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Abstract

The review by D.T. Hughes examined the role of cytogenetics in cancer research in 1964. Despite the technical limitations of the

day, he highlighted a number of known abnormalities which were to turn out to be crucial in our understanding of cancer genetics

over the subsequent 40 years. These included the Philadelphia translocation and the Burkitt’s lymphoma-associated marker

chromosomes. In addition, he mentioned that a deleted chromosome had been observed in an example of retinoblastoma and

double-minute chromosomes in neuroblastoma. The study of these events led to the identification of the key genes involved (BCR,

ABL, C-MYC, RB1 and N-MYC) and served as models for substantial further work. We review some of the technical advances in

the field of molecular cytogenetics and show how they can be applied to the events reviewed by Hughes.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In 1964, a review of the role of chromosomes in

cancer was published by D.T. Hughes. This paper

highlighted a remarkable number of key chromosomal

abnormalities which subsequently were to lead to land-

marks in our understanding of the genetic basis of

cancer. The importance of chromosomal alterations in
the aetiology of cancer was first proposed in 1914 by

Boveri who advanced his theory based on microscopic

observations of mitosis. However, it was not until 1952

when the hypotonic treatment of metaphase cells was

introduced that chromosomes could be accurately

analysed [1]. A key study by Tjio and Levan in 1956 [2]

determined for the first time the true number of human

chromosomes. With this knowledge, it became possible
to examine tumour cells for chromosomal abnormali-

ties. At that time, in the pre-banding era, the identifi-

cation of chromosomes was based on size and

centromere position and chromosomes fell into 7 simi-

larly sized groups (A–G). It was therefore possible to
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examine the chromosome number relatively easily, but

was much more difficult to determine structural abnor-

malities. In this period, considerable progress was being

made in describing constitutional numerical abnormal-

ities, such as trisomy 21 associated with Down’s syn-

drome. Indeed, the link between trisomy 21 and the

increased occurrence of leukaemia had already been

established [3].
Dr. Hughes reviewed a series of studies which ad-

dressed the issue of the role of chromosome number in

cancer. A study by Levan [4] examined 40 human cell

lines, half of which were derived from normal tissues

and half from cancers. It was noted that most human

tumours had chromosomal complements in the diploid

to triploid range. In another study, Hauschka and

colleagues examined a large number of ascites tumours.
They observed that a small proportion of tumours

were diploid or pseudo-diploid and a majority were

aneuploid [5]. In addition, mentioned by Hughes is the

study of Makino and collegues who observed that

many tumours from different sites had characteristic

modal chromosomal numbers. He observed that the

most frequent chromosome numbers were found at

different ploidy levels in the tumours. For example,
gastric carcinomas were mainly hypotriploid, whereas
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rectal carcinomas were mainly in the hypo- to hyper-

diploid range [6].

Hughes also pointed out that very few studies had

been made at that time of early cancer or pre-malignant

neoplasias. He pointed out that some information on
this question had been obtained in studies of cervical

lesions and on primary tumours of the bladder. It was

observed that in the cervix the most striking difference in

chromosome number was found between dysplasia, with

a main range of 40–55 chromosomes, and carcinoma in

situ, with a range of 40–100, so that considerable an-

euploidy was found to occur sometime after the start of

malignancy [7]. In another study, Lamb and colleagues
found extensive changes in chromosome numbers that

did coincide with the capacity to invade. Nine benign

bladder tumours were predominantly in the diploid

range, whereas the majority of malignant tumours had

chromosome numbers in the range of 40 to more than

100. It was pointed out by Dr. Hughes that it may be

possible to diagnose malignancy in terms of chromo-

some number in this situation because over two thirds of
the cells in the invasive tumours had chromosome

numbers in excess of the diploid range. Thus, at that

time it was felt that the ploidy of a tumour could have

an important bearing on the origin and degree of

malignancy of tumours.

Despite this concentration on chromosome number,

Dr. Hughes also recognised that diploid cells could have

a malignant phenotype. He stated ‘‘chromosome num-
ber is an inadequate criterion of the normality of a

chromosome set’’ and went on to say that chromosomes

would have to be examined in detail before they could

be supposed to be without any anomaly. It was already

clear that certain structural abnormalities did exist in

cancer and are highlighted in this publication. Dr.

