
insight progress

336 NATURE | VOL 411 | 17 MAY 2001 | www.nature.com

With few exceptions, cancers are derived
from single somatic cells and their
progeny. The cells in the emerging
neoplastic clone accumulate within them
a series of genetic or epigenetic changes

that lead to changes in gene activity, and so to altered
phenotypes which are subject to selection1. Ultimately, a
cell population evolves that can disregard the normal
controls of proliferation and territory and become a
cancer. Hanahan and Weinberg2 identify six ‘hallmark
features’ of the cancer cell phenotype: disregard of signals
to stop proliferating and of signals to differentiate;
capacity for sustained proliferation; evasion of apoptosis;
invasion; and angiogenesis.

Several factors can influence the evolution of a cancer.
They are summarized in Fig. 1. The bold horizontal arrows
represent the pathway of successive genetic or epigenetic
events through which the cell acquires the cancer 
phenotype. Mostly these are somatic events, but in many of
the inherited cancer syndromes, discussed below, one of the
events is inherited. The alternative pathways to the right 
signify that overtly similar cancers may contain different
combinations of genetic events, which may confer different
properties. (This is the basis of ‘molecular profiling’ of
tumours to predict clinical behaviour3.)

Influences on the pathway are represented as vertical
arrows. One set of influences affects the probability that a
pathway event will occur. Within the cancer cell these
include acquired or inherited defects in DNA repair or in
cell-cycle checkpoints (see articles in this issue by Evan and
Vousden, pages 342–348, and Hoeijmakers, pages 366–374),
and, possibly, defects in the regulation of epigenetic events4.
The production and destruction of endogenous mutagens
such as free radicals will also affect the probability of muta-
tional events, and may be modified by genetic variation.
External influences include environmental exposures, for
example diet or cigarette smoke, the response to which again
may be modified by genetic variation in metabolic systems
acting inside or outside the cell (refs 5, 6, and see article in
this issue by Peto, pages 390–395).

Other factors influence the outcome of pathway events
once they have occurred. Within the cell, these might be any
type of variation that modifies the effect of the pathway event
on the cellular phenotype, or the response of the altered cells
to signals from outside. Outside the cell, possible influences
include paracrine interactions with neighbouring cells7 and
systemic effects such as the effectiveness of cellular defence
mechanisms against the developing cancer, or levels of 

circulating hormones or growth factors8,9. Normal genetic
variation in these factors is likely to be the source of much of
the low-level predisposition to cancer, and of the genetic
modifier effects seen in human and experimental
tumours10,11. 

Before focusing on the factors that influence carcino-
genesis, we should first consider the historical development
of ideas surrounding events on the main pathway of cancer
development.

Events on the cancer pathway
The idea that tumours arise from somatic genetic change 
originated in the early 1900s. It was not until the necessary
technologies became available in the early 1970s that tumour
formation was related to the action of specific genes. The con-
cepts that developed were of course shaped by the assays on
which they were based. The idea of gain-of-function genetic
alterations came from experiments that involved gene transfer
into recipient cells; these cells could then be assayed for 
‘transformation’ — an approximation to a cancer phenotype.
The idea of loss-of-function genetic change came from two
different directions: from epidemiology and the study of
inherited predisposition12, and from cell hybridization exper-
iments in which malignancy was found to be recessive to the
normal phenotype13. This history is relevant because, even
today, our partial knowledge of the development of cancer is
necessarily constrained by the assays we have available.

Gain-of-function genetic events
The key concept in relation to gain-of-function events is the
‘oncogene’ (for review, see ref. 14). By the late 1960s, it had
been shown that cells in culture could be transformed by
several DNA viruses and retroviruses, and subsequently
that a single gene from these viruses (the first example was
src, from Rous sarcoma virus) could carry out this 
transformation. Genes related in sequence to those in the
transforming retroviruses were found in the DNA of nor-
mal cells; these genes had functions in the control of normal
cell growth or differentiation, but their inappropriate 
activation by a variety of mechanisms could lead to cancer.
The normal cellular genes were termed ‘proto-oncogenes’;
their activated counterparts were ‘oncogenes’15.

