5-10% of childhood cancers are a
consequence of mutations in such genes. These fig-
ures are an estimate only and may underestimate
the true frequency. Highly penetrant cancer predis-
position syndromes such as Li Fraumeni syndrome
(LFS), neurofibromatosis (NF), Beckwith
Wiedemann syndrome (BWS), and multiple
endocrine neoplasia (MEN), cause a minority of
childhood cancers. Low penetrance genes are likely
to be of more importance clinically, but at present
little is known about such mechanisms.

DNA repair disorders

1. DNA repair disorders are individually rare.

2. Suspected diagnoses should always be confirmed
by laboratory tests, which are reliable, before the
full phenotype has evolved.

3. Disorders are autosomal recessive, prenatal dia-
gnosis is usually available but mainly should be
arranged with specialist centres, prior to pregnancy.

4. Many of the disorders are cancer prone, but can
also be hypersensitive to chemo and radiotherapy.

Familial and predisposition syndromes
Eamonn G. Sheridan and C. Geoffrey Woods

Introduction

Over the past 30 years a number of rare DNA repair
disorder phenotypes were delineated, for example,
Bloom syndrome, ataxia-telangiectasia (AT), and
Fanconi anaemia. In each phenotype it was hypothes-
ized that the underlying defect was an inability to repair
a particular type of DNA damage. For a number of
these disorders this hypothesis was supported by cyto-
genetics studies using DNA damaging agents; these tests
detected the so-called chromosome breakage syn-
dromes. More recently a number of the genes causing
these phenotypes have been discovered, confirming that
often one phenotype may have more than one genotype,
for example, xeroderma pigmentosa.

Work has also progressed on discovering how each
specific different type of DNA damage repair occurs and
how the cell monitors the integrity of its DNA. This has
led to a more complete understanding of the normal func-
tion of each gene (and how such repair genes often have
other cellular functions, such as in transcription), how the
malfunction of the gene causes a particular DNA repair
disorder phenotype, and whether there are any new ther-
apeutic strategies possible. This chapter deals only with
the more common DNA repair disorders.

Bloom syndrome

This condition was first described by Bloom in 1954 in
his paper ‘Congenital telangiectatic erythema resemb-
ling lupus erythematosus in dwarfs’ (1). The major clin-
ical features of this condition are pre- and postnatal
growth retardation, a thin triangular face, and a telang-
iectatic rash in sun exposed areas, particularly on the
cheeks. Birth weight is typically under 2.5 kg at term.
Postnatal growth retardation continues giving an aver-
age adult height in males of approximately 151 cm and
in females, 144 cm. The resultant short stature is pro-
portionate with borderline microcephaly. Because of the
growth retardation, children may be investigated, often
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extensively, for causes of failure to thrive (2). A telang-
iectatic rash develops on the face in a butterfly distribu-
tion and later on the backs of the hands and other sun
exposed areas. The onset of this rash is usually within
the first six months of life but may be delayed in darker
skinned children. The telangiectasia probably reflects
sun-sensitivity and progresses to erythema, excoriation,
and premature ageing changes. The face is usually
triangular with an apparently long or large nose and
little subcutaneous fat.

Clinical immunodeficiency occurs in less than half of
the individuals and is usually only a problem in the first
decade of life. However, a greater proportion have
in vitro immunoglobulin deficiency, particularly hypo-
IgA and IgM, as well as specific deficiencies in the
production of antibodies to common pathogens.
Fertility is normal in females but probably all males are
infertile. Intelligence is normal. The major complication
of Bloom syndrome is a substantially increased incidence
of malignancies. It has been said that Bloom syndrome is
the most cancer prone syndrome known to man. The
cancer spectrum mirrors that seen in the normal popu-
lation, with leukaemias developing at an average age of
22 years and other solid tumours, particularly of the
breast and gastrointestinal tract at 35 years (3).

