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Abstract

Rare highly penetrant genes cannot account for much of the familial risk for most common cancers, and there is increasing

evidence that a high proportion of cancers arise in a susceptible minority who carry low-penetrance genes or gene combinations.
The evidence for the existence of such genes and the prospects for identfying them are reviewed. # 2001 Published by Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Some of the mechanisms by which inherited muta-
tions in certain genes cause a high cancer risk are
already known. The same genes are often lost or muta-
ted somatically in the multi-step evolution of cancer in
non-susceptibles and may therefore be targets for novel
approaches to screening, prevention or treatment. Most
of the cancer susceptibility genes so far discovered are
highly penetrant, but too rare to cause more than a few
percent of most types of cancer. There is quite strong
evidence that a considerably larger proportion of can-
cers are due to genetic susceptibility, but the relevant
genes or gene combinations do not cause high enough
risks to produce large multiple-case cancer families and
may therefore prove difficult to identify by conventional
linkage analysis. If a small number of common suscept-
ibility genes account for these moderate cancer risks
then many of them will probably be discovered quite
rapidly by the methods discussed below. However, if
large numbers of rare susceptibility genes are involved,
whether acting independently or synergistically, they
may be discoverable only through advances in cell and
molecular biology.

2. Familial clustering of common cancers

2.1. Risks in first-degree relatives

First-degree relatives of patients with many common
cancers are at increased risk for cancer at the same site.
This has been recognised for many years, but for most
cancers there are still too few systematic studies to pro-
vide precise estimates of these familial risks, particularly
for relatives of younger patients. Table 1 gives pooled
estimates of published risks in relatives of affected cases
for a number of common cancers. (Data and references
are given in Houlston and Peto [1]. For sites where
numerous reports have been published, only the larger
studies were included). For first-degree relatives (par-
ents, siblings and children) of patients with most com-
mon cancers the risk of developing cancer at the same
site is generally 2- to 3-fold higher than in the general
population. Such apparently moderate relative risks
could be due to the combined effects of shared environ-
mental factors and interacting genes, but Table 2 shows
that if single genes underlie these risks their effects must
be substantial. For a dominant gene to cause a relative
risk of 2 in patients’ siblings, the risk in susceptible
individuals has to be at least 10 times higher than in
non-susceptibles, and for a recessive gene, the risk ratio
must be over 20. Table 2 also shows that a moderate
familial risk is consistent with a wide range of gene fre-
quencies and genetic mechanisms, so the underlying
genetic model cannot be inferred from the relative risks
in first-degree relatives.
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2.2. Age-specific familial risks

If tumours develop earlier in susceptibles, the relative
risk in patients’ relatives will be greatest in young rela-
tives of young cases. This pattern of risk is exhibited by
many common cancers, including breast, colon, pros-
tate, bladder and melanoma. The distribution of age at
diagnosis in susceptible individuals can differ from that
in non-susceptibles for two reasons. Firstly, those sus-
ceptible may have a different underlying disease process.
Ashley [2] suggested over 30 years ago that adenoma-
tous polyposis coli (APC) patients have inherited one of
the series of carcinogenic ‘hits’ that occur somatically in
the development of sporadic colon cancer, based on the
observation that the susceptible to non-susceptible inci-
dence ratio declines with increasing age. In the same
year, DeMars [3] suggested that apparently autosomal
dominant syndromes such as APC and familial retino-
blastoma should be interpreted as autosomal recessives
at the cellular level, because the cancers ‘‘appear as a
result of subsequent somatic mutations in which indivi-
dual cells become homozygous for a recessive neoplasm-
causing gene’’. Confirmation of this hypothesis has been
one of the major achievements of the last two decades of
cancer research, and it is now known that susceptibility
to these and several other dominant cancer syndromes is
due to germline mutation in one allele of a tumour
suppressor gene, both alleles of which are frequently
damaged or deleted somatically in the development of
non-hereditary cancers of the same type. In a plausible
extension of this model, inherited mutation in a DNA
repair gene followed by somatic loss of the wild-type
allele can cause genetic instability that usually kills the

