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INTRODUCTION
1. Basic information on cancer induction is crucial that a much more detailed picture be gained

(oncogenesis) by radiation comes from cpidemio-
logical studies of exposed human populations. These
give evidence of the relatively wide range of neo-
plasms involved and of the latency periods and the
dose levels at which they are observed. It may be that
the limits of resolution of such data are being reached,
and for absorbed doses of less than 0.1-0.5 Gy of low
linear energy transfer (LET) radiation, there may be
increasing dependence on extrapolation procedures.
Since most human exposures to radiation occur at
doses substantially below 0.5 Gy, the validity of such
extrapolations is a crucial factor in risk estimation.

2. The extrapolation of radiation response to low
levels of dose is made with dose-effect models derived
from physical and biophysical studies of the action of
radiation on biological systems [C1, G1, U2]. The
principal appeal of these models is that they attempt to
describe dose-effect with simple linear or linear-
quadratic equations, While in recent years considerable
efforts have been made to validate such models of
radiation action with respect to fundamental biological
factors, such as the macromolecular structurc of
cellular targets and the influence of post-irradiation
repair processes [C2, G2], the unqualified application
of simple biophysical equations to a complex multi-
factorial biclogical process such as cancer induction is
problematic. That is not to say that simple extrapola-
tions and approximations from animal and cellular
dose-effect data will not be possible, but rather that
there is as yet insufficient knowledge to make them
with confidence.

3. So that futurc cxtrapolation of high-dose
epidemiological data may be made with confidence, it

of the cellular and molecular processes that mediate
oncogenic change in mammalian cells. Much of the
mechanistic knowledge of radiation action is derived
from studies on cell inactivation, chromosomal change,
mutagenesis and the repair of deoxyribonucleic acid
(DNA). These data will all continue to contribute
towards a broad solution to the problem, but until they
can be placed in the correct context through the
identification of specific neoplasia-associated cellular
events, their direct relevance to oncogenesis will
remain uncertain.

4,  There is strong evidence that oncogenesis is a
multi-step process involving the accumulation of a
series of genetic and epigenetic changes in a clonal
population of cells, that different steps characterize
different neoplasms and that the whole process is
strongly influenced by genctic, physiological and
environmental factors. The characterization of mecha-
nisms of radiation oncogenesis is therefore a daunting
challenge. Its importance to future estimates of cancer
risk is, however, sufficiently great that the challenge
must be accepted.

5. Itis also important to stress that in addition to its
obvious relevance to radiological protection, the
further understanding of the mechanisms of radiation
oncogencsis would contribute substantially to funda-
mental cancer research, a very active and rapidly
developing field in which breakthroughs are being
sought. This Annex outlines some of the principal
problems, broad thcories and experimental strategics
regarding the mechanisms of radiation oncogenesis
and attempts to anticipate future studies and their
potential application in radiation risk estimation.
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I. STRUCTURE AND FUNCTION OF MAMMALIAN CELLS

6. A brief description of the cell, its structure and
functioning in the mammalian organism will serve as
background information for the discussion to follow.
Only those more basic aspects of the cell and of
molecular biology that are relevant to this Annex are
given here. More detailed information can be found in
the references (c.g. [Al, C7, W1, W2, WS5])).

A. CELLS AND TISSUES

7. The cell is the basic unit of all organisms. Each
mammalian cell is bounded by a complex, semi-per-
meable lipid and protein membrane, which actively
mediates the two-way flow of metabolites and presents
protein receptor sites to allow the cell to interact with
its environment. Contained within the membrane is a
highly organized aqueous milicu, the cytoplasm, which
contains numcrous organelles, principally the nucleus
containing the genetic material of the cell (see below),
mitochondria (for the gencration of biochemical
cnergy), the endoplasmic reticulum (providing surfaces
for biochemical reactions) and protein-nucleic acid
complexes termed ribosomes (for protein synthesis).
Proteins synthesized on ribosomes may act structur-
ally, as catalysts of biochemical reactions (enzymes),
or play a coordinating role in ccll physiology (intra-
cellular regulators, growth factors, cytokines and
bormones).

8. At certain points in their life history cells are
required to reproduce themselves; this is achieved by
transit through the cell cycle. Most cells established in
culture have cell cycle transit times of 18-24 b; in vivo
cell cycle times range up 1o a week, these longer
periods reflecting varying periods of quiescence in one
phase of the cycle. In this cycle the genetic material of
the cell is replicated and shared equally between the
two identical daughter cells that result from the cell
division that terminates the cycle.

9.  Even at the single-cell level, the complexity of
the biochemical and biophysical reactions that are
required for maintenance of biological function is
immense. In multicellular organisms, however, cells
are required to act in concert in order to provide
specialized tissue functions. Beyond that, tissue func-
tion itself is required to be interactive, so that the
whole physiology of the organism is coordinated and
responses 10 appropriate cnvironmental conditions are
available,

10. Although grossly simplistic, the above outline is
sufficient to demonstrate thc nced for a highly
complex network of information transfer, which must
have its origins in single-cell function and response.
The source of this lies in the cell nucleus, specifically

in the nucleoprotcin complexes that make up the
microscopic bodics termed chromosomes.

B. CHROMOSOMES

11. Chromosomes are basic components in cellular
reproduction. Before every somatic cell division,
chromosomes are duplicated, and cach daughter cell
normally receives an identical sct of chromosomes.
Each mammalian species is characterized by a
particular and constant chromosome number, size and
morphology.

12. Each chromosome contains a single nucleic acid
polymer, deoxyribonucleic acid (DNA), which is
complexed along its length by proteins such as those
of the histone family and others with roles in the
regulation of chromosome structure and DNA
metabolism. The DNA forms the crucial structural
entity, but the whole nucleoprotein complex has a
series of orders of structure progressing through
secondary solenoid-like bodies (nucleosomes), which
stack together to form tertiary chromatin fibres. The
individual chromosome, the quaternary structure, is
composed of a complex arrangement of these fibres
maintained by matrix and scaffold proteins.

13. Although the maintenance of overall
chromosome structure is crucial for DNA metabolic
processes such as condensation, transcription,
replication, recombination and repair, it is the DNA
polymer itself that is the source of cellular information
and, thereby, physiological control.

14. The information is encoded in a linear sequence
of alternating aromatic (nucleic acid) basc pairs. The
pairing is achieved by a double-stranded helical
arrangement, where the four bases, adenine (A),
thymine (T), guanine (G) and cytosine (C), on onc
strand are covalently linked to a sugar-phosphate
backbone and specifically pair (A with T, G with C)
with the bases on the opposite strand through
hydrogen bonding. The relatively weak hydrogen
bonding between base pairs allows unwinding of the
DNA duplex, which is necessary for some aspects of
DNA processing. In particular, DNA replication
through DNA polymerase enzyme activity has to occur
with high fidelity cach time the cell is preparing to
divide. This fidelity is achieved by unwinding the
DNA and replicating the basc sequence on the two
strands.

15. The base pair code in DNA is arranged in
subunits of three bases, termed codons. Amino acids,
the building blocks of protein, are specificd by codons,
and a string of codons is able to dectermine the
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structure and thereby the function of a single protein
(polypeptide chain). Such a functional string of DNA
codons represents the basic unit of cellular information
and hereditary, the gene. Three specific codons act as
"stop” signals, thercby indicating the point at which
the gene code is terminated. While all others specify
an amino acid, the code is degenerate in that there is
more than onc codon for most amino acids, i.e. 61
coding units detcrmine the 20 natural amino acids.
Other non-coding DNA sequences associated with a
given gene act to regulate its activity. In mammalian
cells it may be estimated that there are approximately
100,000 genes, each of which depends for its correct
function on maintaining a constant DNA base
sequence. Changes in these sequences by base pair
substitution, loss or addition can change gene function;
such changes are termed genetic mutations. However,
damage to the DNA does not always result in
mutations, since cellular DNA repair enzymes are
often able to restore both damaged DNA base and
damaged sugar phosphate backbone.

16. Most cellular DNA does not code for proteins,
and even allowing for base sequences that act to con-
trol gene expression, there appears to be much func-
tional redundancy in the mammalian genome. This
feature implies that DNA damage in certain chromo-
some regions will have little or no consequence for the
cell, while in other regions damage may change the
activity of key genes, leading to changes in cellular
properties. Gene expression occurs when a single-
stranded nucleic acid, ribonucleic acid (RNA), is
synthesized (transcribed) from the gene. In mammalian
genes only part of the linear base sequence actually
codes. The coding segments (exons) are separated by
non-coding segments (introns), which often constitute
the major portion of the gene. Consequenty, the
primary RNA transcribed from the whole gene has to
be appropriately cut and spliced before it is fully func-
tional. This messenger RNA (mRNA) contains a string
of codons complementary to those of the gene, and
these are used by cellular ribosomes to construct the
specified protein, Transcriptional processes and hence
gene product availability are closely coordinated in
cells by a series of interacting feedback loops.

17. In a given mammalian species, all cells contain
the same genes; these cells may, however, differ in the
relative activity of those genes, Developmental pro-
cesses involve the selective functional activation and
inactivation of many genes. While a core function is
maintained by so-called housckeeping genes, specia-
lized functions in tissues require the expression of
appropriate scis of (luxury) genes in certain cell
lineages. This reprogramming of the genome has to be
stably maintained, since such specialized functions
have to operate throughout the subsequent life-span of
the cell. It may therefore be scen that this coordinated
programming underlies cellular and tissue differentia-
tion and is hence a central feature of normal organo-
genesis and tissue maintenance. Gene programming,
which must be initiated early in embryogenesis, is
believed to have its origins in gene activation/
inactivation through secondary biochemical modifica-
tion to DNA, such as DNA base methylation, changes
in chromatin structure and/or stable protein binding
[H16, M44]. Growth factors, hormones and cytokines
also play a role in the mediation of differentiation in
many tissues. Such stable changes in gene expression
and cellular properties (phenotypes) in the absence of
DNA base pair changes are essentially non-genetic and
are often referred 1o as being epigenetic. The specific
rearrangement of immunoglobulin germ-line DNA
sequences is known to play a key role in the genera-
tion of immunocompetence in white blood cells; DNA
rearrangement is not, however, believed to be a major
mechanism of cell differentiation.

18.  While fundamental knowledge of gene function,
control and mutation may be traced back to pionecer
work in micro-organisms [H1, J1], bigher organisms
have progressively more complex biological problems,
including cancer development (oncogenesis). In a
broad histopathological sense, cancer in mammalian
lissues presents itself as a caricature of normal cell
and tissue development. In some way, intrinsic bio-
logical control at both the cellular and tissue level has
been subverted. Chapter II outlines some of the
theories relating to oncogenesis, particularly those that
are relevant to its induction by the exposure of
mammalian cells to ionizing radiation,

II. PRINCIPAL THEORIES OF ONCOGENESIS

19. During the last decade there has been a
remarkable increase in knowledge of the roles of chro-
mosomal change, of specific cellular genes and of in-
herited mutations in buman oncogenesis. However,
huge gaps remain in the understanding of the problem.
In the context of radiation oncogenesis, great uncer-

tainty exists in the nature and consequences of the
genctic/epigenetic events that mediate the inductive,
promotional and progression processes, in the mecha-
nisms and contribution of human genetic susceptibility
and in differences in oncogenic mechanisms following
exposure to radiation or chemical carcinogens.
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A. INDUCTIVE AND DEVELOPMENTAL
PROCESSES

1. DNA as a principal target
for radiation action

20. The genetic material (DNA) of the cell is known
to be damaged following exposure o ionizing
radiation. Many induced DNA base damages have
been identified (e.g. [F13]), and the induction of DNA
strand breakage in cells has recently been reviewed
[W12]. There is compelling evidence from a range of
in vitro cellular studies that the main detrimental
effects of radiation derive from its ability to damagc
cellular DNA. First, at the cellular level it has been
shown through selective radioisotope irradiation that
the cell nucleus contains the principal targets
dctermining radiosensitivity (see, e.g. [H2, H3]).
Secondly, radiation-induced chromosomal damage may
be quantitatively corrclated with cell inactivation (sec,
e.g. [J4, L1]) and, to a lesser extent, mutation [C3}.
Thirdly, in highly radiosensitive mutant strains of both
micro-organisms and cultured mammalian cells, there
is a good correlation between radioscnsitivity and
genetic deficiency in the cellular processes that act on
DNA damage [F1]. It has also been shown that the
induction of DNA double-strand breaks (dsb) in cells
by the introduction of restriction cndonuclease
enzymes mimics the chromosomal damage resulting
from radiation exposure [N1] and that there is a
quantitative correlation between DNA dsb induction/
repair and celiular radiosensilivity [R1]. Although
none of these observations exclude the involvement of
non-DNA targets in some aspects of cellular response,
they provide strong evidence for induced DNA
damage as the principal mechanism of radiation action.
Most of these data relate, however, to radiation-
induced chromosome damage and cell inactivation.
While the evidence is less cxtensive, in vitro cell
transformation has been shown to be induced by DNA
breaks produced in cells by restriction endonucleascs
(B9]: other evidence, outlined in paragraphs 162-165,
provides additional support for a DNA target for in
vitro cell transformation.

21. Microbial genetic techniques have also
established a convincing correlation between the
capacity of physical and chemical agents to induce
somatic mutations in DNA and their activity as
carcinogens (see, ¢.g. [A2]). This basic somatic
mutation theory of cancer induction, although defining
the principal macromolecular target for radiation
oncogenesis as DNA, leaves unanswered important
questions regarding the number of cells that need to be
mutated in order 1o initiate the process, the number of
gene mutations that are required, whether specific gene
mutations in target cells are needed and whether these
mutations arc dominant or recessive in their action. In

recent years, the application of modern methods of
cell and molecular genetics to the characterization of
ncoplasms has led to a significant increase in the
understanding of many of these questions.

2. The single-cell origin of neoplasia

22. Inorder to understand the molecular mechanisms
of oncogenesis and the role of genetic and epigenetic
change, it is most important to first consider the
ccllular derivation of discase. Evidence for the
monoclonal origin of neoplasia comes from a number
of sources.

23. In female mammals, all of whom are hetero-
zygous for X-chromosome-linked genes, X-chromo-
some inactivation leads to a mosaic of somatic cells in
tissues with cells of different clonal origin expressing
different forms of the same gene product (i.e. iso-
enzymes), depending on which X-chromosome
remains active. Ncoplasms in female mammals have,
in the vast majority of cases, been shown to have only
a single form of the gene product (i.e. a single
phenotype), implying that the neoplasm was of mono-
clonal origin [F1]. Studies utilizing restriction enzyme
polymorphisms of characterized and anonymous DNA
sequences, chromosomal markers and oncogene and
immunoglobulin gene rearrangements have all con-
firmed the original X-chromosome biochemical studies
[T1, W3]. Convincing evidence for the monoclonal
origin of human and murine colorectal cancer has been
provided by cytogenetic and molecular studies of
benign and malignant manifestations of this discase
[F8, P7]. Most, if not all, malignant human colorectal
carcinomas arise from pre-existing benign adenomas
[S17]. Thus, although normal colonic epithelium is
polyclonal, adenomas arise within single pockets of
cpithelium, indicating that they were initiated within a
monoclonal population of stem cells [F8, F9]. The
characteristic cytogenetic and molecular features of
such adenomas fully supports this contention. In
addition, early pre-neoplastic haemopoietic cells
carrying characteristic chromosomal rearrangements
have been shown to convert in a monoclonal fashion
to overt malignancy (paragraph 72); in animal studies,
the monoclonal origin of chemically induced tumours
is further supported by the finding of characteristic
point mutations in ras proto-oncogencs of rodent skin
papillomas/carcinomas and breast tumours (paragraphs
188 and 189). Studies on the p53 gene in human
tumours associated with chemical or sunlight exposure
also support the monoclonal origin of neoplasia
(paragraph 194).

24. Overall, it may be concluded that ncoplasms with
double phenotypes are rare and that neoplasia develops
infrequently from a mixed population of normal cells.
Double phenotypes have been recorded in some
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induced animal ncoplasms, usually where high doses
ol a potent carcinogen were employed. This probably
reflects the coalescence of adjacent primary neo-
plasms, but there is some cvidence that some double-
phenotype polyploid neoplasms may originate through
the fusion of two single-phenotype cells [T1].

25. Despite the compelling evidence that single
ncoplasms arisc from single ancestral progenitor cells,
some caution nceds to be exercised with regard to the
implications for oncogenic mechanisms. Since many
rounds of cell reproduction and clonal cvolution/
selection occur between neoplastic initiation and final
malignancy, the obscrvations summarized above do
not exclude initiation of a number of target cells,
polyclonal pre-necoplasia and subscquent predominance
of a single successful cancer clone. In these contexts,
models of radiation carcinogenesis requiring induced
damage in more than one ccll have been proposed
(M1], and it has been argued that radiation-induced
murine acute myeloid leukacmia may not develop, as
conventionally viewed, through a series of clonal pro-
gressions [M2]. It is inherently difficult to study clonal
contributions to pre-ncoplasia in most irradiated tissues
and the problem is not one that will be easily resolved.

26. However, these qualifying remarks do not in the
main detract from the conclusion that the majority of
ncoplasms originate from damage 1o single cells. In
principle, therefore, the traversal of a single target cell
by one ionizing track from radiation has a finite pro-
bability, albeit low, of initiating neoplastic change. On
this basis, although only a proportion of induced pre-
neoplastic cells may convert to malignancy, the initia-
tion process may be expected to show a non-threshold
response. This may bc contrasted with a hypothetical
process whereby neoplasia is initiated through damage
accumulation in an adjacent sct of target cells, pro-
ducing, for example, a "ficld effect” in the tissue,
resulting in aberrant differentiation. The predictions
arising from this are (a) that a significant proportion
of benign and malignant neoplasms will be polyclonal;
(b) that the requirement for multi-cell damage will
tend to produce a dose-effect relationship having a
clear low-dose threshold. The current state of know-
ledge provides litle general support for such hypo-
theses, and in the case of human bladder cancer,
where field effects have been specifically postulated,
recent molecular studies show multiple site tumours to
be monoclonal in origin [S47]. Against this, some
benign neurofibromas have, however, been shown to
be of polyclonal origin [W6], and threshold-like
responses have been reported for the induction of
some animal tumours by radiation (sce, e.g. [O5]).
Related to this are problems regarding the role of
multiple events ("hits"), genomic instability and
cellular defense mechanisms in neoplastic develop-
ment. These receive comment later in the Annex.

3. Genetie changes in oncogenesis

27.  During the last decade, investigation of the genes
dircctly involved in neoplasia has becn onc of the
most rapid growth arcas in cellular and molecular
genetics. Consequently, only a very brief summary is
possible (sce [Bl, B6, B18, H4, H46, S18, S63, W14,
W20] for reviews). Although the association between
chromosomal change and neoplasia was established in
the early years of cancer research, the contribution of
specific genctic changes to the neoplastic phenotype
had to await the advent of recombinant DNA
techniques, which allow the identification, isolation
(cloning) and characterization of relatively small DNA
sequences from whole genomic complexes.

(a) TProto-oncogene activation

28. In this arca of rescarch, a major breakthrough
was achicved when it was shown that oncogenic DNA
sequences (v-onc) in an avian virus had related proto-
oncogene sequences (c-onc) in normal avian DNA
[S1). This approach initially identified c-src but was
subsequently extended to other proto-oncogenes, e.g.
c-ras (v-ras of rat sarcoma virus) and c-abl (v-abl of
Abelson murine leukaemia virus). Using v-onc
molecular probes, it has been possible to isolate and
subsequently characterize cellular DNA sequences that
encode a range of oncogenes [B1]. These and other
cellular oncogenes have been characterized by other
experimental approaches: ’

(a) by transferring DNA purified or cloned from a
necoplasm into suitable host mammalian cells and
establishing a correlation between the genomic
integration of a specific donor DNA sequence
and the acquisition of a quasi-ncoplastic cellular
phenotype (see, e.g. [C4, G3]);

(b) by identifying host DNA sequences that arc
consistently and specifically activated by the
adjacent integration of oncogenic viruses (sce,
e.g. [M3, N2])

(c) by isolating and characterizing DNA sequences
that are located in the breakpoint region of
chromosomal  rearrangements  consistently
associated with specific neoplasms (sce, c.g.
(D1, H4, S63]);

(d) by using molecular hybridization techniques to
identify new oncogenes that have conserved
certain DNA sequences and are therefore part of
a large genc family, some members of which are
alrcady known.

29. The characterization of oncogenes in human and
animal neoplasms and in in vitro cellular systems
initially leads to the following broad conclusions:

(a) altered cxpression of oncogenes may occur
through point mutation [B6, B18], chromosomal
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translocation and juxtaposition with another
DNA sequence [H4, S63), insertion of relatively
short and specific viral or genomic sequences
[N2] or through genc amplification (gencration
of multiple oncogene copies) (sce, e.g. [N7]):
there is also cvidence that epigenetic
mechanisms, such as changes in the cxtent of
DNA methylation, may also play a role in the
expression of genes involved in ncoplastic
changes [F23, J5, S19];

(b) these mechanisms arc often characteristic of
particular oncogenes but are by no means
mutually exclusive;

(c) the activation of particular oncogenes may
characterize histopathologically rclated
neoplasms, but equally, the same oncogene may
play different temporal roles in different
neoplasms [B6];

(d) a given ncoplasm will often contain structural
and/or activational changes in a number of
known oncogenes, and there is evidence for
oncogene cooperation in the devclopment of
neoplastic phenotypes [H12]; thus, long latency
periods might be explained by the need to
accumulate such changes;

(e) oncogene activation often generates a dominant
phenotypic trait.

There is an ever-growing list of proto-oncogencs,
many of which have known chromosomal locations
and functions within the cell (see e.g. Table 1); some
of thesc are referred to at various points in this Annex.

(b) Tumour suppressor gene inactivation

30. Tt may be argued, however, that despite their
clear relevance to oncogenesis, dominantly acting
oncogenes probably reflect only one aspect of the
whole phenotype, determined in part by early scientific
methods. In recent years, this view has received strong
support from cytogenetic and molecular studics, which
have revealed consistent loss of chromosomal regions
and genes in a range of human neoplasms [M4, P1,
S18, S19, S34]. Such specific losses during oncogenic
development are suggestive of a major role for
negative regulatory genes and recessive effects in
oncogenesis.

31. The loss of negative regulatory signals from
genes has been suspected for some years to be an
important aspect of ncoplastic development. Such
genes, often collectively referred to as tumour
suppressor genes, were originally proposed by
Knudson to be specifically involved in the hereditary
predisposition to certain autosomally determined
childhood cancers, in particular retinoblastoma [K1,
P12] of which 30%-40% are of the heritable type.
Knudson’s two hit hypothesis for the induction of such

ncoplasms requires the scquential mutation/loss of
both copics of a specific suppressor gene. According
to these proposals, the same mutant gene is involved
in both familial and sporadic forms of the neoplasm.
In the former case, the first mutation occurs pre-
zygotically and is thus present in all somatic cells of
the offspring. This is then followed by mutation of the
second gene in target somatic cells of the affected
organ. In the latier case (sporadic neoplasms). both
mutations occur post-zygotically in the same target
somalic cell. In general, tumour suppressor genes may
be viewed as providing negative cellular effects, for
the purposes of maintaining cells in a normal
proliferative state and/or regulating normal cellular
differcntiation programmes.

32. The positive phenotypic role of oncogencs
provides strong sclection in experimental systems
(paragraph 28) and was a major factor in their carly
identification and characterization. In contrast, such
selection is far more difficult to achieve for suppressor
functions, and as a conscquence, rescarch in this area
did not make rapid progress until recently.
Nevertheless, there is now persuasive evidence that
suppressor genes play a normal role in cell cycle
contro}, cell senescence, signal transduction and
differentiation and that their loss can contribute to the
development of a broad spectrum of neoplasms,

33. The function of tumour suppressor genes was
first experimentally demonstrated in somatic cell
hybrids produced from the in vitro fusion of normal
and tumour cells (NT hybrids) [H29, S18]. In these
studies, it was shown that genetic contributions from
normal cclls suppressed the neoplastic potential of the
tumour cells, i.c. the malignant state was recessive and
subject to negative regulation. As NT hybrids
proliferated, they often lost chromosomes, and the loss
of certain chromosomes was accompanied by a
reversion 1o a neoplastic phenotype. Thus, tumour
suppression was secen to be specific to certain
chromosomes and, by implication, to specific genes.
Recent technical advances allow the introduction of
single normal chromosomes into tumour cells, and this
microcell transfer technique has been used to map
putative suppressor genes to  specific  human
chromosomes (see, e.g. [S34, T3]).

34. The genetic pedigree analysis of cancer-prone
familics has also proved to be a powerful tool in the
identification of tumour suppressor genes and their
linkage on the human genome, Here it is important to
recognize that for autosomal "loss of function™ genctic
traits associated with tumour suppression, the
appearance of tumours in oflspring is manifested as a
dominant trait. Although the genes function in a
recessive fashion at the cellular level, their dominance
within family pedigrees reflects the high probability
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that, in heterozygous offspring, the normal gene will
be lost from a target somatic cell, thus initiating the
specific tumour. These losses may, in some tumours,
be evidenced by specific chromosome deletion events,
and the identification of 13q decletions in retino-
blastoma and 11p deletions in Wilms’ tumour (see
[S18, S19]) provided important early clues as lo the
location of the respective tumour suppressor gencs.
This approach has also been extended to familial
adenomatous polyposis (FAP) [S20] and multiple
endocrine ncoplasia type 2 [L.8], but here allelic losses
do not always occur in the chromosomal region that is
associated with the cancer predisposition locus.