In the late 1970s, fragmented DNA from human cancer
cells was transferred into cultured non-neoplastic cells (mouse
NIH-3T3 fibroblasts were used) by transfection. The aim was
to see if transformation would result and, if so, to recover the
active DNA sequences. The first transforming gene to be recov-
ered from human cancer cells by this technique turned out to
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be a mutant form of Ha-ras, a proto-oncogene already familiar from
retroviral studies16. Similar experiments have since identified many more
transforming oncogenes14, although these probably reflect only a subset
of all gain-of-function genetic changes in cancer cells. For example, not
all cells are good recipients for transfection, and the predominant use of
rodent fibroblasts and of assays for ‘transformation’, rather than other
aspects of the cellular phenotype that might be relevant, may have
restricted the range of genes that could be found.

A further line of evidence for the role of activation of specific
genes in cancer came from better techniques of chromosome analy-
sis, starting with chromosome banding in the 1970s. In some
tumours there were chromosomal translocations with consistent
breakpoints, and some of these breakpoints proved to be in, or near
to, already described proto-oncogenes — for example, c-myc in
Burkitts lymphoma and c-abl in chronic myelogenous leukaemia17.
In others, there were consistent regions of chromosomal 
amplification18. The inference, borne out by experiment, was that
these specific chromosomal events could result in increased expres-
sion or activity of the related genes. Many more examples have been
found19, predominantly in haematological cancers and sarcomas
where chromosomal identification is technically straightforward. A
current question is whether the recently introduced techniques of
chromosome analysis by molecular hybridization20,21 will reveal 
similar mechanisms among the more complex chromosomal
changes in epithelial malignancies, or whether perhaps epithelial
cancers have different genetic mechanisms of development22.

Loss-of-function genetic events
The impression given by the gene-transfer studies is of a single-step,
gain-of-function mechanism for carcinogenesis. But this is a bias
imposed by the methods used. The first evidence for loss-of-function

genetic changes came from studies of children’s cancers, in particular
retinoblastoma. Like many cancers, retinoblastoma occurs in an
inherited and a sporadic form. Knudson12 described the distribution
of age at diagnosis in inherited and sporadic cases. In inherited cases
the distribution was consistent with a requirement for one further
event for tumour formation. This event occurred with constant
probability over time. In sporadic cases, the age distribution was
more complex, and consistent with a need for two events. The 
inference was that in either case, two rate-limiting events were need-
ed to form the tumour, and that in inherited cases one of these was
already present in the germline. Comings23 suggested that the two
events might affect the two alleles of a single gene, implying that their
effects would be recessive at the cellular level. Subsequently, in some
inherited cases, a germline deletion was found on chromosome 13,
implying that loss of a gene in that region might be the first event.
This led to biochemical and molecular studies which showed that
tumour development did indeed require loss of both copies of that
region of chromosome 13 (ref. 24); using the chromosomal deletions
as signposts, the Rb gene was ultimately cloned and found to be
mutated in both copies in the tumours. Rb is thus the prototype of the
class of ‘tumour-suppressor genes’25 where, in distinction to 
oncogenes, loss of function is required for tumorigenesis.

Linkage and positional cloning in inherited cancer syndromes has
identified many more tumour-suppressor genes (for review, see 
ref. 26). Loss-of-function mutations are much more common than
gain-of-function mutations in inherited predisposition, presumably
because the loss of function is masked by the remaining normal allele
during development (except in the recessive DNA-repair deficien-
cies), whereas a gain-of-function cancer-promoting mutation might
well be lethal. In most inherited cancers, the germline loss-of-
function allele represents one step on the pathway shown in Fig 1, and
in most cases, as in retinoblastoma, the same genes are involved by
somatic mutation in non-hereditary forms of the same cancer. 

