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Aneuploidy is a state of abnormal and highly variable DNA
and chromosome content found in both hereditary
disorders and human malignancy. For two decades flow
cytometry has allowed a wide-ranging survey of aneuploidy
in clinicopathological series. Although up to 75 per cent of
all tumours analysed display aneuploidy, its value as a

clinical marker of biological aggressiveness is still
uncertain. New technologies promise to reveal more
precisely the genetic and subchromosomal changes that
constitute aneuploidy and contribute to the malignant
phenotype in human tumours.

Aneuploidy is a state of abnormal chromosome complement
of cells or individuals, such that their total DNA content
differs from that characteristic of their species (the
karyotype) by the addition or loss of varying numbers of
chromosomes or chromosome fragments. Aneuploidy is a
phenomenon that has long been recognized! but which has
come to prominence only in the past two decades, when
studies of DNA content, ploidy and aneuploidy have had a
major place in oncological research?. This growth has been
driven by the availability of the flow cytometer and,
particularly, by the facility to analyse archival pathological
material® to correlate DNA content in tumours with clinical
behaviour and outcome. Despite the plethora of published
papers many questions about the biological and clinical
significance of aneuploidy remain.

Definitions

Aneuploidy is best considered in relation to the state of
normal DNA content in non-germline cells, known as
diploidy. Diploidy in humans is the possession of the normal
species-specific complement of two pairs of haploid (n=23)
chromosome sets. Even this definition of diploidy poses
problems, because it presupposes a precise knowledge of the
total DNA content in normal human cells of various lineages.
Given the economy and efficiency found in nature, diploidy
may be expected to represent the minimal DNA content
compatible with effective cell function. However, it is not
known whether there is variation in DNA content from
individual to individual as defined by the absolute number of
base pairs present and, if so, what the range of this variation
might be. As the sensitivity and accuracy of quantitative
DNA analysis improves, such questions should have clearer
answers.

Diploidy does not imply precise chromosomal structure
or arrangements. Where chromosome fragment (allelic) loss
occurs at one site, it may be balanced by either translocations
or DNA gains elsewhere in the chromosomal make-up. Such
a state is pseudodiploidy. Hypoploidy results from allelic and
regulatory gene loss and imbalance, and is a recognized
feature of malignancy*. Measurable but subchromosomal
variations are known as ‘near-diploidy’. True hypoploidy is a
relatively uncommon finding.
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Aneuploidy can also arise from the gain of complete
chromosomal sets. Exact multiples of the haploid number
are described by specific terms, for example the triploid (69
chromosomes) or tetraploid (92) states. The measurable
ratio of abnormal to normal cellular DNA content is the
DNA index of the cell, tissue or tumour. At present, where
measured by flow cytometry, aneuploidy may be defined as a
change in the DNA content of cells greater than the limit of
measurement (DNA index more than 1-05). Hyperploidy
and tetraploidy describe cell lines that are characterized by
almost complete or complete duplication of diploid DNA
content respectively. DNA indices of up to 3-0 (hexaploidy)
have been reported. The maximum DNA content that is
compatible with survival and multiplication within a human
cancer cell is not known. In multiploid tumours more than
one aneuploid cell line is detectable, each having a distinct
DNA index.

Biological significance of aneuploidy

The existence of aneuploidy raises fascinating questions
about the nature of normality in cells. How can cells with
disordered DNA content survive and proliferate? To what
extent does this occur in normal tissue in the absence of
malignant change? Are there differences in behaviour
between malignant diploid and aneuploid cells? Why are
proliferation and cell division independent of the precise
genetic content or diploidy within the cell?

Because a huge number of mitoses occur during the
growth, development and turnover of normal cells, it is
conceivable that aneuploidy arises frequently but transiently
throughout the lifespan of normal tissues, particularly in
highly proliferative tissue such as bone marrow and intestinal
mucosa. It may be assumed that mechanisms exist to destroy
the majority of abnormal cells, including aneuploid cells,
before they achieve uncontrolled proliferation. These
mechanisms may include immunological cell functions or the
regulation of apoptosis (programmed cell death)’. Changes
in the expression of regulatory genes and oncogenes, such as
c-myc or p53, may then confer a relative survival advantage
on the aneuploid cell.

A striking feature of aneuploid tumours is that there is
usually only one stable aneuploid clone or population of
cells. In many published series where substantial numbers of
tumours have been analysed, the distribution of DNA indices
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bimodal®, with a peak around 1-0 and a second peak
around 1-7. During the life of a tumour one or more stable
but abnormal cell lineages may survive and proliferate, giving
rise to abnormal but tumour-specific DNA content. The
DNA content of one aneuploid tumour may be markedly
different from that of another. Why? What gives any one cell
lineage in each tumour population a growth and survival
advantage?

The aneuploid ratio may also change during the lifespan
of the tumour or in response to adjuvant treatment. For
example, this may occur in breast tumours treated with
tamoxifen, where the late development of aneuploidy
appears to correlate with treatment failure (M. Ormerod,
personal communication).

Mechanisms of aneuploidy

True aneuploidy is only one manifestation of the genetic
disturbances that occur in malignant cells. These may be
classified into three groups’: primary and secondary
abnormalities of the genome, and cytogenetic ‘noise’.