cell, but occasionally causes multiple damage leading
immediately to cancer, so these subsequent events in
carcinogenesis are no longer rate-limiting. This
mechanism has recently been suggested for hereditary
non-polyposis colon cancer (HNPCC) to explain the flat
age–incidence curve in susceptible adults [4].
Secondly, progressive elimination of the most suscep-

tible would result in earlier age at first cancer diagnosis
in susceptibles even if the susceptible to non-susceptible
incidence ratio were the same at each age. Incidence
rates of second and subsequent skin tumours in mice
treated with benzo(a)pyrene are consistent with such a
model [5]. The marked difference between the distribu-
tions of age at diagnosis of patients’ first tumours for
hereditary and sporadic retinoblastomas is due almost
entirely to the effects of elimination. In contrast to APC,
where most somatic events occur later in life, the sus-
ceptible to non-susceptible incidence ratio will be vir-
tually independent of age for embryonal tumours where
sporadic cases involve an extra somatic mutation in a
tumour suppressor gene that occurs in the rapidly growing
target organ during embryogenesis or in infancy. The
hypothesis of germline mutation among susceptibles in
one allele of a tumour suppressor gene has proved to be
the correct explanation of the 100 000-fold difference in
incidence between hereditary and sporadic retino-
blastomas; but as Hethcote and Knudson [6] noted, their
data were also consistent with a model in which the
number of somatic mutations, and hence the distribution
of ages at diagnosis for all tumours (not first tumours,
as most susceptibles develop multiple tumours) are the
same for hereditary as for sporadic retinoblastoma.
Statistical models based on age-specific cancer rates

have sometimes suggested unexpected mechanisms that
were later shown to exist, but most remain untested. A
novel hypothesis of this sort concerning breast cancer is
suggested in Fig. 1, which shows the pattern of inci-
dence in patients’ contralateral breasts and in their MZ

Table 1

Summary estimates of the relative risk for the same type of cancer in

patients’ first-degree relatives (see Ref. [1] for references)

Site Type of relative Relative risk 95% CI

Breast All 2.1 2.0–2.2

Age<50 2.3 2.2–2.5

Age>50 1.8 1.6–2.0

Ovary All 3.1 2.5–3.7

Stomach All 2.5 2.0–3.0

Colorectal All 2.3 2.0–2.5

Age<45 3.9 2.4–6.2

Prostate All 2.2 1.1–2.4

Renal All 4.4 2.0–9.7

Testicular Fathers 2.3 1.5–3.6

Brothers 9.8 7.1–13.7

Uterus All 2.1 1.3–3.4

Bladder All 1.4 1.2–1.6

Melanoma All 2.5 2.1–3.0

95% CI, 95% confidence interval.

Table 2

Dominant and recessive gene models that would cause relative risks of

5 or less in siblings of cancer patients

Relative risk to sibling

Gene frequency 1.5 2 3 5

Dominant gene model

0.001 25 35 50 74

0.01 10 14 21 35

0.05 6 10 21 150

0.1 6 13 280 –

0.2 10 – – –

Recessive gene model

0.01 143 203 289 414

0.05 30 44 64 96

0.1 16 24 36 60

0.5 8 35 – –

Tabulated values are susceptible to non-susceptible risk ratios.
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twins, sisters and mothers [7]. The high contralateral
and MZ twin rates imply that a high proportion, and
perhaps most, of all breast cancers arise in a susceptible
minority of women; but the most surprising aspect of
these data is the pattern of incidence in patients’
mothers and sisters, which seems to suggest that the
incidence rate rises abruptly to a constant level at dif-
ferent ages in different families. Such an effect would be
difficult to reconcile with known mechanisms of carcino-
genesis and susceptibility, but no equally simple model
seems to fit the pattern shown in Fig. 1 [7]. Data on
familial age-specific incidence rates for breast cancer are
still very imprecise, however, particularly for twins and
young relatives.