35. Molecular approaches to suppressor gene
identification in human tumours have centred on the
analysis of the loss of specific chromosome regions
where parental genetic contributions may be identified
by the presence of DNA restriction fragment length
polymorphisms (RFLPs); that is, where the two auto-
somal chromosome regions may be genetically distin-
guished in normal cells of the patient, it becomes
possible to use molecular analysis to distinguish
specific DNA losses through the loss of heterozygosity
in tumours [M4, §19]. Thus, consistent DNA losses
for a set of linked genes in a specific chromosome
region may bc taken as preliminary evidence for the
presence of a tumour-specific suppressor gene in the
region. This has proved to be an extremely powerful
technique for resolving subchromosomal losses and
has provided important information on the position
and linkage of putative suppressor genes for a range of
human tumour types [S18]. It is becoming increasingly
clear that many different tumour types are character-
ized by specific losscs, that the same losses are oflen
apparent in different tumour types and that multiple
losses are not uncommon. Parental effects on gene
loss have also been observed in some tumours (para-
graphs 58-60), and overall, it is now obvious that the
loss of suppressor gene function plays a very impor-
tant role in oncogenesis at both the initiation and
progression levels [S18, S19].

36. From these crucial observations on the
chromosomal linkage of tumour suppressor genes it
has proved possible to obtain molecular clones
representing the RB, WT, p53 and K-REV 1 gencs (sce
[S18, S19]) and, more recently, candidate genes for
buman FAP characterized by colorectal carcinoma
associated with chromosome 5q DNA sequence losses
|F8, K15, N16]. A putative suppressor gene (NF-1) for
neurofibromatosis has also been isolated [W6].
Table 2 provides a summary of the suppressor gene
loci implicated in human tumorigenesis. For some of
these it is now possible to suggest specific cellular
functions and link these to oncogenic processes.

37. For RB and p53 genes, a principal role of the
protein products appears 1o be in the control of the

cell cycle {C10, N23] (sce also paragraphs 43-52). In
the case of FAP, the closcly linked and structurally
related APC and MCC genes on 5q were candidate
determinants of colorectal carcinogenesis, and it has
been suggested that they may act in concert to control
the proliferation of colonic epithelium. Both genes
were found to be somatically mutated in sporadically
arising tumours, and APC was found to carry point
mutations in the germ line of FAP patients [K15,
N16]. Morcover, the APC gene has been implicated in
gastric and pancreatic tumours in man [N17] and, in
the mouse, is also a germ line detenminant of gastro-
intestinal tract cancer [S48]. APC somatic gene
inactivation is principally associated with point
mutation or delction, but in one case of human colon
cancer, L1 transposon insertion was detected [M46].

38. While RB gene function has provided a relatively
straightforward example of recessive suppressor gene
function, not only in eye tumours but also in other
tumour types (sce, e.g. [L21]), other tumour
suppressor genes may not operate in such a simple
manner, and multiple locus interactions may be a more
common feature of such genes. There is evidence that
predisposition to and development of Wilms’ tumour
is genetically complex [D12, F10}], and recent studies,
noted above, suggest that the phenotypic variation
between FAP kindreds might be explained by the
interaction between APC and MCC genes. In addition,
some uncertainty still surrounds the genetics of the
p53 gene. This gene has been shown to have the
properties of a suppressor gene in colorectal carcinoma
[B19], and its germ line function in Li-Fraumeni
patients (paragraph 127) supports this contention.
However, p53 in certain forms has also been shown to
cooperate with ras in transforming primary rodent
cells [H17), where it appears to act in a quasi-
dominant fashion (see also [D15]).

39. Inthis context, the interaction between sequential
gene losses and gene activation has been most clearly
demonstrated in human colorectal cancer. Here
mutatjons in at least four or five genes appear to be
required for full malignant conversion, with fewer
events being required for benign changes [F8, K15,
N16]. There is also evidence that while there may be
some degree of preference in the sequence of somatic
cell genctic events in colorectal carcinogenesis, the
overall accumulation of such changes may be more
important [F8, F11]; these changes are illustrated in
Figure 1. Chromosome 5 genes may be APC and/or
MCC: chromosome 18 losses may involve the DCC
gene and chromosome 17 losses may involve the p53
gene.

40. The escape from cellular senescence and the
acquisition of cellular immortality is believed to be an
important feature of the oncogenic process. Recent
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studies suggest that ccllular senescence is a process of
quasi-differentiation, which results from recessive
changes in growth-inhibiting genes [G8]. The p53
gene has been implicated in the immortalization of
some murine cells in culture [H39, R15], and a role
for normal suppressor gene function in maintaining the
senescence process now secms likely; thus, a loss of
such genes could be viewed as an integral part of nco-
plastic development.

41. The immortalization, or life-span extension, of
cells in vitro may be achieved by the introduction of
viral or cellular oncogenes, and this may be linked
with the function of these genes in controlling cyto-
plasmic signal transduction and/or cell proliferation
(paragraphs 43-52). In vivo, many oncogenic viruses,
while eliciting a chronic proliferative rcsponse in
tissues, do not induce one-step oncogenesis, and
further cellular mutations are needed. In the case of
viral hepatocellular carcinoma, p53 mutation appears
to at least partially meet this need (paragraph 117).
Similar conclusions may be formed from the observa-
tion that many immortalized human cell lines do not
form tumours when transplanted into immunodeficient
mice (see, e.g. [C17]). Thus while immortalization, or
life-span extension, may well involve tumour sup-
pressor gene changes and be an important step in the
evolution of most tumours, it is not itself an unambi-
guous marker of tumorigenic potential.

42. In conclusion, it may be seen that both positive
regulatory signals from activated oncogenes and the
loss of negative signals from suppressor genes con-
tribute, in an interactive fashionyto the development of
ncoplasia. As may be anticipated, oncogenes and
tumour suppressor gencs have a normal role to play in
cell physiology, and it is through lack of or in-
appropriate expression, relatively minor structural
change and combined cffects that they enable the cell
to evade the normal constraints of proliferation,
migration and terminal differentiation and enter a
pbase of neoplastic evolution. The specific role of
some oncogene and suppressor gene products is
known. These include growth factor, growth factor
receptor, transmembrane signalling protein,
cytoplasmic message transducer, DNA binding protein
and a range of regulatory proteins including
transcriptional factors influencing all these functions
[A13, Bl, B6, B18, H4, H46, S18, 563, W14]. It may
be envisaged, therefore, that in combination oncogene
activation events, the loss of regulatory gene functions
and cpigenetic changes affecting gene aclivity can
produce a cascade of inappropriate or defective gene
expression, thus generating a metastable and grossly
abnormal cellular phenotype. These changes may be
brought about by a variety of different changes to
DNA, point mutation, chromosome translocation/
insertion, intragenic deletion, chromosomal deletion

and non-multational but stable changes to genes, such
as DNA methylation.

(¢) Cellular proliferative control and gene
trunscription

43. Cecllular growth and proliferation are controlled
through the constraints of the cell cycle [M27, N12).
Quiescent cells in the Gy phase require a mitogenic
stimulus to enter an active phase (G,), where genc
activity is greatly increased. At the end of the G,
phase, DNA replication is initiated; this replication
phase is termed S. Chromosome condensation,
initiated at the end of the next (G,) phase and
proceeding through the prophase, is followed by
assembly of the replicated chromosome on the mitotic
apparatus; this M phase, and indeed the whole cycle,
is completed when the mitotic cell divides, providing
the two daughter cells with an equal share of
cytoplasm and chromosomes. If mitotic stimulation
continues, the daughter cells enter a sccond cycle via
Gy if not, they may fall back into a quiescent state.

44. The cell cycle is a highly conserved and ordered
process (see [H50, M47, N23, S62]), which like most
complex biological events is subject to both positive
and ncgative regulation. At the single-cell level,
mitogenesis and DNA replication/condensation need to
occur at optimal points in cell development and be
compieted "on time", such that chromosomes segregate
cqually to the two daughter cells. Mistiming of cell
cycle events would obviously have adverse physio-
logical consequences for the dividing cell or would
create genetic abnormalities in its clonal progeny.
Equally, the rate of initiation and progression of
neighbouring cells through the cycle must also be
closely controlled so that tissue maintenance and
development proceed without inappropriate clonal
cxpansion,

45. It may be argued, therefore, that the expression
of cell cycle defects may be related to some of the
inherent cbaracteristics of oncogenic transformation.
While this relationship has been suspected for many
years, it is only recently that insights have been gained
into the molecular and biochemical control of the cell
cycle and, particularly, the crucial roles played by
some tumour-associated genes (see [B40, N18, R21]).

46, Studies with yeasts [M27, N12] initially provided
cvidence that the activity of two classes of proteins,
cdc-like protein kinases and cyclins, was central to cell
cycle control. Acting in concert as complexes, these
proteins catalyse ecssential steps of cell cycle
progression directly via phosphorylation of other
nuclear proteins or indirectly via activation of
secondary regulators. In general, these controls also
apply in the case of animal cells [N23].
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47.  Cdc-like kinases arc believed 1o act at a number
of points in the ccll cycle [M27, M28, N23j, acling as
master switches principally through their ability to
interact with different members of the cyclin protein
family. Cdc-kinases and cyclins form complexes invol-
ving the catalytic protein subunit of cdc2 and the
regulatory subunit of cyclin. Such complexes are acti-
valed by dephosphorylation-phosphorylation steps and
subscquently serve to activate secondary proleins
which regulate, for example, chromosome replication
and condensation, mitotic structures and nuclear
membrane breakdown. According to current proposals
(sec [M27]), it is the timing of these phosphorylation
rcactions involving cdc2, together with cyclin
complexing and breakdown, that provide biochcmical
and biophysical coordination. It is also clear that
sccondary rcgulators working with these complexes
arc cqually important; it is at this point in the control
chain that a strong connection with oncogenic pro-
cesses has emerged [C10, N18]J.

48. Current cvidence (sce [HS1, M28, WI13))
indicates that, amongst others, thc RB tumour
suppressor gene protcin is phosphorylated by cdc2-like
kinase but that it is the underphosphorylated form of
Rb protein that is bound by viral oncoproteins and is
found in quicscent (Gy) cells. The active form has also
been shown to complex with various cellular nuclear
proteins including a transcriptional regulator termed
E2F. The Rb and a related protein termed p107 asso-
ciate with E2F in different complexes that contain a
cdc2 related kinase termed cdk2. Rb/E2F and E2F/
p107/cdk2/cyclin E complexcs are principally found in
G, while an E2F/p107/cdk2/cyclin A complex is
formed in S. Sccondary control of proto-oncogencs
(eg. MYC), cell cycle regulators (eg. CDC2 and cyclin
A) and genes involved in DNA replication and repair
(cg. DNA polymerase o, thymidine kinase and thymi-
dylate synthetase) is believed to be effected through
E2F binding sites in their gene promotor regions.

49. Further cvidence of the importance of Rb/E2F
complexing in cell cycle control comes from studics
showing that Rb protein regulates the transcription of
FOS which, along with JUN, plays a crucial role in
carly mitogenic signal transduction pathways involving
growth factors and other proto-oncogenes such as SRC
and RAS [RI2]; there is also evidence that Rb and
transcription-activating Myc proteins interact dirccty,
perhaps in a fashion parallel to that of Rb and E2F.
Finally, and in accord with the above data, it has been
shown that RB gene functions as both a growth and
tumour suppressor in human bladder carcinoma cclls
[T19].

50. Together, these data indicate that normal Rb and
Rb-related protein fulfil multiple roles in the control of
the cell cycle, not only in regulating the responsc o

carly mitogenic signals to the cell but also in media-
ting the transitional phases of the cycle itscll. The
fundamental  mechanism  through which this is
achicved centres on the repression of cell growth and
division by the Rb binding of regulatory nuclear pro-
teins, such as E2F and Myc, which drive proliferative
responses. Mutational loss or inactivation of Rb in an
appropriate target cell may therefore be viewed as a
principal mcans of relaxing these controls, but the
samec relaxation may also be achicved through the
activity of viral oncoproteins that interfere with the
binding process.

51. The nuclear phosphoprotein product of the p53
lumour suppressor gene is also suspecied of playing a
role in cell cycle regulation [L13]. The normal p53
protein is known to complex with the SV40 virus
large T antigen, inhibiting its DNA helicase activity,
preventing binding with oDNA polymerase and
inhibiting viral DNA replication. These observations
suggest that, in normal cells, pS3 negatively regulates
entry into the S phase of the cell cycle through
influencing the assembly of late G, protein complexes
that initiate DNA rcplication and/or acling as a
transcriptional  factor influencing critical gene
expression.

52. It has been shown that normal p53 binds to
specific DNA secquences in the genome having 2
copics of a 10 basc pair rcpeat motif [E9, K12] and
that normal p53 is a transcriptional regulator that is
inhibited by SV40 large T antigen and by mutant p53
[F21, R21]. Further to this, it is becoming clear that in
its role as a transcriptional regulator normal p53 may
act as a damage-response protein providing for the
arrest of DNA-damaged cells in the G, phase of the
cell cycle [K26, L28]. This G4 checkpoint control is
believed to facilitate the repair of DNA damage in-
cluding that induced by radiation; altered checkpoint
control may underly the unusual post-irradiation DNA
synthesis response recorded earlicr in cells from Li-
Fraumeni human patients carrying germ line p53
mutations [P9]. An additional role for p53 in the
triggering of post-irradiation apoptosis (programmed
ccll death) has also been demonstrated [C32, L29,
Y6]. Here, p53 may be viewed as a primary regulator
of a defence mechanism thal acts o remove
potentially damaged and abnormal cells before they
become established in tissues. A defect in this
mechanism would have obvious implications for the
initiation and/or progression of neoplasia and the high
frequen-cies of p53 mutation scen in human tumours
may testify to importance of this gene in maintaining
the normal steady state functions of a range of human
tissues.

53. In conclusion, although currentlly confined to
only a few lumour genes, there is now compelling
evidence that subversion of the control of the bio-
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chemical pathways associated with the cell cycle is a
major factor in oncogenic transformation, In view of
the tumorigenic consequences of RB and p53 germ-
line mutations in man, it may also be argued that, in
some cascs, the Joss of cell cycle control is intrinsic to
tumour initiation. Coherent molecular and biochemical
models arc now emerging that explain how the protein
products of some key genes of the tumour suppressor
and proto-oncogene types interact with the other com-
ponents of the cell cycle in order to effect fine control,
Current models include tumour suppressor proteins
with cyclins and transcription factors as the primary
control switches, with proto-oncogenes fulfilling a
secondary function. If, for the sake of argument, the
loss of cell cycle control altered proliferative response,
together with defective damage response, is regarded
as a consistently early event in tumorigenesis, then
irrespective of the physical or chemical nature of the
carcinogenic iniliator, it may be that mutational loss or
inactivation of suppressor genes, such as RB or p53,
is the most effective route for tumour initiation. While
still uncertain, molecular studies on p53 gene muta-
tions in a variety of human solid tumours (see, e.g.
[H30]) provide some support for this, as do the data
that link p53 tumour mutations with environmental ex-
posure to carcinogens (paragraphs 194 and 223-226).

(d) Gene dosage, dominant negative effects and
genomic imprinting

54. It may be argued that the sequential mutation of
target somatic cells is the most important feature of
oncogenesis. These changes must occur within an
evolving clone of cells, and in order to arise with a
reasonable probability at the carly phases of the
disease, it may be nccessary for that clone to be
expanding at an abnormally high rate. It may be
expected, thercfore, that many neoplasia-initiating
events will, in appropriate in vivo circumstances,
provide target cells with some degree of proliferative
or sclective advantage. For dominantly acting
oncogenes, such as thosec of the RAS family, a specific
point mutation may satisfy this requirement [B6, B18].
Similarly, the activation of MYC and ABL proto-
oncogenes through, for example, chromosome-specific
translocation [H4, N3, N9] could similarly provide a
one-step growth stimulus to appropriate target cells.
For autosomal rccessive genes (tumour suppressor
genes), the loss of function of one gene copy will, in
principle, only reduce gene product availability to
50%. Such a modcrate reduction of gene product
availability as a conscquence of this change in gene
number (usually termed gene dosage) would not
obviously provide the approprialte proliferative
stimulus to the cell. In familial neoplasms such as
retinoblastoma, the loss of the first RB suppressor
gene occurs pre-zygotically, thus obviating the need

for initial clonal expansion (paragraph 31), but since
RB gene loss also characterizes non-familial
rctinoblastoma and ostcosarcoma, there remains the
considerable problem of explaining apparently
recessive "loss of function” genes, which at the
ccllular level may have some degree of dominance.

55. The problem of single autosomal gene loss and
phenotypic cflect has persisted for some years, and
although it is still to be fully resolved, there are a
number of mechanisms that would explain it

56. For some autosomal loci involved in
tumorigenesis, gene dosage (one versus two copies of
the genc) may be critical, such that loss of even 50%
of the gene product in a2 mutated cell will give rise to
a phenotypic change associated with a degree of
proliferative/selective growth advantage [F8]. In some
individuals this effect might be empbasized by
otherwise minor structural differences between alleles,
i.e. germ-line mutations of very low penetrance
(paragraph 127). Alternatively, particular forms of
structural gene mutations may produce so-called
dominant negative effects, whereby an abnormal
protein determined by the mutated gene interferes with
the function of the normal protein specified by its non-
mutant homologue [H18]. It has been suggested that
such dominant negative cffects underlie the oncogenic
functions of p53 suppressor gene mutations (see [D15,
W14]). Although gene transfer studies indicated that
in some tumorigenic cells wild type p53 is dominant
to mutated p53 [C18], more rccent investigations show
that oncogenic forms of p53 inhibit p53-regulated gene
expression, thus providing a basis for the selection of
P53 mutant cells during tumorigenesis [K17]. It may
be seen, therefore, that gene dosage or dominant
negative effects can underlie the action of some
tumour suppressor gene mutations, but considerable
uncertainty still surrounds the implications of single
alielic mutation for tumour initiation.

57. A further possible solution to the problem has
recently emerged from molecular studies on sporadic
tumours thought to be initiated through suppressor
gene loss. For sporadic tumours associated with RB
and other putative tumour suppressor genes (retino-
blastoma, osteosarcoma, rhabdomyosarcoma, neuro-
blastoma and Wilms’ tumour) it has been observed
that major chromosome segment loss events occur
preferentially from the matemnally inherited chromo-
some and that mutant paternal loci are usually retained
in the ncoplasm (sce [F23, H16, R7, R8]). These
results run counter to the normal expectation that in
sporadically arising neoplasms there should be an
equal probability that somatic cell gene loss will occur
from maternal and paternal chromosomes. A process
termed genomic imprinting [H19, M14] has been
invoked to explain these findings.
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58. Genomic imprinting is a poorly understood
epigenetic process by which differential expression of
certain autosomal chromosomal regions is imposed in
somatic cells of the offspring following some form of
differential chromosomal modification of male and
female gametes. In such situations the successful
cmbryonic/neonatal development of the offspring is
thoughit to be dependent upon the inheritance of equal
parental genetic contributions for that chromosomal
region. The molecular mechanisms of such imprinting

cffects are not well understood, but current proposals

[B41, H16, R8] include the dilferential methylation of
DNA in imprinted regions, such that the activity of the
hypomethylated genes inherited from one parent
significantly exceeds that of the hypermethylated
genes inberited from the other. Thus, some
developmentally associated autosomal recessive genes
do not make equal phenotypic contributions to the cell.

59. On the basis of this hypothesis and for the
examples cited in paragraph 57 it may be scen that an
inactivating mutation in the more active paternally
derived suppressor gene of the target somatic cell
could reduce gene product availability to a level that
deregulated cellular proliferation/differentiation and
resulted in the excessive clonal expansion of pre-
neoplastic cells. This expanding clonal population
carrying the first suppressor mutation may then
complete sufficient cell divisions to allow for the
probability of spontaneous loss of the second, less
active suppressor gene copy of maternal origin.
According to the hypothesis [R7, R8}, this second
mutational cvent greatly increases the probability that
the cell clone will progress towards malignancy.

60. Although an imprinting effect on gene mutability
has also been suggested for the RB gene in the
initiation of osteosarcoma [T5], the above hypothesis
does account for the molecular findings in sporadic
tumours, and if it is a more general phenomenon, there
may be important implications for radiation
oncogenesis. Specifically, an increasing number of
potentially imprinted chromosomal regions and genes
involved in differentiation and development are being
identified in man and the mouse [B41, C19, Hi9,
H52]. The involvement of negative regulatory genes in
normal cell differentiation and development may mean
that some potential tumour suppressor genes are
imprinted in specific tissucs and, therefore, the loss of
one copy may be sufficient to initiate neoplastic
change. This, together with the finding of a DNA
deletion mechanism for radiation mutagenesis
(paragraph 154), implies that radiation may be an
efficient "single event" initiating agent for certain
neoplasms associated with the loss of tumour
suppressor gene function. However, the whole process
of imprinting remains poorly understood. The recent
observation of imprinting-like effects on the t(9:22)

translocation in  human chronic myclogenous
leukacmia and N-MYC amplification in neuroblastoma
indicates that such cffects may also extend to certain
proto-oncogenc activation cvents {F23, H40, R16].

(e) Chromosomal fragile sites

61. Chromosomal rearrangement and deletion is a
major feature of oncogenic development, and there is
an ongoing debate as to the significance of specific
sites of chromosomal instability (fragile sites, c-fra)
{H25, H26, L9, MS, S21]. These sites, classified
according to their frequency in the human population
and their inducibility by different chemical treatments
of cells, have been suggested as possible predisposing
factors in oncogenesis. Some fragile sites are also
believed to be preferential targets for the clastogenic
action of DNA-damaging agents, including ionizing
radiation [Y1]. Despite statistical analyses showing no
overall association between common fragile sites and
cancer-associated chromosome breakpoints [M48,
S21], an association with rare and distamycin A
inducible fragile sites remains, particularly with
respect to certain leukacmias [H20, L9, S21]. Overall,
it appears that the expression of DNA damage is non-
uniformly distributed within the mammalian genome,
that certain highly recombinogenic sequences are
preferentially involved in induced chromosomal
changes and that certain classes of these may
contribute towards oncogenesis.

62. The molecular structures of fragile sites are not
known, although it seems likely that they represent
certain reiterated (repeat) DNA sequences that may
recombine at a high frequency. In this context, it has
been suggested that interstitial telomere-like repeat
sequences may be highly recombinogenic [H21].
These DNA repeat sequences, in their normal terminal
position on chromosomes, buffer against chromosomal
erosion and instability during DNA replication [M15,
M29, S22]. However, in some lower organisms,
telomere-like repeat (TLR) sequences are highly
recombinogenic; it is this feature, together with limited
chromosome aberration and mapping data, that initially
prompted the speculation that, when located in
interstitial sites, they may represent a subclass of
mammalian c-fra [H21]. Further support for tclomere
sequence instability has come from both microbial
[K18] and in vitro mammalian cell studies [F19], but
other investigators [I12] failed to find an association
between a specific human c-fra, FRA2B, and a TLR
sequence array located in the same chromosomal
region.

63. Cytogenetic evidence of lelomere-associated
chromosomal instability bas been obtained in studies
with some human leukaemias (see, e.g. [S35]), and
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chromosome break healing mechanisms involving the
de novo addition of telomeric sequences have been
developed from studies with lower cukaryotes (sce,
e.g. [H31]). Under certain circumstances it appears
that these DNA repeat scquences are subject to
considerable modification in somatic cells, perhaps
reflecting their structure and/or the lack of telomerase
enzymes, which can act to extend the repeat arrays
[B20]). This apparent instability is not, however,
restricted to somatic cells, since studies in the mouse
clearly show the arrays to be hypervariable within
mouse strains, a feature that might be explained by
their capacity to initiate DNA recombination and DNA
replication slippage or as a consequence of the repeat
sequence modification by telomerase, which is
belicved to occur during gamctogenesis {S36, S37]. A
possible factor in telomere-like sequence instability is
the unusual secondary structure that these sequences
adopt in vitro [B20, B42, K19]. Such secondary
structures, if they were to occur in vivo, might also
contribute to the fragile site properties suggested
above. The contention that such sites may be
particularly prone to radiation-induced brcakage and
rearrangements and that some such events are involved
in radiation oncogenesis is supported by recent studies
on the nature of the chromosome 2 deletions and
rearrangements that are believed to initiate murine
myeloid leukacmogenesis (paragraph 183). Alpha-
particle-induced chromosomal instability has recently
been demonstrated in murine haemopoietic cells
[K25], but this has yet to be specifically linked with
fragile site expression or neoplastic change.

64. Tclomeric DNA sequences are also believed to
play a role in cell senescence [G8], and it has been
shown that the ageing of human fibroblasts is
accompanied by telomeric shortening {H22]. This may
be viewed as increasing inherent chromosomal
instability and could be a factor in age-related
carcinogenesis. There is no doubt that the current
intense interest in the involvement of telomeric and
other genomic repeat sequences (see, e.g. [B10, B42,
K20, S49]) in chromosomal fragility and
rearrangement will yield data of direct relevance to
molecular mechanisms of chromosomal instability and
their role in oncogenesis.

4. Multistage cellular development in
oncogenesis

65. The concept of multistage oncogenesis, originally
proposed by Berenblum and Schubik in 1948, has
been a most valuable and durable concept. In modemn
developments of this theory, oncogenesis is divided,
albeit imprecisely, into three phases: (initiation,
promotion and progression.

() Tumour initiation and other early events in
oncogenesis

66. The initiation of oncogenesis may be most
simply viewed as one or more stable cellular events
arising spontaneously or induccd by exposure to a
carcinogen, which predisposes carrier cells to
subsequent ncoplastic conversion. In the case of
neoplasms induced in man or experimental animals by
single acute doses of a carcinogen, the agent is
assumecd to act as an initiator by damaging a specific
cellular target in a stable and irreversible fashion [B6,
B18, Y2]. Throughout this Annex it is argued, on the
basis of animal and human data, that specific somatic
mulations in target genes are initiating events for
ncoplasia.