Whilst the diagnosis of Bloom syndrome can be sus-
pected clinically, the condition is probably not character-
istic enough for laboratory confirmation to be omitted.
The differential diagnosis includes Dubowitz syndrome,
Russell-Silver syndrome (including maternal chro-
mosome 7 uniparental disomy), chromosome anomalies,
foetal alcohol syndrome, and Rothmund-Thomson
syndrome. In only Bloom syndrome, does such cytogen-
etic analysis show an increased rate of sister-chromatid
exchanges. An increase in spontaneous chromosome
breaks also occurs. The cytogenetic laboratory test for
sister-chromatid exchange is simple to perform and reli-
able. Sister-chromatid exchanges are normal events
occurring during mitosis. Homologous chromosomes
exchange identical chromosome segments, the situation
being somewhat similar to that occurring in meiosis,
except in that situation the exchange is between the
paired maternally derived and paternally derived chro-
mosomes and the resultant exchange segments, are not
necessarily homologous. Sister-chromatid exchanges
occur at a rate of 4-10 per cell division normally.
This rate is increased by at least sixfold, commonly
tenfold, in Bloom syndrome. Given the reliability, speci-
ficity, and sensitivity of the test, it is unlikely that gene
mutation analysis will take over in the diagnosis of

Bloom syndrome in the foreseeable future. Prenatal dia-
gnosis has rarely been performed. Therefore, it should be
carried out by a centre with previous experience and a
combination of techniques should be used, that is sister-
chromatid exchange rate and mutation detection, or
linked polymorphic markers.

There is no treatment available for the growth retarda-
tion seen in Bloom syndrome. The children do not
respond specifically to growth hormone or to increased
calorific intake. Immunodeficiency should be treated
symptomatically with the occasional child needing pro-
phylactic antibodies and gammaglobulin injections for a
limited period. Given the range of cancers that occur in
Bloom syndrome, it is difficult to know how to screen
for these and hence a paediatric oncologist should be
involved. Whilst bone marrow transplantation may
remove the risk of leukaemia, it would not remove the
risk of developing other cancers and, therefore, has not
been used to-date.

Bloom syndrome is an autosomal recessive disorder.
The condition is extremely rare, anecdotally <1 case
per million, the exception being the Ashkenazi Jewish
population where the carrier frequency is approx-
imately <1%. The gene causing Bloom syndrome was
found to be located on chromosome 15q21.3 (4). The
actual gene was discovered by the exploitation of the
increased rate of sister-chromatid exchange seen Bloom
syndrome. Occasional cell lines were present in affected
individuals, which appeared to be ‘cured’. It was reas-
oned that this was because the patient had two different
mutations in the Bloom’ gene and that a sister-
chromatid exchange had separated these, hence producing
a ‘healed’ gene and a gene with two mutations. Such a
cell line would be expected to have no increase in sister-
chromatid exchange, as this is the finding in parents of
affected children who are obligate carriers. By analysis
of such cell lines a 2 centimorgan region (approximately
2 million base pairs of DNA) was delineated. A gene
within this region proved to be the cause of Bloom syn-
drome and was found to be a member of a group of
proteins known as the RecQ helicases. Such protein heli-
cases are capable of unwinding DNA and RNA. Another
gene in the same family of proteins is known to cause
Werner syndrome (a rare recessive disorder causing
growth retardation with accelerated ageing). The pro-
teins are hypothesized to interact with topoisomerases
within the cells; proteins which are involved in untan-
gling DNA. Quite how this causes growth retardation,
increased sister-chromatid exchanges and the increased
predisposition to cancer, is not yet understood.
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Ataxia—telangiectasia (Louis-Bar syndrome)

Whilst initially reported by Madame Louis-Bar in 1941,
it was Boder and Sedgwick in the United States, who
were responsible for describing and bringing to medical
attention this condition (5). The principal clinical features
of AT are a progressive complex neurodegeneration,
bulbar telangiectasia, variable immune deficiency, and
an increased predisposition for lymphoreticular malig-
nancies (6). The majority of children present within
the first 5 years of life with motor delay. This is some-
times initially considered to be cerebral palsy until the
progressive nature of the disorder overcomes the
chronological increase in motor ability. Truncal ataxia
develops first, but is soon followed by limb ataxia,
dysarthria, and later dystonia, chorea, weakness, and
sometimes spasticity. The face is typically rather impassive
with emotions shown in an exaggerated manner. Eye
movements are usually abnormal by the age of
3 years and involve a dyspraxia of rapid saccadic eye
movements, both in the vertical and horizontal fields of
vision. (A very similar eye movement disorder is seen in
Cogan’s ocular motor apraxia. However, this is a disorder,
which improves during the first decade, as opposed to
AT, and only horizontal saccades are involved.) The
bulbar telangiectasias are occasionally present at birth
but usually develop within the first 3 years of life. They
may only present in the lateral canthi of the eyes and are
characterized by an increased and constant size and tor-
tuosity of bulbar vessels, which do not cause irritation,
do not bleed, and are not sun-sensitive. An increase in
severity and frequency of upper and lower respiratory
tract infections is seen in most affected individuals.
Approximately a quarter of patients have more signific-
ant immunodeficiency.