Primary abnormalities of the genome, such as point
mutations in regulatory genes and oncogenes, may produce
critical neoplastic changes. Despite considerable genetic
disorder as a result of mutation and of chromosomal
fragment and gene translocations, there may be no detectable
change in the total DNA content or mass in diploid cells.

Secondary abnormalities, such as gene amplification and
chromosome duplication, may arise within an unstable cell
genome. There are a number of different situations in which
aneuploidy may be found. First, duplication of one or more
whole chromosomes may occur. For example, Kamada ez al.®
demonstrated clonal chromosomal abnormalities in 103 of
107 patients with adult T cell leukaemia or lymphoma.
Second, duplication of one or more substantial chromosome
fragments may occur. Third, amplification of one or more
individual genes may lead to the production of large numbers
of copies. For example, Meling and co-workers® used a
probe specific for the retinoblastoma (Rb) gene to study
amplification in colorectal carcinoma; 29-5 per cent of the
255 tumours displayed Rb amplification. There was a
significant correlation between this gene amplification and
the presence of DNA aneuploidy. Cornilesse and
colleagues'? reported an allelic imbalance in association with
aneuploidy in a series of 86 primary breast carcinomas. It is
also possible to speculate on other causes of aneuploidy. For
example, might there be amplification of ‘junk’ DNA
sequences (of no discernible function) within chomosomes,
but with no change in the function of normal genes? Might
aneuploidy be a function in some instances of infection by
viruses or bacteriophages that have become incorporated
within host chromosomes?

Cytogenetic ‘noise’ is the third proposed state of DNA
abnormality. This term relates to the many chromosomally
unstable tumour cells that are temporarily detectable during
tumour growth but which have no survival advantage.
Chromosomal disorder and aneuploidy are most likely to
arise during mitosis or meiosis, when chromosomes are being
shuffled and replicated. There are a number of different
points during both processes at which chromosomal
aneuploidy may arise.

Possible mechanisms of aneuploidy in somatic cells

During the cell cycle the normal diploid 46-chromosome set
is duplicated during the S (synthetic) phase before mitosis.
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The resulting pairs of chromosomes are parcelled out
equally to the daughter cells!!. Before mitosis chromosomes
exist in the interphase state, during which they are unravelled
and the DNA is exposed for genetic activities or for DNA
duplication to proceed. Aneuploidy may arise if the precise
and equal distribution in time and space of the two matched
sets of chromosomes to the daughter cells does not occur. As
chromosomes condense during early mitosis, there is
considerable scope for entanglement in this molecular
‘spaghetti’. The topoisomerase and DNA ligase families of
proteins'> may be important in preventing such DNA
disruption and entanglement, which might in turn predispose
to aneuploidy. Order is imposed on the distributing
chromosomes by the formation of a bipolar spindle!3. Each
set of chromosomes becomes attached to one pole of the
spindle by filamentous contractile protein microtubules.
Microtubule elongation from tubulin subunits is initiated at a
centrosome at each end of the spindle. Within each
condensed chromosome are regions of microtubule
attachment known as centromeres, composed of repetitive
DNA sequences. The attachment is mediated through
kinetochores!4!5. Chromosome pairs become evenly aligned
on the equator of the spindle before microtubule contraction
and chromosome separation.

Aneuploidy in germline cells

Unlike mitosis, which may give rise to sporadic, local or
metachronous aneuploidy in the individual, germline
abnormalities will give rise to constitutional aneuploidy
throughout the body. Meiosis differs from mitosis in that a
chromosomal reorganization and reduction from the
normal diploid (46) to the haploid (23) chromosome state
accompanies cell division. Before meiosis in germline stem
cells, DNA is replicated from 46 (diploid) to 92 (tetraploid)
chromosomes. In the first phase of meiosis the 46 condensed
chromosome pairs align in 23 quartets, within which each
chromosome is intimately associated and accurately aligned
by synapses. The formation of these synapses, or
synaptonemal complexes, allows the exchange of DNA
sequences to occur at chiasmata. An incomplete reduction
division then occurs, so that 23 rearranged chromosome
pairs migrate to each pole of the cell, as occurs in mitosis. A
second reduction division then occurs, yielding four haploid
germ cells.

Uneven chromosome alignment, abnormal kinetochore
development and function, failure of pair separation (non-
disjunction) or errors of spindle orientation and contraction
may lead to uneven DNA distribution and hence to
aneuploidy during both mitosis and meiosis. Meiosis
provides at least two additional points at which aneuploidy
may arise'®. First, inaccurate alignment at synaptonemal
complexes produces unequal chromosome lengths once
cross-over has occurred. Second, non-homologous
chromosomes may pair up, again producing uneven
exchange of DNA.

These errors may be induced by drugs acting as mitotic
poisons. For example, kinetochores can be disrupted by
caffeine or mitomycin C. Demonstrable aneuploidy can be
induced in experimental cell systems by a variety of
mutagens. These include viruses!”!%, such as SV40 and
human papillomavirus 16, cytotoxic agents, such as
dimethylhydrazine!®, vincristine, diethylstilboestrol and
colchicine, and ionizing radiation?. In human tissues the risk
of DNA damage and malignant change increases with age.
The prime causes of such cumulative damage may be
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environmental, including background and cosmic radiation,
‘man-made’ radiation, and chemical substances?!-?2,

Measurement of aneuploidy

Fluorescence microscopy and static cytometry are
established, but laborious, methods of measuring aneuploidy
in small populations of cells?*-2°. Flow cytometry has been
a major impetus to clinical studies of aneuploidy. The
technology and methodology of flow cytometry have been
described in detail in a number of texts?. Flow cytometry
works by illumninating a stream of biological particles, such as
cells or cell nuclei, with a light beam of known wavelength,
usually from a laser source. Light beyond the stream is
collected by a series of photomultiplier tubes linked to a
computer. The particles scatter the light such that their size
and granularity may be deduced. If the particles are marked
with fluorescent dyes, other characteristics may be
measured. Dyes, such as propidium iodide, ethidium
bromide, acridine orange and 7-aminoactinomycin, bind to
DNA in proportion to the quantity present in each cell or
nucleus. Typically, 5000-10000 particles from any one
tumour biopsy can be analysed in a few minutes.

