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Leukaemia is a descriptive term applied to a number of acute and chronic
malignant blood diseases arising in the bone marrow. Leukaemias can occur at
almost any age either in aggressive, acute form, or as indolent, chronic disease.
Leukaemia subtypes arise in the multipotential self-renewing stem cells and
lineage-committed progenitor cells of the blood forming tissues [1]. The causes
of leukaemia are not clear, but environmental agents, particularly ionising
radiation, chemical mutagens, and viral infections are thought to be responsible.
All of these agents have been shown to cause specific types of leukaemia but
there has been much recent concern and controversy about the role of ionising
radiation in the causation of leukaemia clusters following the identification of
the Seascale childhood leukaemia cluster in the UK, and the suggestion that it
may have been caused by paternal preconception irradiation [2],

Leukaemia has long been a well-recognised hazard of acute and chronic radiation
damage to bone-marrow, and was one the first malignant diseases shown to be
caused by the unrestricted use of X-radiography [3]. Leukaemia was also one of
the principal dose-related early onset malignant diseases attributable to the
delayed effects of acute radiation exposure from the atomic bombs dropped on
Hiroshima and Nagasaki [4]. This propensity for radiation to cause leukaemia
reflects the high degree of bone-marrow sensitivity to radiation-induced genetic
damage. However, there is much less certainty about the leukaemogenic properties
of ionising radiation at or near background levels. The epidemiological studies
required to demonstrate such an effect are formidable in expense and organisa-
tional complexity. An alternative is to attempt to identify leukaemias (and other
cancers) with a radiogenic aetiology from specific molecular signatures, and to
apply molecular epidemiological methods to identify people in the population at
higher than normal risk from low level exposure.

Like all cancers, leukaemia can be considered as a genetic disease at two levels
[5]. The first level of leukaemogenesis involves the rearrangement, mutation,
or loss of key genes in a specific target cell, and the replication of the
altered genes in the progeny of the affected cell. The second level is the con-
stitutionally determined risk of incurring these changes in the bone marrow.
This seems to be distributed unevenly through the population, since leukaemia is
manifestly a rare disease in relation to sources and levels of potential environ-
mental leukaemogens.

The somatic genetic changes that cause leukaemia can clearly be seen as non-
random chromosomal rearrangements in leukaemia cells [6]. Typically, they take
the form of reciprocal translocations between non-homologous autosomes, though
non-random duplications and deletions also occur. The clonal restriction of
chromosomal changes is evidence that leukaemia originates in a single haemo-
poietic stem or progenitor cell, and the absence of cytogenetic abnormalities
from normal haemopoietic cells indicates that leukaemia, like most cancers is
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principally a disease with a genetic basis. Specific leukaemic translocations
are usually associated with specific subtypes of leukaemia, and involve gene
rearrangements which alter the expression of specific oncogenes and transcription
factors. Gene expression as a result of translocation exerts a dominant effect
and appears to be the primary genetic event in leukaemogenesis. It differs from
the genetic lesions usually found in solid tumours which are often chromosomal
deletions. These are associated with the loss of function of a class of cell
growth regulating genes known as tumour suppressor (TS) genes. This distinction
between leukaemia and solid tumours is not absolute. Specific chromosomal
deletions, probably involving TS genes, also occur in leukaemias. They are also
thought to characterize therapy-related leukaemias, and suggest that gene and
chromosomal deletions induced in bone marrow by radiation may be a significant
leukaemogenic hazard [7].

There is currently no evidence that leukaemic translocations are transmitted in
the germ line causing leukaemia in offspring, but there is evidence that con-
stitutional chromosomal abnormality in general is associated with an increased
risk of leukaemia. This contrasts with evidence that hemizygous inactivating
mutations and deletions in TS genes, such as the retinoblastoma gene, can be
inherited in the germ line, after which expression of the tumour phenotype
requires a "second hit" mutation in the remaining TS allele of a specific target
cell. Germ-line transmission of chromosomal deletions has been observed in rare
leukaemia families, and recent studies have identified homozygous deletions in
the MTS-1 (multi-tumour suppressor)/pl6 gene in some leukaemias [8].

The earliest events in tumorigenesis are known as initiation. They are charac-
terised by gene mutations which are probably irreversible and ultimately lead to
cancer, and succeeded by events such as cell-proliferation, which promote cancer,
and finally by progression, which involves further rounds of gene mutation and
selection. Radiation damage to the bone marrow is primarily targeted at the DNA.
Each bone marrow target cell contains some 2 metres of DNA, consisting of about
6 x 109 nucleotide base pairs arranged into about 105 genes of different sizes.
Each gene has varying numbers of coding sequences, or exons in which nucleotides
are arranged into triplets or codons which specify an amino-acid, interspersed
with non-coding sequences or introns. The capacity of radiation to procure the
key genetic changes which initiate leukaemia, rather than to inflict generalised
damage on bone-marrow with leukaemia as a rare secondary event is not clear. The
current uncertainty stems in part from the lack of an appropriate molecular
signature with which to identify radiation induced leukaemia.