Referral to a paediatric immunologist, prophylactic
antibiotics, pneumovax, and immunoglobulins should all
be considered in such cases. Reduced fertility is expected,
although one affected woman has borne children (who
were normal). AT is a malignancy prone condition. The
risk is initially for lymphoreticular malignancies and later
for adenocarcinomas. The risk of developing a malig-
nancy has been estimated to be 1% per year.

Clinical diagnosis of AT can be difficult to make in the
first 5 years of life. However, in children over the age of
8 the condition is clinically distinct. The diagnostic labor-
atory test is an increased level of chromosome breakage,
following ionizing irradiation. Typically 0.5 and 1 grey
gamma rays are used and a 6-10-fold increased breakage
is found compared to controls. The breaks are randomly
distributed. There is also an increased incidence of

spontaneous chromosome breakage and specific
translocations involving the T-cell receptor genes on
chromosomes 7 and 14. These findings are not pathog-
nomonic and are identical to those seen in the much
rarer Nijmegen breakage syndrome (borderline micro-
cephaly, moderate to severe immune deficiency,
increased incidence of lymphoreticular malignancies,
autosomal recessive). They may also be present in other
rare chromosome breakage syndromes. Therefore, the
diagnosis of AT should be made by a combination of
clinical and laboratory investigations. Whilst alpha-
fetoprotein (AFP) is often raised in the condition and
immunoglobulins IgA and G, particularly, IgG 2 and
4 subgroups are deficient, these findings are not as sen-
sitive as ionizing irradiation and certainly not as specific.

Prenatal diagnosis is available, but should only be car-
ried out in centres with a specialist interest and previous
experience. At present chromosome breakage analysis at
amniocentesis has been shown to be reliable. Doubt
remains for chorionic villus sampling (CVS); we know of
one case where a false negative result was obtained. A
further proviso is that prenatal diagnosis should not be
performed without the radiosensitivity of the index case
in the family being tested by the laboratory that will
carry out the prenatal diagnosis. With the advent of the
discovery of the ATM (ataxia—teleangiectasia mutated)
gene, linkage analysis by CVS will probably become the
prenatal diagnosis method of choice in the foreseeable
future.

Variant AT: approximately 10% of individuals with
AT have a later onset and slower disease progression of
the condition. Such individuals exhibit less sensitivity to
ionizing irradiation and they may be less cancer prone.
In some cases the sensitivity to ionizing irradiation can
only be shown in fibroblasts, lymphocyte testing is
normal. The majority of variant AT is caused by ATM
gene mutations. However, one Asian family has been
described with variant AT not linked to the AT gene.

There is no curative treatment available for AT. Whilst
bone marrow transplantation may reduce the risk of
lymphoreticular malignancies, it would not be expected
to affect the neurodegeneration and risk of other cancers
seen in the condition. There are a number of practical
measures, which are helpful, for example, the use of a
ruler when reading line by line, and further advice can
be gained from the Ataxia-Telangiectasia Society.
Treatment from immune deficiency is symptomatic, as
outlined in Bloom syndrome. Screening for lymphoret-
icular malignancies is again problematic because of the
sensitivity to irradiation and radiomimetic drugs seen in
AT. This can lead to death, significant tissues burning,
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or in the case of cerebral irradiation, encephalopathy.
Routine use of X-rays, such as to detect fractures of
limb or skull bones, is not contra-indicated in AT.
Guidelines have been produced by the Department of
Health (UK) on this matter and are available from the
Ataxia-Telangiectasia Society.