For each particle the computer assimilates data from each
of its light collectors and presents these to the observer as a
scatterplot or histogram. A fluorescent event is allocated to
one of 1024 channels of fluorescence according to its light
intensity. In the case of the DNA profile, this is a histogram
of DNA content in the population of cells or nuclei. DNA
content, being proportional to the light intensity emitted by
its marker dye, is conventionally plotted on the x axis. The
components of the DNA histogram relate directly to the
phases of the cell cycle. The largest fraction of cells, usually
around 70 per cent, is contained within the GO-G1 phase,
wherein cells contain the diploid number of chromosomes or
their abnormal aneuploid equivalent. The G2 phase merges
with mitosis (M phase). G2-M is a second peak, consisting of
cells or nuclei containing duplicated chromosomes, which
commonly accounts for 20 per cent of cells. The continuum
between the GO-G1 and G2-M peaks is the S phase, which
contains cells or nuclei with chromosomes at various stages
of duplication.

The DNA histogram forms one of two patterns. A diploid
tumour displays a simple biphasic pattern, with a large
primary peak corresponding to cells in the GO-G1 phase of
the cell cycle (diploid chromosome content). The smaller
peak of the biphasic pattern corresponds to cells in G2; its
tetraploid chromosome content falls at twice the channel
number of the GO-G1 peak (Fig. 1). The flat intermediate
zone corresponds to S-phase cells. The DNA content in
GO0-G1 can be defined in relation to a reference standard
such as nucleated chicken erythrocytes.

Aneuploid tumours usually comprise a diploid
population, being a mix of non-malignant stromal cells (e.g.
lymphocytes, endothelial cells) and diploid tumour cells, and
one - or occasionally more - aneuploid population(s). The
DNA profile of the aneuploid cells (G1-S-G2) is, in effect,
superimposed on the diploid DNA profile, but shifted alon,
the x axis to the right (denoting greater DNA content
according to the excess DNA present in the aneuploid cells
(Fig. 2). Occasionally, multiple aneuploid populations of
tumour cells are present, each with their own distinguishable
G0-G1 and G2 peaks.

Flow cytometry has practical limitations that bear upon
the interpretation of published clinicopathological studies of
aneuploidy. Some of the more important of these problems
are discussed below.
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Fig. 1 DNA histogram of a diploid human colonic tumour with
propidium iodide as the DN A-binding fluorochrome. The G0-G1
peak is centred on channel 240 and the G2-M peak on channel 480
on the x axis. The y axis denotes the number of nuclei. The region
between channels 240 and 480, while strictly representing the S
phase, is overlapped by the gaussian distributions of the GO-G1 and
G2-M populations
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Fig. 2 DNA histogram of an aneuploid human breast carcinoma;
the DNA-binding fluorochrome is propidium iodide. The GO-G1
diploid peak is centred on channel 225 and the G2-M diploid peak
on channel 450. The GO-G1 aneuploid peak is centred on channel iy
350 and the G2-M aneuploid peak on channel 700. The DNA ‘
index of this tumour is 350/225 or 1-56. Note that the aneuploid
GO0-G1 peak completely overlaps the diploid S phase between
channels 225 and 450, while the diploid G2-M peak completely
overlaps the S phase of the aneuploid population between channels
350 and 700. This renders impractical accurate calculation of the
S-phase fraction of either the diploid or aneuploid population

Particle extraction and preparation

Flow cytometric analysis depends on the preparation of
single-cell or nuclear suspensions from solid tumours by
enzymatic or mechanical means. Unfixed tumours and
tissues are variously resistant to disaggregation according to
their stromal content. Archival material, usually extracted
from formalin-fixed wax-embedded blocks, is particularly
useful for studies correlating DNA content with clinical
features and patient survival. However, its extraction
requires more drastic methods than that of fresh material?’.
Disaggregation may cause a number of problems, including
considerable antigen loss and subcellular fragmentation.
Nuclei are more easily obtained than whole cells, and whole-
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extracts are rarely attainable for practical purposes from
fixed archival material. Extraction artefact and technical
failure may lead to rejection rates or failure of analysis in up
to 40 per cent of samples in reputable series?’.

Tumour heterogeneity

Studies in which multiple samples have been analysed from
individual tumours indicate that there can be considerable
heterogeneity of DNA content from site to site in the tumour,
for example between purely diploid and aneuploid regions. A
single biopsy is unlikely to be representative of the entire
tumour. In retrospective studies of archival material the
researcher has little control over the representative nature of
the blocks. In prospective studies, while multiple-site
sampling is possible, there is no standard about how the
resulting data should be analysed and presented. What
weight, for example, should be given to DNA data obtained
from samples from an anoxic necrosing core of a tumour,
compared with those from its advancing margins?