If the definition of a ‘tumour-suppressor gene’ were only that loss
of function should contribute to cancer, then a list of potential genes
could include not only genes such as Rb, but also a wider variety of
genes acting at different points in Fig. 1. One might, for example,
include genes that determine skin pigmentation as suppressors, on
the grounds that fair-skinned individuals have a higher risk of skin
cancer. Used as broadly as this, the term is perhaps of little help. Haber
and Harlow27 suggested a tighter definition which required the
unequivocal demonstration of inactivating mutations of the gene.
This had a practical rather than conceptual purpose — to lay down
some unambiguous criteria by which the validity of the numerous
candidates proposed as new suppressor genes could be judged. But
four years later, we might be concerned that the requirement for
mutation excludes genes where the predominant mechanism of loss
of function is epigenetic4. If the term ‘suppressor’ is restricted to
genes whose action lies within the cancer cell, two categories may use-
fully be distinguished. The first contains genes like Rb whose loss of
function (by whatever mechanism) is rate limiting for cancer devel-
opment and which lie on the direct pathway shown in Fig. 1 — the
‘classical’ tumour suppressors, termed ‘gatekeepers’ by Kinzler and
Vogelstein28. Cancer predisposition due to these genes is tissue 
specific, although the mechanism of the specificity is generally
unclear. The second group contains genes whose loss of function
accelerates the acquisition of pathway events, but whose loss is not
essential, and whose action lies outside the pathway itself. These are
genes involved in DNA repair and genome integrity, which have been
termed ‘caretakers’28. (For details of DNA-repair genes, see review in
this issue by Hoeijmakers, pages 366–374). 

Somatic loss of a suppressor gene allele often involves a loss of
chromosomal material, ranging in extent from a sub-band to the
whole chromosome. Such events are conveniently assayed by ‘loss of
heterozygosity’ (LOH), which is a comparison of polymorphic loci in
DNA from blood and tumour in the same individual, and the finding
of contiguous regions of tumour DNA where one allele is absent.

insight progress

NATURE | VOL 411 | 17 MAY 2001 | www.nature.com 337

Normal cell

   

Cancers

'Pathway' events —
somatic or inherited    

Inside the cell
Variation that modifies the

effects of pathway events or
the response of the altered
cell to outside influences 

Outside the cell
Genetic variation in response to

external/endogenous carcinogens:
metabolic polymorphism

Inside the cell
Metabolic polymorphism

DNA repair, genomic stability
('caretaker' genes)

?Disturbance of gene regulation   

Outside the cell
Local cell interactions: stroma;

other paracrine effects, for
example from inflammatory cells

Systemic effects: hormones
and growth factors;
immune responses 

Factors affecting
probability that
pathway events
will occur

Factors that
influence the
effects of
pathway events

Figure 1 A framework for genetic effects on cancer development.
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These regions might be expected to contain suppressor genes. LOH
analysis has identified large numbers of regions of chromosomal loss
in many of the common cancers29, but the number of suppressor
genes that have been identified convincingly, by the criterion of
somatic mutation in the remaining allele, is small. There are several
possible explanations: most LOH are noise; they reflect haploinsuffi-
ciency30; or perhaps the mutational criterion for identifying a 
suppressor gene is too stringent. In particular, there is growing 
evidence that epigenetic silencing rather than mutation is a common
mechanism for loss of suppressor gene function.