Ataxia—telangiectasia is a single gene autosomal reces-
sive disorder. Initial cell line fusing experiments had sug-
gested that there would be at least four genes (genotypes)
that could cause AT (phenotype). However, this proved
erroneous. Linkage in AT was initially found in a
Pennsylvanian Amish family by Gatti on chromosome
11923 (7). Subsequent work by the United Kingdom, the
United States, and Israeli groups refined the position of
the gene and, eventually, found an extremely large
hitherto unknown gene, which was called ATM (8). The
gene seems homologous to a group of phosphatidyli-
nositol-3 kinases involved in the signal transduction,
meiotic recombination, and cell cycle controls.
Mutations in the ATM gene have been found in all of
the four apparent groups of AT. The inferred function of
the gene is in the coordination of DNA damage recog-
nition, repair, and preventing progression of DNA repli-
cation until such damage has been successfully repaired.

ATM gene mutation carriers (AT heterozygotes, that
is, parents and two-thirds of the siblings of affected chil-
dren) are reported to have an increased risk of cancer.
Epidemiological studies had suggested that female het-
erozygotes had an increased risk of developing breast
cancer. Furthermore, it was suggested that mammogra-
phy may be deleterious in this population because of
increased radiosensitivity. This is a vexed field but recent
re-analysis of the British data has not shown a signific-
antly increased risk of breast cancer in known AT het-
erozygotes. Furthermore, AT heterozygotes have not
been shown to respond adversely clinically to irradiation
and only subtle experiments can show an increased
ionizing irradiation sensitivity in them as a group. The
Department of Health (UK) has advised that women
under the age of 50 should only have mammography
symptomatically. They should enter the National Breast
Screening Programme at 50 and should avoid unessen-
tial X-rays.

Fanconi anaemia

The condition was first described by Fanconi in 1927
in three siblings, who developed pancytopaenia (9).
Subsequent work has helped to define the other
features of the disease and, in particular, the variety of
congenital anomalies seen, the increased risk of acute

non-lymphoblastic leukaemia, and the chromosome
breakage. The latter feature was particularly marked
after the use of bifunctional alkylating agents (which
can covariantly cross linked daughter DNA strands). It
later became obvious that the Estren-Dameshek syn-
drome of autosomal recessive congenital pancytopaenia
is part of the Fanconi anaemia spectrum. Whilst the
chromosome breakage and probably the pancytopenia
are universal, features of Fanconi anaemia, congenital
abnormalities, dysmorphic features, and growth retar-
dation are not. This has lead to difficulties, both in
recognizing cases where there are no or minimal clinical
features before the onset of pancytopenia and, con-
versely, failure to recognize that some children with
multiple severe congenital malformations actually have
Fanconi anaemia (10). Furthermore, with regard to the
congenital anomalies, there is not only an interfamilial
but also an intrafamilial variability. That is, the features
of one child with Fanconi anaemia do not predict how
the next child may be affected.

Proportionate short stature is seen in at least three-
quarters of individuals. Unusual café-au-lait patches
(i.e. with irregular outline) are seen in about three-
quarters of individuals. Radial ray and renal anomalies
each occur in about 60% of cases. The radial ray anom-
alies can be anything from mild thumb hypoplasia to
absent thumbs and radial club hands. Radial ray defects
are usually asymmetric. Renal anomalies extend from
duplex collecting systems to horseshoe kidneys, through
to renal aplasia. They are usually, however, asymptom-
atic. Microcephaly with mild mental retardation is seen
in about a quarter of cases. Microcephaly, however, does
not predict mental retardation. Microphthalmia, which
is usually unilateral, is seen in about a third of cases.
Vision, however, is not affected. Unusually shaped ears
and deafness is seen in about one in eight cases, as is
congenital heart disease.