Data analysis and observer variation

Data from all particles passing through the cytometer will be
registered. This includes subcellular fragments and doublet
cells. While the computer can do much to simplify analysis,
for example by selecting out cell doublets, the process of
analysis is not fully automated; it requires expertise and
subjectivity on the part of the researcher. This often leads to
considerable interobserver and interlaboratory variation in
data analysis, even where standard samples are distributed .
In a recent review of 225 papers Wersto et al? found
frequent differences and inadequacies in the criteria used to
distinguish diploidy from aneuploidy, for example in the
coefficient of variation in the GO-G1 peaks. The narrowness
of a peak (a low coefficient of variation) can be used as a
measure of the ‘cleanliness’ of the extraction process. This is
important because broad diploid peaks on DNA profiles
may hide small aneuploid populations and lead to the
erroneous classification of a tumour as diploid rather than
aneuploid *.

New technologies to study aneuploidy

Specialized flow cytometers with very high sampling rates
and sensitivity allow for the automation of chromosomal
sorting and karyotyping (flow cytogenetics). It is now
possible to enumerate the copies of a gene or chromosome
within a single cell and so better characterize the changes
that have occurred to produce aneuploidy. The technology
will distinguish one or more copies of a fluorescent probe
bound to a specific sequence of DNA, and will exploit
minute but consistent differences in size and fluorescence
associated with each of the 23 pairs of chromosomes in the
human genome?3!. This also facilitates the quantitation of
abnormal chromosomes in tumours or in fetal karyotyping.

Molecular biological techniques are making an important
contribution to the understanding of aneuploidy. Chromo-
some enumeration or karyotyping, which once demanded
the manual study of metaphase spreads by trained observers,
has been facilitated by hybridization techniques. The
polymerase chain reaction is one tool that may find applica-
tion in the study of aneuploidy, for example in the quantita-
tion of sex chromosomes>?.

Non-isotopic in situ hybridization is another useful tool.
Chromosomes and chromosome fragments can be identified
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with a growing library of specific DNA probes, which are
single-stranded DNA fragments tailored to match pre-
determined naturally occurring DNA sequences. These
probes can be visualized with avidin-biotin-peroxidase,
digoxigenin (a component of digoxin) or a variety of
fluorochromes — hence fluorescence in situ hybridization.
Unlike earlier methods that worked only with condensed
chromosomes, these probes additionally allow the identifica-
tion of specified DNA fragments within the amorphous DNA
mass in the nuclei of interphase (non-mitotic) cells. In any
one cell the number of copies of the chromosome fragment
can be enumerated directly 3.

These in situ hybridization techniques are now well
established and reproducible, and have been the basis of
direct assays of aneuploidy and aneuploidy-inducing agents
in experimental cell lines, human lymphocytes®’, amniotic
cells** and clinical tumours. Van Dekken ef al.** undertook
cytogenetic analysis of ten gastric tumours by in sifu
hybridization using a set of five chromosome-specific DNA
probes (1, 7,17, X and Y). Loss of the Y chromosome was a
significant feature in the tumour cells of six of eight men. As
probe libraries grow, so it will be possible not only to identify
aneuploidy but also to specify which fragments and
chromosomes constitute the amplified DNA.

Clinical manifestations of aneuploidy
Germline and hereditary disorders

Aneuploidy is not synonymous with smalignant change; it is
compatible with near-normal growth and development.
There are a number of syndromes in which aneuploidy is a
fundamental feature. These include Klinefelter’s syndrome
(XYY ), Turner’s syndrome (X0) and trisomies 13, 18 and 21
(Down’s syndrome)?. These syndromes are associated with
variable dysmorphogenesis and organ maldevelopment, but
they are quite compatible with life and with the development
of recognizable human form and function.

Aneuploidy is a common feature in germ cells and a
common source of embryo wastage. Maternal ageing is an
important cause of embryo aneuploidy*’, but is not the only
factor. Benet et al38 reported a 40 per cent incidence of
aneuploidy in a population of 505 motile human sperm
complements from three normal donors. Aneuploidy can
also be demonstrated in meiotically mature odcytes®.
Johnson and co-workers*® found 29 aneuploid embryos in
174 pregnancies. Aneuploidy is also found commonly in
aborted fetuses and in oOcytes associated with in vitro
fertilization*!. Aneuploidy may arise more commonly in sex
chromosomes than in autosomes as a result of paternal
meiotic error*2.

Aneuploidy in premalignant conditions

Some hereditary disorders that predispose to malignancy
early in life also show an early tendency towards aneuploidy.
These include familial adenomatous polyposis predisposing
to colorectal carcinoma“? and hereditary tyrosinaemia type 1
predisposing to hepatocellular carcinoma**.

Sporadic malignancy may be preceded by a sequence of
genetic changes in the normal tissue of origin. These genetic
changes may in turn be accompanied by the emergence of
aneuploidy. One example is intestinal epithelium, where
genetic and regulatory changes may arise in mucosal crypt
cells, leading to adenoma formation, before progressing to
invasive adenocarcinoma*’. Aneuploidy has been reported
in chronic ulcerative and Crohn’s colitis*™*¥, and in
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adenomas*’. Caution must always be exercised in such
studies to ensure that apparent aneuploidy in nominally
diploid material does not merely reflect experimental
artefact. However, the emergence of aneuploidy in chronic
colitic mucosa may identify patients in need of early surgical
intervention.