Hughes reviewed the state of knowledge concerning the

Philadelphia chromosome. The Philadelphia chromo-
some had been previously identified in 1961 by Nowell

and Hungerford [8] as a small marker chromosome as-

sociated with chronic myeloid leukaemia. The identifi-

cation of this chromosome as the product of the t(9;22)

translocation in 1973 was a landmark in our under-

standing of genetic basis of cancer [9]. Hughes also

highlighted the fact that Burkitt’s lymphoma was char-

acterised by two marker chromosomes. We now know
that these corresponded to the translocation t(8;14)

which results in the juxtaposition of the C-MYC onco-

gene into the immunoglobulin heavy chain (IGH) locus

[10]. The introduction of chromosome banding allowed

a much more detailed examination of the tumour

karyotype and led to the identification of many other

recurrent structural chromosomal abnormalities partic-

ularly in leukaemias and lymphomas.
Another abnormality discussed by Dr. Hughes con-

cerns double-minutes which are small chromosomal

fragments in neuroblastoma. It is now known that these
abnormalities correspond to amplifications of the N-

MYC oncogene [11] and the amplification of this gene is

an indicator of a poor prognosis in neuroblastoma.

Another key observation discussed in this paper is the

finding of a deleted acrocentric chromosome in retino-
blastoma. In the publication by Lele et al. [12] this was

identified as chromosome number 15 and it was sug-

gested that recessive genes could be involved in the or-

igin of this tumour. This was confirmed when the

retinoblastoma gene, RB1, was identified as the cause of

hereditary retinoblastoma [13]. The difficulties in iden-

tifying the chromosome of origin are reflected in the fact

that this chromosome was identified as number 15 in the
original publication.
2. Advances in molecular cytogenetics over the last 40

years

We can see from the review by Dr. Hughes that several

of the key events in the history of cancer cytogenetics
(t(9;22), t(8;14), N-MYC amplification and putative ret-

inoblastoma tumour suppressor gene) had already been

identified and were becoming the focus of research.

There have been many technical advances over the last

40 years which have revolutionised cytogenetics and we

review how modern techniques can be used to analyse

some of the events highlighted by Dr. Hughes in 1964.

The use of cytogenetics and molecular cytogenetic
analysis has become particularly important in the hae-

matology field. Fluorescence in situ hybridisation (FISH)

has been incorporated into most diagnostic laboratories

to complement chromosome analysis and further im-

prove its accuracy. In the era of risk-adapted and mu-

tation-directed therapy, accurate assessment of the

genetic status is of paramount importance. In many

current studies, patients are stratified on the basis of their
cytogenetic or molecular rearrangements since numerous

disease/subtype-specific abnormalities have independent

prognostic outcome [14]. Such is the specificity of certain

chromosomal rearrangements that it can provide un-

equivocal diagnosis of the type of malignancy. This is

true for both leukaemia and lymphoma, although the

number of recurrent chromosomal changes identified in

leukaemia exceeds those in lymphoma. Nevertheless, a
number of highly specific lymphoma-associated changes

have diagnostic and therapeutic value. In national

treatment trials for acute myeloid leukaemia (AML) and

acute lymphoid leukaemia (ALL), cytogenetic informa-

tion is vital to treatment stratification and in other dis-

eases, such as chronic lymphocytic leukaemia (CLL) and

myeloma, the impact of chromosomal abnormalities are

beginning to be recognised.
FISH is used as a rapid, sensitive test to complement

G-banded analysis allowing the detection of cryptic or

subtle changes. In addition, FISH can be used to screen



Fig. 1. BCR-ABL rearrangement in an interphase cell. The reciprocal

t(9;22) generates two fusion signals using the Vysis dual fusion probes

corresponding to the der(9) and der(22). A normal ABL (red) and BCR

(green) are present.
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non-dividing cell populations, such as bone marrow

smears, tumour imprints and paraffin-embedded tissue

sections (PETS). A vast array of FISH probes is

currently available, aimed at detecting fusion genes,

numerical abnormalities, chromosomal imbalances,
chromosomal rearrangements and complex events.

FISH has been further developed to allow the global

detection of tumour-associated gain and loss using tu-

mour DNA as a FISH probe against normal metaphase

chromosomes. This technique is known as comparative

genomic hybridisation (CGH) and in turn has led to the

very recent array-CGH technique. Array-CGH prom-

ises to provide much higher resolution of genomic im-
balance compared with chromosome-based CGH.