Epigenetic pathway events
Epigenetic regulation of gene expression by methylation is an impor-
tant mechanism of the determination of cell fate in embryogenesis.
Disturbance of epigenetic mechanisms in the special case of genomic
imprinting are responsible, for example, for loss of imprinting (LOI)
and hence overexpression of the gene encoding insulin-like growth
factor (IGF)-2 in the pathogenesis of Wilms tumour in
Beckwith–Weidemann syndrome31, and in some epithelial cancers,
including colonic cancer32. It has been shown that methylation of
regions rich in cytosine–guanine doublets (‘CpG islands’) in the pro-
moter region in somatic cells is a common mechanism of epigenetic
silencing of one or sometimes both alleles of tumour-suppressor
genes such as VHL, mlh1, p16 (CDKN4/p16INK4A) and possibly
BRCA1 (ref. 4). It is not clear whether the epigenetic silencing of par-
ticular genes in cancer occurs through a stochastic process followed
by selection, or whether certain promoters are predisposed (and if so,
what might be the mechanisms involved) (reviewed in ref. 4). It is also
unclear what determines whether a particular gene will lose function
by an epigenetic or a mutational mechanism. Loss of function of the
cyclin-dependent kinase inhibitor p16 may occur through deletion,
point mutation or promoter hypermethylation, but the frequency of
each mechanism differs between tumour types4. Within the same
tumour type, the mechanism may differ in different contexts. Thus,
germline mutation of the MLH1 gene is frequent in familial colon
cancers with the microsatellite instability phenotype; but in sporadic
cancers with this phenotype, promoter hypermethylation and loss of
expression of MLH1 (and, interestingly, LOI of the IGF-2 gene) is
more common33. 

Although promoter hypermethylation has clearly been implicat-
ed in silencing of suppressor genes, there are other mechanisms by
which changes in methylation might contribute to tumorigenesis.
Examples come from the experimental manipulation of the activity
of the maintenance DNA methylase Dnmt1 in mice. Thus, there is a
reported increase in somatic mutation in mice heterozygous for loss
of function of Dnmt134, and for widespread changes in gene expres-
sion in Dnmt1–/– mouse embryo fibroblasts rescued from apoptosis
by inactivation of p53 (ref. 35). The reduced incidence of intestinal
adenomas in Min mice heterogeneous for a Dnmt1-null allele36

(which seems counter to the increase in somatic mutation reported
above) indicates that changes in genomic methylation may modify
the phenotypic expression of a strong predisposing gene. The 
mechanisms of these effects, and their relevance to human cancer,
require further investigation.

Epigenetic mechanisms can lead to a progressive, although
patchy, silencing of some genes with age37. It is interesting to speculate
to what extent our tissues may be a progressive mosaic either of gene
silencing (or in the case of the IGF-2 gene, for example, of loss of
imprinting), and what factors might influence this process38. The
progressive silencing with age of the expression of b-galactosidase
reporter genes in transgenic mice is well known. This is a highly artifi-
cial experimental situation which may have no relevance at all to
endogenous genes in human tissues. Nevertheless, it is intriguing
that histochemical staining of tissue sections showed the b-gal
expression often to be strongly mosaic in intensity; the size of the 
positive patches diminished with age, and both the grain of the 
mosaic and its rate of disappearance differed on different genetic

backgrounds39. Crosses between the relevant strains mapped a con-
trolling locus to mouse chromosome 4 (ref. 40). Inheritance of
methylation patterns in human DNA has also been described41. It is
possible that susceptibility to cancer may be influenced by inherited
variation in genes that regulate epigenetic silencing.

Patterns of pathway events
It has been estimated that between four and seven rate-limiting
genetic events are needed for the development of the common
epithelial cancers42. Because, presumably, the constraints to be 
overcome vary in importance between tissues, and can be evaded in
different ways (for example, a signalling pathway may be disrupted at
different points; see articles in this issue by Blume-Jensen and
Hunter, pages 355–365, and Taipale and Beachy, pages 349–354), it is
not surprising that the precise pattern of genetic alterations differs
between cancers of different types, and of the same type3,43. But the
patterns are not random. Specific associations of events are seen
within individual tumours, and these presumably reflect the evolu-
tion of the tumours along particular pathways, as suggested in Fig. 1.
Such patterns might potentially be important in several practical
ways. They are the basis for the current optimism that ‘molecular
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Averaged across all ages, the risk of breast cancer to the sister,
mother or daughter of a case is increased about twofold, as
illustrated in the figure above. This excess familial risk provides an
upper estimate (assuming all the risk is genetic) of the genetic effect
that must be explained.