The notion that a person's genetic makeup can influence the risk of cancer and
leukaemia, long the source of scepticism, has recently undergone considerable
revision [5]. It is now clear that both single gene, and polygenic contributions
can increase cancer risk. The situation in the case of radiation-induced
leukaemia is more controversial. There are clearly a number of rare inherited
single gene disorders, such as ataxia telangiectasia, and Fanconi anaemia,
associated with an increased risk of leukaemia. The continuing controversy
surrounds the question of radiation induced germ-line mutation as a cause of
childhood leukaemia. The epidemiological arguments against a single-gene are
quite strong, and assessments of mutation rates required are well in excess of
those for conventional single gene disorders. Again, however, the matter might
easily have been decided by molecular analysis had a specific target gene been
identified.
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There have been few attempts to identify and quantify the hereditary component
of human leukaemia, much less to determine how this relates to the risks posed
by radiation exposure. Scepticism about the role of heredity in leukaemia has
long been fuelled by its apparently low frequency among siblings and other family
members, but this assumes that conventional patterns of inheritance and disease
expression apply. That they may not, has come from an increasing recognition of
the hereditary background to complex diseases and the influence of factors which
modify disease expression such as penetrance and imprinting, anticipation, and
threshold effects due to additive and interactive effects between different loci.
The fact that multiple-case leukaemia families do occur, and that there are
increased risks of leukaemia among siblings suggests that there is a hereditary
contribution. This is supported by evidence of increased leukaemia risk
associated with inherited bone-marrow failure, chromosomal instability, primary
immunodeficiency and some types of inherited cancer.

In sporadic leukaemia, hereditary effects probably influence the risk of
leukaemia by affecting the response to environmental hazards. In a situation
where the level of hazard is both constant and low, the risk of leukaemia may be
determined by a threshold effect. Variations in normal alleles at several loci
may contribute incrementally to the risk of reaching the threshold, and in some
instances may exert a rate-limiting effect. In contrast, acute exposure is
likely to swamp any contribution by heritable susceptibility. The identification
of this heritable contribution to sporadic leukaemia represents a considerable
challenge, but there are some clues. If we regard the hereditary contribution
as falling into two broad types it is possible to envisage how differences in
risk between individuals might be determined [9] . We can call genes involved in
inherited disorders associated with an increased risk of leukaemia, leukaemia-
predisposing genes. They are inherited initiating mutations which are both
necessary and sufficient to cause leukaemia under non-extreme environmental
conditions. They are carried in the germ-line and are often associated with
increased genetic instability under conditions of external stress.

The second broad category are leukaemia-susceptibility genes. These are neither
necessary nor sufficient to cause leukaemia, are generally normal allelic
variants of polymorphic genes [10], and probably act in concert with other genes.
They contribute to a threshold of genetic sensitivity and may be rate-limiting
under conditions of low-level environmental exposure. Included among suscepti-
bility genes are mutations in recessive predisposing genes in heterozygous form.
These may also contribute incrementally to the risk of bone-marrow damage par-
ticularly under conditions of external stress, such as radiation.

Given current knowledge of the identity of susceptibility and predisposing genes,
how might new genes be identified? The dearth of leukaemia families makes the
task of conventional genetic linkage analysis particularly difficult. The associ-
ation of leukaemia with other inherited disorders and the identification of the
genes causing these disorders provides at least one solution to the problem.
Another involves searching for constitutional translocations in patients with
leukaemia, and defining the genes which are bisected by chromosomal breakage.
A further approach is to carry out autozygosity mapping in consanguineous
families. Yet another method involves the use of association and linkage dis-
equilibrium analysis among prospective cohorts of leukaemia patients with the
same subtype, on the assumption that in at least a proportion of cases the
heritable contribution is the same. Finally, there is the direct analysis of
mutations in specific genes. The task of assessing the genetic contribution is
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not now limited by the scope of the techniques available. It is a question of
the extent and ethics of presymptomatic population screening.

To summarise the foregoing discussion, the key genetic changes in leukaemia have
been defined, but research into the presymptomatic detection of these changes
probably deserves more effort. It is likely that the risk of leukaemia is deter-
mined to some extent by a person's genetic makeup. We can predict that there are
two broad types of hereditary contribution to leukaemia in the form of leukaemia-
susceptibility and leukaemia-predisposing genes. They are not mutually exclusive
and may occur simultaneously in individuals at high risk. Both determine a
person's response to environmental hazards, and in some situations may be rate-
limiting. Rapid progress with the techniques of population molecular screening
will soon make it possible to determine the extent of the hereditary contribution
to sporadic leukaemia in relation to histories of radiation exposure. In the
longer term it may be desirable to determine the population distribution of
predisposing and susceptibility genes and to relate this to the development of
radiation protection measures. Many of these arguments also apply to the risks
of radiation induced cancer and hereditary disease. The challenge will be to
distinguish the important from the less important issues.
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