Currently, custom-designed arrays containing oncoge-

nes and tumour suppressor genes are available com-

mercially and arrays with DNA clones spaced at 1Mb

intervals throughout the genome are becoming avail-

able. Gene expression profiling also offers exciting

prospects and coupled with the molecular and cytoge-

netic information, accurate molecular cytogenetic ana-
lysis looks set to revolutionise patient management.
3. FISH on metaphase chromosomes

In leukaemia and lymphoma, gene fusions are rela-

tively frequent and well characterised at the molecular

level. These novel disease-associated fusion events arise
through chromosomal translocations, inversions or in-

sertions and are usually visible by routine karyotype

analysis, although subtle abnormalities do exist and

some of the recurrent rearrangements can be cryptic.

FISH probes mapping to the unique sequences involved

in these fusions are readily available and detect their

respective abnormalities by one of two methods. In the

first strategy, probes mapping to the two genes involved
are labelled in two distinct colours, e.g. the BCR-ABL

fusion associated with the t(9;22)(q34;q11.2) is illus-

trated in Fig. 1. BCR is represented by the green fluo-

rescence and ABL by the red signal. The t(9;22)

translocation results in both BCR-ABL and ABL-BCR

fusions and since the probe extends beyond the break-

point for both genes, two fusion signals (red and green

juxtaposed) are generated (dual fusion probes), one on
the der(9), the other on the der(22). Usually, there will

also be a normal 9 and a normal 22 (single red and green

signal). However, to further complicate the analysis,

deviations from this pattern may exist since some pa-

tients carry deletions around the breakpoint and some

harbour cryptic insertions of part of one gene, thereby

generating only one of the fusion sequences. The next

generation of FISH probes look likely to utilise four
fluorescent probes to enhance the sensitivity and speci-

ficity to simultaneously detect translocations and dele-

tions around the breakpoint which may confer
independent prognostic value. The second common type

of FISH strategy is the ‘‘break apart’’ probe, specifically
designed to detect abnormalities affecting one specific

gene which rearranges with multiple partner loci e.g.

MLL (11q23). Over 60 different MLL gene transloca-

tions have been cytogenetically reported and the FISH

probe used most often for diagnosis consists of a probe

mapping above the breakpoint labelled with one colour

and a second probe mapping below the breakpoint in

another colour. Translocations involving MLL there-
fore result in the separation of one set of probes and the

displaced MLL signal will map to the partner chromo-

some. Single colour probes extending across the break-

points can also be used which result in a split signal.

Unique sequence probes can also be applied to screen

for copy number changes, particularly in cases with

evidence of additional genetic material by karyotyping

in the form of double-minute chromosomes (dm), ho-
mogeously staining regions (hsr) or additional pieces of

chromosomes. Dm or hsr are manifestations of gene

amplification and in certain malignant diseases, partic-

ularly solid tumours, are well recognised mechanisms

for oncogene activation. FISH probes mapping to the

genes commonly associated with amplification can very

quickly confirm the presence of multiple copies of genes

e.g N-MYC in neuroblastoma. Fig. 2 shows a bone
marrow aspirate infiltrated by neuroblastoma and mul-

tiple copies of N-MYC. Alpha satellite probes are often

used to determine chromosome number. Hyperdiploidy

is a frequent phenomenon in ALL and is associated with

a common pattern of gain, namely chromosomes 4, 6,

10, 14, 17, 18, 21 and X. Using a selected cocktail of

alpha satellite probes mapping to these chromosomes,



Fig. 2. Bone marrow aspirate from a patient with neuroblastoma. The

interphase cell shows multiple copies of N-MYC (red).
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hyperdiploidy can be detected in both metaphase and

interphase cells. Metaphase cells derived from leukaemic

blasts of patients with ALL can often have poor mor-

phology and be difficult to fully characterise. In such

situations, FISH with centromeric probes can be of

particular value since it may help elucidate chromo-

somal gains and losses.
Whole chromosome painting probes (WCP), con-

sisting of pools of DNA sequences mapping along the

full length of a particular chromosome and labelled with

a fluorochrome can be used individually or in combi-

nation with other WCP to characterise abnormalities

whose origin is uncertain by G-banding. In simple

karyotypes, requiring confirmation of a suspected rear-
Fig. 3. M-FISH karyotype of a patient with sMDS. In addition to structu