Modelling of genes that might be involved
The relationship between the familial relative risk (FRR) and the
frequency and strength of predisposition of any predisposing allele is
given by FRR4[1&p(11p)(RR11)2]/[1&p(RR11)]2 where p is the
allele frequency, and RR is the cancer risk in a carrier versus a non-
carrier of the allele.

Assuming for purposes of illustration that the predisposing alleles
are dominant, the table below shows some worked examples of the
types of genetic effect that might explain the remaining familial
clustering of breast cancer once BRCA1 and BRCA2 are accounted
for. (Note that the real situation is quite unknown.)

Frequency of Number of such  
predisposing Contribution genes needed to  
alleles in  to excess account for all the  

RR population familial risk observed familial risk*

‘BRCA3’-like 10 0.002 0.16 4–5

1.5 0.01 0.0025 240–320

Common, 1.5 0.1 0.020 30–40
low-penetrance 
genes 1.5 0.3 0.045 13–18

*Lower figure assumes that genes combine multiplicatively, upper figure assumes that genes
combine additively.

Box 1
What genes might account for familial breast cancer?

Relative risk

2
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1
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Shared
environment
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profiling’ of tumours by genomic or expression changes will provide
information of clinical value3,43. If (which is not clear) the genetic
pathway adopted by a given tumour is influenced either by genetic
background or by environmental exposures, the ‘molecular pheno-
type’ may also define groups of tumours that aetiologically are more
homogeneous, which would be valuable information in studies of
genetic or environmental predisposition. Finally, adoption of a 
particular pathway of progression may constrain the possibilities for
evolution of the cancer in the future. Clinical experience suggests that
there are categories of pre-invasive change in, for example, prostate
or breast epithelium which are, at the stage they are recognized,
already largely determined in their potential for future malignancy.
This implies that chance subsequent events in the evolution of 
these lesions cannot lead to a more malignant phenotype. If so, it will
be important to find out whether molecular phenotypes can 
predict future malignant potential more accurately than current 
histological methods and, if they can, to use this information to 
judge strategies for intervention. A topical example is provided by the
controversies surrounding radical treatment of early prostatic cancer
detected by screening44.

Genetic events outside the cancer pathway
So far, our focus has been on the developing cancer cell, and on the
pathway genetic events and the deficiencies in DNA repair and
genomic stability which may drive them. Productive though this
focus has been and will continue to be, it provides only part of the pic-
ture. It is likely that genetic variation at other sites, both inside and
outside the cancer cell, may substantially affect cancer development.
This is illustrated by the following brief examples.

Gene–environment interaction
Genetic variation acting either within or outside the cancer cell may
determine the outcome of interaction with exogenous carcinogens. A
clear example is provided by the greater risk of cutaneous melanoma
as a result of sun exposure in individuals with a fair skin, or who have
many naevi (a phenotype which is genetically determined). Poly-
morphisms at the interleukin-1 locus, which are associated with
increased production of interleukin-1b, are associated with both an
increased risk of hypochlorhydria induced by the gastric pathogen
Helicobacter pylori, and gastric cancer45. Analogous interactions are
to be expected between chemical exposures and genetic variations in
metabolic pathways, although well-attested examples are still rather
few5 (see ref. 5 and the article in this issue by Peto, pages 390–395).
Such variation may in principle account for substantial differences in
cancer susceptibility within the population, and knowledge of
gene–environment interaction may indicate strategies for preven-
tion in those at risk. Information about relevant genetic variation
may also help in the design of epidemiological studies: categorization

of subpopulations in terms of genetic risk may reduce heterogeneity
and so increase power to detect causative exposures. Finally, tissue-
specific patterns of gene expression may indicate which genes, and
therefore which exposures, are likely to be relevant46.