2.3. Familial associations between common cancers

A number of dominant susceptibility genes cause
cancer at several sites. These include clustering of
adenocarcinomas of the colorectum and endometrium
in HNPCC families [8], the association of soft tissue
sarcomas, leukaemia, brain and breast tumours in the
Li–Fraumeni syndrome [9] and clustering in BRCA1
and BRCA2 families of cancers of the breast and ovary,
with smaller risks for some other sites including colon,
prostate and pancreas [10,11].
A systematic study of familial correlations between 28

different types of cancer using the Utah population
database revealed a number of significant associations
[12]. Environmental and behavioural risk factors which
are shared within families contribute to some associa-
tions, such as the familial clustering for cancers of
smoking-related sites. Clustering of cancers of the
female genitalia, lip and oral cavity may reflect a com-
mon viral aetiology. Some associations are similar to
those caused by rare penetrant genes. BRCA1 and
BRCA2 presumably contribute to the associations
between breast, colon and prostate and between ovary

and pancreas, and the increased risk of soft tissue can-
cers among relatives of breast cancer probands may be
due in part to the Li–Fraumeni syndrome. Truncating
mutations in these genes are probably too rare to
account for all of these associations, suggesting the
existence of less penetrant variants, or perhaps other
genes that affect some of the same pathways. Evidence
of the HNPCC complex of cancers was seen in relatives
of young uterine cancer probands. In addition to these
expected associations between cancer sites, various sig-
nificant associations such as thyroid cancer and non-
Hodgkin’s lymphoma with breast cancer and leukae-
mias with colorectal cancer suggest previously unrecog-
nised hereditary effects.

2.4. Benign lesions and other associated phenotypes

Houlston and Peto [1] list several benign lesions that
are associated with an increased risk of cancer and have
an inherited basis. In addition to the classical highly
penetrant syndromes such as APC and xeroderma pig-
mentosum (XP), several such lesions are associated with
moderate site-specific cancer risks. Melanoma risk is
strongly correlated with numbers of melanocytic naevi
[13]. Numbers of naevi are highly correlated in mono-
zygotic twins, but not in dizygotic twins, suggesting a
major genetic component in naevus prevalence and
hence presumably in melanoma risk [14]. Further evi-
dence of genetic susceptibility to naevi was found by
Goldgar and colleagues in studies of families of mela-
noma cases [15]. Cuzick and colleagues [16] found that
palmar keratoses, which are associated with bladder
cancer, are more frequent in first-degree relatives of
bladder cancer cases, particularly if the case also had
keratoses. Spouses of cases also had an increased, but
smaller, risk of bladder cancer, especially if the case had
keratoses [16]. These results appear to implicate genetic,
as well as environmental (possibly viral), factors in the
aetiology of keratoses. Other associated phenotypes
include cryptorchidism (testis), supernumerary nipples
(urogenital), inflammatory bowel disease (colorectal)
and endometriosis (breast and ovary) [1].

2.5. Segregation analysis

Genetic models of familial cancer can be formally
tested using segregation analysis, in which the observed
pattern of disease incidence in each pedigree is com-
pared with that predicted under different models.
Segregation analyses of breast, colorectal, lung, ovarian
and testicular cancer pedigrees are summarised in
Houlston and Peto [1]. The majority showed evidence
for major dominant genes predisposing to these cancers.
In principle, risks to second-degree and more distant
relatives provide useful additional evidence on the mode
of inheritance, since for a simple dominant gene the

Fig. 1. The pattern of breast cancer incidence in patients’ relatives and

in the general population suggests that the incidence rises to a high

constant level at different ages in different families (from Ref. [7]).

MZ, monozygotic.
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excess relative risk (R�1) reduces by a factor of 2 for
each degree of relationship [17]. In practice, however,
unbiased data on second- and third-degree relatives are
rarely available.
If a single gene accounts for the familial risk, segre-

gation analysis of cancer families ascertained within
population-based studies can, in principle, provide esti-
mates of both gene frequency and age-specific cancer
incidence for susceptibles and non-susceptibles. For
most cancers, however, it is likely that several genes
with varying penetrances contribute to the risk in rela-
tives. For example, the pattern of familial breast cancer
risk in the CASH study could be accounted for by a
single dominant gene with a frequency of 0.0033 con-
ferring a risk of 67% by age 70 years [18]; but it is now
known that two major genes (BRCA1 and BRCA2), the
rare Li–Fraumeni (TP53) syndrome, and possibly
ataxia telangectasia (AT) heterozygotes all contribute to
the familial risk. Segregation analysis can be particu-
larly misleading when there are several genes with dif-
ferent modes of inheritance. This is illustrated by
testicular cancer, in which segregation analysis pre-
dicted an autosomal recessive gene [19]. The recently
discovered testicular cancer locus TCG1 on the X-chro-
mosome [20] accounts for many fraternal pairs, but
none of the father–son association.
In addition to the highly penetrant, but rare, APC and