chromosome 7.
rangement, two colour chromosome painting might be

the most useful option. In more complex karyotypes,

such as those associated with therapy-related leukaemia,

a mixture of paints mapping to all 24 human chromo-

somes (24 colour karyotyping) is probably the most in-
formative. M-FISH/spectral karyotyping (SKY) is not

used routinely for diagnostic purposes, but has revealed

cryptic rearrangements in several studies. M-FISH/SKY

utilises a combinatorial labelling approach such that

each individual chromosome paint is labelled with a

unique combination of not more than 5 fluorochromes

[15]. The 24 differentially labelled paints are then applied

in a single hybridisation assay and visualisation achieved
using one of two strategies. M-FISH uses a series of

optical filters to collect the images from the different

fluorochromes which are then merged into a composite

image and a pseudo-colour assigned to each chromo-

some on the basis of its fluorochrome combination. A

related technique known as SKY has also been devel-

oped. This uses an interferometer with Fourier trans-

formation to determine the spectral characteristics of
each pixel in the image and assigns a pseudo-colour [16].

These techniques have been particularly useful for the

detection of cryptic abnormalities which would not be

detected by conventional analysis [17]. We illustrate the

use of M-FISH to analyse a case of myelodysplasia

syndrome (MDS) detecting several chromosomal ab-

normalities (Fig. 3).
4. CGH and array-CGH analysis

CGH provides a global assessment of copy number

changes, revealing regions of the chromosome which are

either gained or lost in the tumour sample. A key feature

of this technique is that dividing tumour cells are not
ral rearrangements of chromosomes 1, 5, 11 and 19, there is loss of
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Fig. 5. 1 Mb CGH-array (Sanger Centre) of a retinoblastoma tumour,
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required. DNA is extracted from the tumour, labelled

(usually) with a green fluorochrome and compared with

DNA from a normal reference labelled with a red

fluorochrome. Labelled test and reference DNA are

combined and hybridised to normal chromosomes and
the resultant ratio of the two signals along the length of

the chromosomes reflects the differences in copy number

between the tumour and reference DNA samples. Re-

gions of gain in the tumour DNA are represented by an

increased green/red ratio, whereas deletions are indi-

cated by a reduced ratio. We illustrate this with a CGH

analysis of a case of retinoblastoma (Fig. 4) showing the

gain of 1q and loss of 16q. CGH requires 50% abnormal
cells to be present within the tumour sample for reliable

detection of genomic imbalance and will not easily de-

tect regions involving less than 10 Mb of DNA unless it

involves high level amplification. Nevertheless, CGH is

particularly applicable to the analysis of solid tumours

since DNA can be readily extracted from them and the

karyotype frequently involves loss or gain of whole or

partial chromosomes.
The use of genomic DNA arrays as the hybridisa-

tion target essentially allows much higher resolution
Fig. 4. CGH using a retinoblastoma tumour as the test DNA. Top

image shows a metaphase following CGH, green fluorescence repre-

sents gain and red corresponds to loss of the region in the tumour. The

CGH profile (bottom image) clearly demonstrates this corresponds to

gain of 1q and loss of 16q.

showing gain of BAC clones mapping to 6p (green) (top image), two

regions of gain on 13q (green) and two regions of deletion on 13q (red)

(bottom image).
for the detection of copy number changes. Array-CGH

is based on the metaphase CGH methodology, but uses

mapped sequences as the hybridisation target rather

than metaphase chromosomes and hence the resolution

is limited only by the density of the sequences spotted

on the slides. Array-CGH was first introduced in 1997

[40] and since then a number of groups have set up
their own facilities for spotting sequences onto slides.

In addition, some companies have produced commer-

cial chips ranging from specialist arrays containing 287

targets to 1Mb arrays containing around 3000 target

clones. Array-CGH has the potential to provide a

highly sensitive global assessment of gene copy number

simultaneously screening hundreds or thousands of

individual gene sequences, although its reproducibility
and robustness needs to be thoroughly validated before

it is used in the diagnostic setting. Fig. 5 clearly dem-

onstrates the sensitivity of array-CGH, showing re-

gions of simultaneous gain and loss along chromosome

13 in a case of retinoblastoma and giving a more

precise definition than was achieved by metaphase

CGH.
5. Gene expression profiling

The rapid advance of the Human Genome Project has

led to the identification of most of the 30 000–35 000



Fig. 6. Hierarchical cluster analysis of expression profiles of 28 cases of

AML illustrates how samples with certain chromsomal abnormalities

can be distinguished. This analysis is from Debernardi et al. [39] and is

based on a list 145 genes which exhibited the greatest statistical power.
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genes that make up our genetic complement. The com-