Local factors affecting the developing cancer cell
Wounding and chronic inflammation have long been known to be
associated with cancer. Their effects may be mediated either through
increased mitogenesis, which may be associated with increased muta-
tion47, or through paracrine effects, for example from inflammatory
cells. Thus, production of the matrix metalloproteinase MMP9 by
inflammatory cells has been implicated in the development of squa-
mous cell carcinomas in an HPV-16 transgenic model, and various
inflammatory cytokines have been shown to affect p53 transcriptional
regulation and apoptosis in epithelial cells (reviewed in ref. 48). Such
processes presumably underlie the increased cancer risk in diseases
such as ulcerative colitis and hereditary pancreatitis49, which have an
inherited component. It is also likely that there will be genetically
determined variation in the wounding and inflammatory responses
themselves, which will affect cancer initiation and progression.

There is accumulating evidence for an important role of paracrine
interactions between epithelium and stroma in epithelial 
carcinogenesis7. Reciprocal ‘conditioning’ between cancer and 
adjacent stromal cells has been shown in tissue recombination 
experiments50. Irradiation of mammary gland stroma can promote
the expression of tumorigenic potential by unirradiated epithelial
cells51. Several studies provide evidence for a role of matrix metallo-
proteinases in the early as well as late stages of cancer development7,52.
In general, transgenic mice that overexpress MMPs develop more
cancers in response to oncogenic stimuli, whereas those that lack 
different MMPs or overexpress inhibitors develop fewer (but more
malignant) cancers53. Although no data are currently available, it
seems plausible that there will be polymorphic variation in MMP
activity in human tissues, and that this may affect both the develop-
ment of cancer and the behaviour of the cancers that result. Similar
genetically determined variation may be expected in processes later
in cancer development; such as angiogenic responses (see article in
this issue by Liotta and Kohn, pages 375–379).

Systemic factors
Variations in circulating levels of hormones or growth factors show
significant association with cancer risk. In one population-based
study of oestradiol levels in post-menopausal women, there was an
almost fivefold difference in risk of breast cancer between the upper
and lower tertiles of circulating oestradiol level54. High levels of
oestrogen might have carcinogenic effects either through direct 
stimulation of growth or as a by-product of mutagenic metabolites.
Similar effects have been reported for several common cancers in
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Table 1 Inherited predisposition to cancer

Contribution to overall Clinical features Frequency of Effect on 
cancer incidence predisposing alleles individual risk

Inherited cancer syndromes 1–2% at most Rare/unusual cancers or combinations of cancers. Rare Strong: lifetime 
Sometimes with associated developmental defects (~1:1,000 or less) risks of cancer 
or non-neoplastic phenotype. Mendelian dominant up to 50–80%
inheritance

Familial cancers ?Up to 10% depending Families with several cases of common cancers that Uncommon to Moderate to
on definition fall into a recognized pattern of cancer types (for common weak

example, breast and ovary; colon+endometrium+
urinary).  Spectrum from families with multiple cases
at young age (strongest evidence of predisposition) 
to two or three cases at older ages: many of the latter 
will be due to chance or to combinations of weaker   
genes. Generally show pattern consistent with  
dominant inheritance.

Predisposition without No precise figure possible. Single cases of cancer at any site, some with Multiple Weak
evident family clustering Distribution of risk within one or two affected relatives.  The common 

population may result in distribution of these cases in the population alleles
substantial fraction of cancer is probably determined by the combined 
incidence within predisposed effects of multiple genetic and non-
minority genetic risk factors.
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relation to the IGF family9, and there is some evidence that a 
significant proportion of the variance in circulating IGF-1 levels is
genetically determined55. Such genetic variation is a further plausible
mechanism for a significant component of individual cancer 
susceptibility.