67. In the preceding Section, cytogenetic and
molecular findings on suppressor gene mutations and
proto-oncogene activation were discussed in respect of
their possible roles in oncogenesis, including initiation.
In subsequent Sections, data from experimental studies
will be discussed, with an emphasis on the molecular
nature of induced initiating events. Here it is sufficient
to emphasize that at low doses of ionizing radiation,
it is knowledge of the induction of early initiating
cvents that may be most important to the under-
standing of radiation effects. That is not to say
however that radiation plays no part in the other stages
of oncogenesis.

68. In principle, it appears that neoplasia may be
initiated cither through proto-oncogene activation or
suppressor gene inactivation. Thus, a multiplicity of
induced somatic mutations may contribute towards
buman radiation oncogenesis, and even for a single
histopathological form of neoplasia, there may be a
number of possible initiating events, albeit with
different probabilities of contributing towards overt
malignancy. The necessity for a single clone to
accumulate further somatic mutations before malignant
conversion must be rate-limiting and implies that only
a minority of initiated cells progress beyond the pre-
neoplastic phase (paragraph 219).

69. At this early phase, aberrant pre-ncoplastic
clones may be lost through, for example, metabolic in-
sufficiency, non-specific cell selection, the suppressive
cffects of neighbouring cells, terminal differentiation,
cell senescence, programmed cell death (apoptosis) or
cell surveillance mechanisms. Thus, the capacity of an
initiated cell clone to expand in a relatively undiffer-
enliated state may be viewed as a crucial aspect of the
carly phase of the discase (paragraph 54). In this
respect, the manifestation of benign tissue dysplasias
(e.g. papillomas, adenomas and hacmopoietic hyper-
plasia) may be viewed as clonal expansion, limited
perhaps by a combination of the factors noted above.
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70.  Specific examples of tumour-initiating mutations
associated with RAS, RB, WT, p53, NF-1 and APC
genes are discussed clsewhere in this Annex, and the
cvidence that mutation of these genes in appropriate
normal target cclls predisposes 1o malignant conver-
sion is relatively strong. For other tumour mutations it
is not yel possible to conclude that they initiated the
tumour, only that they arc present at an carly pre-
ncoplastic phase, before full clinical progression of
discase is manifested.

71.  In buman ncoplasia, particularly leukaemias and
lymphomas, carly phases of ncoplastic development
are frequently associated with consistent chromosomal
rearrangements, such as the 9:22 translocation in
chronic mycloid leukaemia (CML), the 5gq-deletion in
myclodysplastic syndrome and the 14:18 translocation
in follicular lymphoma [H11, S63]. In such cases the
progression of early indolent discase is usually accom-
panied by the selective clonal expansion of neoplastic
subpopulations containing further chromosomal abnor-
malities. In gencral, in both haemopoictic and solid
tumours, the more advanced and aggressive the dis-
ease the greater the degrec of chromosomal change.
Tables 3 and 4 illustrate consistent chromosomal chan-
ges recorded in human leukacmias/lymphomas and
solid tumours, respectively (see [S45]). In the case of
the 9:22 translocation in CML it has been established
that a BCR-ABL fused gene is produced at the trans-
location breakpoint; this has tyrosine kinase activity,
which produces a stable mitogenic stimulus to the cell.
Of particular note are observations of different forms
of BCR-ABL fusion in acute and chronic myelogenous
leukaemia and a likely correlation between mito-
genicity of the BCR-ABL gene product and the relative
aggression of the two mycloid ncoplasms (sec [G24,
NO]). For the 14:18 translocation in follicular
lymphoma, molecular studies show that a newly
recognized proto-oncogene BCL-2 is upregulated by
juxtaposilion with an active immunoglobulin heavy
chain gene (sce [N9]). It has recently been established
that such overexpression of BCL-2, rather than being
mitogenic, serves the purpose of blocking programmed
cell death [H23] and extending the in vivo life-span of
B-cells (see also [E11]). Thus, certain gene activation
events in tumorigenesis do not simply increase pro-
liferation rates but instead block or prolong the normal
differcntiation pathway. Other cxamples of chromo-
somal translocations in acute B-cell and myeloid
ncoplasms are the t(15:17) in some acute myclogenous
lcukacmia (involving the PML and retinoic acid
receptor genes), the 1(1;19) in pre-B ALL (involving
the PBX and E2A genes) and the 1(17;19) in B-cell
ALL (involving the HFL and E2A genes) (sec [E10]).
In addition, the 11q breakpoint gene thought to be
involved in 1(4;11) and ((9:11) acute leukaemias has
significant homology to the trx transcription factor
gene of Drosophila |D13).

72. Characteristic chromosomal rearrangements are
also seen in human T-cell leukacmias; many of these
involve specific sites on chromosomes 7 and 14, In
peripheral lymphocytes of ataxia-telangicctasia, clonal
rearrangemients of this type have been obscrved in a
number of patients showing no other evidence of
malignancy. Although often present at relatively high
frequencies, these clones do not usually convert to
frank feukaemia; in a few cases, however, malignant
progression of these clones has been observed (see
{T6]). Molecular studics have now established that
many of these rearrangements in T-cell neoplasms
involve very specific recombination between T-cell
receptor (TCR) genes and other chromosomal regions
encoding transcription factors such as HOX 11 (sec
[H32, R3]). The activation of these factors through
TCR translocation will tend to alter the developmental
programmecs of T-cell precursors and could explain the
early clonal expansion observed in some ataxia-
telangicctasia patients. A more complete discussion of
many of the chromosomal events noted here is
provided by Solomon et al. [S63].

73. In any consideration of the mechanism of low
doses of radiation to initiate oncogenesis it is
important to attempt to establish the relative
probability with which a single ionizing track will
intersect a given DNA target, causing a tumour-
initiating mutation. This is considered in the following
for gain-of-function and loss-of-function mutations.

74.  Activation of proto-oncogenes through gain-of-
functicn mutations appears to occur via two principal
mechanisms. For proto-oncogenes such as RAS, the
DNA base-pair (bp) changes required for activation
are very restricied, and hence the molecular target (for
direct effects) will be small, perhaps only ~10 bp [B6,
B18]. For the gene-specific chromosomal
translocations involving the juxtaposition of proto-
oncogenes such as ABL, BCL-2 and HOX 11 with
other relatively specific activating genes, the molecular
target may be larger, perhaps 10°-10° bp [H4, H32,
R3, S63]. However, for these cvents it may in
principle be necessary 1o damage DNA at two specific
sites rather than one, thus effectively reducing overall
target size. Relative to the size of the whole genome,
~10° bp, such gain-of-function, gene-activating
mutations would scem therefore to present very small
targets for single-track radiation aclion. Nevertheless,
on a targel-size basis it has been proposed that the
primary event in human CML can be a radiation-
induccd BCR-ABL translocation [H41].

75.  This situation may be contrasted with the loss-of-
function mutations characteristic of the tumour
suppressor roles of genes such as RB, WT, APC and
Pp53. Loss-of-funclion of tumour suppressor genes may
occur through point mutation, small intragenic deletion
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or larger dcletions spanning whole chromosome
scgments (~107 bp) [H30, St8, W14]. The principal
limit to the size of the DNA dcletions associated with
suppressor gene mutation will be the degree to which
the ccll can sustain viability following substantial
genetic Josses. Since this will vary with the location of
the target gene in relation to essential DNA sequences
and, correspondingly, with the genctic background of
the cell itself, it is impossible 1o predict more
precisely the target sizes for these deletions. Tt should
also be noted that in the case of dominant negative
effects, such as those postulated for p53, deletion of
the wholc gene may not be cffective (paragraph 56).

76. In spitc of these uncertainties and qualifications
made in paragraphs 158 and 159, this simple bio-
physical argument would predict thatradiation-induced
loss-of-function mutations may dominate the spectrum
of potential initiating events for carcinogenesis. On the
basis of the figures given above, the probabilities
between "loss" and "gain" events may differ by
perhaps two orders of magnitude. It remains to be
seen how realistic these estimates might be, but some
support for this argument has come from molecular
studies on radiation-induced somatic cell mutation
(paragraph 154).

77. It may be concluded that tumour-initiating
mutations probably vary in form, but on the basis of
relative target sizes, it seems likely that tumour
suppressor gene mutations may be the predominant
form in radiation oncogenesis. Alone, such initiating
events in normal target cells will not be sufficient to
produce a malignant phenotype, which would require
both clonal expansion of initiated cells (promotion)
and the accumulation of further epigenetic and genetic
changes (promotion plus progression). The point of
malignant commitment in a developing neoplasm is
therefore difficult to specify; indced, there may not be
an "all or nothing" transition but rather an increasing
probability that pre-neoplastic cells will bypass normal
cellular constraints and convert to frank neoplasia.
Conscquently, while oncogenesis may be operationally
subdivided into initiation, promotion and progression,
these definitions grossly simplify a genetically
complex process of cell development that will vary
between neoplasms.

(b) Tumour promotion

78. In experimental animal systems, promoters are
identificd as agents that, alone, have low oncogenic
potential but that arc able to greatly enhance the yicld
of necoplasms induced by prior exposure to a sub-
carcinogenic dose of an initiator [C11, S2, Y2].
Agents that strongly promote oncogenesis generally do
so at low concentrations, but in contrast to initiators,

repeated or chronic exposure is usually necessary. A
third distinguishing feature is that, unlike initiation,
promotional effcels are usually reversible. In these
respects promotion has the propertics of an cpigenelic
process, involving metastable changes in gene
expression and cellularftissue responses that have
dramatic consequences (or the initiated cell and its
clonal progeny. In the majority of experimental animal
systems, initiation and promotion procedures produce
an increcasc in pre-neoplastic lesions or benign
neoplasms, and for most promoters there appear to be
no dramatic effects on oncogenic progression. The
whole question of carcinogenic interaction between
radiation and chemicals, including initiation/promotion,
has been discussed in depth by Streffer et al. [S2] and
Trosko et al. [T12].

79. Neoplastic promotion following ionizing
radiation has been studicd in both experimental animal
systems and in vitro ransformation systems [H6, K10,
L3, S2, T12]. However, much of the detailed know-
ledge of mechanisms of promotion has come from
chemical initiation/promotion studies with rodent skin
carcinomas [C11, Y2], coupled with detailed bio-
chemical investigations on the celiular consequences
of promoter exposure [N5, N14, T11, T12, W4).

80. The nature of promoter action has, until recently,
been obscurc. The term promoter is an operational
definition encompassing a diversily of chemical
entities ranging from the classical phorbol esters
through phenobarbital and bile acids to growth factors,
hormones and ill-defined dictary components. How-
cver, tissuc wounding and stress [S23] should also be
included in any broad definition. Clearly, not all these
factors will operate in all tissues, and it is likely that
a range of biochemical pathways can be involved. It
is through studiecs with the phorbol esters, such as
TPA (12-0-tetradeconylphorbol-13-acetate), diterpenes,
indole alkaloid and polyacetate promoters, that an
understanding of certain aspects of promotional
mechanisms has emerged. High affinity receptors for
these promoters have been identificd in mammalian
cells [NS, W4]. In the case of TPA, that receptor, or
part of it, is the calcium- and lipid-dependent enzyme
protein kinase C.

81. Protein kinase C, through its ability to phos-
phorylate and activate a range of cellular protcins and
induce the expression of cellular genes, plays a crucial
role both in signal transduction across cell membranes
into the cytoplasm and in subscquent ccllular respon-
ses. In this respect, protein kinase C is at the
crossroads of a number of biochemical pathways that
are known to mediate ccllular proliferative response to
bormones, growth factors and cytokines. Promoter-
mediated activation of protein kinase C will tend to
enbance these pathways through a cascade of protein
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phosphorylation and gene expression events, a princi-
pal outcome of which will be a disturbance in tissue
homeostasis. Although diverse in their structure, most
tumour promoters share the basic property of inducing
a degree of tissuc hyperplasia and inflammation; this
histopathological feature probably stems from the
disturbance of tissue homeostasis.

82. Endogenous promotion is likely to play a far
greater role in human oncogenesis than extrinsic
chemical factors, and in this respect it is important to
recognize that protein kinase C is normally stimulated
by increasing cellular diacyl glycerol (DAG) levels
through lipid turnover [N5]. Since DAG levels have
been shown to be increased following the action of a
variety of cellular growth factors and cytokines (sece,
e.g. [M16, MI17]), it follows that these factors
probably play a major role in oncogenic promotion.
This view is also consistent with observations
indicating that the promotional wounding response in
Rous sarcoma virus tumorigenesis is mediated by
transforming growth factor-8 {S23}].

83. However, it has become increasingly clear that
tumour promotional pathways arc not solely mediated
through the biochemical pathways involving protein
kinase C and that changes in cellular communication
and oxidative metabolism [C21, T11, T12] may also
occur in response to exposure 10 many tumour
promoters.

84. The maintenance of tissue homeostasis, which
requires cells to establish a critical balance between
proliferation and differentiation, is known to involve
not only responses to high molecular weight systemic
factors (growth factors and hormones) but also lower
molecular weight (<1,000 daitons) ions and meta-
bolites that are exchanged between neighbouring cells
linked by so-called gap junctions at cell membranes
[L14]. In facilitating cellular communication and
biocbemical coupling, these junctions are believed to
play an important role in the local coordination of cell
prolifcration.

85. The establishment of gap junctions is determined
by a family of conserved mammalian genes, the
activity of which appears to be controlled by both
systemic factors and intraccllular processes mediated
through signal transduction pathways. A critical link
between gap junction communication and oncogenesis
was established by the observation of the stable loss of
coupling in many tumour cclls |K13, T12]. However,
such losses in tumour cells may often be selective, in
that tumour cells remain coupled to each other but
lose the ability to communicate with normal cells
[N13, Y7]. Thus, it became possible to postulate that
the signals exchanged between normal cells
(homologous coupling) adequately regulate certain

proliferation/ differentiation responses but that the
scelective loss of heterologous coupling allows tumour
cells to become more autonomous and less receptive
lo tissue regulation.

86. The relevance of cellular communication in
tumour promotion became obvious when it was shown
that a wide range of tumour promoters had the capa-
city to induce transient dysfunction in gap-junction-
mediated processes [M30, N14, Y7]. Additional
studies show such inhibition of coupling to be part of
the normal proliferative response in tissues, in that
inhibition occurs when cells are drawn from a quies-
cent phase in order to complete tissue growth or
repopulation [P10]. It seems likely, therefore, that in
some tissues gap junction formation and loss is a
secondary component of the complex cellular machi-
nery that drives the cell cycle (paragraphs 48-50).

87. Thus, albeit in a transient fashion, the inhibition
of gap junction communication by promotional stimu-
lation may be viewed as a means whereby one layer
of cellular proliferative control is removed; this would
tend to elicit a mitogenic response in all undiffer-
entiated stem-like cells in tissue. The magnitude of
that response may not, however, be uniform, in that
cells carrying tumour-initiating mutations in genes
central to cell cycle control, such as RB, might be
expected to respond most strongly. The involvement
of tumour-associated mutations affecting cell adhesion
proteins, e.g. DCC (deleted in colon cancer) [F11], in
gap-junction mediated processes is also possible.

88. The potential complexity of tumour promotion
mechanisms is further increased by the finding that
some, but not all, promoting agents induce bursts of
oxidative metabolism in exposed cells, which lead to
the genecration of short-lived, free chemical radicals
[C21]. Such radicals are highly reactive within the cell
and are able to induce damage in a range of
macromolecular structures, including cell membranes
and chromosomes.

89. In the case of TPA exposure, it has been
established that induced radicals such as superoxides,
peroxides and arachidonic acid metabolites are able to
attack cellular DNA, inducing a range of cytogenetic
abnormalities [C21, D11, P11]. On the basis of these
observations it has been proposed that TPA-generated
chemical radicals act at an early stage of promotion
(stage 1) and convert carcinogen-initiated cells to a
state in which they are more sensitive to proliferative
stimulation (stage 2 promotion) [F15].

90. In the mouse skin papilloma/carcinoma system,
TPA has been shown to be a "complete” promoter in
that it fulfils both stage 1 and stage 2 promotional
requirements; in contrast, the related phorbol ester
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RPA fulfils only stage 2 requirements, i.c. it is not
clastogenic, The importance of chromosome damage
in the stage 1 conversion phase was further established
by studics showing that at low doscs the alkylating
clastogenic agent, methyl methane sulphonate acted
synergistically with RPA to cffect complete promotion
[F16). Since the conversion stage of promotion
involves chiromosomal damage, it may centre on
changes in gene activity or chromosomal instability;
the specificity of such events has not, however, been
established.

91. Thecytogenctic observations noted above require
that 3 much broader view be taken of the involvement
of genetic changes in the promotional phases of onco-
genesis. The boundary between initiation and promo-
tion is becoming increasingly artificial, defined only
by the tumour system under consideration, the
pbysico-chemical nature of the insult applied and the
cellular mechanism being sought. Here it is sufficient
to say that, mechanistically, both initiation and promo-
tion probably involve a combination of genetic and
epigenetic cellular ecvents and together they drive a
clonal population of cclls through a pre-ncoplastic
phase to a point where malignant conversion is
assured. Perhaps they differ most clearly in the
temporal requirements for phenotypic change and, on
current belief, the larger contribution that stable
mutagenic change makes to the initiation process.

92. Ionizing radiation is a powerful clastogen and
would certainly induce many of the forms of cyto-
genetic damage currently associated with the con-
version stage of tumour promotion. What may be
questioned is the extent to which radiation might
induce the epigenetic changes associated with stage 2
promotion. As noted below, it secems that, in general,
radiation acts as only a weak promotor of neoplastic
change.

93. Through its ability to damage tissucs and induce
a mitogenic response in repopulating cells, radiation
could be regarded as a stage 2 promoting agent. Such
effects will, however, only be significant at relatively
high doses, where substantial cell inactivation has
occurred. Thus, it may be argued that for radiological
protection considerations, this form of promotional
activity is of minor importance. This view may be
tempered, however, by recent cvidence of upregulation
of protein kinase C and proto-oncogene genc products
by relatively low doses of radiation [S50, W7, W21],
and it will be important to establish whether such
biochemical responses cxtend to other promotional
processes, particularly, perhaps, those determining
intercellular communication.

94. Recent experimental studies using the mouse
skin papilloma/carcinoma system have highlighted

some of the difficultics faced in approaching the
question of interaction between radiation and other
carcinogenic agents. Here it has been shown that beta
irradiation induccs resistance to chemicaily induced
papilloma but not carcinoma formation [M31}, These
obscrvations may imply that radiation induces a DNA
repair process that acts differentially on the chemically
induced lesions driving promotion-dependent and -
independent skin carcinogenesis. However, given the
complexity of the promotional processes described
here, other explanations should not be excluded. In the
same experimental system, chronic beta irradiation
lacked action as a complete or stage 2 tumour
promoter but did show weak but positive action in
stage 1 promotion [M37).

95. The suppression of cellular transformational
processes by so-called anticarcinogens or antipromo-
ters has been studied using in vitro transformation
systems. Protease inhibitors, such as antipain and
chymostatin, appear to strongly inhibit radiation
transformation in an irreversible fashion, suggesting
that they may act at the level of DNA damage modifi-
cation {K10). However, since such inhibitors also
suppress the promotional activity of TPA, there may
also be involvements in cell surface receptor-promoter
binding processes or the subsequent protein-kinase-C-
mediated message transduction process. Other chemi-
cal factors, such as retinoids, ascorbic acid, lympho-
toxin and vitamin E, have also been shown to have
anticarcinogenic and/or antipromotional activities (see
[C11, K10, T20, Y5]). Some of these factors may also
act in vivo [C11, C15, C16, L15]. In the case of
d-limonene it has been suggested that induced changes
in the intracellular location of GTP-binding proteins
such as p21”™ might underlic the anticarcinogenic
action [C27].

96. While no single molecular mechanism of anti-
promotion may exist, at the cellular level, promotional
processes are most consistently characterized by the
transient loss of intercellular communication. Relevant
to this is recent evidence showing that strongly
antipromoting agents such as retinoids markedly
increase intercellular communication [H48, M45). In
vitro antipromotion by ascorbic acid may, however,
involve oxygen radical removal from cells [Y10].

97. In conclusion, the promoter enhancement of
approprialec  biochemical pathways in carcinogen-
initiated cells can be viewed as interacting with the
stable biochemical sequelae of the initiating event in
a target cell in a manner that clicils a supranormal
proliferative response. Such a mechanism, depending
on the strength of the promoter and the duration of
exposure, would tend to establish initiated clones in
their host tissues rapidly and efficiently, tbus
increasing the frequency and proliferative capacity of
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pre-ncoplastic lesions. Until thesc transient changes are
stabilized through perhaps further clonal mutations,
they are, in principle, reversible. Assuming gap junc-
tion dysfunction 1o be a pivotal feature of promotion
[T12], then upregulation of junction formation could
be regarded as an important mechanism of antipromo-
tion [H48]. On the basis of current experimental
knowledge, this may be achicved using exogenous
agents such as retinoids but, in vivo, endogenous
processes involving the regulation of tumour sup-
pressor genes and other cell cycle control factors may
be expected to be of greater importance.

(c) Malignant progression

98. During the life history of a neoplasm there is
often a progressive tendency towards increased
malignancy. This is most frequently seen as a stepwise
change in both tumour histopathology and aggression
[F3, N3]. In the case of solid tumours, an extended
blood supply may be recruited; subsequently, meta-
static propertics emerge, allowing the ncoplasm to
spread to distant sites. Phenotypically, neoplastic
progression appears lo be the most complex of the
three phases, and considerable histopathological,
cellular, cytogenetic and molecular variation may be
seen, even within a single progressing neoplastic
clone. Importantly, progression through clinically
defined phases is generally, in the absence of clinical
intervention, irreversible. This, together with other
features discussed later, is suggestive of sequcntial
somatic mutation and consequent selective clonal
proliferation.

99. Ailthough the histopathological manifestations of
neoplastic progression have been well-documented
[F3], it is only recently that some understanding has
been gained of the underlying cellular and molecular
mechanisms. The apparently stepwise transitions that
characlerize the progression from benign pre-
neoplastic lesions to aggressively metastatic neoplasms
are thought to represent clonal evolution and selection
processes driven by genetic and cpigenetic cellular
changes [K6, N3, N9, S19].

100. At the cytogenetic level these changes are often
evidenced by secondary chromosomal translocations,
deletions or duplications. Some of these, particularly
those appearing at low clonal frequency, probably
represent "cytogenetic noise” and may be regarded as
neutral. Others appear more consistently in dominant
clones and are likely to involve the activation,
amplification or loss of specific genes. These may be
viewed as positively contributing towards clonal
selection, dominance and, thereby, neoplastic
progression. Examples of consistent secondary
cytogenctic changes in human neoplasms are the 8:14

translocation in some cases of acute lymphocytic
leukaemia (MYC oncogene activation), the trisomy of
chromosome 7 in advanced melanoma (ERB B gene
dosage?) and the appearance of homologously staining
regions and double-minute chromosomes in neuro-
blastoma (N-MYC amplification) [H11, N3]. Secondary
mutations potentially relevant to neoplastic progression
do not always involve chromosomal change, and in
some neoplasms, RAS mutations are believed to occur
during progression and contribute towards tumour
aggression (sce, e.g. [R11, V2]). Such studies have
also highlighted the genetic polymorphisms in tumours
associated with genomic instability [R11]. The poly-
clonal evolution of tumours may also be studied using
experimental molecular markers; for example, using
plasmid-transfected mouse fibrosarcoma cells, it has
been possible to identify individual clones that have
acquired properties associated with preferential
metastasis [ES].

101. Secondary chromosomal changes and oncogene
activation events have also been characterized in a
number of animal neoplasms induced by ionizing
radiation or chemical carcinogens and have received
comment elsewhere in this Annex. Animal models of
ncoplastic induction are also beginning to demonstrate
the possible roles of induced DNA damage in onco-
genic progression. Neoplastic progression in chemi-
cally initiated murine skin has been shown to be
enhanced by treatment with radiation [B11]. This
observation may be consistent with the specific losses
from chromosome 7 that have been shown to contri-
bute to the progression of murine skin carcinomas
[B12, B29].

102. Studies of this type should extend the knowledge
of differences in the genetic events that mediate
neoplastic initiation and progression and should
indicate the potential contribution of physical and
chemical agents in the two phases. In this respect, it is
important to recognize that in the case of protracted or
fractionated cxposures, ionizing-radiation-induced
cellular damage may, in principle, contribute to both
ncoplastic initiation and progression. Parallel but more
complex considerations apply in the case of combined
exposure lo radiation and chemical carcinogens [S2].

103. There is growing ecvidence that ncoplastic
progression may be greaty influenced by the acquisi-
tion, at a relatively early stage in the process, of
intrinsic genomic instability, Benign lesions usually
contain few cells with mitotic abnormalities, but these
cells usually increase in frequency as the neoplasm
progresscs. This is often accompanied by increases in
ploidy, chromosomal breakage, non-disjunction and
sister chromatid exchange [S13], i.e. all the features of
the development of abnormalities in DNA metabolism.
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104. While the mechanisms underlying these putative
defects are still obscure, the consequences are crucial
to the understanding of neoplastic progression. Intrin-
sic chromosomal instability will greatly increase the
frequency of spontancous and induced genetic and ¢pi-
genetic change within the evolving neoplastic clone.
This provides the dynamic heterogencity at the cellular
level that is the hallmark of clonal neoplastic progres-
sion. Loss of ccll cycle control, established during
carlier phases of the ncoplastic process (paragraphs
43-53), may play a role in the genctic instability that
characterizes tumour progression. It is also possible
that mcchanisms of genomic instability involving the
expression of recombinogenic sites and telomere-like
repeat sequences in DNA may contribute to this pro-
cess: for some human leukaemias there is some evi-
dence for telomere sequence instability [S35] (para-
graphs 61 and 64), and one form of heritable colon
cancer is characterized by widespread instability of
dinucleotide repeat sequences (sce paragraph 122).