HNPCC genes, segregation studies suggest the presence
of more common genes with lower penetrance predis-
posing to colorectal tumours in the general population
[21]. Cannon-Albright and colleagues [22] fitted a
dominant model with a gene frequency of 0.19 and a
lifetime penetrance of 0.4 for colonic adenoma or colo-
rectal cancer in susceptible individuals. This suggested
that most adenomas arise in the susceptible minority,
although the confidence limits were wide.
Breast cancer incidence is slightly higher in sisters of

breast cancer cases than in their mothers [23]. This
could be due to shared lifestyle factors among sisters,
although various genetic mechanisms could account for
the difference. Few segregation analyses of familial
cancer have incorporated data on environmental risk
factors. Sellers and colleagues [24] fitted a model in
which lung cancer risk is increased both by genetic sus-
ceptibility and by smoking. The observed pattern of
familial aggregation was compatible with the inheri-
tance of a co-dominant gene conferring an increased
susceptibility to lung cancer.

3. Highly penetrant cancer syndromes

3.1. Linkage analysis

A large number of rare hereditary syndromes in which
carriers have a characteristic phenotype and are at high

risk of developing cancer have been recognised clinically
for many years. McKusick lists several hundred inher-
ited disorders for which neoplasia is a major feature or
complication, but the great majority are rare [25], and in
total they are unlikely to be responsible for more than
1% of all cancers. There are also several hereditary
syndromes with no associated phenotype that produce
multiple-case families with one or more common types
of cancer. Genetic linkage analysis of multiple case
cancer families has led to the localisation of various
highly penetrant rare genes. Common cancers for which
susceptibility genes have been identified include breast
and ovarian cancers (BRCA1 and BRCA2 on chromo-
somes 17 and 13) [26,27], colon cancer with adenoma-
tous polyposis coli (APC on chromosome 5) [28],
HNPCC (the MSH2, MLH1, PMS1 and PMS2
mismatch repair genes on chromosomes 2, 3 and 7)
[29,30], melanoma (CDNK2A on chromosome 9) [31,32],
testicular cancer (TCG1 on the X chromosome) [20] and
the Li–Fraumeni multiple cancer syndrome (TP53 on
chromosome 17) [9].

3.2. Gene frequency and penetrance

Once a gene has been identified, its frequency and
penetrance can be estimated reliably only from very
large population-based studies of unaffected individuals
as well as cancer patients. Such studies have not yet
been done. Families used for linkage cannot be used to
estimate gene frequency because they have been selected
for the occurrence of multiple cases. Penetrance esti-
mates based on such families may also be misleading.
For example, penetrance estimates for mutant BRCA1
and BRCA2 based on risks to relatives of unselected
breast cancer patients in whom these genes were
sequenced [33] were substantially lower than those
derived from multiple case families [34]. Both genetic
and shared environmental factors may contribute to this
clinically important difference. This analysis indicated
that about one woman in 400 has a germline mutation
in BRCA1 or BRCA2 [33], but higher prevalence and
even lower penetrance estimates will probably be
obtained when these genes are sequenced in large num-
bers of unaffected women.

4. Genes of low penetrance

With the possible exception of HNPCC, highly pene-
trant genes that cause remarkable multiple case families
are too rare to account for a substantial proportion of
common cancers. There may also be predisposing genes
of lower penetrance that account for a larger proportion
of cancers, but they will rarely produce large numbers of
cancers in a family. The relative risk in first-degree rela-
tives is of the order of 2 at older ages for most common
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cancers. The range of dominant and recessive models
consistent with relative risks between 1.5 and 5 in siblings
is shown in Table 2 [35]. If the relative risk were 2, for
example, a dominant gene carried by 1 in 50 of the
population 14 times that in non-carriers and would cause
a risk in carriers (i.e. a gene frequency of 0.01 in Table 2)
about 10 times that in the general population. This
would rarely produce striking multiple case families.
Even for lung cancer a 10-fold increased risk would
correspond to a penetrance by age 70 years of less than
40%, and for colon cancer a 10-fold increased risk in
susceptibles would correspond to a penetrance of less
than 15% by age 70 years. Such a gene might be
detectable by linkage analysis of affected sibling pairs,
haplotypes in linkage disequilibrium with founder
mutations, or an associated phenotype. Direct sequen-
cing of candidate genes in cases and controls is perhaps
the most promising approach, although so far it has
proved rather unproductive [36].
If such low-penetrance genes cause a substantial pro-