Inherited predisposition
The cardinal feature by which inherited predisposition is recognized
clinically is family history. Cancer is common, so some families will
contain several cases by chance. There is a spectrum of probability that
a given family history reflects inherited predisposition from near-
certainty of strong predisposition in the rare inherited cancer 
syndromes, to the possibility of weak effects in familial clusters 
(Table 1). Paradoxically, the largest category of inherited predisposi-
tion, in terms of expected fraction of cancer incidence, is the one with
the weakest genetic effects — ‘predisposition without evident family
clustering’56,57. The combined contribution to overall breast cancer
incidence of strongly predisposing mutations in BRCA1 and BRCA2,
which confer individual risks of around 60% by age 70, is less than 5%.
By contrast, a predisposing allele with a relative risk of 2 and frequency
of 20% could account for up to 20% of breast cancer incidence.

Strong predisposition
The human inherited cancer syndromes and their transgenic mouse
counterparts have been reviewed extensively58,59. In the cases
described so far, strong predisposition to cancer results either
through inheritance of one of the events on the cancer ‘pathway’, or
through effects on DNA repair or genome stability. Studies of the
mechanisms of predisposition in these syndromes have led to sub-
stantial insights into cancer biology. Genetic testing for risk is now
part of the standard of clinical care for families, although its value
may be controversial when the practical benefits of the actions open
to someone at risk are not clear60.

Two features of these syndromes merit brief comment, because if
we could explain them, we would know more about the development
of cancer. They are tissue specificity and variability of expression. All
inherited predisposition to cancer seems to show a considerable
degree of tissue specificity, even in the case of predisposition by 
defective DNA repair. In most cases, there is no obvious lineage or
physiological explanation for the patterns and the mechanisms are
unknown. There may also be considerable variation in the age at onset
of cancer and in the specific types of cancer that predominate not only
within a given syndrome, but also within a single family. Some of this
variation is due to different germline alleles of the main predisposing
gene (for example, in Von Hippel Lindau disease61, familial adenoma-
tous polyposis62 and multiple endocrine neoplasia type 263) and some
is environmental or chance. But much of the within-family variation
is probably attributable to the effects of genetic modifiers. This has
been clearly shown in a number of mouse cancer models64, and by the
demonstration that concordance of phenotype in neurofibromatosis
type 1 is greatest in monozygotic twins and decays with increasing 
distance of relationship10. Many of these modifiers are likely to overlap
with the low-penetrance predisposing genes described in the next sec-
tion. One practical implication of modifier effects is that the quoting
of risks for individuals who carry genes such as BRCA1 is an uncertain
business. This is relevant to insurance, where the uncertainties are
perhaps not sufficiently recognized. Inappropriately high-risk figures
may be used, which derive from reports of the extreme set of families
that are usually the first to be studied. A more speculative implication
is that if we knew the mechanisms of modification, we might exploit
this knowledge for treatment11 or prevention.

Weak predisposition
Weak predisposition to cancer may in principle result from weak 
alleles of the pathway or caretaker genes described in the last section,
or from genetic variation at the other sites indicated in Fig. 1. The
study of weak predisposition is of interest both for its possible public-

health implications56 and because just as the study of inherited cancer
syndromes identified ‘pathway’ genes, so weak predisposition may
point to a wider range of processes that are relevant to cancer devel-
opment, and to interactions between them. The search for these
genes is just beginning and as yet there are few data. The principles
can be illustrated from studies of  breast cancer. 