105. The principal phenotypic characteristic of the
malignant progression of many tumours is the ability
to spread (metastasize) from the primary tumour mass
and to establish sccondary growth foci (netastases) at
other sites. Figure II provides a schematic representa-
tion of the steps involved in the spread of tumours.
Such tumour dissemination requires primary tumour
cells to acquire a range of new properties, particularly
those that determine the relationship between the
tumour and its host tissues (see [A4, DS, D6, F3, F5,
H33, H42, K2, K5, LS, L6, N6, S14, V3, V4]). Mcta-
stasizing cells arc first required to invade normal
tissues and penctrate blood and lymphatic systems,
Subsequently, penctrating cells need to be able to sur-
vive passage in these circulatory systems, exit the sys-
tems and then establish themselves in surrounding nor-
mal tissue. To what extent have experimental approa-
ches succeeded in resolving the complex cellular and
molecular processes involved in metastatic growth?

106. The molecular strategics so successful in
identifying proto-oncogene and tumour suppressor
gene aclivitics in carlier phases of the ncoplastic
process have not proved to be wholly satisfactory
when applied to metastatic mechanisms. While transfer
of activated ras oncogenes to cell lines such as
C3H10T' and 3T3 has apparcntly resulted in one-step
metastasis [E6], the complexity of the process in vivo
makes it highly unlikely that invasive properties could
simply emerge through single gene mutations. [t may
be, therefore, that direct approaches to the identi-
fication of metastasis genes using such atypical rodent
cell lines will tend to give a mislcading impression of
the process.

107. Indirect approaches have compared gene
activitics in primary and metastatic tumours of the

same origin or type. Using these stralegics some
cvidence for RAS gene activation during metastatic
progression has emerged (see, e.g. [V2]), but for
tumours in siu it has proved difficult to obtain clear
corrclations between levels of RAS gene activity and
the invasive capacity of the tumour. Indeed in some
studies with human colonic tumours, directly conflict-
ing results have been obtained [H33]. Similar conflict
is cvident in respect to FOS gene activity in some
experimental mammary tumours. Overall, with the
exception of consistent MYC gene amplification in
certain solid tumours (small cell lung carcinoma and
ncuroblastoma) and HER-2/NEU gene amplification in
many mammary tumours, there is a marked lack of
correlation between known oncogene activation events
and clinical staging criteria [H33]. There is some
evidence that the activity of the protein kinase C gene
[G11] is one determinant of the metastatic process,
but, again, the available data do not allow simple cor-
relations to be cstablished. However, although general
corrclations between metastasis and tumour gene
activity have yet to be established, some comment is
possible on specific aspects of the problem.

108. The initial step in metastasis is the attachment of
the primary tumour cell to the extracellular stromal
tissue matrices and basement membranes [L10].
Cadherin proteins are believed to play a role in cell
adhesion, and an inverse correlation has been
suggested between E (epithelial) cadherin expression
in tumour cells and the loss of cellular differentiation
assaciated with increased metastatic properties [H42,
S51]. In addition, so-called integrin glycoproteins are
also believed to act as ccll surface receptors for
ccellular attachment, and it has been shown that many
meta-stasizing tumours strongly express these
molecules at cell surfaces [C22, W15]; there may also
be a relationship between cancer development and the
synthesis of certain extracellular matrix proteins such
as tenascin [K27]. Following such attachment, tumour
cclls then use a varicty of proteolylic enzymes to
digest the matrix in order to penetratec normal tissues;
of particular current interest is the involvement of
metalloprotcinases (MP) in this process. The activity
of these enzymes is regulated by a specific tissue
inhibitor, TIMP, which has been shown to have anti-
metastatic activity [S38], and an important role for
TIMP in suppressing malignant phenotypes is now
suspected [H33, H42). A specific protease encoded by
the transin genc is also known lo be expressed during
the skin papilloma 1o carcinoma progression in the
mouse [B11]. The mectastatic behaviour of some
tumours has been linked to the expression of variant
CD44 glycoprotein (see [H42]). The finding that CD44
scrves 1o aclivate both B and T lymphocytes has led
to the suggestion that mimicry of lymphocyte
behaviour may be an important aspect of the meta-
static process [A8].
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109. Morc recently, the invasive characteristics of
human breast carcinoma have been directly linked 10
the expression of a metalloproteinase termed strome-
lysin-3 [B21]. Of particular importance is the obser-
vation that this matrix-digesting enzyme is expressed
in stromal rather than tumour cells, with stromelysin-3
gene expression being confined to tissue surrounding
only invasive mammary tumours. Thus, the acquisition
of metastatic propertics appears to involve the specific
local stimulation of normal breast tissue through
signals reccived from the tumour; these data provide
one of the clearest examples of the intimate relation-
ship between normal and tumour cells during tumour
progression.

110. Such interactions are also a crucial aspect of
tumour blood supply recruitment. Once a solid tumour
has expanded beyond a few millimetres diameter, it
becomes necessary for the tumour mass to be served
by new blood vesscls. Blood supply recruitment from
normal tissues (angiogenesis) is known to be an active
process mediated by the secretion of angiogenic
factors such as fibroblast growth factor, epidermal
growth factor, transforming growth factor and angio-
genin from the tumour [F17]. In some cases, other
cytokines produced by infiltrating leucocytes are also
believed to play a role.

1i11. Cell to cell communication through the
cstablishment of gap junctions has been shown to be
selectively lost in many progressing tumours, and the
expression of connexins have been analysed in a rat
liver tumour system [S65]. Communication between
normal cells is believed to be part of the regulatory
mechanism for cell proliferation, and its loss may
result in the relaxation of the controls that restrict
invasive growth. Since a number of oncogenes bave
been shown to downregulate gap junction formation
[T11], the appearance of activated forms of these
genes may enbance tumour progression via the loss of
cellular communication.

112, Other phenotypic changes, such as increased cell
mobility, may also contribute towards the metastatic
spread of tumours. The molecular signals that increase
tumour cell mobility and thereby promote invasiveness
are poorly understood. Secretion of autocrine mobility
stimulating factor has, however, been shown to cor-
relate with the invasive properties of human bladder
carcinoma [G12], and a so-called scatter factor
involved in epithelial cell motility has been shown to
be identical with hepatocyte growth factor, the
receptor of which is coded by the MET proto-
oncogene (see [H42]). Some genes involved in the
ccllular control of metastasis have been isolated by
cDNA procedures based on the over- or underex-
pression of certain mRNA species in metastasizing
tumours. Of particular note is the chromosome 17

encoded gene NM23, which appears to function as a
metastasis suppressor [L22, S39]; the loss of NM23
expression has been correlated with poor survival in
breast cancer [L23].

113, In conclusion, from a clinical viewpoint, the
acquisition of metastatic properties is perhaps the most
critical aspect of the neoplastic process. Since much of
the lethality of human malignancy derives from
secondary metastatic growth, tumour progression is a
major determining factor in the judgement of tissue
weighting in radiological protection. For example, skin
tumours, most of which only rarely metastasize to
distant sites, have low lethality, and this is reflected in
a much lower tissue weighting than that given to
breast or lung where, largely as a consequence of
sccondary growths, the lethal fraction is very much
higher. Clearly, an understanding of the cellular and
molecular mechanism of the metastatic process will be
of long-term value in making informed judgements on
such weighting factors.

114, In spite of the difficultics experienced in
resolving the complex mechanisms involved, some
specific aspects of the metastatic process are now
becoming clearer. DNA and gene transfer studies have
yet to provide broad guidance on tumour gene
involvement, but the overall approach remains valid:
some studies (e.g. [R13]) do show promise; cell
hybridization [C23] and ¢cDNA screening procedures
are also proving to be valuable [S39]. However,
perhaps the most critical aspect of the metastatic
cascade is the complex interaction between invasive
tumour cells and the surrounding stromal structures
and cells. In this area significant progress is being
made in understanding the underlying mechanisms; it
is to be hoped that this will also contribute to the
design of more cffective therapeutic procedures.

5. Viral involvement

115. Viruses are believed to influence the appearance
of neoplasms in expcrimental animals and man by a
number of different mechanisms [N2, O1, P13, W16,
23] and, worldwide, may account for around 15% of
cancer incidence in man [Z3]. Viral oncogenesis is
currently believed to proceed via the following routes:

(a) through suppression of host systems for the
elimination of tumour cells (e.g. avian
reticuloendotheliosis and feline leukaemia virus);

(b) by stimulating cell proliferation through the
specific interaction of viral and cellular proteins,
cither transicntly or in a persistent manner (e.g.
buman papilloma virus and cytomegalovirus);

(c) through the transduction of acquired and
activated viral oncogenes and growth-regulating
genes to host cells (e.g. Rous sarcoma and
Epstein-Barr viruses);
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(d) through sitc-specific integration into the genome
of host cells, resulting in the activation or
inactivation (inscrtional mutagenesis) of critical
host genes (e.g. avian leukaemia and hepatitis B
viruses).

The moleculiar mechanisms of some of these processes
have been studied in detail, but while both DNA and
RNA viruses have been implicated in the actiology of
a number of buman and animal ncoplasms (e.g. ano-
genital cancer, skin cancer, liver cancer, leukaemias
and lymphomas), the overall extent of viral involve-
ment in human oncogenesis remains uncertain. Also,
in many instances it is clear that the viral component
of disease represents only part of a more complex
picture involving interaction with other risk factors

(Table 5).

116. In recent years a close association between
certain human viruses and specific host genes has
become apparent, and the following examples serve to
illustrate some of the mechanisms currently believed
to operate in buman viral oncogenesis.

117. First, a transforming protcin (E7) of human
papilloma virus 16 (HPV 16, associated with anal and
cervical papillomas) has been shown to bind the Rb
suppressor protein; a second HPV 16 protein (E6)
complexes with the p53 suppressor protein in the cell.
Thus, the transforming potential of this virus may be
mediated by dual inhibition of tumour suppressor
activity [W9]. Seccondly, human cytomegalovirus
(HCMYV) infection, possibly associated with Kaposi’s
sarcoma and cervical cancer, has been shown to lead
to upregulation of cellular FOS, JUN and MYC proto-
oncogenes. This occurs prior to the onset of viral
protein synthesis and may be mediated by a hit and
run process, whereby the interaction of viral particles
with cell surfaces triggers cellular proliferation [B13].
Thirdly, the Epstcin-Barr virus (EBV) gene BCRF1
bas been shown to be homologous to the cytokine
synthesis inhibitory factor gene /L-10, suggesting that
this oncogenic herpes virus uses a captured cytokine
gene to enhance its survival in the host, thus poten-
tiating its oncogenic propertics in respect to Burkitt’s
lymphoma [M18]. Fourthly, human T-lymphotrophic
virus (HTLV) has been shown to be associated with a
unique form of adult T-cell leukaemia/lymphoma
(ATL), with the two main foci of infection being in
Japan and the Caribbean (sce {B35]). The mechanisms
of T-cell oncogenesis following HTLV infection are
uncertain but may involve a combination of immuno-
suppressive effects [J6, K23] and T-cell proliferative
dysregulation elicited by virally encoded proteins such
as the products of the tax and rex genes [Z3). Finally,
hepatitis virus and aflatoxin Bl (a mutagenic food
contaminant) appear to be strongly interactive factors
in the induction of human hepatocellular carcinoma
(HCC), which is prevalent in southern Africa and

castern Asia [B22). The insertional mutagenesis of
host genes by hepatitis B virus has been demonstrated,
and recent cvidence strongly suggests that the afla-
toxin component of risk derives from the induction of
target liver cell mutations that inactivate the p53
tumour suppressor gene [B23, H34). The still uncer-
tain role of germ-line retroviral clements in human
tumorigenesis has been reviewed recently [L24].

118. These obscrvations provide evidence that the
oncogenic potential of many human viruses derives
from their capacilty to provide a chronic growth
stimulus to cclls, often by the interaction of viral
oncoproteins with cell cycle control proteins [N18],
but that direct mutational damage may underlic the
action of other viruses. The apparent synergy between
bepatitis B virus and a specific environmental DNA
damaging agent (aflatoxin B1), noted above, together
with data on retroviral involvement in some radiation-
induced animal ncoplasms (see paragraph 180) and the
inducibility of virus-like clements in mice by radiation
[P14], suggests that viral processes may well syner-
gistically influence a component of human radiation
oncogenesis; there is, however, only preliminary
evidence for this in respect to laryngeal carcinoma
associated with papilloma virus infection (sce [W16)).

B. HUMAN SUSCEPTIBILITY
TO RADIOGENIC CANCER

1. Homozygous deficiencies in DNA repair,
cell inactivation and chromosome breakage

119. There is increasing awarcness of the strong
influence of germ-linc gene mutations in human onco-
genesis (paragraphs 31-34). In addition to the familial
traits associated with specific DNA sequence loss and
organ-specific ncoplasms (c.g. retinoblastoma, Wilms-
aniridia, multiple cndocrine neoplasia and familial
adenomatous polyposis), there is, in the context of this
Annex, the most important problem of cancer suscepti-
bility through deficiencies in DNA metabolism [C12,
F1, H5]. The clearest example of this is found in the
genetically complex autosomal recessive trait xero-
derma pigmentosum (XP). In this genctic disorder,
defects in the repair of DNA photoproducts appear to
be causally linked with a high incidence of skin
neoplasia in the sun-exposed regions of affected
patients [B14, C12]. Human and rodent genes involved
in the repair of UV-induced damage have been
isolated and characterized (sce, e.g. [T13, V7)), and
there is much new information on the cellular and
molecular mechanisms of UV carcinogenesis (see, e.g.
[A6, B36]). A detailed description of these
mechanisms is, however, outside the scope of this
Annex.
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120. For ionizing radiation, direct links between the
cpidemiological, genctic and mechanistic aspects of
oncogenesis are less well established. However,
potentially relevant DNA repair genes are now being
identified and isolated (see, e.g. [K11, T15]), and
studics on the autosomal reccessive human genctic
disorder ataxia-tclangicctasia continue to provide
potentially important information on the association
between cellular radiosensilivity, DNA  repair
deficiency and cancer pronencss [G7, G13]; a
candidate gene for ataxia-telangiectasia group D has
recently been isolated [K29].

121. Cellular radiosensitivity - cell inactivation.
Although largely restricted to the inactivation of
cultured skin fibroblasts, in vitro clonogenic
techniques have highlighted the relatively wide range
of low-LET cellular radiosensitivity in the normal
human population [A3, A12, C13, L11]. These data,
for both acute and chronic exposurcs, show that only
cells from ataxia-telangiectasia and Nijmegen break
syndrome (NBS) homozygotes clearly fall outside the
normal range of radiosensitivity and that patients with
a variety of other putative DNA repair deficiencies are
contained within the rclatively broad normal
distribution. Cell inactivation is, however, only a crude
surrogate for overall cellular radiosensitivity and
obviously fails to reflect the genctic complexity of
oncogenic processes. The lack of correlation between
intrinsic  radiosensitivity in  fibroblast and
T-lymphocyte cell strains also casts some doubts on
the predictive value of studies on cell inactivation
{G15]). Consequently, the data cited can only be used
to provide comment on a single aspect (DNA damage
and repair) of the problem; they should not be used
alone as an indicator of the distribution of neoplasia
susceptibility in a radiation-cx posed human population.
In spite of these reservations, the overall approach has
yielded much useful information (see [Al12, G9]).

122. Chromosomal radiosensitivity and fragile sites.
The quantitative estimation of radiation-induced
chromosomal abnormalities also identifies ataxia-
telangiectasia and NBS homozygous genetic disorders
as being abnormally radiosensitive [T6, T7]. While
these data are somewhat more relevant to oncogenesis
than cell inactivation, here again it may be argued that
they are of limited value to radiological protection.
This view may, however, be tempered by recent
observations suggesting that a range of human
disorders predisposing lo cancer are characterized by
cell-cycle-dependent chromosomal radiosensitivity
[S24]. This is a potentially important observation that
demands further study. The potential relevance to
oncogenesis of specific chromosomal sites of fragility
and enhanced recombination is discussed in paragraphs
61-64. For both ionizing radiation and chemical agent

cxposure of cells, there is growing evidence for the
expression of chromosomal sites of preferential
induced breakage; in some studies an association with
fragile sites and cancer-specific  chromosome
breakpoints has also been suggested [D7, M19, S25,
526, Y1]. Of particular note are the proposed mutagen
sensitive sites (MSS) of human chSq, which at the
cytogenetic level, appear to correspond to the 5q
breakpoints  that  characterize  myelodysplastic
syndromes (MDS) [M20, Y1]. Since these myeloid
disorders and ncoplasms are believed to be
significantly radiogenic [M21, R9, V5], confirmation
of 5q breakpoint concordance for MSS and MDS
would be of some importance. Losses from the 5q
region in MDS are now belicved to centre on the
interferon regulatory factor-1 gene [W24]. Recent
studies on site-specific chromosomal breakpoints in
radiation-induced murine acute myeloid leukaemias
(paragraphs 182 and 183) add support to the
contention that beritable predisposition to breakage at
fragile sites on certain chromosomes may influence
susceptibility to radiation leukaemogenesis. The most
striking example of genomic instability associated with
human cancer predisposition is, however, provided by
hereditary non-polyposis colorectal cancer (HNPCC),
which is determined by a 2p15-16 locus [P16]. This is
believed to account for 4%-13% of all colorectal
cancers in industrial nations and is therefore more
common than FAP, which accounts for around 1% of
such cancers. Contrary to normal expectations based
on the HNPCC locus being a tumour suppressor gene,
HNPCC tumours do not show characteristic DNA
losses in the 2p15-16 region [A16]. Instead, such
tumours exhibit widesprcad alterations in short
dinucleotide (CA), repeat sequences suggestive of
genomic instability mediated through a dominant
defect in a DNA replication factor. Such instability
can be viewed as a means whereby mutation rates for
(CA) -associated genes are elevated, thus enhancing
tumour development. The finding of an excess of
other tumour types in HNPCC kindreds indicates that
such mechanisms may not be restricted to colonic
neoplasms,

123. Although not associated with oncogenic
processes, the recent characterization of the X-linked
fragile site (FRA X) mutation associated with heritable
mental retardation in man allows some comment on
the genetics of chromosome fragility. The FRA X
mutation confers not only X-chromosome fragility in
somatic cells but also appears to be unstable in germ
cells and subject to structural modification that is
dependent on its parental route of inheritance [O2,
Y8]. This [cature appears to contribute to the bizarre
genetics of FRA X inheritance and expression [R17,
S53] and, if it were 1o apply to cancer-related fragile
sites, would tend to disguise the underlying genetic
basis of familial predisposition. These FRA X data also
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highlight the potential importance of DNA repeat
scquences and chromosomal instability for certain
discasc states [R17], a theme that is echoed clsewhere
in this Annex.

2. Heterozygous carriers of genetic traits

124. While the overall picture of human genctic
influences on cancer susceptibility is becoming clearer,
the information available is based largely on studies
with highly penctrating dominant mutations and
homozygous mutations at autosomal loci. The
frequency of such clearly recognizable disorders in the
population is low, and while there are obvious
implications for affected individuals and their familics,
the overall contribution to cancers in the population
may be relatively small. In contrast, for autosomal
recessive traits, the frequency of carrier heterozygotes
will be much higher. In the case of the ataxia-
telangiectasia disorder, epidemiological studies point
towards increased risk of spontaneous neoplasms,
particularly breast cancer [P2, S4, U2], and it is
possible that such carriers of the ataxia-telangiectasia
mutation represent a human subpopulation at increased
risk of radiation-induced neoplasia.

125. Similar considerations may apply to the familial
traits  associated with organ-specific neoplasia.
Cytogenetic and molecular studies with these imply
that cancer proneness is often associated with the loss
of one germ-line copy of a tumour suppressor gene.
The spontaneous loss of the other copy in a target
somatic cell would then explain the elevated frequency
of organ-specific neoplasia and the apparent
phenotypic dominance of these traits. An explanation
that demands the reduction of target gene number in
cells from two to one also implies that certain tissues
of affected individuals would be at a considerably
elevated risk of radiation-induced ncoplasia. Some
aspects of therapy-related neoplasia in familial cancer
paticnts have been discussed [SS, U3]. Although the
paucity of data precludes detailed analysis, there is
evidence of an increased yield of therapy-related
sccond tumours in familial retinoblastoma paticnts
{E12], an observation that is consistent with the known
involvement of the RB gene in the initiation of
tumours other than rctinoblastoma, including
ostcosarcoma [T5]. With respect to radiogenic
neoplasms in dominant familial traits, intriguing
obscrvations have also been made with basal cell
nevus syndrome (BCNS), where there is unambiguous
evidence of radiotherapy-induced multiple skin
neoplasms [S5]. Although there is evidence for post-
irradiation repair/recovery defects in BCNS cells (see
[A3, L11, N21]), the disorder may be heterogenous,
and at this stage of knowledge it is not possible to

directly link cellular repair observations with the
clinical manifestation of radiogenic skin carcinoma.

126. The frequency of known highly penctrating
human monogenic diseascs that are possibly associated
with clevated susceplibility to radiation oncogencsis is
low. Examples of the cstimated frequencies of
occurrence of some of these cancer-prone human
mutations are listed in Table 6. Conscquenty, in terms
of the whole population, the highly penctrating
mutations do not appcar to present a significant
problem for risk estimation. However, more frequent
mulations, such as ataxia-tclangiectasia heterozygotes,
(cstimated frequency of ~1%), who show increased
incidences of breast cancer, with a relative risk of 6.8
claimed in onc study [P2, S4, S66), together with a
possible but still contentious increase in radio-
sensitivity [S64], could make significant contributions
to population risks.

127. However, it is most important to recognize that
cancer is cssentially a multifactorial genetic discase
and that genes determining cancer susceptibility will
differ markedly in the probability of expression
(penetrance), as measured by the appearance of one or
morc tumours in members of families carrying the
appropriate mutations. The often-cited retinoblasioma
(RB) and Wilms’ tumour (WT) gene mutations are
highly penctrating and express as bilateral childhood
tumours in a high proportion of carriers. Mutations of
lower penetrance have been suspected for many years.
However, since they tend to express, perhaps as single
adult tumours, in many fewer carriers, they also would
be much more difficult to detect in the population,
even if they occurred, overall, at a higher frequency.
This view has received some support from the finding
of relatively low penetrance p53 germ-line mutations
in rare cancer-prone Li-Fraumeni syndrome (LFS)
paticnts  [S41] and mutations associated with
predisposition to breast and ovarian cancer [H35, K21,
S52]. Onc of these breast cancer genes, BRCAI,
encoded on chromosome 17, is strongly associated
with carly onset discase and appears to act as a
tumour suppressor. Such heritable forms of breast
cancer may account for around 5% of the total in
industrialized countrics. Since one in ten women
develops breast cancer in her lifetime, perhaps as
many as onc in 200 carry genes that predispose to this
ncoplasm [K21]. However, with the exception of
BRCA1I most of these mutations are probably of low
penetrance. In the case of p53, cancer predisposing
germ-line mutations arc by no means restricted to LFS
families [M38, T17] and include one family showing
abnormal expression of wild-type p53 protein [B30].

128. Recent observations on the cffects of genomic
imprinting on the expression of tumour suppressor
genes (paragraphs 57-60) are also relevant to patterns
of heritable tumour susceptibility. Genomic imprinting
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may be considered to be a process whereby the domi-
nance of mutant gene expression is modified according
to whether it is inherited from the mother or the father
[H19, H43, S27]. In the casc of imprinted cancer-sus-
ceptibility genes, the expected Mendelian patterns of
tumour incidence in affected families will tend to be
distorted, depending critically on parental routes of
inhceritance. An illustration of the inheritance pattern
of a human discasc with imprinting cffects is shown in
Figure III. The term maternal imprinting is used to
imply that therc will be no phenatypic expression of
the abnormal allele when transmitted from the mother,
and patcrnal imprinting is used to imply that there will
be no phenotypic cxpression when transmitted from
the father. Because there will be a phenotypic effect
only when the gene or the chromosome segment in
question is transmitted from one or the other parent,
there are a number of unaffected carriers. There are
equal numbers of affected males and affected females
or of unaffected male and unaffected female carriers
in each generation [H19] (see also Anncx G,
"Hereditary effects of radiation™).

129. In addition 1o the imprinting-like effects seen {or
the RB- and WT-rclated genes in man, it may be that
this process influences the expression of other tumour
suppressor and growth-factor genes with known or
suspecicd involvement in oncogenesis [C23, F23,
H19). The inheritance pattern for familial glomus
tumours in man has been shown to be consistent with
imprinting [V6]; clinical manifestations, including
neoplasia, in the human Beckwith-Wicdermann syn-
drome are also belicved to involve imprinting effects
mediated by paternal inheritance of both copies of a
region from the short arm of chromosome 11 (paternal
disomy/maternal deficiency) (see [L16]). It may be
reasonably predicted that other less-well-defined
"cancer families" will, in detailed studies, show
pedigree distributions indicative of imprinting-like
cffects. The obscrvation of parcnt-of-origin effects on
leukaemogenic translocations may also have
implications for the genetics of haemopoictic
ncoplasms [H40].