Aneuploidy in human tumours

Aneuploidy is a commonly recognized property of neoplasia,
occurring in up to 75 per cent of tumours in most large
series, but it is not a prerequisite for malignancy. A complete
overview of the literature is beyond the scope of this paper,
but many authoritative reviews of the subject have been
published26-59-2, Original articles on this topic now run at
several hundreds per year in the world literature; virtually no
class of tumour has escaped analysis and a tabulation of the
published results would run to many pages.

Is there any evidence that the measurement of ploidy
status is clinically useful? The technical problems associated
with the DNA analysis of clinical material by flow cytometry
and consensus views on the prognostic value of ploidy data
for common tumours have recently been compiled?s.
Conflicting views have emerged as to whether ploidy data
can predict survival or usefully guide adjuvant therapy, either
independently or as part of a customized prognostic index.
These differences of opinion may reflect both true biological
differences between series of tumours and technical
differences in analysis and data collection. In general terms
there has been a failure to confirm any clinical utility of
ploidy measurements in virtually all classes of malignancy,
including the following common surgical tumours.

Colorectal tumours. Bauer et al.>* have pointed out that,
although more than 20 substantial series have reported that
DNA ploidy has significant prognostic value in colorectal
cancer, at least eight further series do not support this view.
Most studies suggest a trend to DNA aneuploidy in higher
Dukes stages, and in left-sided and rectal tumours. There are
no consistent correlations with other clinicopathological
measures, such as tumour grade or oncoprotein expression.
Wide variation in methodology and reporting standards
handicaps comparisons between studies, and Dukes staging
remains the single most powerful prognostic indicator.

Breast tumours. An index that could identify aggressive
behaviour in node-negative breast carcinomas and select
these patients for further treatment would have clinical value.
Hedley and colleagues™ concluded that the extensive
literature supports the view that diploid tumours carry a
favourable prognosis relative to aneuploid, multiploid and
hypodiploid primary tumours. However, the DNA index
does not have independent prognostic significance. While
some groups have been enthusiastic proponents of DNA
measurements as part of a prognostic index, the status of
lymph nodes remains by far the single most powerful
prognostic factor. Flow cytometric DNA analysis, while
being a valuable research tool with considerable unexplored
potential in chromosome analysis, has not been proven to be
clinically useful outside specialist centres.

Urological tumours. DNA cytometry has not found a
role in the screening of urine for primary or recurrent
bladder cancer® because the specificity of the technique is
too low. DNA analysis of cells or tumour biopsies is less
informative than conventional cytology or histopathology,
and a further caveat is that irradiated tissue may show

tetraploid features in the absence of recurrent disease. In T
case of prostatic tumours3” DNA diploidy is again generally
associated with a favourable prognosis and response to
antiandrogen therapy. However, this interpretation illustrates
the problems of understanding the huge literature on DNA
ploidy analysis faced by the general reader. Of the 126
papers relating to ploidy in series of prostate tumours, only
32 were ultimately felt to be suitable for inclusion in an
authoritative consensus review on the basis of reasonable
scientific and statistical criteria.

Haematopoietic tumours. A consensus review of
lymphoma, myeloma and acute leukaemia by Duque ez al.®
failed to establish the clinical utility of DNA analysis. Of
much greater value in these tumours is flow cytometric
immunophenotyping to distinguish cell lineages on the basis
of their cell-surface expression of various antigens. This
technique is well established in clinical laboratories.

The S-phase fraction

The S-phase fraction is the number of cells or nuclei
contained between the GO-G1 and G2 peaks of the profile,
as a fraction of the total cell population. This is understood
to be a measure of the size of the proliferating cell
population. A simple measure of the size of the proliferating
compartment might be of clinical value in estimating the
proliferative activity of a tumour and hence in predicting its
response to adjuvant therapy. It is also important to note that
the S-phase fraction, being a static measurement at a single
time point in the life of the tumour, gives no indication of the
rate of cell production or of tumour volume growth. In the
latter case, processes of cell loss also make an important
contribution. The S-phase fraction, while having no specific
relevance to aneuploidy, can be estimated directly from the
flow cytometric DNA profile and hence is usually reported
in tandem with ploidy data. There is a large parallel literature
concerning. the prognostic significance of this fraction, and
the constraints that apply to the interpretation of ploidy data
also apply toit.

There are two further problems that affect the interpreta-
tion of data on the size of the S-phase fraction. The first lies
in the definition of the S phase. Because the G0-G1, S and
G2 populations are overlapping gaussian distributions
(which may be unpredictably skewed), it is difficult to define
where the S phase begins in relation to G0-G1 on the DNA
profile, and even more so to see where it ends. A number of
mathematical models have evolved to address this issue,
including overlapping curves and rectangular blocks. These
methods are no more than estimates of the true S-phase
fraction and can produce significantly different results when
applied to the same tumour. Because the S-phase fraction is
typically less than 10 per cent of a tumour population, error
of a few percentage points can make a large difference to the
stratification of a tumour, for example as rapidly or slowly
proliferating according to the median S-phase fraction of a
tumour population. This problem is hugely compounded in
analysing aneuploid tumours, where the large GO0-G1
aneuploid population usually overlaps the diploid S phase
and the diploid G2 overlaps the aneuploid S phase.