In breast cancer, the risk to close relatives of a case, averaged across
all ages, is about twofold. Most of this familial risk is probably genetic
in origin (see article in this issue by Peto, pages 390–395). The risk is
about the same for the mother, sisters or daughters of a case, 
suggesting dominant rather than recessive effects. Large population-
based studies indicate that only 15–20% of overall familial risk is
attributable to mutations in BRCA1 and BRCA265. The possibilities
for the remaining 80% are some combination of a small number of
moderately strong genes, and a larger number (possibly a hundred or
more) of weaker genes (Box 1). If moderately strong genes exist, it
should in principle be possible to identify them by linkage in families.
The weaker genes will not, on the whole, result in multiple case fami-
lies and so must be sought by a different approach: a comparison of
the frequency of candidate genetic variants between a large series of
cancer cases and controls (an ‘association study’). The candidate
genes might lie anywhere in the scheme outlined in Fig. 1. Of the first
40 or so candidates tested for association with breast cancer, a few
show evidence of weak effects, most of which require independent
confirmation. They include genes encoding steroid hormone recep-
tors and paracrine growth factors, and genes involved in metabolism
of exogenous chemicals, and in DNA repair66. The variant alleles are
associated with risks of around 1.5-fold and are predicted to account
for only a few per cent of breast cancer incidence. Collectively they
account for only a very small fraction of the familial risk. Almost 
certainly there are many more genes to be identified, which together
will account for a much higher fraction of cancer incidence than the
genes in the inherited cancer syndromes. 

The identification of these genes will be greatly accelerated by the
data from the Human Genome Project67. The search relies on 
cataloguing the DNA sequence variation within the population, and
showing (currently on a ‘candidate’ gene-by-gene basis) that particular
variants are significantly associated either with disease susceptibility or
with some other aspect of disease phenotype such as treatment
response or survival68. The most readily assayed form of genomic varia-
tion is the single nucleotide polymorphism or ‘SNP’: of the order of one
million SNPs have been identified and are available from genomic
databases69. Comparable data from the mouse genome project will
support similar studies in mice. Here, the availability of cancer models,
and the possibilities of experimental manipulation on a defined genet-
ic background, allow an empirical search for genetic modifiers and
low-penetrance genes on a genome-wide basis, which may provide
valuable candidates to test in human populations11,70. Lessons from the
much longer history of quantitative genetic analysis in lower 
organisms are also likely to be valuable71. There are, of course, many
problems still to be addressed (for review, see ref. 68), but possibly the
most pressing is the lack of sufficiently large and well-documented
human case-control sets to analyse. This, rather than the genetic or 
statistical technology, is currently the limiting factor. In general, fund-
ing agencies have in the past been curiously unwilling to face up to this;
now when they may be changing, there is the potential threat from ‘the
new ethics’ discussed in the article by Peto, pages 390–395, which may
put further costs and difficulties in the way. Despite this, it seems 
certain that the next decade will see significant advances in under-
standing the polygenic basis of many diseases, including cancer.

The future
Some have hailed the approaching era of the polygenic basis of 
disease as a new dawn72; others are sceptical73. The sceptics argue, in
relation to cancer predisposition, that the genes are weak in compari-
son to lifestyle and environmental causes or risk, and it will be 
difficult to use this type of genetic information to practical effect. The
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numbers relating to avoidable cancer risks presented in the article by
Peto seem to support this. However, as also discussed by Peto, the 
picture may be different if the aggregate effect of several genes and
other non-genetic predisposing factors can define a spectrum of risk
across the population which is sufficiently wide. In that case, these
factors might be used to construct ‘risk profiles’ that would identify
either small groups of people at high risk who account for a substan-
tial fraction of cancer incidence, or large groups who are at very low
risk (and who can therefore be discouraged from taking up costly and
perhaps risky interventions). Our modelling of the distribution of
breast cancer risk in a UK population (Pharoah et al., unpublished
data) predicts that there may be as much as a 40-fold difference in 
relative risk between the highest and lowest quintiles of the 
distribution that could be defined by a genotypic profile. As genes are
identified, the predictive power of the available profiles can be tested
in the large population cohorts that are being followed for cancer
incidence. The goal of genotypic profiling is probably distant,
because it may require that a majority of the tens or even hundreds of
predisposing alleles be identified; and if it does become possible,
there will be social and ethical issues to address. Nevertheless, it seems
an attainable goal. ■■
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