portion of all cancers their identification would be of great
practical importance. There may also be susceptibility
genes which are carried by the majority of the popula-
tion, but these could not cause a detectably increased risk
in relatives, and they would have such low penetrance
that their discovery would be of scientific rather than
immediate clinical value. In the extreme case of the
polymorphic CYP2D6 locus, where more than 90% of
the population are at high risk, even if poor metabolisers
were totally immune from lung cancer the resulting
relative risk in first-degree relatives would be only 1.02.

4.1. Genetic polymorphisms

The only successful mechanism for identifying low-
penetrance genes has been the analysis of polymorph-
isms at candidate loci. There have been many studies
comparing the prevalence in cancer patients and unaf-
fected controls of common polymorphisms in genes
involved in the metabolism of external or endogenous
mutagens or in the production or processing of sex
hormones or their analogues [36,37]. Common variants
reported to act as low-penetrance genes in more than
one study are listed in Table 3 [1]. A few polymorphisms
in such genes seem to alter the risk substantially, such as
the N-acetyltransferase 2 (NAT-2) slow acetylator phe-
notype, which increases the risk of bladder cancer [38],
particularly in workers heavily exposed to certain aro-
matic amines. But systematic meta-analysis reveals little
or no effect for most such polymorphisms, and the
pooled data for the minority that are statistically sig-
nificant usually suggest odds ratios of less than 2, and
often much less [38–44]. Thus, for example, early
reports suggested a more than doubled lung cancer risk
associated with glutathione S-transferase m1 (GSTM1)
deficiency, but the pooled results of subsequent geno-
typing studies give an odds ratio of only 1.14 (95%
confidence interval (CI): 1.03–1.25) [39].
Polymorphisms in oncogenes or tumour suppressor

genes may also confer a moderately increased cancer
risk. An example is the I1307K single nucleotide poly-
morphism (SNP) in the APC gene, which is carried by
about 1 in 20 Ashkenazi Jews and almost doubles their

Table 3

Common genetic polymorphisms that may act as low-penetrance susceptibility loci (from Ref. [1])

Class-Locus Cancer* Putative mechanism

Metabolic polymorphisms

CYP1A1 Lung, breast, colorectal, uterine, BCC Altered metabolism (procarcinogen activation:

polycyclic aromatic hydrocarbons)

CYP1A2 Bladder, colorectal Altered metabolism (procarcinogen activation:

nitrosamines and arylamines)

CYP2D6 Lung, liver Altered metabolism (procarcinogen activation:

nitrosamines)

GSTM1 Lung, bladder, breast, gastric, colon,

head and neck, uterine

Altered metabolism (carcinogen detoxification:

electrophilic compounds)

GSTT1 Colorectal, larynx, BCC, brain Altered metabolism (carcinogen: electrophilic compounds)

NAT2 Bladder, colon, liver Altered metabolism (carcinogen detoxification: aromatic

amines, hydrazines)

Androgen receptor Prostate Altered metabolism (testosterone and dihydrotestosterone

transactivation)

MTHFR Colorectal, uterine Methylation status

Tumour suppressor genes

APC-I1307K Colorectal Hypermutability

DNA repair genes

ATM Breast Genomic instability

Proto-oncogene polymorphisms

H-ras-VNTR Colorectal, breast, lung, bladder, leukaemia Altered transcription/linkage disequilibrium