Discussion

Aneuploidy may predispose to biological aggressiveness in
tumours and hence to a poor clinical prognosis but, given the
complexity and subtlety of cell biology, it is not obvious why
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s should be so. Malignancy reflects many properties of the
éell, including the altered regulation of cell proliferation and
cell loss, the metastatic potential, immunogenicity and
capacity for local invasion. Any of these processes might be
affected by aneuploid transformation. Aneuploidy might
even be expected to disrupt and diminish rather than
enhance the proliferation and spread of cancer cells. If the
aneuploid component were composed entirely of junk’ or
inactivated DNA, then the aneuploid state might be entirely
neutral with regard to cell function.

Conversely, the state of diploidy cannot be assumed to
predispose to a biologically benign character. Many purely
diploid tumours are very aggressive. All aneuploid tumours
appear to be a mixture of diploid and aneuploid tumour-cell
lineages, although the diploid population usually comprises a
significant proportion of stromal cells. It cannot be assumed
that it is the aneuploid rather than the diploid clone that is
dominant in determining the biological aggressiveness of the
tumour. )

To summarize the clinical picture, flow cytometry has
identified the phenomenon of aneuploidy as a noteworthy
abnormality in many tumours, but it does not reveal informa-
tion about the future clinical behaviour of any one tumour.
Indeed, in no tumour class does DNA analysis match the
quantity and quality of information contained within
conventional histological sections. While flow cytometry can
measure up to six parameters in suspensions of up to 103
single particles, this information must be placed in context.
The human eye can take in many more dimensions of data
relating to millions of cells very rapidly from a pathology
slide. These dimensions include size, shape, stain intensity,
intracellular and extracellular spatial relationships, and
characterization, to name but a few. In the absence of
molecular or flow cytometric measures of the metastatic
potential of a tumour, the microscopic or macroscopic
observation of tumour dissemination to lymph nodes or
elsewhere remains the most powerful prognostic tool.

The primary tumour is usually removed at surgery, but it is
the biological behaviour of metastases that usually
determines clinical outcome. Unfortunately, research data on
DNA ploidy in metastases are relatively scarce compared
with the many studies performed on primary tumours. The
lack of comparative ploidy data between primary tumours
and metastases is another limitation on the efforts to
understand the relationship between DNA content and
tumour aggressiveness.

In conclusion, pure diploidy appears to be only one of
many cytogenetic states compatible with cell replication and
survival, although it may reasonably be assumed that it has
proved to be the most efficient state in any one species
through evolution. It is important to recognize that diploidy
and aneuploidy are part of a continuum from subtle DNA
base-pair mutations to gross chromosomal abnormalities,
rather than two distinct states of existence. It is not yet
known which combinations of chromosomal abnormalities
confer stability on an aneuploid cell. Indeed, the apparently
random distribution of DNA aneuploidy seen across a
spectrum of tumours could conceivably mask very precise
multiples of genes, small subsets of DNA or chromosome
fragments, appended to an otherwise normal chromosome
set. Paradoxically, the very variety of DNA indices found in
cancer cells may indicate that a relatively simple biological
phenomenon underlies the genesis of aneuploidy.
Aneuploidy may yet prove to be a wholly arbitrary
description. Small increments or deletions in the number of
gene copies and chromosome fragments may go undetected
in some tumours because of the performance limits of
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instruments that are insufficiently sensitive to discriminate
near-diploidy.

It is not known whether there is a causal relationship
between aneuploidy and cancer, nor whether aneuploidy is
merely an epiphenomenon. Any one of a spectrum of
abnormal states of DNA content (DNA indices) may confer
specific local survival advantage to clones of cells within a
tumour during malignant growth. It is important to
emphasize that aneuploidy is not synonymous with
malignancy, biological aggressiveness or even premalignancy
because specific forms of aneuploidy, such as Down’s
syndrome, are compatible with near-normal growth and
physical development.

What of the future? The continued publication of large
series of ploidy data seems unlikely to advance accurate
clinical prognostication and therapy for cancer. Ploidy is still
too crude a marker for the molecular changes that determine
the biological aggressiveness of any one tumour. To advance
understanding it will be necessary to measure more precisely
the DNA and chromosome content in individual tumours,
and particularly in those at the diploid and near-diploid end
of the aneuploidy spectrum. Studies of DNA content should
now be focused down the chromosomal and molecular scale
using the new investigative tools. This will require the study
of fewer cells in much greater detail and definition, so that it
may be specified which chromosomes and fragments are
multiplied in aneuploid tumours, and by how much. New
technologies, such as fluorescence hybridization and high-
speed flow cytometric chromosome analysis, should allow
considerable progress in the next decade. Once the
chromosomes or gene segments that are duplicated in
aneuploid states can be defined, it will be much easier to
identify the culprit genes and chromosome fragments that
promote mutagenesis, and to address other questions. Why
are these genes and chromosomes amplified? Do the
molecular mechanisms determining aneuploidy provide new
targets for adjuvant cancer therapy? As yet one may only
speculate about the answers to these questions, but the study
of aneuploidy has posed challenging new problems for
tumour biologists.

Acknowledgements

The author thanks the Cancer Research Campaign for financial
support over the series of studies during which these views were
formulated and researched, and Dr Michael Ormerod for reviewing
the manuscript and for helpful comments.