bination of this sequence information and advances in

microarray technology has opened up the possibility of

highly parallel genome-wide investigations of the cancer

cell. Thus, it is now possible to investigate the tran-
scriptional status of virtually every gene in a tissue sample

leading to the concept of the expression profile or sig-

nature for a given tissue or tumour type. This approach is

yielding highly detailed patterns that are characteristic of

the cancer cell. Many aspects of cancer biology, including

disease classification, chemosensitivity and prognosis can

now be interpreteted in terms of these expression profiles

[18]. As this technology improves and extends its cover-
age, we can expect even more detailed and informative

maps of the cancer cell to emerge.

Since cancer itself involves the deregulation of gene

expression, microarrays are becoming particularly valu-

able in the characterisation of such aberrant disruptions

and have already demonstrated that previously unknown

disease subtypes can be distinguished by their unique

expression profiles. The expression profiles of many types
of human cancer have been investigated, including colon

[19–21], brain [22,23], breast [24–27], ovary [28–30],

kidney [31] prostate [32–34] and gastric [35]. Many of

these studies aim to define new classes with prognostic

and diagnostic relevance and to increase our knowledge

of the mechanisms underlying the biology of these dis-

eases. The pathological diagnosis and classification of

human neoplasia is currently based on well-defined
morphological, cytochemical, immunophenotypic and

clinical criteria. A molecular classification can take ad-

vantage of such prior knowledge, but would also have the

potential to define new subgroups with greater prog-

nostic and therapeutic significance and could offer many

advantages over conventional classification methods.

The first classification of cancer based on the gene

expression showed it was possible to distinguish between
myeloid and lymphoid acute leukaemias, using arrays

with approximately 6800 human genes [36]. Since then,

the approach has been applied successfully to the clas-

sification of haematological malignancies and a large

variety of solid tumours. Recently, ALLs with rear-

rangements to the MLL gene were shown to have ex-

pression patterns which could allow them to be

distinguished from ALLs and AMLs without the MLL

translocations [37]. Further microarray analysis of AML

cases with a favourable outcome, AML M2 with t(8;21),

AML M3 or M3v with t(15;17), and AML M4eo with

inv(16), has shown a specific pattern of predictor genes

associated with the three subclasses [38] In a subsequent

microarray study, AML leukaemia samples were spe-

cifically chosen to represent the spectrum of known

karyotypes common in AML and included examples
with AML-FAB phenotypes from M1 to M5 [39]. Hi-

erarchical clustering sorted the profiles into separate

groups, each representing one of the major cytogenetic
classes in AML, i.e., t(8;21), t(15;17), inv(16), 11q23,

and normal karyotype as shown in Fig. 6. Statistical

analysis identified genes whose expression was strongly
correlated with these chromosomal classes. Importantly

in this study, the normal karyotype AMLs were char-

acterised by distinctive upregulation of certain members

of the class I homeobox A and B gene families, implying

a common underlying genetic lesion. These data reveal

novel diagnostic and therapeutic targets and demon-

strate the potential of microarray-based dissection of

AML. The cluster analysis presented here illustrates the
potential of expression profiling to distinguish the major

subclasses. An important conclusion of expression pro-

filing studies is that the major cytogenetic events in

AML have associated expression signatures and this

could form the basis of customised DNA arrays de-

signed to classify leukaemia.
6. Concluding remarks

The combination of technical advances in molecular

cytogenetics and the sequencing of the human genome
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has revolutionised cancer genetics. It is possible to in-

vestigate any region of any chromosome in the minutest

detail. Probes for any region are freely available and

there is a continuum of investigation possible from the

whole chromosome down to a single base. Genome-wide
approaches are promising to further advance molecular

cytogenetics. Patterns of gene expression can be used to

detect the presence of chromosome translocations

without having any dividing cells. CGH arrays can be

used to detect copy number changes in a cancer cell. A

major challenge for the future will be to integrate such

approaches to yield a full picture of the cancer cell. If the

rate of progress seen over the last 40 years continues, we
can look forward to a much deeper understanding of the

cancer process.
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