Approximately one-quarter of all cases of Fanconi
anaemia have no abnormal clinical features. A host of
other rare, but significant, malformations can occur,
including tracheooesophageal fistula, choanal atresia,
anal atresia, cloacal anomalies, and duodenal atresia.
Two useful features, which help distinguish Fanconi
anaemia from other conditions, are the growth retarda-
tion and the (usually unilateral) microphthalmia. The
onset of pancytopenia is typically around the age of
7 years, although it has been described at birth and also
in the 20s. There is usually an initial reduced platelet
count and a slow progression to pancytopenia thereafter.
Some patients achieve a plateau phase for a considerable
length of time, whilst others develop pancytopenia
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relatively quickly. There is an increased incidence of
acute non-lymphoblastic leukaemia with a mean age of
diagnosis at 15 years in individuals who have not
received a bone marrow transplantation (11).

Clinical diagnosis of Fanconi anaemia before the
onset of pancytopaenia, remains difficult. The differen-
tial diagnosis includes VATER syndrome, Holt-Oram
syndrome, IVIC syndrome, chromosome abnormalities,
Baller—Gerold syndrome, Russell-Silver syndrome, Aase
syndrome, etc. Not all children with an apparent phe-
nocopy will have the condition and, in other individu-
als, the diagnosis will be missed because of their lack of
or excessive features. Therefore, laboratory testing
should be considered in all siblings of an affected indi-
vidual, all individuals with congenital anomalies within
the Fanconi anaemia spectrum, and in all individuals
who develop unexplained pancytopenia. The laboratory
diagnosis is made by finding an increased incidence of
chromosome breaking following the use of alkylating
agents, such as nitrogen mustards, mitomycin C, and
diepoxybutane. An increased incidence of spontaneous
chromosome breakage is seen, as are unusual cruciate
exchange figures between non-homologous chromo-
somes. False negatives have been described in Fanconi
anaemia (this has variously been ascribed to a temporal
increase in sensitivity to these agents, the use of inactive
agents, and some patients may be sensitive to one alky-
lating agent but not another). An increased incidence of
alkylating agent chromosome breakage has also been
reported in some other rare syndromes, incorporating
either dwarfism or leukaemia, but not pancytopenia. If
there are any doubts about the cytogenetic diagnosis,
either a repeat sample or testing of another tissue, such as
skin, or use of a different alkylating agent is mandatory.

Prenatal diagnosis is possible. Auerbach has reported
a large series using Diepoxybutane (12). Prenatal dia-
gnosis should only be performed after confirming that the
index case is sensitive to the alkylating agent used and
performed in centre with previous experience. Treatment
of the congenital anomalies in Fanconi anaemia is symp-
tomatic. Growth retardation does not respond to growth
hormone and, anecdotally, this may be contra-indicated.
Pancytopenia responds, at least temporarily, to andro-
gens and steroids in about half of the cases. However,
many become resistant to this treatment, as well as
develop side-effects, such as virilization and, possibly,
hepatic malignancies. Ultimately, pancytopenia can only
be treated by bone marrow transplantation, for which
modified protocols have been developed.

Whilst Fanconi anaemia is a variable phenotype, it
also shows genetic heterogeneity. There is good evidence

for five separate Fanconi anaemia genes, cytogenetic
groups A to E. So far only one gene has been cloned, the
Fanconi group C gene on chromosome 9q22.3 (13).
Preliminary mutation analysis shows both a wide spec-
trum of mutations present in the FAC gene, and also
that this gene accounts for 10% of all Fanconi anaemia.
An apparently homologous gene has been found in
mice. Studies are currently under way to determine how
the FAC mutations cause the disease phenotype. At
present there seems no clinical method of differentiating
Fanconi anaemia group C from other Fanconi anaemia
types, except by finding a more specific gene mutation.

Xeroderma pigmentosa, Cockayne
syndrome, and trichothiodystrophy

These three conditions are discussed together because of
clinical overlaps and that they are caused by mutations
of excision repair pathway genes. Cleaver showed in
1968, that xeroderma pigmentosa could be caused by a
defect in repair of ultraviolet (UV) damaged DNA (14).
The predominant feature of xeroderma pigmentosa is
a much increased sensitivity to UV light, present in sun-
light (15). The skin is normal at birth but develops pro-
gressive atrophy, irregular pigmentation (e.g. freckles at
abnormally young ages, or in racially pigmented skin),
telangiectasia, and later, keratoses, basal cell, and
squamous cell, carcinomas. Other kinds of skin malig-
nancy can occur, but more rarely. Usually 