130. In conclusion, based on the frequency of the
known highly penctrating mutations, it might be
concluded that genetic susceptibility to cancer is not a
major factor in the formulation of radiation risk
estimates. However, the increasing appreciation of
partial effects in heterozygotes, the variable penetrance
of mutations, and cpigenetic modifying factors should
sound a note of caution on this conclusion.

131. An overall genctic contribution to cancer risk in
the human population of around 20% has been sug-
gested (sce [B24]). Although considerable uncertainty
cxists, this suggested value implies that as knowledge
accrues it should be possible to begin to consider

individual  risk. For future cpidemiological
investigation of possible genctic cffects on radiation
carcinogenesis it will be important to sclectively
consider familial history of ncoplasia along with other
relevant factors, such as age of onset in relation 1o age
at exposurc. In this specific context, although other
cxplanations arc possible, the recent and unexpected
findings of an elevated relative risk of carly onsct
breast cancer among the survivors of the atomic
bombings in Japan [L30] might accord with the appa-
rently high genetic component of this discase (see
paragraph 127). It should be emphasized, however,
that the full establishment of such relationships
demands extensive investigations of familial cancer
incidences and, where possible, molecular analysis of
relevant germ- line DNA sequences in order to ascer-
tain the carrier status of the affected individual. If
progress in this most important area of human genetics
can be maintained, it may be necessary to modify
current views on the expected distribution of induced
cancers in human populations.

3. Systemic factors

132. Although there is, at present, a paucity of
informative data, the identification of initiating events
for the principal radiation-induced neoplasms is of
critical importance for the further devclopment of
mechanistic models of oncogenesis and the validation
of dose-cffect relationships. Armed with knowledge of
the target cell and the initiating event, it may be
possible to make informed judgements on the effects
of post-irradiation repair processes, on dose rate and
on radiation quality effects. However, since oncogenic
processes involve far more than initiation, it is of
considerable importance to gain a further under-
standing of the factors that influence the expression
and development of ncoplastic change, i.e. age, sex,
dietary and bormonal factors. In this context, animal
models of radiation oncogenesis can be of great value
in gaining a broad understanding of these factors (see,
e.g. [F2]), and there is also valuable information to be
obtained from human population studies.

133. Hormonal status is known to be a major factor in
the appearance of tumours in breast, ovarian, testicular
and prostate tissues in man and may also be impli-
cated in the progression of other hormone-sensitive or
hormone-producing tumours, such as those arising in
adrenal and thyroid tissues [L17, M32). Since, how-
ever, hormones and other cytokines play a ubiquitous
role in the development and maintenance of all tissucs,
their action should not be considered to be restricted
to the tumour types noted above. On current know-
ledge and with few exceptions, the principal oncogenic
role of such systemic factors centres on their action as
tumour promoters or co-carcinogens [M32).
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134. The influence of systemic endocrine factors in
human radiation oncogenesis is most strongly cvi-
denced by age- and sex-related cffects on breast
cancer incidence [U1]. These observations imply that
hormonal status is a major determinant of the
devclopment of this neoplasm and that initiated cells
may remain dormant in breast tissues for long periods.
Ccllular and molecular studics outlined elsewhere
(paragraph 189) support this contention and are also
broadly consistent with current views on the mecha-
nisms of neoplastic promotion and progression (para-
graphs 78-114) that are believed to mediate oncogene-
sis. Cellular intcractions involving hormones and
growth factors are also known to influence neoplastic
yield in experimental systems through promotional and
sclection processes; there can be little doubt that such
effects are crucial to neoplastic yiclds in man and may
be determined by physiological changes deriving from
both genetic and environmental influences.

135. Diet is thought to be a significant factor in car-
cinogenesis, with fat intake perhaps the most important
determinant of cancer in different human populations
[C15]). Promotional mechanisms centred on dietary
lipid effects on the activity of endocrine systems, on
prostaglandin synthesis, on immune functions and on
bile acid production have been proposed for some neo-
plasms and may be supported by epidemiological and
animal studies [C15]. Although cellular and molccular
data rclating directly to these proposals have yet to be
presented, it may be relevant that the promotional
pathways involving protein kinase C are known to
involve cellular lipid turnover (paragraph 82), and it is
possible that their activity is influenced by lipid or
lipid metabolite availability in tissues. Non-genotoxic
chemicals present in the diet or in the environment
have also been proposed as factors in human carcino-
genesis [C16]. Through their capacity to elicit a
chronic proliferative stimulus to cells, it is possible
that many of these may act as relatively non-specific
tumour-promoting agents: the role of induced mito-
genesis and endogenously induced DNA damage in
the initiation of oncogenesis has also been considered
(see, e.g. [A10, Al1, C16]). Although somewhat out-
side the scope of this Annex, the rate at which cclls
are believed to sustain and repair endogenous DNA
damage, in relation to that small amount of additional
damage induced by a low dose of radiation, has
received detailed comment [B43, B44, L27, S66,
W27] and is of considerable importance to the
relationship between DNA  repair and radiation
carcinogenesis (sec also paragraphs 154-159).

136. The possible cellular mechanisms of anti-
tumorigenic agents, such as retinoic acid, have been
outlined in paragraphs 95-97. Animal studies, parti-
cularly with the mouse skin papilloma/carcinoma
system, clearly demonstrate the anti-tumorigenic action

of retinoic acid in vivo [R14], and rccently, the
retinoic acid treatment of tumour-sensitive transgenic
mice carrying an active germ-line copy of a v-ras
oncogene has been shown to dramatically delay or
cven completely inhibit the appearance of promoter-
induced papillomas [L15].

137. Hormone promotion (paragraph 80), increasing
genomic instability (paragraph 104) and intrinsic
progressional processes (paragraphs 98-114) have been
mentioned as  possible factors in age-rclated
carcinogenesis. Also, for familial tumours such as
rctinoblastoma and some breast and colon tumours,
carly onsct of induced malignant discase would, for
genetic reasons, be anticipated. For the carly onset
(childbood) acute lymphocytic leukacmia, however, a
different mechanism may operate; it has been
proposed that this disease results from two sequential
mutations in haemopoietic target cells [G6]. The first
of these is postulated to occur in utero, where rapid
cell proliferation is required for haemopoietic
development, and the second during the neconatal
period, when a clonal population of these cells is
expanding in responsc to a primary antigenic stimulus.

138. Animal models provide the basis for quantitative
in vivo studies on radiation oncogenesis and dose-
effect relationships (see, e.g. [E2, M1, M2]), and
spontaneous/induced ratios for malignancy strongly
influence views on the choice of radiological risk
models (i.c. relative vs. absolute risk) (see, e.g. [S12]).
Where there is a paucity of human epidemiological
data, as in the case of lecukaemogenesis by bone-
seeking alpha-emitters, animal studies can provide the
preliminary data. For example, the finding of induced
acute myeloid leukaemia in low dose 224pa exposed
mice at a higher frequency than that of osteosarcoma
may have important implications for human radiation
risk estimates [H9, H10]. The inhomogencity of dose,
which is inherent in bone-seeking and other
internalized radioisotopes, highlights a major systemic
uncertainty in radiation oncogenesis, i.e. the identity
and in vivo distribution of target cells for oncogenesis.
The pattern of isotope distribution and decay in
relation to organ specific target cclls is probably the
major determinant of oncogenesis by these isotopes,
yet very little is known about target cell identity and
even less about distribution.

139. In conclusion, the highly interactive multi-step
nature of oncogenesis demands that systemic factors
will greatly influence the probability that a carcinogen-
initiated ccll in tissuc will complete all steps and give
risc to an overt malignancy. Positive factors such as
dictary and hormonal/growth factor-mediated promo-
tional mechanisms may tend to drive the process
forward, while terminal cellular differentiation, pro-
grammed cell death, cellular communication, cellular
surveillance and dictary/endogenous anti-oncogenic
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compeunds may restrict or cven abrogate tumour
development. Any specific judgement on the proba-
bility that a single tumour-initiated stem cell will
progress to malignancy requires a greater knowledge
of the complex interplay between these factors than is
currently available. In general, however, it sccms
certain that the negative factors greatly outweigh the
positive and that, although only crudely estimated,
perhaps less than one in a million initiated cells
complete the full transition to overt malignancy
(paragraph 218).

4. Immunodeficiency and
cell surveillance mechanisms

140. Some human genetic immunodcficiency discases,
such as the Wiskott-Aldrich syndrome [P3], are
characterized by susceptibility to certain ncoplasms.
However, the role of host immune-response in onco-
genesis is a problem that has yet to be satisfactorily
resolved (sce, e.g. [S43]). In the context of oncogenic
mechanisms, some specific comment is necessary.

141, In the casc of oncogenic DNA viruses, such as
Epstein Bamr virus (EBV) that carry transforming
genes, there is evidence that immune functions
cfficiently suppress oncogencsis [P4] and that EBV-
carrying lympho-proliferative disorders normally only
develop where there is evidence of host immuno-
deficiency. It has been suggested [K2] that the rather
unusual spectrum of human neoplasms that develop in
the case of inherited or acquired immuno-deficiency
reflects the involvement of oncogenic DNA viruses in
tumour aetiology. In such cases the expression of
"foreign" viral genes in neoplastic cells could be scen
as providing specific targets for host immune
functions. Viral oncogenesis often depends on the
persistent proliferation of the virus in host tissues
(paragraphs 115-118), and this is obviously influenced
by the degrec to which the host is able to mount an
effective immune response against the highly specific
"non-self” viral proteins.

142. For oncogenesis mediated by the insertion of a
viral sequence close to cellular oncogenes the situation
is less clear. The target genc may be activated by the
insertion of only a short, non-coding viral sequence
(the viral long terminal repeat or enhancer) [J2). This
would not tend to generate immunogenicity in the cell.
If, however, the whole viral genome were inserted, the
expression of virally encoded proteins could clicit an
immune response to eliminate the carrier cell [K2].
The activation of normally sileat transposons has been
demonstrated in human testicular tumours [B34), and
in one case of colon cancer the target APC gene had
been inactivated by transpositional insertion {M46].
The implication of such activational and inscrtional
events for immune responsc is however uncertain.

143. In the case of oncogene activation by endo-
genous processcs, i.e. chromosome translocation, gene
amplification or point mutation, cither normal or
minimally modificd proteins have been scen 10 be
expressed (paragraphs 28 and 29). Chaemeric fusjon
proteins (paragraph 71 and Table 1) arc a possible
exception to this. Conscquently, such mechanisms
would not, in gencral, provide strongly antigenic gene
products to act as high-affinity "non-self* targets for
B- and T-cell mediated immune mechanisms. This
conclusion accords with the low immunogenicity seen
in most spontancous ncoplasms [K2]. Oncogenic pro-
cesses associated with gene losses would not obvi-
ously have any direct conscquences for conventional
immune response.

144, T-cell mediated immune recognition depends on
the precise presentation ol antigens on target cell
surfaces through the action of proteins, collectively
termed the major histocompatibility complex (MHC),
and there is evidence that during the course of their
development many tumours develop antigenic deter-
minants that can elicit immune rcactions. Tumour
antigens have been characterized in a range of human
and animal tumours [G14], but the contention that they
are capable of stimulating an effective immune
reaction may be questioned. Melanoma probably repre-
sents the best antigenically characterized human
tumour, and around 40 different tumour antigens have
been identified using monoclonal antibody techniques.
These include antigens of MHC, pigment, growth
factor receptor and cell membrane/matrix origin [H36).
A feature of these antigens that illustrates the central
problem of tumour immunology is that none are truly
tumour-specific; all are expressed, albeit in some cases
weakly, by other normal tissues. The lack of speci-
ficity of the vast majority of tumour antigens may well
underlie the apparent failure of T- and B-cell mediated
immune systems to mount an effective response to
neoplastic cells arising in tissues. As noted above, the
virally-associated human tumours represent a clear and
wholly understandable exception to this,

145, Thus, while T- and B-cell mediated immune
systems may under some circumstances modify the
development of non-viral human tumours, clear evi-
dence that they bave the capacity to eliminate early
pre-neoplastic cells in tissues is lacking. Indeed, if
such efficient systems were to be available, it would
be necessary to seck explanations as to why such cells
can remain dormant in tissues for long periods prior 1o
promotional stimulation by systemic factors such as
hormones (paragraphs 78-97). Also, from an experi-
mental point of view, an explanation is necded for the
fact that very large studics with mice, genetically
dcficient in T-cell immunity, bave failed to provide
any cvidence of clevaled tumour susceptibility (see
[B25, §42)).
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146. Immunodeficiency is a characteristic feature of
the ataxia-telangiectasia human genctic disorder [R10].
While the immune defect in the disease may contri-
bule to the increased frequency of lymphoreticular
ncoplasia in  ataxia-tclangicctasia, chromosomal
rearrangements that arc characteristic of the predomi-
nant T-cell leukacmias suggest that the underlying
defect in DNA metabolism resulting in misrecombina-
tion of T-ccll receptor genes [R3] may be a more
important determinant of neoplasia incidence.

147. There is also evidence that the skin plays a
significant role in the body’s immune system and that
Langerhans’ cells in skin originate in bone marrow
and are immunocompetent [S28]. With regard to
immune effects in carcinogenesis, it has been shown
that immunosuppressed patients show an excess of
squamous cell carcinomas [K7], and clinical observa-
tions have led to suggestions that a depression of the
cell-mediated immune function in skin, as a conse-
quence of UV-sensitivity, may contribute towards the
incidence of skin neoplasia in XP patients [B14].

148. While there is relatively good understanding of
the nature and extent of T- and B-cell mediated
immune reactions, the same is not true of the potential
defence mechanism provided by natural killer (NK)
cells; these appear to recognize abnormal cells without
MHC involvement and are far less discriminating in
their action than T-cells {B2). Recognizing certain cell
surface receptors that are not necessarily antigenic,
NK cells bind and then secrete membrane-perforating
proteins that lead to target cell lysis [Y3]. Thus cells
misplaced in tissues, cells over-expressing cerlain
membrane proteins and/or cells with conformational
membrane changes may be eliminated. The accidental
elimination of normal cells by NK cells is known to
occur [Y3], and this relatively low specificity of action
may provide NK cells with a capacity to eliminate
pre-neoplastic cells showing characteristic changes at
membrane surfaces. In this general context, NK cells
have been shown to exert selective inhibitory effects
during post-irradiation hacmopoiesis [P8], and a regu-

latory role for lymphoid cells in selectively preventing
the sell-renewal and accumulation of early neoplastic
cclls has also been proposed [G4].

149. The overall extent of NK or NK-like cell
function in the elimination of tumour cells and the
development of malignancy in man remains uncertain.
However, in animal systems it has been shown that the
transplantation of cloned NK cells to NK-dcficient
host mice leads to resistance to radiation-induced
thymic lymphoma and the inhibition of lung nodule
development following implantation of melanoma
tumour cclls [W17]. The selective activation of NK
cells has also been shown experimentally to inhibit
tumour metastasis [H37]. The implications of these
observations for radiation carcinogenesis in man
remain to be established, but they do provide evidence
for the existence of cell-mediated processes that
defend against tumour growth and metastasis [H38,
Y3]. In spite of this, their apparent lack of specificity
poses questions on the overall cfficiency of their
scavenging capacity.’

150. In conclusion, it has been argued that with the
exception of a possible viral component, T- and B-cell
mediated immune response may not play a major role
in moderating human radiation oncogenesis. However,
specialized immune functions in certain organs and the
existence of non-immunogenic cell surveillance
mechanisms imply that a proportion of early pre-
neoplastic cells may be eliminated before they become
established. Other mechanisms defending against
tumour induction or development, including DNA
repair, programmed cell death, terminal differentiation
and pbenotypic suppression, are noted in other
Sections of this Annex. Together, these will reduce the
probability that a specifically damaged target cell will
progress to frank malignancy. An estimate of this
probability, while of considerable importance to
radiological protection, is extremely difficult to make.
Nevertheless, in paragraph 219 a first approximation
calculation is illustrated.

I1I. EXPERIMENTAL INVESTIGATIONS OF CELLULAR
AND MOLECULAR MECHANISMS OF RADIATION ONCOGENESIS

151. Given the complexity of the cellular genelic
events involved in oncogencsis, how should the princi-
pal questions regarding the mechanisms of radiation
oncogenesis be framed? With a view to exploring
experimental strategics, these questions may be
grouped as follows:

(a) what is the nature of radiation-induced initiating
events? Is DNA the principal cellular target, and

if so, what is the effect of post-irradiation DNA
repair on the fate of these potentially initiating
lesions?

(b) what is the identity, distribution and radio-
sensitivity of target cells for the major induced
neoplasms?

(¢) what are the consequences of an initiating event
to a given target cell, and how does this event
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interact with or determine promotional or pro-
gressional cvents in order 1o give rise to the
overly neoplastic cellular phenotype?

(d) in what ways do genctic, hormonal and/for envi-
ronmental factors affect the expression of initial
oncogenic damage and the subsequent progres-
sion towards malignancy?

{¢) how closely can experimentally derived data on
oncogenic change be related to other biological/
biophysical cffects of radiation and, crucially, to
in vivo human oncogencsis.

152. Unambiguous answers to most of the above
questions are not yet possible. The questions serve
here only as a framework for discussion. Nevertheless,
some specific comment is possible from both in vitro
and tn vivo approaches to the problem.

A. EPIDEMIOLOGICAL STUDIES

153. Epidemiological studies of human groups
exposed to low-LET radiation show that a range of
neoplasms are represented in excess and, broadly, that
these do not differ markedly from those arising
spontaneously in the population (see, e.g. [U1]). That
is not to say that different tissue sensitivities or
characteristic mechanisms do not occur for radiation
oncogenesis but rather that no unique neoplastic signa-
ture of human radiation cxposure is, as yet, apparent
(paragraphs 223-227). This may be contrasted with the
organ-specific neoplasms that characterize exposure to
certain chemical agents, c.g. asbestos and mesothe-
lioma, vinyl chloride monomer and hepatic angio-
sarcoma, benzene and leukaemia and aflatoxin and
hepatocellular carcinoma [B22, T16] (paragraphs 91-
93). The basis of these observations, although
uncertain, may be associated with the evidence that,
through cnergy deposition and chemical radical
interaction in DNA, radiation is able to induce a
diversity of genomic lesions, ranging from damage to
single bases to gross DNA deletions and rearrange-
ments. Again, this may be contrasted with some
chemical agents, which have characteristic chemical
specificities in their interaction with DNA and also
target certain organs (paragraphs 188-203). Thus, the
epidemiological characteristics of radiation onco-
genesis would be explained, if the spectrum and
distribution of induced cellular initiating events was
not grossly different from that arising spontaneously
and if low-LET radiation simply increased the
frequency of the commonly occurring neoplasms,
albeit with different levels of cxcess in different target
organs. Although attractive in its simplicity, this hypo-
thesis may need to be modified in the light of
molecular information on induced somatic cell muta-
tion. As noted later in Chapter IV, the physiological
and bijochemical processes governing the uptake,

distribution and excretion of radioactive isotopes can
lcad to dosc-inhomogencity and, subsequently, organ-
specific neoplasia. There is limited information on
such carcinogenic cffects in man [Ul, U2}, and
Annex F, "Influence of dose and dose rate on stocha-
stic effects of radiation" summarizes some of the
relevant animal data.

B. MOLECULAR STUDIES
OF MUTAGENESIS AND REPAIR:
POSSIBLE IMPLICATIONS FOR
NEOPLASTIC INITIATION

154. If, as implied in previous paragraphs, the
majority of ncoplasms are initiated through gene- and
cell-specilic somatic mutation, then the molecular
characteristics of radiation-induced gene mutation may
be informative. Detailed studies of radiation-induced
mutation at the HPRT, APRT, TK and DHFR loci of
mammalian cells show that the principal mechanism of
radiation-induced mutation is through gross genetic
change, usually DNA deletions [E1, H7, M6, M33,
N20, S29, T2, T8, Ull]. These data in no way
exclude radiation mutagenesis through point mutation,
which has been convincingly demonstrated at the
APRT locus [GS, M33], but rather suggest that ioni-
zing radiation is a relatively weak point mutagen. The
molecular analysis of spontaneously arising somatic
cell mutanis suggests that point mutation may be the
predominant spontaneous mulagenic event, although
spontaneous deletion mutants have also been charac-
lerized [M33, S29, T2).

155. It is, however, important to recognize that most
of these data relate to mutation induction in a limited
selection of genes and, generally, at relatively high
doses and dose rates (see [T8]). In recent studies, it
has been shown that tk mutations in a murine
(L5178Y) cell line are induced in a dose-rate-depen-
dent fashion but, apparently, with an increase in the
proportion of multilocus mutations correlating with
decreased dose ratc [E4]. In this study, mutations at
the /iprt locus, which are thought to be single-locus
events, showed no such dose-rate dependence. In con-
trast, other studics (sec [F22, M22]) show that induced
hprt mutation rates decrease with dose rate or dose
fractionation. It has also been demonstrated [M22] that
the specific fraction of full Jiprt gene deletion in
Chinesc hamster ovary cells is not altered by post-
irradiation repair processes, suggesting that DNA
repair acts with equal fidelity on the majority of
potentially mutagenic lesions (see also Annex F,
"Influence of dose and dose rate on stochastic effects
of radiation"). This latter study also provided prelimi-
nary evidence for hprt breakpoint hot spots in the 3’
segment of the gene. Since oxygen concentration is
known to affect the spectrum of radiation-induced
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DNA lesions, it may be an additional and important
variable, particularly for DNA basc damage that might
give rise to point mutations.

156. There is growing evidence that spontancous and
radiation-induced gene deletions in  cultured
mammalian cells may involve preferential DNA
breakage at certain short repeat sequences [M33, M39,
M49]. The mechanism for the induction of such
delctions remains uncertain but could include the
induction of DNA double-strand breaks, followed by
recombination and/or replication slippage past
secondary DNA structures produced by the pairing of
the repeats [M33]. The potential importance of this
mechanism for oncogenesis is evidenced by the
finding of similar short, direct repeats at the
breakpoints of deletions in the RB gene in human
rctinoblastoma, and it also appears that the repeat
sequences involved in gene delctions vary according
to the locus that is being studied [C25]. The cataiytic
properties of such repeat sequences, while still to be
fully resolved, could therefore be a significant faclor
in the relative radiosensitivity of different tumour
genes and, through this, could be a determinant of the
inducibility of the neoplasms with which they are
associated. At present the information available is
largely restricted to small intragenic deletions, and it
is of some importance to determine the relevance of
the DNA deletion mechanism noted above for the
gross chromosomal losses that characterize some
radiogenic neoplasms {B42).

157. A similar picture with respect to gross genetic
damage also emerges from molecular studies on the
nature of the DNA-repair defect in radiosensitive
ataxia-telangiectasia human cells. These data imply
that misrepair of DNA double-strand scissions may be
the major determinant of ataxia-telangiectasia
radiosensitivity and that the misrepair takes the form
of DNA deletion and/for rearrangement around the site
of the scission [C6, D2] (see also Annex F, "Influence
of dose and dose rate on stochastic effects of
radiation"), Some of the uncertainties about the
relevance of this misrepair mechanism for the ataxia-
telangiectasia phenotype have been resolved by the use
of a DNA repair assay ulilizing cell-free extracts
[G16, N15]. Here it has been shown that, whereas
nuclear extracts of normal and ataxia-telangicctasia
cell lines do not differ markedly in the efficiency with
which they rejoin enzyme-induced double-strand
breaks in plasmid DNA, they do differ in the fidelity
with which certain forms of breaks are repaired; from
the data presented it appears likely that the nature of
the DNA sequence at the breakpoint may influence
repair fidelity. Such in vitro approaches may have
considerable potential for resolving the molecular
mechanisms of oncogenic initiation and could, for
example, be used as modcl systems to explore the

importance of double-strand breaks and DNA repeat
sequences in the induction of DNA deletions in cloned
tumour suppressor genes such as RB, APC and p533.
Homologous recombination is thought to be involved
in some cases of tumour suppressor gene mutagenesis,
and model in vitro approaches to this mechanism and
its induction by radiation have been described [B31].

158. DNA misrcpair may also result in the appearance
of DNA translocations as well as delctions, and it is
relevant that the predominant, spontaneously arising
T-cell neoplasms in ataxia-telangiectasia patients often
involve specific chromosomal rearrangement [T6]
centred on incorrect recombination of DNA sequences
associated with the assembly of mature T-cell receptor
genes [R3]. Owing to the apparently small DNA target
involved, the efficient induction of such precise
translocations by radiation may be questioned
(paragraphs 74 and 75). It may be, however, that as a
consequence of specific recombination affinity,
radiation-induced molecular damage outside the target
sequence may catalyse site-specific misrecombination
[B42]. Again, this problem could, in principle, be
approached using in vitro molecular strategies.