References

1 Boveri T. Zur Frage der Entstehung maligner Tumoren. Jena:
Fischer, 1914,

2 Dellarco VL, Voytek PE, eds. Symposium on aneuploidy:
aetiology and mechanisms. Basic Life Sci 1985; 36: 1-562.

3 Hedley DW, Friedlander ML, Taylor IW, Rugg CA, Musgrove
EA. Method for analysis of cellular DNA content of paraffin-
embedded pathological material using flow cytometry.
J Histochem Cytochem 1983; 31: 1333-5.

4 Sanson M, Richard S, Delattre O er al. Allelic loss of
chromosome 22 correlates with histopathological predictors of
recurrence of meningiomas. /ntJ Cancer 1992; 50: 391-4.

5 Williams GT. Programmed cell death: apoptosis and onco-
genesis. Cell 1991;65: 1097-8.

6 Friedlander ML, Hedley DW, Taylor IW. Clinical and biological
significance of aneuploidy in human tumours. J Clin Pathol
1984;37:961-74.

7 Heim S, Mitelman F. Primary chromosome abnormalities in
human neoplasia. Adv Cancer Res 1989; 52: 1-43.




1422 D.A.REW

10

11
12
13
14

15

16

17

18

19

20

21

22

23

24
25
26
27

28

29

30

31

32

33
34

Kamada N, Sakurai M, Miyomato K et al. Chromosome
abnormalities in adult T-cell leukemia/lymphoma: a karyotype
review committee report. Cancer Res 1992; 52: 1481-93.
Meling GI, Lothe RA, Borresen AL et al. Genetic alterations
within the retinoblastoma locus in colorectal carcinomas.
Relation to DNA ploidy pattern studied by flow cytometric
analysis. BrJ Cancer 1991; 64: 475-80.

Cornilesse CJ, Kuipers-Dijkshoorn N, Van Vliet M, Hermans J,
Devilee P. Fractional allelic imbalance in human breast cancer
increases with tetraploidisation and chromosome loss. Int J
Cancer 1992; 50: 544-8.

Nicklaus RB. Mitosis in eukaryotic cells: an overview of
chromosome distribution. Basic Life Sci 1985; 36: 183-97.
Smith PJ. Topoisomerase inhibitors: new twists to anticancer
drug action. Oncology Today 1991; 3: 4-9.

McIntosh RJ. Spindle structure and the mechanisms of
chromosome movement. Basic Life Sci 1985;36: 197-201.
Brinkley BR, Tousson A, Valdivia MM. The kinetochore of
mammalian chromosomes: structure and function in normal
mitosis and aneuploidy. Basic Life Sci 1985; 36: 243-53.

Vig BK, Yoo HIJ, Schiffmann D. Kinetochore proteins,
peripheral location of chromosomes and nuclear budding:
another look at the genesis of aneuploidy. Mutagenesis 1991; 6:
361-7.

Grell RF. The meiotic process and aneuploidy. Basic Life Sci
1985; 36:317-22.

Rinehart CA, Mayben JP, Butler TD et al. Alterations of DNA
content in human endometrial stromal cells transfected with a
temperature sensitive SV40: tetraploidisation and physiological
consequences. Carcinogenesis 1992;13: 63-8.

Tsutsumi K, Belalugi N, Qi S ef al. Human papilloma virus 16
DNA immortalises two types of normal epithelial cells of the
uterine cervix. Am J Pathol 1992; 140: 255-61.

Fischbach W, Rubsam B, Mossner J, Wunsch HP, Seyschab H,
Hohn H. DNA aneuploidy and proliferation in spontaneous
human and dimethylhydrazine induced murine colorectal
carcinogenesis. Z Gastroenterol 1991;29: 533-7.

Eastmond DA, Pinkel D. Detection of aneuploidy and
aneuploidy inducing agents in human lymphocytes using
fluorescence in situ hybridisation with chromosome specific
DNA probes. Mutat Res 1990; 234: 303-18.

Liang JC, Brinkley BR. Chemical probes and possible targets
for the induction of aneuploidy. Basic Life Sci 1985; 36:
491-502.

Hoffman GR. Aetiology and mechanisms of aneuploidy: a
synopsis. Basic Life Sci 1985; 36: 539-438.

Caspersson TO, Lomakka G, Caspersson O. Quantitative
cytochemical methods for the study of tumour cell populations.
Biochem Pharmacol 1960;4: 113-27.

Caspersson TO. Quantitative tumour cytochemistry. Cancer Res
1979;39:2341-55.

Weid GL, Bahr GF. Introduction to Quantitative Cytochemistry
II. London: Academic Press, 1970.

Watson JV. An Introduction to Flow Cytometry. Cambridge:
Cambridge University Press, 1992.

Hedley DW. Flow cytometry using paraffin-embedded tissue.
Five years on. Cytometry 1989; 10: 229-41.

Wheeless LL, Coon JS, Cox C et al. Precision of DNA flow
cytometry in inter-institutional analyses. Cytometry 1991, 12:
405-12.

Wersto RP, Liblit RL, Koss LG. Flow cytometric analysis of
human solid tumours: a review of the interpretation of DNA
histograms. Hum Pathol 1991;22: 1085-98.

Watson JV, Chambers SH, Smith PJ. A pragmatic approach to
the analysis of DNA histograms with a definable G1 peak.
Cytometry 1987, 8: 1-8.

Bartholdi MF. Flow cytogenetics. Pathobiology 1990; 58:
118-28.