159. Overall, the above molecular studies may be
used to argue that radiation-induced somatic cell
mutations associated with the initiation of oncogenesis
are, perhaps, more likely to be specific DNA deletions
and/or rearrangements than point mutations. However,
there is insufficient evidence to be dogmatic about this
important aspect of oncogenic initiation, and it may be
that the genomic domain within which a target gene is
located is a major determinant of the predominant
molecular mechanism of induced genetic change. It
may also be oversimplistic to view mutagenic mecha-
nisms as the principal determinant of oncogenesis. A
significant factor in the emergence of an established
ncoplasm will be the degree of proliferative advantage
and/or selection associated with early pre-neoplastic
events. Thus, while ionizing radiation may be a weak
point mutagen for a given gene, the selective advant-
age conferred to a target cell by a specific point
mutation in that gene may in some circumstances
outweigh the relatively low overall frequency of such
mutations induced within the target cell population. In
conclusion, recent attempts to relate specific mutations
in radiation-associaled human tumours to the
mutagenic action of ionizing radiation [V10] highlight
the pressing need for more detailed information on the
mechanisms of radiation mutagenesis and repair. The
induction of cellular repair by low doses of ionizing
radiation has been demonstrated in certain experi-
mental systems, but the implications of this for
oncogenic processes remain obscure (see Annex F,
"Influence of dose and dose rate on stochastic effects
of radiation™).
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C. IN VITRO STUDIES
WITH CELLULAR SYSTEMS

1. Conventional systems

160. The early work of Reznikoff et al. [R2] provided
strategics and techniques for the development of in
vitro oncogenic cell transformation systems. These
clonogenic systems, such as that based on C3H10T%
cells, seek to characterize and quantify radiation-
induced changes in quasi-normal cells that mimic or
arc associated with neoplastic cellular phenotypes, e.g.
loss of contact inhibition, growth in semi-solid
medium [H6). The positive and negative arguments on
the relevance of these in vitro techniques to onco-
genesis in vivo have been discussed [L2], and it is
sufficient here to make only a few general points
about their role in the understanding of oncogenic
mechanisms.

161. First, irrespective of the detailed cell biology of
the systems, in vitro studies that relate radiation expo-
sure to the induction of a clonogenic, neoplasia-asso-
ciated cellular phenotype should be viewed as being
potentially informative. Secondly, the characteristics of
the established rodent cell systems allow rapid assay
of the transformed phenotype and ready manipulation,
for the purpose of addressing questions of dose effect,
dose rate, radiation quality, post-irradiation repair and
tumour promotion. Also of great potential benefit is
the possibility that such techniques could be applied to
cultured human cells.

162. For the induction of the in vitro transformed
cellular phenotype there is compelling evidence that
the principal target is genomic DNA. The gross mor-
phological cellular changes that signal transformation
may be produced by DNA-mediated oncogene transfer,
and there is a good correlation between the ability of
the given agent to induce cell transformation and its
capacily to induce DNA-damage (see also paragraphs
20 and 21). In addition, there is evidence that in vitro
ransformation progresses by at least a two-siep
process and that many agents and conditions that
influence in vivo oncogenesis have paraliel effects on
in vitro cell transformation [H6, K10, L3].

163. There remain, however, many uncertainties
regarding the true relevance to in vivo oncogenesis of
quantitative and qualitative studies with many existing
in vitro systems. The principal in vitro cellular sys-
tems are based on immortalized rodent cell lines, and
guantitative, radiation-induced transformation of nor-
mal buman diploid cells has yet to be convincingly
demonstrated. In the established rodent cell systems
there has been considerable controversy on the shape
of dose-effect curves [L2], on the influence of radia-
tion quality and, recently, on the existence of a reverse

dosc-rate cffect for high-LET radiations (see [C14]).
Ovecrall, the relative simplicity of these systems is
appealing, but their direct application to quantitative
aspects of human radiological risk is perhaps prema-
ture. Some of these aspects are discussed in Annex F,
"Influence of dosc and dose rate on stochastic effects
of radiation”.

164, Mechanistic studies of in virro cell transforma-
tion indicate that initiating events may, in some instan-
ces, be induced at a surprisingly high frequency in an
irradiated population of C3H10T% cells [K3]. Evi-
dence has also been presented that, at low doses, 1251
incorporated into DNA is extremely effective at
inducing the transformation of BALB/3T3 cells [L18].
Indeed, at 1251 jevels producing only ~30 decays per
cell, the high transformation frequency observed (10’4
per surviving ccll) implies that only a very small
number of unspecified DNA siles need to be damaged
to convert the cell 1o a ncoplastic phenotype. Similar
conclusions are also emerging from in vivolin vitro
studies with rat mammary and thyroid clonogens [C5];
such high-frequency induction is, however, difficult to
reconcile with the overall picture of specific gene
targets for neoplastic initiation that is emerging from
studies with human tumours. The molecular mecha-
nisms underlying this process remain obscure, but
establishing the generality of such high frequency
induced events is of obvious importance. The molecu-
lar aspects of the radiation-induced transformed
phenotype have been studicd using DNA-mediated
gene transfer techniques, and although dominantly
acting transforming DNA sequences have been shown
1o be carried by overtly transformed C3H10T% cells,
their identity has yet to be fully established [B3, K22].
The presence of unidentified transforming sequences
has been demonstrated in post-irradiation mass
cultures of C3H10T cells [L2], and recently, DNA
transfer techniques have been successfully employed
in the molecular cloning of a transforming gene from
a radiation-induced C3H10T% transformant {F20]; it
remains to be scen however whether this gene repre-
sents the principal target for radiation-induced
initiation of C3H10T% transformation. In addition,
myc oncogene rearrangement has been characterized in
a radiation transformed C3H10T*% clone [S6] and myc
and raf gene expression has been shown 1o be
increased in another such transformed clone [L25].

165. While it is possible that the identification of
characteristic gene activation events in in vitro trans-
formed cells may allow comment on the broad mecha-
nisms of radiation oncogencsis, it is more likely that
such identification will be of greatest value in the
understanding the systems themselves. With conven-
tional rodent in vitro transformation systems, doubt is
likely to remain about the true significance of single
cell in vitro response to the more complex interactive
processes that mediale in vivo oncogenesis.
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2. Novel systems

166. While quantitative and qualitative data from
conventional cell transformation systems will continue
to be uscful, more attention is now being focused on
the potentially more relevant systems that utilize
human cells, cells of epithelial origin and cells from
hacmopoictic tissues (sce [C9]). It is alrcady apparent
that the conventional criteria for in vitro cell
transformation, i.e. loss of contact inhibitions/focus
formation, growth in semi-solid media, immortaliza-
tion and relatively rapid progression to an overtly
oncogenic phcnotype, do not apply generally in
cellular systems. Cellular and molecular studies of
human neoplasms strongly suggest that different
transformational processes may operate in different
ccll lineages, and this should be reflected in the in
vitro systems that are employed. The most significant
progress that could be anticipated would be the design
of in vitro cellular systems that were linked, by
cytogenetic and molecular studies, to specific in vivo
ncoplastic and pre-neoplastic conditions. It cannot be
expecied that such systems will be simple or quantita-
tively precise [H13], but they should reveal more
about oncogenic mechanisms than the currently
favoured systems based on rodent fibroblast cell lines.

167. New developmenits in in vitro cell transformation
have recently been reviewed [C9], and it is sufficient
here to highlight a few of the most important findings.
Studies with human diploid fibroblasts have been
discussed by McCormick et al. [M9], with particular
emphasis on the lack of clear evidence for induced
malignant transformation in these cells. The
immortalization of human fibroblasts, unlike that of
cultured rodent cclls, appears to be a very rare event
and probably represents a rate-limiting step in the
pathway towards malignancy. It has been shown,
however, that a rare, radiation-induced, immortalized
human fibroblast strain may be transformed to a fully
malignant phenotype by the introduction of an
activated H-ras oncogene [N8, N11). In a scries of
subsequent experiments [M40] it has been shown that
intermittent in vitro cxposure (total dosc 28 Gy) to
gamma rays over 50 passages resulted in the
immortalization of human fibroblasts but that final
malignant conversion could not be demonstrated until
the 547th passage (2,800 d in culture). These studies
provide a clear demonstration of the multi-step nature
of in vitro malignant transformation in human
fibroblasts and, unfortunately, the difficultics that are
faced in oblaining quantitative estimates of induced
transformation with these cells.

168. A buman hybrid cell system has also been
devcloped in order to quantify radiation effects on a
putative tumour suppressor gene encoded on chromo-
some 11. The quantitative, ceflular and molecular

aspects of this system are currently under investigation
[R4], and good progress may be anticipated. Although
bascd on immortalized strains of human cells and used
so far for characterization and chemical carcinogenesis
studies, mammary cpithelial [S54], kidney cpithelial
[T18], skin keratinocyte [B7, F6, R18, R19], colonic
cpithelial [W25] and urinary cpithelial cell [R5]
systems also show interesting potential for both
mechanistic and quantitalive studics.

169. Cytogenctic and molecular studies of chemically
transformed variants of the SV-HUC human uro-
cpithclial cell line have been particularly rewarding
[K15]. It has been shown that chromosome 3p dcle-
lions are characteristic of the high-grade carcinomas
produced in transplanted nude mice following in vitro
chemical transformation. What is particularly note-
worthy is that loss of heterozygosity for 3p encoded
DNA sequences have been reported in a variety of
human carcinomas, thus for the first time providing a
putative link between in vitro induced cellular damage
and carcinogenesis in vivo. An extension of this
approach to radiation-induced transformation should be
encouraged, but it should be recognized that, at
present, the assay system as developed does not lend
itself 1o detailed quantitative studics and that the viral
immortalization process may influence the transforma-
tional response.

170. Novecl cell transformation systems that include in
vivo and in vitro phases have been developed for
mammary [C5], thyroid [M23] and tracheal [T9]
tissues of rodents. In the mammary system, trans-
plantation of dissociated mammary tissue to subcuta-
neous fal pads has allowed the quantification of
differentiating mammary clonogens and, through this,
cestimates of radiosensitivity. A tissue-dependent post-
irradiation repair process has been characterized, as
has the induction of dysplastic (pre-neoplastic) lesions
resulting from radiation damage to clonogens. The
promotional effects of elevated prolactin and gluco-
corticoid deficiency are evident in these studies, and
it is also apparent that ncoplastic initiation is a
relatively common celfular cvent [CS].

171. A fatpad transplantation technique also underlics
the in vivo in vitro studies on thyroid carcinogenesis.
The radiation induction of pre-ncoplastic lesions was
shown to be dependent on hormonal status (thyroid-
stimulating hormone), and again, initiating events were
observed at a surprisingly high frequency [CS]. Cell-
cell interactions have been shown to influence strongly
the expression of oncogenesis in both mammary and
thyroid systems. Similar findings have been madc
using an in vivo in vitro model of trachcal epithelial
transfornation in the rat [T10]. Here, direct cell-cell
contact in tissues and a diffusible factor from cultured
cells have been shown to suppress the expression of
early oncogenic changes. In the case of in vitro
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suppression the factor is belicved to be transforming
growth factor B (TGF B), which may exert its effect
through the induction of terminal differentiation [T10).
Thus, the emcrgence of initiated cells and their
subsequent proliferative advantage may depend on
their ability to escape from TGF 8 mediated terminal
differentiation.

172. Despite the increasing knowledge of the complex
interactions between growth promoting and inhibitory
factors in the regulation of haemopoicsis and
associated cell lincage differentiation [D8, M24],
transformation systems for cclls of bacmopoietic origin
are at a relatively carly stage of development. How-
cver, the availability of growth factor-dependent
hacmopoictic cell lines [D9, G10, S30] and their
oncogenic transformation by specific hacmopoiesis-
related genes [B135, L12] arc providing powerful tools
with which it may be possible to relate transforming
events in vitro to those that characterize hacmopoietic
neoplasms in vivo. In the case of osteosarcomagenesis,
an in vitro system for murine mandibular condyles is
being developed to study the cellular and molecular
cvents that mediate skeletoblast differentiation and
oncogenic transformation [S15]. In this system it has
been shown that fos expression precedes the in vitro
osteogenic differentiation of cartilage cells [C28).

D. IN VIVO STUDIES

" 1. General experimental strategies

173. It has been argued in previous paragraphs that
the most plausible molecular form of neoplastic initia-
tion is specific gene mutation that predisposes appro-
priate target cells to subsequent malignant conversion;
studies with familial human neoplasms have also
shown that, under some circumstances, it is possible to
gain detailed information on the identity of tumour-
initiating events in man. However, the central problem
for cellular and molecular studies using inducing
agents and experimental animal systems is that during
the post-irradiation latent period, a number of
genetic/epigenetic changes will have accumulated
within the evolving neoplastic cell population, and
many of them will be represented in the final
malignant clone that is available for study. What
criteria can be used to determine which of these
changes was induced by the carcinogen and is
therefore the initiating event?

174. Two main experimental strategics have evolved
to approach this crucial question:

(a) to use molecular techniques to search for
consistent molecular change in specific genes of
the induced ncoplasm and attempt to relate any
characteristic DNA changes to the known DNA-

damaging properties of the inducing agent;

(b) to idenlify candidate initiating evenls as consi-
stent molecular and/or chromosomal changes in
the overt induced neoplasm and subsequently
trace the induction of these events back to the
immediate post-treatment proliferation of cells in
the target organ.

175. The first strategy has been cffectively employed
in the putative identification of ras proto-oncogenes as
principal targets for early events in chemically induced
mammary, hepatic and skin carcinomas in rodents
(paragraphs 188 and 189). In general, the success of
this approach to chemical oncogenesis depends on the
induced initiating cvents being basec-pair specific
changes in a restricted set of codons of a known gene
(see, e.g. [B37]). In this case the chemical specificities
of the carcinogen will be immediately apparent and
informative. The relative lack of DNA damage specifi-
city following exposure to ijonizing radiation may
mean that this strategy is less appropriate to radiation
oncogenesis. Consistency of molecular genetic change
in a given neoplasm infers a major contribution of that
change to the success of the malignant clone but need
not be informative on the stage in clonal evolution at
which the change took place. Point mutation within a
limited set of ras gene codons has been demonstrated
in radjation-induced murine lymphomas [D3, D4,
N19], but alone, these data are insufficient to identify
ras activation as an initiating event for this neoplasni.
More recently, however, it was shown that K-ras
codon mutation spectra in tumours induced by gamma
rays are different from those in tumours induced by
neutrons [S31]. These data were used to arguc that
differences in physical properties between the two
radiation qualities might influence mutational spectra
and hence that K-ras activation might represent an
initiating event for radiation lymphomagenesis. There
is, however, some uncertainty in the biophysical
interpretation of these data, and it remains possible
that ras mutations play a greater role in the
development of lymphoma than in its initiation. Even
greater problems of interpretation surround other
observations of structural and functional changes in
oncogenes of radiation-induced animal neoplasms
(paragraphs 179-187). In no case is it possible to be
confident about the identity of the radiation-induced
initiating event (e.g. [F4, S7]). In this area, however,
the implementation of polymerase chain reaction tech-
niques (PCR) for rapid gene mutation analysis [ES8,
R11] during early post-irradiation cell proliferation
periods may be expected to have a major impact on
future research.

176. The second experimental strategy has been
somewhat more successful, particularly in providing
comment on the status of characteristic chromosomal
changes in radiation-induced haemopoictic neoplasms.
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177. Trisomy of chromosome (ch) 15 is a characler-
istic cytogenetic feature of radiation-induced murine
thymic lymphoma. Cytogenctic studics of pre-neo-
plastic animals strongly suggest that the appcarance of
the extra ch15 copy is associated with the later stages
of ncoplastic development. In contrast, the carly
appearance of a ch 1:5 translocation in a significant
proportion of pre-ncoplastic animals suggests that this
is a better candidate for a lymphoma-initiating cvent
[M7}. There is, as yet, no information regarding the
involvement of specific genes in cither of these
chromosomal changes.

178, The deletion and rearrangement of ch2 is a con-
sistent feature of radiation-induced acute myeloid
leukaemia in the mouse [B4, B16, H8]. Using an in
vitro irradiation and transplantation technique, similar
ch2 rearrangements were characterized in rapidly
proliferating haemopoietic cell clones within five days
of irradiation, and it was concluded that these may
represent candidate initiating events for murine acute
myeloid leukaemia [B16, S8). More recenlly, a strong
statistical concordance has been established between
radiation-induced ch2 breakpoints in irradiated murine
haemopoietic cells and those in acute myeloid leukae-
mia [B16}. In addition to strengthening the link
between ch2 deletion/rearrangement and leukaemic
initiation, these data also suggest that induced
breakage may occur at specific radiation-sensitive siles
on this chromosome. Stable chromosomal changes
have also been recorded in irradiated and repopulating
haemopoietic cells in the rat {M35].

2. Molecular studies
of induced animal neoplasms

179. The molecular aspects of radiation oncogenesis
in animal models of thymic lymphoma, myeloid leu-
kaemia and osteosarcoma have recently been reviewed
{J2] and are outlined here briefly, together with some
obscrvations on rodent skin, mammary and lung car-
cinogenesis. This whole arca has also been explored in
a number of recent symposia (sce [B28, E7]).

180. Thymic lymphoma. Studies of thymic lympho-
magenesis in mice bave provided evidence that an
indirect mechanism is involved [K4]. It has been
repeatedly shown that thymic lymphomas may develop
from immature lymphoid cells present in non-irradia-
ted thymuses that are subcutancously grafied into split-
dose-irradiated, thymectomized recipients [K4, M8].
Since weakly leukaemogenic activity is often present
in cell-free extracts of primary lymphomas and its
potency increases with serial passage, a viral role in
lymphomagenesis was suspected [L4]. Although
recombinant retroviral complexes have been repro-
ducibly detected in radiation-induced lymphomas [J2],

the specific role of these and their derivation from
germ-line ccotropic provirus remains uncertain [J2,
N4J. Somc evidence for proviral induction by radiation
and integration into common genomic domains in
lymphomas and derivative ccll lines has recently been
obtained, but the genes within these domains are not
known [J2, S55]. The weight of evidence now tends to
favour a role for provirus in lymphoma development
rather than initiation, and there are studies that imply
that radiation leukaemogenesis in NFS mice does not
involve C- and B-lype retroviruses [O3]. Indced,
recent evidence suggests that infection by activated
viruses is not necessary to explain the indirect
induction of radiogenic lymphomas [S56, S57]. It has
been proposed that the depletion of T-cell precursors
in the bone marrow, together with the depletion of
thymic lymphocytes, is sufficient for regenerating
thymus cclls to undergo pre-neoplastic changes,
possibly due to an aberrant cxpression of genes
involved in the growth and differentiation of thymus
cells [MS50, 556, S57].

181. It has been shown that the injection of syngeneic
bone marrow cells into split-dose-irradiated mice can
prevent lymphoma development, possibly as a
conscquence of the rapid repopulation of recipient
thymus by donor lymphoid cells [K4, S9]. Overall, it
may be concluded that complex cellular processes
mediate radiation lymphomagenesis and that dircct
radiation damage to target cells may not be a
prerequisite for the appearance of oncogenic events. In
this respect, four interactive factors may be invoked:

(a) activation of potentially lecukaemogenic virus
from germ-line provirus and subsequent
recombination to yicld more potent virus;

(b) thymic involution and regeneration, giving a
population of virus-susceptible cells;

(c) impairment of ccll surveillance mechanisms;

(d) impairment of bone marrow and thymocyte ccll
function, leading to reduced thymic repopulation
and altered gene expression.

In addition, codon mutations in N- and K-ras
oncogenes, T-cell growth factor changes together with
specific chromosomal rearrangements have been
detected in radiation-induced lymphomas, and some of
these have been suggested as early events in lympho-
magenesis (paragraph 175, [N19]); in contrast, recent
data tend to argue against the involvement of p53
mutations in radiation-induced and chemically-induced
lymphomas [B33]. Attempts to characterize and isolate
target cells for radiation lymphomagenesis are also
under way [M26].

182. Acute myeloid leukaemnia. There is litile
cvidence to suggest that radiation-induced murine
acute myeloid leukaemia procceds via an indirect
(viral) mechanism. In contrast, the specific deletion/



584 UNSCEAR 1993 REPORT

rearrangement of chromosome 2 is a consistent cyto-
genetic feature of induced mwrine acute mycloid
leukaemia [B4, B16, H8, H44], and evidence has been
obtained that ch2 rearrangement is induced directly by
x rays in multipotential hacmopoictic cells, in some
cases gencrating a cellular phenotype associated with
preferential hacmopoictic recruitment and/or prolifera-
tive advantage {B16, S8]. It has also been shown that
ch2 events may be observed in bone marrow cultures
established from irradiated mice long before the
anticipated appcarance of acute myeloid leukacmia
[T4] and that the induction of ch2 rearrangement is an
carly step in leukaemogenesis but is not sufficient for
the development of myeloid malignancy [H27, H28).
Preliminary evidence for deletion of the homeobox
gene, hox 4.1, and activation of the cytokine gene,
interlcukin-18 (//-1f), has been obtained in some ch2-
rearranged acute mycloid leukaemias [BS, S10, S11].
However, the evidence presented for the involvement
of these genes in lcukaecmic initiation was not
compelling, and more recently, detailed molecular
analyses of the /I-I genomic region on ch2 failed to
provide evidence of the structural rearrangements
predicted in acute myeloid leukaemia [S32, S33]. In
these analyses it was found, however, that some acute
myeloid leukacmias show very similar methylation
pattern changes in the JI-I region, and it was
suggested that these may be associated with certain
forms of ch2 rearrangement and deletion. Other
studies have shown that the ch2-encoded his-1 locus
is involved in virally induced myeloid leukaemia in
the mouse and may represent another candidate gene
for the initiation of acute myeloid leukaemia [AS].

183. Cytogenetic studies with radiation-induced
murine acute myeloid lcukaemias and irradiated
normal haemopoietic cells have yielded evidence that
ch2-encoded fragile sites are involved in leukaemo-
genic initiation [B16]. These investigations also
suggest that the interstitial ch2 sites in question have
a strong rtecombination affinity with the terminal
(telomeric) ends of other chromosomes, implying that
they may indeed be tclomere-like repeat sequences
(paragraphs 62 and 63); it was also suggested that the
expression of these sites might be influenced by
genomic imprinting. More recently, interstitial
telomere-like sequences of an inverted repeat form
have been cytogenetically mapped close to the relevant
ch2 breakpoints, and the use of telomeric sequences as
molecular probes has provided some cvidence that
germ-line variation at certain telomere-like repeat
sequences may be associated with genetically deter-
mined leukaemogenic radiosensitivity in the mouse
[S43]. Following these studies, it has been suggested
that the telomere sequences at ch2 fragile sites may
promote the formation of recombinogenic secondary
DNA structures that are highly radiosensitive [B32].
Finally, while ras mutation is not a common feature of

murine myeloid leukaemias, the activation of N-ras
has been reported in radiation-induced myeloid
leukaemias in the dog [G17].

184. Osteosarcoma.  Although weakly oncogenic
viruses have been isolated from radiation-induced
murine osteosarcomas, there is no evidence for com-
mon genomic insertion sites nor is there an obligate
requirement for such viruses in osteosarcomagenesis
fJ2, V8]. A non-cssential role for such viruses in
oncogenic progression appears, perhaps, 1o be more
likely. Molecular studies have revealed the amplifica-
tion of a ch15 domain encoding c-myc and the Mivi-1
proviral integration site in up to 30% of 224Ra-induced
osteosarcomas, and evidence for altered expression of
K-ras, myc, sis, abl, bas and fos has been reported in
some tumours [J2, S59]. Structural and/or expressional
changes have also been reported in the p53 gene of
some ostcosarcomas, but to date, there is no evidence
for consistent structural changes in the retinoblastoma
(rb) gene [J2, S58]. Although specific comment on the
status of these molecular changes in radiation osteo-
sarcomagenesis is not yet possible, the human
evidence of RB and p33 gene involvement in the early
phases of the human neoplasm [C29, TS] demands
further studies with murine osteosarcomas.

185. Skin carcinomas. lonizing radiation induces
skin carcinomas in both the mouse and the rat {I3,
S7], but little is known of the molecular mechanisms
involved. Recently, it has been shown that the
activation of K-ras and myc oncogenes is frequently
observed in primary rat skin carcinomas induced by
ionizing radiation [S7]; the status of these changes in
the oncogenic process remains uncertain, but myc
seems most likely to function relatively late in skin
carcinogenesis [G18]. In murine studies it has been
shown that the gene encoding the transin protease is
overexpressed in carcinomas but not in benign
papillomas. It was inferred from these observations
that transin gene expression might be involved in
neoplastic progression by enhancing tumour invasive-
ness [B11].

186. Mammary carcinomas. The induction of
mammary carcinomas in mice has been studied by iso-
lating mammary epithelial cells at intervals following
irradiation in vivo and subsequently selecting clonal
cell lincs in vitro. After low in vitro passage, isolated
cell lines produced normal ductal outgrowth in trans-
planted mice, but with increasing passage cclls became
increasingly tumorigenic and invasive. Chromosomal
abnormalities and myc (but not ras) gene expression,
increased with passage and tumorigenic potential. On
the basis of studies on rb and p53 gene expression it
was suggested that alteration of expression of tumour
suppressor genes might be an carly event in the
oncogenic transformation of mammary epithelial cells
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[E7]. This in vitro system has also been used 1o
investigate the acquisition of angiogenic activity in
irradiated mammary cells and its temporal relationship
with tumorigenic potential {U12). Although ras proto-
oncogenc involvement in  chemically induced
maminary carcinoma in rodents is becoming under-
stood (see [G19]), the situation regarding ionizing
radiation has not been resolved.

187. Lung carcinomas. Lung carcinogencsis has
been studied in a number of animal species [M41],

and in contrast to the situation in humans it seems at
present unlikely that cither the rb or p53 gene plays a
major role in induced lung neoplasia [G20, M41).
Studies on ras gene changes in plutonium-induced rat
lung tumours imply that the activation of this gene
may be a relatively carly cvent in the generation of
proliferative pulmonary lesions [S60], while in the
dog, the expression of the epidermal growth factor
receptor gene was elevated in a significant proportion
of lung tumours and proliferative foci arising after
exposure to plutonium [G21].

IV. COMPARATIVE ASPECTS OF ONCOGENESIS BY
RADIATION AND CHEMICALS

188. It has been suggested that ionizing radiation may
principally, but not exclusively, initiate oncogenesis
through mechanisms involving DNA deletion and/or
rearrangement. While many chemical agents also
induce gross (chromosomal) damage in mammalian
cells, the mechanisms of induction are fundamentally
different from those of radiation [C3, E3}. In addition,
molecular studies of induced somatic mutation show
the majority of chemical agents to act principally as
point mutagens [S29, T2]. Although the mechanisms
of chromosome aberration induction by radiation and
by the majority of chemical agents differ in terms of
cell cycle dependence, the genomic distribution of
damage and the DNA repair/recombination processes
involved, there may not be major differences in the
final stable forms of many induced chromosomal
changes in surviving cells. It should be emphasized,
bowever, that the distribution of these changes within
the genome may be expected to be different for radia-
tion and chemical agents. In spite of these uncertain-
lics it appears that the major mechanistic difference at
the cellular level between radiation-induced and
chemically induced oncogencsis is likely to centre on
their relative cfficiencies for the induction of
neoplasms that are principally initiated through point
mutation and activation of proto-oncogenes. Chemical
and physical carcinogenesis has been reviewed
recently [H46], and the strongest cxperimental
evidence for the existence of such an initiating
mechanism for chemical oncogenesis comes from
studies of ras proto-oncogene activation in some
rodent ncoplasms. In many chemically induced skin,
mammary and hepatic tumours, codon-specific point
mutations responsible for ras activation correspond to
those predicted by the known base-pair-specific
mutagenic action of the agent used as the initiator, i.e.
ras mutation appears to be the initiating event [B6}.

189. Recent studies [K8] have extended these
obscrvations by showing that following nitrosomethyl-
urca exposure, ras aclivating events may be detected
in normal rat mammary glands only two weeks after
treatment, i.e. at least two months before the onset of
overt neoplasia. Tt appears, thercfore, that these
specific chemically induced somatic mutations remain
dormant in tissue until promotional, hormone-mediated
proliferative responses mobilize ras activated cells and
allow them to progress towards ncoplasia. Broadly,
these and other data, e.g. [B37, M42, S61], although
currently limited to only a few neoplasms and chemi-
cal agents, identify candidate initiating cvents as point
mutations and further strengthen the link between
mutagenic and oncogenic mechanisms. However, other
studies indicate that ras activation is not the only
potential initiating event for rat mammary carcinomas
and that different initiating mechanisms may have
different carcinogen dose and promotional dependen-
cies [Z1, Z2]. Although still at an early stage of
development, molecular studies on in vitro transformed
cells are also consistent with the existence of different
molecular mechanisms for radiation and chemical car-
cinogencsis [C9). However, for molecular events in a
given ncoplasm that follow initiating damage, i.c.
those contributing towards neoplastic progression,
radiation-induced and chemically induced neoplasms
may be expecled to share some common genetic
changes [N7}.

190. Two major issues emerge from the suggested
mechanistic differences that may distinguish radiation
and chemical oncogenesis. First, since different neo-
plasms may depend for their initiation on different
forms of molecular damage to the potentially onco-
genic DNA sequence, c¢.g. point mutations rather than
DNA rearrangement or deletion, then differences in
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the predominant induced neoplasias following human
cxposures to radiation and chemical carcinogens may
be expected. Secondly, if radiation and chemical
agents induce characteristically different spectra of
initiating lesions, then different genetically determined
post-cxposure cellular DNA-repair processes will tend
to operate to modify andfor remove that damage.
Since the cfficiency and fidelity of these repair
systems will be a significant determinant of induced
oncogenesis, the above differcnces in repair imply that
human genetic susceptibility to induced neoplasia by
radiation and chemicals will not necessarily corres-
pond. Although this speculation is broadly supported
by the lack of cellular cross-sensitivity between radia-
tion and chemicals in the majority of human genctic
diseases showing hypersensitivity to DNA damaging
agents [A2, F4, HS], the mutations in these disorders
will not be fully representative of those having effects
on mutagenesis and oncogenic initiation. This is an
important problem in human cancer susceptibility, of
which there is insufficient knowledge.

191. Tomatis [T16] has reviewed those chemical
agents that are known to have carcinogenic aclivity in
man, and among these are agents for which exposure
would occur occupationally (e.g. asbestos, aromatic
hydrocarbon derivatives and vinyl chloride monomer),
medically (e.g. cyclophosphamide and phenacetin) or
environmentally (e.g. aflatoxins, nitrosamines, soots,
tars and oils). The majority of these agents do not act
directly but require specific endogenous biochemical
modification in order to generate the carcinogenic
species (see [H46]).

192. Certain workers in the plastics industry are
occupationally exposed to vinyl chloride monomer
(VCM). The enzyme-mediated activation of VCM (the
procarcinogen) to carcinogenic metabolites such as
chloroethylene oxide and 2-chloroactelaldehyde occurs
principally in the liver. Such activation produces
tissue-specific exposure to the direct carcinogen and in
the case of VCM produces a very clear excess of the
rare hepatic neoplasm, angiosarcoma, in exposed
workers [B8].

193. Occupational exposure to aromatic hydrocarbon
compounds, in particular benzene, has been associated

with the development of hacmopoictic neoplasms

[T16]. Most polycyclic aromatic hydrocarobons, such
as benzo(a)pyrene (BP), are not directly carcinogenic;
however, through the action of cytochrome P450-
linked mixed function oxidases and epoxide hydrases,
BP may be converted to active carcinogens, such as
BP 7,8-diol,-9,10 epoxide (sce [W18]). Studies with
the mouse skin papilloma/carcinoma system suggest
that the carcinogenic action of this diol epoxide deri-
vative centres on its capacity to form adducts on the
guanine (G) residues of DNA. Misrepair of these

adducts results in base-pair substitutions at G residues,
and these have been linked with the ras proto-onco-
gene activation cvents that are belicved to initiate
mouse skin carcinogenesis (sce paragraphs 188-189),

194. As noted earlier, aflatoxin B1 (AFB), present in
some fungally contaminated foods, is associated with
the prevalence of human liver cancer in parts of
southern Africa and castern Asia [B22]. AFB is
metabolized, principally in the liver, by the mixed
oxidase enzyme system to produce several products,
including a highly reactive 2,3-epoxide derivative.
This reacts with the 7 position of guanine residues in
DNA and represents a major DNA adduct in the liver
of AFB-exposed rats (see [W18]). The importance of
this reaction for human liver carcinogenesis has
recently been demonstrated by molecular studies on
tumour DNA from hepatocellular carcinoma (HCC)
patients from regions where the disease is prevalent,
probably as a consequence of AFB contamination.
These studies revealed that the G—T base substi-
tutions at codon 249 of the p53 suppressor gene,
which might be predicted from AFB epoxide action
dominated the p53 mutational spectrum observed
[B23, H34]. As well as highlighting the importance of
P53 suppressor gene mutations for the initiation of
HCC, these studies provide the first clear links
between environmental carcinogen exposure, pro-
carcinogen activational processes and gene-specific
tumour mutations in man. An essentially similar
approach with the p53 gene has been used to study the
involvement of specific UV photoproducts in sunlight-
mediated human skin carcinogenesis [B36). In essence,
the specific form of p53 mutation in HCC and skin
tumours is providing a signature of human AFB and
UV exposure, respectively, [H46]; the potential impli-
cations of these data are discussed in paragraphs 221
and 222. However, it should be noted that in the case
of the mouse, liver carcinogenesis following chemical
exposure may not be associated with consistent p53
mutation [G20].

195. The p53 point mutations observed in HCC and
other solid tumours [C31, H30, H46, L13] also serve
to illustrate the point that the initiation of oncogenesis
by chemical agents is in no way restricted to proto-
oncogene aclivation but may also occur via the
mutation of tumour suppressor genes. In such cases,
the expectation is that those mutations will tend to
cluster in the regions of the gene specifying certain
active sites in the protein product. Detailed analyses of
p53 gene mutations in human tumours by polymerase
chain reaction techniques have provided ample
evidence of this [H30, L13] (Figure IV). In the
distribution illustrated in the Figure, the horizontal axis
represents the 393 codons of the human p53 gene
from N-terminal (NH,) to C-terminal (COOHR) ends.
The vertical bars represent the relative proportion of
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mutations that occur at each codon of the p53 gene, as
sequenced from 94 diffcrent primary tumours, xeno-
grafts or cell lines derived from tumours (brain, breast,
colon, ocsophageal and lung tumours and neurofibro-
sarcomas, ostcosarcomas, rhadomyosarcomas and
T-ccll lymphomas). The highest percentage is at
position 273, which accounted for 13% of all muta-
tions [L13]. Tumour types and p53 mutations have
been tabulated {C31, H30], and further information on
tumours of the thyroid and cervix is available [C30,
I1, K24]. Some studies show that p53 mutation can,
however, arise at the malignant conversion stage of
oncogenic development indicating that p53 mutational
spectra will not always be informative on carcinogenic
initiation. Nevertheless, curmrent p53 mutational
analyscs have been most informative, and the same
approach will doubtless yield important information on
the mutational damage sustained by other tumour
suppressor genes, such as APC [K15, N16], thought to
be involved in the initiation of other tumours.

196. Since many environmental chemical carcinogens
are subject to specific ccllular activation and/or
degradative processes, human genetic hetcrogencity
with respect to these processes may be an important
factor in determining the specific dose of the car-
cinogen lo target cells [A7, W19]. These activation/
degradative processes will also affect the dose of the
carcinogen to different target tissues and thereby
influence the spectrum of induced neoplasms.

197. For external radiation, the induction of
potentially oncogenic cellular lesions may be viewed
as a more direct and genetically less complex process
influcnced principally by the LET and the penctrative
properties of the radiation, by DNA metabolic func-
tions in target cells and, particularly for high-LET
radiation, by biophysical factors such as the cross-
section of the cellular nucleus of target cells and by
the packaging density of the DNA. If, as implied, a
significant genetic determinant of the radiation initia-
tion of oncogenesis resides in the activity and fidelity
of DNA repair processes, then it may be that there is
a greater degree of human genectic variation in cancer
susceptibility following exposure to low-LET radiation
than there is following high-LET radiation. This
speculation derives from observations of the apparent
lack of (correct) cellular repair following high-LET
irradiation of cultured human cells. If high-LET
induced genomic lesions are inherently difficull 1o
repair correctly [C8), then less genetic variation and
less influence of repair functions may be anticipated in
the human population. The main qualification to this
speculation is that it is based on studies of radiation-
induced potentially lethal Iesions and may not apply in
full 1o potentially mutagenic or oncogenic damage.

198. In contrast, for internal radiation, the chemical
and biochemical properties of the isotope will deter-

mine in vivo metabolic routes for uptake, transport,
distribution and cxcretion (see, e.g. [P5]). All these
processes will have genctic determinants, and in this
respect, oncogenesis by isotopes taken into the body
has some parallels with chemical oncogencsis and may
be subject to a greater degree of genetic heterogeneity
than predicted for external radiation.

199. For radon, a combination of physical, physico-
chemical and physiological factors will interact to
determine radon inhalation, its concentration in
respiratory compartments and the subsequent dose
distribution in tissues. The aclive carcinogenic specics
following radon exposure is, however, likely to be the
daughter nuclides in the deccay chain. Hence, the
underlying mechanism of radon carcinogenesis will be
subject to a series of complex interactive factors
involving not only initial radon uptake and distribution
but also the biokinctics and half-lives of the radon
daughters (see Anncx A, "Exposures from natural
sources of radiation”).

200. Morc straightforwardly, some alpba-emitting
actinides have a high affinity for specific glycoproteins
present on bone surfaces and may indeced be bound by
melal transport proteins. Conscquently, the greatest
radionuclide deposition and, thereby, accumulation of
alpha-particle dose often occurs at active endosteal
bone surfaces. Metabolic factors thercfore determine
that the principal somatic cells at risk are osteogenic
cells at bone surfaces and haemopoictic cells in peri-
pheral marrow close to bone surfaces. Clear evidence
for radium-induced osteosarcomas has been obtained
in both man and experimental animals. However,
alpha particles from some actinides dcposited in bone
appear to be only weakly leukaemogenic [H9, H10,
S16). It is possible that this latler observation reflects
the bypersensitivity of multipotential haemopoietic
cells to the lethal effects of track traversals by single
alpha particles, in which case there will be a low
probability of survival for irradiated target cells;
equally, however, the spatial relationship between sites
of deposition of radionuclides and target cells and the
alpha-particle track LET may also be critical [B26,
S16]. In this latter context it is important to recognize
that alpha-emitting actinides distribute differently
between bone volume and bone surface, and it is,
thercfore, not appropriate to gencralize on the in vivo
dosc to different target cell populations.

201. In the case of radionuclides taken up in
particulate form, the action of macrophages in the
engullment, dissolution and nuclide redistribution in
tissues is of prime importance. These factors will
undoubtedly influence the relationships between dose
and target lissues [S46). In buman patients receiving
colloidal alpha-emitting thorotrast as a contrast
medium, distribution of dose 1o tissues will have been
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subject to cell-medialed cffects. In these patients there
is evidence of both the accumulation of the isotope in
liver and a dramatically increased risk of liver cancer
[U1, U2]. Studics have been initiated to relate p53
mulations in these tumours to potential radiation
induced damage [W26].

202. It should, however, be stressed that many of the
arguments presented here relate to genetic and physio-
logical effects on the initiation of oncogenesis. Genetic
and physiological heterogeneity with respect to promo-
tional and progressive processes in tumour develop-
ment must be of importance to the overall incidence of
induced ncoplasia in the population and could indced
be the dominant factors. The relative roles of radiation
and chemical agents in thesc processes arc noted in
paragraphs 78-114 and discussed in detail elsewhere
(see, e.g. [S2, T14]). Here it is sufficient to suggest,
that for a highly interactive multi-step discase such as
cancer, it is only possible to generalize on the relative
roles of radiation and chemical agents in the steps that
may currently be defined on the basis of incomplete
mechanistic knowledge. Better knowledge should
make the task somewhat easier, but it is important to
recognize the current extent of ignorance.

203. In conclusion, the mechanisms of oncogenic
initiation by radiation and chemicals differ substan-
tially and may be subject to different genetic and
physiological factors. Conscquently, the determination

V. FUTURE

204. Tt will have become obvious that although some
understanding of the mechanisms of radiation onco-
genesis is beginning to emerge, the complexity of the
whole process is such that rapid progress on a broad
front should not be anticipated. Nevertheless, it should
be noted that the main component of understanding
has come within the last decade and owes much to the
application of modern methods of cell and molecular
biology. It may be that the best prospects for the
future lie in the strategic implementation of these
modern methods, with particular emphasis on the full
integration of radiation oncogenesis research into the
continually expanding field of cancer biology. A few
of the many potential growth points and future needs
in research on radiation oncogenesis are briefly
discussed in the following Sections.

A. IMPLICATIONS OF ADVANCES
IN RELLATED RESEARCH

205. During the last few years much progress has
been made in clucidating mechanisms of DNA-repair
and mutagenesis; some of these advances have been

of relative risk from radiation and chemicals will not
be an casy lask. A report of the United States National
Council on Radiation Protection and Measurements
[N10] considers in detail the comparative aspects of
the carcinogenicity of ionizing radiation and
chemicals, and it is clear from that report and the out-
line presented here that the determination of relative
risk from radiation and chemicals is not at all straight-
forward. For radiation and those chemical agents with
known mechanisms of action on DNA, it may be
possible to make some assessments on the basis of
molecular dosimetry. In such cases the abundance of
initial mutagenic/carcinogenic lesions in the DNA of
cells of the target organ [ollowing exposure to a
carcinogen may provide a crude experimental indicator
of potency. However, it should be recognized that for
this strategy to have a firm scientific base, it is
necessary to know the different spectra of mutagenic
lesions and their repair/misrepair characteristics and,
perhaps most importantly, to have a much better
understanding of the mechanistic differences that
characterize the oncogenic processes that drive the
induction of different neoplasms. In such a future
experimental approach to comparative carcinogenicity
it will be essential to be able to relate animal and in
vitro data to man. In this respect, it should be noted
that the current quantitative knowledge of human risk
from exposure to ionizing radiation greatly exceeds
that for any chemical carcinogen.

PERSPECTIVES

discussed in other Sections, Of particular note is the
anticipated availability of molecular probes for genes
that determine human sensitivity to radiation and other
genotoxic agents (e.g. [F1, G7, H45, K11, K28, T15]).
When available, these will find use in the elucidation
of human genetic heterogeneity with regard to radio-
sensitivity, with the final prospect of identifying
subpopulations that may carry clevated risks of onco-
genesis. In this context, the identification and mole-
cular cloning of tumour genes associated with cancer
susceplibility (Table 6) is also of crucial importance.
Studies on the latter have largely focused on the domi-
nantly expressing genes of high penetrance, such as
RB, WT and APC, but the prospect of identifying less
evident genes of low penetrance, which may be more
frequent in the population, is probably of greater
importance. In addition to increasing the knowledge of
oncogenic mechanisms at the human population level,
such information may have significant social and
economic implications.

206. The characterization of genes involved in
mammalian DNA repair and radiosensitivity may also
provide the means of identifying (or of gencrating
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through genetic manipulation) radiosensitive, DNA-
repair deficient mutants of the mouse. The availability
of such mutant strains would provide a very powerful
lool for detailed whole animal studies on the rela-
tionship between DNA-repair and oncogenesis. Recent
studies imply that severc combined immunodcficient
(scid) micc may have an inhcrent defect in DNA
mclabolism that confers cellular radiosensitivity [B27,
F12, M10]; mouse mutants of this type could provide
valuable models for radiation oncogenesis studies. In
a similar way, genetically manipulated mice (trans-
genics) carrying germ line copies of activated onco-
genes (sce, ¢.g. [H15, H24, L26, M11, R20, V9]) may
also have an important future role to play in under-
standing the mechanisms of radiation oncogenesis. In
this context, genetically engineered murine models of
retinoblastoma and of p53 deficiency in mice may be
particularly valuable [D14, W11]. Other so-called
tumour suppressor gene "knock-out” mice will doubt-
less be available in the near future.

207. Recently, important advances have been made by
the successful long-term repopulation of the baemo-
poietic systems of scid immunodeficient mice with
engrafted human haemopoictic cells {K28, M12, M13].
These scid-human chimaeras may provide the means
for studying haemopoietic and leukaemogenic response
in an experimental animal system. This general
approach, i.c. the use of mousc-human chimaeras, may
become an important focus of future studies on human
radiation oncogenesis, in that it may allow the study
of a range of transplanted human cells in murine host
tissues.

208. On a more practical note, two relatively recently
developed techniques may have application in the
direct assay of radiation-associated somatic cell
changes in radiation-exposed human groups. First, a
novel technique now allows small samples of human
blood to be assayed for the frequency of certain
somatic mutations; this technique has been employed
to examine residual HPRT and glycophorin gene muta-
tions in atomic bomb survivors in Japan [Al5, H14,
H49, L7]. The technique may have broader application
{U13], particularly if it becomes possible to identify
gene-specific protein variants associated with haemo-
poietic ncoplasms and to usc flow-sorting techniques
on blood samples in the same way as recently
described for glycopborin A locus variants in bomb
survivors [K9). Secondly, 3 very powerful molecular
technique, polymerase chain reaction (PCR) (sec, e.g.
[E8, F7, R11]), now allows rapid and specific gene
analysis in samples comprising very few cells
(conventional methods require much larger samples).
If specific genomic changes associated with the
initiation of human haemopoietic neoplasms are
identified, this technique could, in principle, be
employed in conjunction with new automated

cytogenetics [P6] and in situ chromosome hybridiza-
tion to detect pre-leukacmic conditions in radiation-
cxposed individuals.

209. Future molecular approaches to the detection of
pre-ncoplasia may not however be restricted to the
casily accessible hacmopoictic and lymphatic systems.
In circumstances where a small number of exfoliate
cells can be obtained from tissues, polymerase chain
reaction techniques have sufficient resolving power to
detect specific tumour-associated gene mutations, and
this approach has been employed to identify, for
example, p53 gene mutations in cells present in the
urine of bladder cancer patients [S44], as well as the
BCR-ABL gene fusions in pre-leukacmias [M43]. The
use of such new molecular and biochemical markers
of ncoplasia clearly have great potential for the early
diagnosis of neoplasia, thereby allowing for early and
more effective clinical intervention (see [M34]).

210. However, although the power and speed of
polymerase chain reaction techniques may, in prin-
ciple, be sufficient to contribute to the evaluation of
the consequences of human radiation exposure, such
as occurred in the immediate vicinity of the Chemobyl
accident, it may be argued that there is, as yet,
insufficient fundamental knowledge to effectively use
the techniques as a screening procedure (see para-
graphs 222 and 223).

211. Similar considerations apply in the case of auto-
mated cytogenctic screening for stable cytogenetic
events, although here there can be no doubt that, if
they had been available at the time, they would have
greatly facilitated cytogenctic analysces in atomic bomb
survivors in Japan (sce, e.g. [AS, B17]). Despite thesc
reservations, with increasing technical innovation, the
collection and maintenance of archival neoplastic
material from radiation-exposed human populations
should be given scrious consideration. The potential
benefit to knowledge that would accrue from such
coordinated procedures should not be underestimated.

B. METHODOLOGICAL AND
CONCEPTUAL ASPECTS

212. Over many years, a substantial number of
experimental animal models of induced neoplasia have
been developed. In the long term these models will be
most informative if quantitative studies on induced
neoplasia are coupled with cellular, cytogenetic and
molecular studics of the mechanisms of induction. It
may, therefore, be argued that where possible, murine
models of neoplasia should be favoured, since for the
mouse well-established cytogenetics are available, a
detailed genctic map, information on mouse-man gene-
tic homologies, information on the cellular and



590 UNSCEAR 1993 REPORT

molecular aspects of developmental biology and an
cver-increasing number of relevant recombinant DNA
probes. It is not likely that an cquivalent data resource
will become available for another mammalian species.
This having been said, the rat offers considerable
advantages for the study of some model ncoplasms,
c.g. those of the lung. Where such bencfits outweigh
technical difficulties, it is obvious that the biological
relevance of the animal system should take priority.

213. The degree of commitment that is required to
resolve oncogenic mechanisms in whole animal
systems is so considerable that animal neoplasms
having the greatest relevance to human radiogenic
neoplasms should be emphasized. Detailed histopatho-
logical comparisons of both neoplastic and pre-neo-
plastic conditions are crucial to the choice of such
animal models. At present mechanistic studies are
emphasizing induced leukaemias and ostcosarcomas,
and it is in these areas that the most rapid progress
may be anticipated. However, with a view to represen-
ting the whole problem, it will be necessary to
approach the broader task of understanding inductive
mechanisms for a range of solid tumours, such as
those of the breast, liver, kidney, lung and colon.
Studies using in vivo in vitro transformation systems
are already making an important contribution in this
area (paragraphs 170-172), and a new dominant muta-
tion predisposing mice to gastro-intestinal tract
neoplasms [M25] may be of great value. Since this
predisposing gene in the mouse is the homologue of
the human APC gene (colorectal cancer susceptibilily)
[S48), there is also the prospect of exploring gene-
tically determined susceptibility to radiation
oncogenesis using animal models. Recent findings
regarding rodent susceptibility loci for mammary
[G23], kidney [W23], liver [B39] and myeloid [S43]
neoplasms tend to heighten expectations in this
important area of research. The further cytogenetic and
molecular study of therapy-related neoplasms in man
(see, e.g. [B38, R9, V5, W22]) also holds considerable
promise and should be encouraged, particularly since
the approach may not only provide direct information
on early events in radiation oncogenesis but could
also, in principle, contribute towards an understanding
of buman cancer suscepltibility following radiation.

214. Of great importance is the prospect of being able
to bridge experimentally between species. One strategy
providing for such bridging would be to develop
further the organ-specific in vivo in vitro approaches
to rodent radiation oncogencsis. These experimental
systems currently incorporate an in vitro phase to
reflect the cellular mechanisms and quantitative
radiation responses that underlie the in vivo induction
of relevant radiogenic respiratory, mammary, thyroid
and bone neoplasms. If it becomes possible to extend
the in vitro approach to human tissues, perhaps using

transplantation to immune-suppressed mice (paragraph
206), then a direct mechanistic and quantitative com-
parison between rodent and human in vitro phases
could be achieved. Such studies, together with quanti-
tative cstimates of tumour induction in the whole
animal, would then provide for direct extrapolation to
mechanisms and risk in man. Existing rodent in vivo
in vitro transformation systems, as well as providing
a potential for the identification of initiating events for
the neoplasm in question, have already highlighted the
crucial role of hormonal and growth factor cffects in
the inductive process. The experimental elucidation
and quantification of parallel effects in human tissues
would be of substantial importance. Thus, while it
may not be possible to realize the full theoretical
potential of this strategy, it does provide a major goal
for future studics and one that unites in vivo and in
vitro approaches 1o the problem.

215. One important methodological implication of
recent advances in cancer research concerns the limita-
tions of current in vitro and in vivo models of induced
neoplastic change for determining the loss of specific
DNA secquences in induced tumours. Most of the
existing rodent-based animal models of tumorigenesis
utilize inbred or closely related hybrid strains of
animals; similarly, animal cell culture systems from
the mouse, the rat and the hamster are usually of
inbred animal strain origin.