Mutter GL, Pomponio RJ. Molecular diagnosis of sex
chromosome aneuploidy using quantitative PCR. Nucleic Acids
Res 1991;19: 4203-7.

Davies AF, Stone S. Molecular medicine: use of DNA probes in
cytogenetic analysis. Hospital Update June 1992; 72-9.

Kuo WL, Tenjin H, Segraves R, Pinkel D, Golbus MS, Gray J.
Detection of aneuploidy involving chromosomes 13, 18 or 21,

35

36
37
38

39

40

41
42
43

44

45

46

47
48
49

50
51

52
53
54
55
56
57

58

by fluorescence in situ hybridisation to interphase and "=

metaphase amniocytes. Am J Hum Genet 1991;49: 112-19.

van Dekken H, Pizzolo JG, Kelsen DP, Melamed MR. Targetted
cytogenetic analysis of gastric tumours by in situ hybridisation
with a set of chromosome specific DNA probes. Cancer 1990;
66:491-17.

Epstein CJ. Aneuploidy and morphogenesis. Prog Clin Biol Res
1991;373:1-18.

Chandley AC. Maternal aging as the important aetiological
factor in human aneuploidy. Basic Life Sci 1985; 36: 409-14.
Benet J, Genesca A, Navarro J, Egozcue J, Templado C.
Cytogenetic studies in motile sperm from normal men. Hum
Genet 1992; 89: 176-80.

van Blerkom J, Henry G. Oocyte dysmorphism and aneuploidy
in meiotically mature human oocytes after ovarian stimulation.
Hum Reprod 1992;7:379-90.

Johnson A, Cowchock FS, Darby M, Wapner R, Jackson RG.
First trimester maternal serum alpha-foetoprotein and
chorionic gonadotropin in aneuploid pregnancies. Prenat Diagn
1991; 11: 443-50.

Zenzes MT, Wang P, Casper RF. Evidence for maternal pre-
disposition to chromosome aneuploidy in multiple oocytes of
some in vitro fertilisation patients. Fertil Steril 1992; 57: 143-9.
Martin RH, Rademaker A. The frequency of aneuploidy among
individual chromosomes in 6821 human sperm chromosome
complements. Cytogenet Cell Genet 1990; 53: 103-7.

Quirke P, Dixon MF, Day DW et al. DNA aneuploidy and cell
proliferation in familial adenomatous polyposis. Gur 1988; 29:
603-7.

Zerbini C, Weinberg DS, Hollister KA, Perez-Atayde AR. DNA
ploidy abnormalities in the liver of children with hereditary
tyrosinaemia type 1: correlation with histopathological features.

.AmJ Pathol 1992;140: 1111-19. +

Vogelstein B, Fearon ER, Hamilton SR et al. Genetic alterations
during colorectal tumour development. N Engl J Med 1988;
319: 525-32.

Melville DM, Jass JR, Shepherd NA et al. Dysplasia and DNA
aneuploidy in the assessment of precancerous changes in
chronic ulcerative colitis. Observer variation and correlations.
Gastroenterology 1988;95: 668-75.

Lofberg R, Brostrom O, Karlen P, Ost A, Tribukait B.
Carcinoma and DNA aneuploidy in Crohn’s colitis - a histo-
logical and flow cytometric study. Gur 1991; 32: 900-4.
Porschen R, Robin U, Schumacher A et al. DNA aneuploidy in
Crohn’s disease and ulcerative colitis: results of a comparative
flow cytometric study. Gut 1992; 33: 663-7.

Matthews J, Sousha S, Parkins RA er al. Proliferation patterns
and aneuploidy in adenomatous polyps of the colon. BrJ Surg
1988;75:906-9.

Barlogie B, Schumann J, Johnson TS ez al. Flow cytometry in
clinical cancer research. Cancer Res 1983;43:3982-97.
Frankfurt OS, Slokum HK, Rustum YM. Flow cytometric
analysis of DNA aneuploidy in primary and metastatic human
solid tumours. Cytometry 1984; 5: 71-80.

Frankfurt OS, Arbuck SG, Chin JL, Greco WR. Prognostic
applications of DNA flow cytometry for human solid tumours.
Ann N Y Acad Sci 1986;468: 276-90.

Shankey TV, Rabinovitch PS, Bagwell B et al. Guidelines for
implementation of clinical DNA cytometry. Cytometry 1993; 14:
472-17.

Bauer KD, Bagwell CB, Giaretti W et al. Consensus review of
the clinical utility of DNA cytometry in colorectal cancer.
Cytometry 1993; 14: 486-91.

Hedley DW, Clark GM, Cornilesse CJ et al. Consensus review
of the clinical utility of DNA cytometry in carcinoma of the
breast. Cytometry 1993; 14: 482-5.

Wheeless LL, Badalament RA, de Vere White RW er al.
Consensus review of the clinical utility of DNA cytometry in
bladder cancer. Cytometry 1993; 14: 478-81.

Shankey TV, Kallioniemi O-K, Koslowski JM et al. Consensus
review of the clinical utility of DNA cytometry in prostate
cancer. Cytometry 1993; 14: 497-500.

Duque RE, Andreeff M, Braylan RC et al. Consensus review of
the clinical utility of DNA cytometry in neoplastic haemato-
pathology. Cytometry 1993; 14: 492-6.

British Journal of Surgery 1994, 81,1416-1 422