216. It has been shown that in outbred human
populations, the loss of specific genes from tumours is
most easily determined by the molecular analysis of
loss of DNA heterozygosity [S19]. Highly inbred
animal systems do not allow for this, since for any
given autosomal gene the two copies are, by defini-
tion, identical, and distinguishing the complete deletion
of one of them is not straightforward. Thus, while for
the purpose of providing reproducible quantitative
estimates of radiation-induced neoplasia it is logical to
employ inbred animal strains, this choice can be seen
to impose important methodological limitations to the
resolution of the molecular mechanisms of onco-
genesis. The extension of a selected number of animal
and cellular models of radiation tumorigenesis to
cross-bred animals, while not a trivial task, now seems
10 be essential. This will allow the gene deletion
mechanism strongly suspected of being involved in
radiation oncogenesis to be approached not only in
respect to specific candidate genes but also using the
more generally applicable new method of determining
Joss of heterozygosity by analysing highly dispersed
and polymorphic DNA repeat sequences, such as poly-
purine-pyrimidine tracts [C25]. It is notable that this
whole approach is already being successfully imple-
mented for animal studies of chemical carcinogenesis
(c.g. [B27]). The coupling of these techniques with the
rapidly improving techniques of fluorescence in situ
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hybridization (FISH) for single genc location and
"painting” of chromosomes [F18, L19] should further
cnbance the prospects for resolv-ing mechanisms of
radiation -oncogenesis at both the molecular and
cytogenetic levels.

217. In spite of the optimistic note sounded above, it
is most likely that an increased understanding of the
molecular mechanisms of oncogenesis will derive from
detailed studies of neoplastic phenotypes induced
experimentally at relatively high total doses. To what
extent will it be possible to provide specific comment
on the quantitative aspects of tumour induction at the
low doses that are of prime concem in radiological
protection?

218. The principal problem in providing any answer
to this question concerns the great uncertainties
involved in judging the probability with which a single
neoplasia-initiated cell in tissue gives rise to a malign-
ancy. As noted elsewhere, the current lack of under-
standing of the interactive factors that determine this
probability is such that cven a first approximate
calculation is highly dependent on a series of
necessary biological assumptions. Nevertheless, it is
useful to at least illustrate such an estimation.

219. The assumptions made are as follows:

(a) 1thc human body contains a total of 10M cells;

(b) between one and ten cells per 10,000 have stem-
like propertics and, as such, are potential targets
for induced neoplasia, i.c. 1010-10'! 1arget cells
per individual;

(c) the typical neoplasia-initiating event centres on
single gene inactivation/loss mutations in one of
ten possible genes in target cells;

(d) theaverage acute low-LET induced mutation rate
(per ccll) for these genes is similar to that
observed in vitro for the HPRT gene i.e.
~10” Gy,

(e) anacute low-LET exposure of 1 Gy to a popula-
tion generates a 10% cxcess risk of malignancy,
i.c. one cxcess tumour for ten exposed
individuals;

() 1Gy of low-LET radiation gencrates 1,000
electron tracks in each ccll.

It may then be inferred that:

(a) one excess malignancy occurs within 10M-10%2
target cells receiving 1 Gy (i.e. 10 x 1010-10“):

(b) the ratc of target gene inactivations with ten
possible target genes per cell is 10" Gy'l (i.e.
10 x 10'5);

(c) the number of initiating multations within these
largel cells givix;g rise 1o a single malignancy is
107108 (i.e. 10 x 1011-101%);

(d) the probability that a single track intersection of

a larget cell will %ivc risc to an excess malign-
ancy is 10714101 (i.e. 1011210712 1 1,000).

In respect to low-LET background radiation of, say, 1
mGy per year, cach ccll will receive, on average, onc
track intersection per year. Thercfore:

(a) the probability per gcar of malignancy will be
around 10" [i.c. 10'%-10" (target cells) x 10714-
1013 (probability of malignant conversion)];

(b) for 50 years of cxposure this gives a lifetime
risk of 5 x 107 (50 x 10%), i.c. 0.5%;

(c) assuming a natural cumulative frequency of
malignancy of 20%, then 1 in 40 (20% + 0.5%)
cancers in the population are due to low-LET
natural background radiation.

It should be noted that the illustrative calculations
above take no account of dose and dosc-rate effects
for low-LET radiation and that (c) above does not
depend on the assumptions made in respect to target
cell numbers or on the probability of malignant
conversion.

220. The realism of such calculations is, however,
highly questionable, depending as it does on a series
of biological estimates of frequency, each of which
may be incorrect by an order of magnitude or more.
However, the exercise points out some questions that
need answers from research in cellular and molecular
biology if the problems of estimating risk at low doses
are to be solved. The most important questions centre
on (a) thc number of target cells in different tissues;
(b) the number of relevant target genes in cells (this
may well be dependent on cell type and tissue); (¢) the
mutagenic mechanism of initiation and the induced
mutation rate for different target genes; (d) the
mechanisms governing the probability that a given
initiated cell will progress to full malignancy.

221. Further to this, epidemiological observations of
constant relative cancer risk over time in the atomic
bomb survivers in Japan [L20], together with the
cxperimental data outlined in this Annex, imply that
radiation acts principally at an carly phase in
oncogenesis, probably at the initiation stage. Thus, for
excess cancer in an irradiated population, the
efficiency with which the initiating mutation is
induced may be a major factor in the contributions
specific ncoplasms make to that excess. In this respect,
the absence of evidence for any measurable excess of
chronic lymphocytic leukaemia (CLL) might be
explained by a stringent requirement for CLL initiation
by gene-specific chromosome translocation, which has
been shown to be involved in the early development
of some human T-cell ncoplasms [R3). It has becn
argued in paragraphs 74 and 75 that such events
present very small molecular targets for radiation
action, and, on this basis, the T-cell lcukacmogenic
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potential of radiation might be expected to be low.
Experimental evidence for the induction of BCR-ABL
genc fusion by high dose x-irradiation bas, however,
been presented [13]. Other cxplanations for this
epidemiological obscrvation are also possible. For
example, a high sensitivity of T-cell targets to
radiation-induced apoptotic death might ecfficiently
remove initiated cells from irradiated target T-cell
populations; an cxplanation of this gencral form has
recently been offered in respect of the differential
cancer incidence in the large and small bowel [P15].
It is also important to consider whether ccllular and
molecular techniques have the potential to distinguish
radiation-induced ncoplasms from those arising
spontancously or from other forms of carcinogen
exposure.

222. As noted in paragraphs 188 and 189, the
specificity of many genotoxic chemical agents in their
interaction with nucleic acids may provide a
characteristic mutational signature in DNA, which
infers that cellular exposure to this agent has taken
place. In cases where target genes for neoplasia
induction have been identified it thus becomes
possible 1o catalogue the DNA base sequence of such
mutant genes in human tumours, with a view to
identifying characteristic DNA base changes indicative
of the action of agents of known mutagenic and
carcinogenic potential,

223, Inactivating mutations in the p53 tumour
suppressor gene arc strongly suspected of being
involved in the carly development of a wide range of
human solid tumours, and rccent analyses of p53 gene
structure in human carcinomas arc beginning to
provide evidence that tumours of divergent aetiologics
arising at various sites do not exhibit the same spectra
of mutational change to this gene [C31, H30, H46]
(Figure IV). Characteristic p53 mutations are most
evident for hepatocellular carcinoma associated with
environmental exposure to aflatoxin Bl [B23, M34,
O4] and skin tumours associated with sunlight
exposure [B36], but within this rapidly developing
ficld of molccular cpidemiology (sce also [M34]),
parallel advances in relation to other chemical
carcinogens and other target genes shouid be
anticipated.

224. lonizing radiation does not, however, show the
same degree of mutagenic specificity as chemical
agents and, on current evidence, it may tend to act
principally through DNA dcletion/ rearrangement
rather than base pair change. Nevertheless, in a recent
study [V10] rare p53 gene deletions and base pair
changes were shown 1o characterize radon-associated
lung cancer in uranjum miners; it may be that this
unusual mutational spectrum is associated with alpha-
particle-induced damage to the p53 gene of target

respiratory cells. Mutations of the p53 gene have also
been characterized in radiation-associated human
sarcomas [B38], and K-ras mutation has been shown
to be more frequent in radiation-associated follicular
carcinomas of the thyroid than in spontancously
arising ncoplasms [W22]. In neither case, however, is
it possible to be certain that these mutations were
specifically induced by the radiation. Even greater
uncertainty surrounds the interpretation of the MOS
gene polymorphisms in normal tissue of radium
exposed individuals [H47).

225. The molecular characterization of DNA base pair
changes in tumour-associated genes using polymerase
chain reaction (PCR) as employed in many of the
above studies is a flexible, rapid and reasonably
straightforward procedure [E8]. In contrast, the
molecular characterization of DNA deletions,
particularly those that extend outside the gene of
interest, is more dil(ficult, because it demands a
detailed knowledge of gene and gene-flanking
sequences. While small intragenic DNA delctions will
tend to encompass or disturb the reading frame of
those sequences encoding functional protein sites, for
deletions resulting in loss of the whole gene there is
no a priori reason why the deletion breakpoints should
be characteristic of that gene or of the mutagenic
agent in question.

226. There is, however, limited evidence that
radiation-induced DNA delctions in mammalian cells
may involve specific breakpoints. Whether such
deletion breakpoints might be characteristic of
radiation-induced damage remains an open question,
but the presence of DNA repeat sequence motifs at
some DNA scquence breakpoints in somatic cell
mutants [M33] and, albeit less certainly, in some
neoplasia-associated chromosomal changes [B16, B32]
does allow for this possibility. However, on current
knowledge, it seems highly unlikely that DNA events
of this or other types will be unique to radiation-
induced damage (see, c.g. [A14, M33)); if so, this will
tend to limit the general utility of molecular analyses
for the purposcs of discriminating between radiation-
induced, chemically induced and spontancously arising
neoplasms in human populations. Nevertheless, the
rate of progress in this whole area is such that at
present it is prudent to reserve judgement on this
crucial issuc. Indced, the unusual p53 mutation
spectrum obscrved in the lung tumours of uranium
miners [V10] hints at the utility of this approach in
respect to the p53 gene.

227. From a predictlive viewpoint, the identification of
initiating events for radiation oncogenesis is not
limited to its potential to discriminate between
tumours of inductive and spontaneous origins. Even if
it only becomes possible to identify in a more general
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fashion the principal categories of induced DNA
damage and target genes associated with radiation
oncogenesis, there still remain important implications
for future research.

228. First, the provision of such data may allow the
design of quantitatively reliable ccllular systems that
mimic or reflect the relevant molecular events.
Secondly, it would become possible to specifically
explore the post-irradiation repair of the relevant initial
DNA lesions (sec [W10]), particularly if these were to
involve some form of gene or DNA sequence specifi-
city. Thirdly, using Monte Carlo simulations (see, e.g.
[N22]) of radiation track structure, it might become

possible 1o link the induction of the initial, potentially
oncogenic damage with specific energy loss events in
DNA, thus allowing a biologically more realistic
microdosimetric extrapolation of radiation cffects.

229. However, as noted in paragraph S, a resolution
of the mcchanisms of radiation oncogenesis would
also provide an essential input into the whole ficld of
cancer rescarch. It is only through such integration that
the wholc of the complex multi-stage oncogenic
process will be better undesstood, 4lfowing the
formulation of realistic cellular and molecular models
to replace, or at least complement, the existing
empirical approaches to cancer risk projection.

CONCLUSIONS

230. Tonizing radiation induces a broad spectrum of
ncoplasms in both man and experimental animals. The
basic mechanisms of the induction, promotion and pro-
gression processes are not yet well understood; how-
ever, some points from considerations in this Annex
can be summarized.

231. Point mutation, chromosomal translocations and
deletions may all play roles in the initiation and
progression of neoplasia. Some of these changes are
shared by different neoplasms. Others appear to be
restricted to certain tumour types.

232. Studies on human susceptibility to neoplasia
associated with inherited defects in DNA metabolism
or the loss of tumour suppressor genes are making
important contributions to the understanding of onco-
genic mechanisms and the different modes of inheri-
tance of cancer-proncness in the human population.

233. Neoplastic initiation as a consequence of specific
somatic mutation is thought to provide target cells
with some degree of proliferative dysregulation. These
cvents may not be phenotypically expressed as pre-
ncoplastic conditions until a promotional proliferative
signal is received.

234. Point mutations or chromosomal translocations
that activate proto-oncogenes or mutations that lead to
loss of function of tumour suppressor genes may be
considered as potential initiating events for onco-
genesis. Relative target sizes for the induction of these
cvents by radiation would tend to favour tumour
suppressor genes as the most radiosensitive targets.

235. Strong evidence for tumour suppressor genes as
targets for oncogenic initiation has been obtained in

studies of germ-line mutations that predispose to
cancer. Some of these genes appear to play a central
role in the control of the cell cycle.

236. Ncoplastic promotion arises mainly as a con-
sequence of induced changes in gene expression in
initiated cells. It may occur through the action of
specific chemicals, hormones and growth factors on
cell surface receptors, and the ensuing proliferative
responses may favour the cstablishment of pre-neo-
plastic clones in tissues. In some cases the enzyme
protein kinase C is thought to mediate promotional
processes; changes in intercellular communication may
be an important aspect of promotion, but the induction
of endogenous DNA damage is also a feature of some
strong promoting agents.

237. Ncoplastic progression is a complex, multifaceted
process that appears to involve a series of subsequent
genetic changes within the evolving pre-neoplastic
clone of cells; these changes may include changes in
growth rate, growth factor response, invasiveness and
meclastatic potential. The development of intrinsic
genomic instability in neoplastic cells may provide the
cellular heterogeneity in tumours that drives the
progressional process.

238. Both physical and biological factors influence
radiation oncogenesis, as shown in experimental ani-
mal systems, but few specific details of cellular
mechanisms have emerged from quantitative studies.
In vitro cell transformation studics have highlighted
some aspects of cellular oncogenic mechanisms (fre-
quency of potentially initiating events; effects of LET,
dose rale and repair; and neoplastic promotional
mechanisms). While in vitro studies on specific gene
involvement in radiation-induced cell transformation
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have yet to yicld detailed information on the molecular
mechanisms of oncogenic initiation by radiation, novel
transformation systems, already making an impact in
chemical carcinogenesis, show considerable potential.

239. Cecll mutagenesis and DNA repair data may be
used to arguc that oncogenic initiation following
fonizing radiation may occur more frequently through
DNA rearrangement/deletion than through point muta-
tion, but this may well depend on the gene in ques-
tion. Chromosomes or cellular oncogenes have been
shown to be changed in a number of radiation-induced
experimental ncoplasms, but the temporal position and
role of most of these changes are uncertain. In the
case of murine acute myelogenous leukaemia, the
induced initiating event is thought to be a specific
chromosomal rearrangement/dcletion leading to the
loss of critical genes. In contrast, other studies suggest
that point mutations in ras proto-oncogenes may be
initiating events for radiation-induced murine thymic
lymphomas. Some progress is also being made in the
molecular characterization of radiation-induced osteo-
sarcomas and tumours of the skin, breast and lung.

240. There are a number of mechanistic differences
between chemical and radiation oncogenesis, including
differences in DNA damage induction/repair and the
activational/degradative processes that influence the
carcinogenicity of many chemicals. An important dif-
ference in oncogenic mechanisms may derive from the
relative efficiency with which chemical carcinogens
and radiation induce point mutations. It is suggested

that radiation and chemical oncogenesis are subject 1o
differing degrees of human genetic variation.

241. Molecular studics with certain human tumours
have drawn attention to the possibility that specific
point mutation in tumour genes may scrve as a signa-
wre of prior exposure to chemical carcinogens. On
current knowledge, the samc approach may not be
equally informative for ionizing radiation exposures,
but the possible preferential involvement of DNA
repeal sequences in radiation-induced DNA deletion
and of certain DNA bases in point mutations may
provide a focus for further study.

242. The development of new methods of investiga-
tion promises further advances in understanding, Novel
in vitro cell transformation systems and cellular/
molecular studies with these and with neoplasms
induced in outbred animals may be a productive area
for the study of oncogenic mechanisms. Recent
advances in the construction of transgenic and
chimacric mice, new cellular cytogenic and molecular
approaches 1o the assay of in vivo somatic cell
changes, and studies on radiation-associated human
tumour cclls appear to have great potential.

243. In order to take advantage of modern methods of
cell and molecular biology and to anticipate further
technical advances, tumour material obtained from
radiation-exposed human populations should be
systematically stored. This material may prove to be
a very important resource for future molecular studies
of oncogenic mechanisms.
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Table 1

The function and chromosomal location of some human oncogenes

[A13, B1, C7, M36, S63]

Classification Oncogene Chromosomal location Productlfunction *
Growth factor AY 22q 12-13 PDGF B chain
HST-1 119 13 FGF family
INT-2 119 13 FGF family
Tyrosine kinase ERB B] 7q 12-13 EGF receptor
ERB B2INEU 17q 21 EGF receptor-like
FMS 5q 34 CSF-1 receptor
KT 4q 11-12 SCF receptor
SRC 20q 12-13 Expressed in nerve cells
YES i8q 21 Expressed in spleen and brain
FPSIFES 15q 25-26 Expressed in granulocytesmonocytes
FYN 6q 21 Bound 1o T-cell receptor
LCK 1q 32-35 Bound to CD4/CD8 complex
BCRI/ABL 229 11/9q 34 Chaemeric protein (CML)
SerineAhreonine kinase MOS 8q 11 Oocyte maturation
RAFIMIL 3p 25 Function downstream of RAS
GTP tinding protein ° H-RAS 11p 151 Message transduction, mutated in many tumour types
K-RAS 12p 12]
N-RAS ip 3-22 Amplified in neuroblastoma
Regulatory factors JUN 1p 31-32 Binds Fos (transcription factor)
FOS 14q 21-31 Binds Jun (transcription factor)
MYB 6q 22-24 Expressed in erythroblasts
MYC 8q 24 Transcription/replication factor
N-MYC 2p 23-24 Amplified in ncuroblastoma
ERBA 17q 11-21 Thyroid hormone receptor
PMLIRAra 15q 21/17q 11 Chaemeric protein (transcription factor)
HFLIE2A 179 22/19p 13 Chaemeric protein (transcription factor)
PAX/E2A 19 23/19p 13 Chaemeric protein (transcription factor)
HOX11 10q 24 Transcription factor
Others BCL-2 18q21 Control of apoptosis

GTP: guanosine triphosphate; PDGF: platelet-derived growth factor; FGF: fibroblast growth factor; EGF: epidermal growth factor; CSF: colony stimulating

factor; SCF: stem cell factor; CML: chronic myelogenous leukaemia.
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Table 2

[W14]

Suppressor genes in human tumours

Detected by cell hybridization or chromosome transfer

Chromasomal location

Tumour type

1p

Ncuroblastoma

Renal carcinoms

Endometrial carcinoma

Endometrial carcinoma

Neuroblastoma; cervical carcinoma; Wilms' tumour

Detected through loss of heterazygosity or direct molecular probing

Chromasomal location

Tumour type

1p

Iq
3

5q
%q
10q
11p

1lq
13q

17p

17q
18q

Meclanoma; multiple endoctine neoplasia type 2; neuroblastoma; medullary thyroid
carcinoma; pheochromocytoma; ductal cell carcinoms

Breast carcinoma

Small cell lung carcinoma; adeno carcinoma of lung; cervical carcinoma;
von Hippel-Lindau disease, renal cell cardnoma

Familial adenomatous polyposis; colorectal carcinoma

Bladder carcinoma

Astrocytoma; multiple endocrine neoplasia type 2

Wilms' tumour; rthabdomyosarcoma; breast carcinoma; hepatoblastoma;
transitional cell bladder carcinoma, lung carcinoma

Multiple endocrine neoplasia type 1

Retinoblastoma; osteosarcoma; small cell lurg carcinoma; ductal breast carcinoma;
stomach carcinoma; bladder carcinoms; colon carcinoma

Small cell lung carcinoma; colorectal carcinoma; breast carcinoma, ostcosarcoma;
astrocytoma squamous cell lung carcinoma

Neurofibromatosis type 1

Colorectal carcinoma

Neurofibromatosis type 2; meningioma; acoustic neuroma; pheochromocytoma
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Table 3
Consistent chromosomal changes in lcukaemlas and lymphomas
[S45]

Neoplasm Chromasome aberration
Leukaemins
Chronic myeloid leukaemia (9:22)(q34;q11)
Acute mycloid leukacmia
Mi 1(%:22){q34:q11)
M2 1(8:21Xq22:922)
M3 1(15:17)(q22:q12)
M4 with abnormal cosinophils inv(16)(p13q22)
MSa Y9 11)(p22;:923)
M1, M2, M4 with increased basophils 1(6;9)(p23;q34)
M1, M2, M4, M5, M6 Monosomy 5/del(Sq)
Monosomy 7Adel(7q)
Trisomy 8
Chionic lymphoeytic leukaemia 1{11;14){q13:q32)
Trisomy 12
Acute lymphocytic leukaemia (9:22){(q34;q11)
1(4,11)(q21;923)
Acute B-cell Jeukaemia 1(8:14)(q24;932)
1(2;8)(p12:q924)
1(8;22§q24;q11)
Acute T-cell leukaemia inv(14)}(q11q32)
1(14;14)q11;932)
1(8;14)(q24;q11)
1(10;14)(q24;q11)
(11;14)(p13;q11)
Lymphomas
Burkiwt’s lymphoma 1(8:144q24;432)
(2:8)p12:q24)
1(8;22)(q24:q11)
Small non-cleaved cell lymphoma, large cell immunoblastic lymphoma 1(8;14)(q24;432)
Follicular small cleaved cell lymphoma 1(14;18){q32:q21)
Small cdll lymphocytic lymphomsa Trisomy 12
Small cell tymphocytic transformed to diffuse large cell lymphoma Y(11;14)q13:q32)

Polycythaemia vera

Polycythacmia vera

del(20q)
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Table 4

[S45)

Consistent chromosomal changes in solid tumours

Chromasome aberration

Alveolar thabdomyosarcoma

{213)(g37;914)

Bladder carcinoma

Structural changes of 1
i(5p)
Structural changes of 11

Breast carcinoma

Structursal changes of 1
vde(16q)

Ewing's sarcoma, Askin’s tumour/neuroepithdioma

1(11;22)(q24:q12)

Kidney carcinoma

t/ded(3)(p11-21)
1(5;14)(q13:922)

Large bowel cancer

Structural changes of 1
Trisomy 7
Structural changes of 17

Lipoma 1(12Xq13-14)
Malignant melanoma t/del(1)(p12-22)
1(1;19q12;p13)
Vdel(6q)A(6p)
Trisomy 7
Mening oma Monosomy 22
Mixed salivary gland adenoma t(3)(p21)
vdel(8)(q12)

vdel(12)(q13-15)

Myxoid lip'usarooma

1(12:16)(q13-14;p11)

Newroblastoma

del(1)p31-32)

Ovarian carcinoma

1(6;14)(q21;q24)
Structural changes of 1

Prostatic carcinoma

del(7Xq22)
del(10)(q24)

Retinoblastoma

Structural changes of 1
i(6p)
del(13)(q14)/-13

Small cell lung carcinoma del(3Xp14p23)
Synovia sarcoma (X;18)pll;ql1)
Testicular teratoma/seminoma i(12p)

Uterine carcinoma

Structural and numerical chanpes of 1

Wilms® tumour

Structural changes of 1
t/ded(11)(p13)

P
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Table 5
Viral assoclutions In human oncogencsls
[Wi6]
Virus (type) Associated tumours Other risk fuciors
T-ell viruses (RNA) T-cell leukacmiaymphoma N
Lentiviruses (RNA) Kaposi's sarcoma, | ymphoma Concurrent viral infections
Immune deficiency
Herpes virus (DNA)
Epstein-Barr virus Burkiti’s lymphoma Malaria
Immunoblastic |ymphoma Immune deficicncy
Nasopharyngeal carcinoma Dietary components
HLA genotype
Herpes simplex Cervical neoplasia (7) Papilloma viruses, tobacco
Cytomegalovirus Kaposi's sarcoma (7) Immune deficiency
Cervical neoplasia (?) HLA genotype
Hepatitis B viruses (DNA) Liver cancer Aflatoxin, alcohol, tobacco
Papilloma viruses (DNA) Cervical and anal neoplasia Tobacea, herpes virus and immune deficiency
Laryngeal carcinoma X rays, tobacco
Skin carcinoma Sunlight, genetic factors influcncing skin pigmentation
Considerable uncertainty.
Table 6
Estimates of the frequency of some cancer-prone human mutations
. . . Ph pi Ch : l F
Mutation Principal neoplasms c'no!)pfc romosoma requency per
manifestation location live births
Ataxia-telangicctasia Leukaemias, lymphomas Autosomal recessive 11/a/ ~ 1 per 100,000
(homozygotes)
Ataxia-telangiectasia Mammary carcinomas Autosomal recessive 11/a/ 1 per 100 ¢
(heterozygotes)
Retinoblastoma Retinoblastoma, osteosarcoma Autosomal dominant 13q ~ 1 per 20,000
Wilms-aniridia Nephroblastoma Autosomal dominant 11p ~ 1 per 30,000
Basal cell nevus syndrome Skin carcinoma, medulloblasioma | Autosoma! dominant 9q < 1 per 50,000
Neurofibromatosis Neurofibromas, CNS tumours Autosomal dominant 17q ~ 1 per 5,000
Familial adenomatous polyposis Colorectal carcinomas Autosomal dominant Sq ~ 1 per 10,000
Non polyposis colorectal cancer Colorecial carcinomas Autosomal dominant 2p b
Familial breast cancer Mammary and ovarian Autosomal dominant 17q €
carcinomas
Li-Fraumeni syndrome Wide range of malignancies Autosomal dominant 17p < 1 per 50,000

The number and location of ataxia-tclangiectasia genes has yet to be conclusively determined; the number of genctic complementaion groups in ataxia-
telangiectasia is the major determinant of heterozygote frequency.
Accounts for around 14% of colorectal cancers in the population.
It has been eslimated that as many as ] in 200 women carry one of a number of genes that predispose breast cancer (paragraph 127).
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Figure 1.
Multi-step colorectal carcinogenesis.
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Figure 1L
Possible steps invelved in the metastatic spread of solid tumours.
[H42)
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