BCC, basal cell carcinoma.
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colon cancer risk [45]. To estimate the individual effects
of rare polymorphisms will require very large studies,
but their average effect can be observed. The increased
cancer risk associated with rare alleles of the HRAS1-
associated minisatellite was among the first such asso-
ciations to be reported. Such alleles, which are carried
by approximately 5% of the population, increase the
risk of several common cancers by a factor of 1.5–2 [46].
There have been various reports of statistically sig-

nificant gene–environment interactions, such as a much
larger lung cancer risk due to passive smoking in women
who were GSTM1-deficient [47], or an increased breast
cancer risk due to smoking in post-menopausal women
that was confined to NAT2 slow acetylators [48]. In
these examples, however, the estimates of the risk in
susceptibles (although not their lower confidence limits)
were inconsistent with the much lower overall effect of
passive smoking on lung cancer [49] or of smoking on
breast cancer (which is nil) in larger studies [50]. Many
apparently significant gene–gene or gene–exposure
interactions will arise by chance, but some will be real.
The effects of such polymorphisms in combination with
each other and with environmental risk factors could be
substantial, but their total contribution to cancer inci-
dence will not be known until data on risk factors and
extensive genotyping are available for very large num-
bers of patients and controls. Molecular epidemiology is
increasingly focusing on genes that may modify endo-
genous carcinogenic processes rather than those that
affect susceptibility to environmental carcinogens [51].

4.2. DNA replication and repair genes

Some classical inherited diseases such as Fanconi
anaemia, AT, XP and Bloom’s syndrome which are
associated with increased cancer risk involve chromo-
some instability or DNA replication or repair defects.
Other important cancer susceptibility genes are also of
this type. A normal function of the TP53 gene is either
to induce cell cycle arrest or to induce apoptosis in
response to DNA damage, and inactivation of the
HNPCC genes on chromosomes 2, 3 and 7 is associated
with somatic instability of di- and tri-nucleotide repeats.
The p16 cell cycle regulator gene (CDKN2A) on chro-
mosome 9, originally located by linkage in familial
melanoma, is deleted or mutated in a high proportion of
cancers at many sites [32]. If p16 inactivation leads to
uncontrolled cell division, it is also likely to increase the
risk of other mutations. The possibility that other
‘mutator’ genes of this general class might be detectable
phenotypically is suggested by the observation that
more than a third of breast cancer patients exhibit lym-
phocyte radiation sensitivity, while only approximately
10% of the general population do [52]. Formal model-
ling of radiation sensitivity in breast cancer families is
compatible with a dominant mechanism [53] that causes

a relative risk of 1.5–2 in first-degree relatives of breast
cancer patients and approximately 3 in their mono-
zygotic twins. These figures are similar to the risks seen
in relatives of breast cancer patients above the age of
50 years (Fig. 1). This effect, if real, is not due to a
single gene. AT heterozygotes exhibit high radiation
sensitivity in the test, but they do not constitute 10% of
the population.

4.3. Linkage analysis of low-penetrance genes

Highly penetrant genes do not cause a high propor-
tion of most cancers, but the preceding example shows
that less penetrant genes carried by up to 20% of the
population (Table 2) could well do so. If such genes
cause a high proportion of cancers of a particular type
they may be detectable by linkage analysis of affected
pairs of siblings, particularly if the mode of inheritance
is recessive, as the examples of Hodgkin’s disease [54]
and nasopharyngeal carcinoma [55] have demonstrated.
For low penetrance genes that cause a small proportion
of cancers, the number of affected relative pairs required
will be prohibitively large [56], but the sample size for a
test based on allelic association can be very much smal-
ler, even allowing for multiple comparisons [57].
The observation that linkage disequilibrium can

extend up to 100 kilobases or more among populations
of European origin [58] lends some support to the idea
that susceptibility genes might be found by discovering
ancient DNA sequences that are commoner in cancer
patients than in controls. Such disequilibrium studies
are now feasible using the dense genome-wide map of
over a million SNPs together with the human genome
sequence [58]. This approach could detect any founder
mutation that causes a substantial fraction of cancers of
a particular type. BRCA2 might, for example, have been
discoverable through the higher prevalence among
breast cancer patients of the sequences flanking the
6174delT mutation among Ashkenazi Jews or the
999del5 mutation in Icelanders. Less penetrant muta-
tions would be more difficult to detect, however, parti-
cularly in genetically heterogeneous populations in
which founder mutations are rarer. A similar idea
underlies admixture analysis [59]. Most international
differences in cancer rates are due to environmental or
lifestyle rather than genetic effects, but some, such as the
higher prostate cancer risk among African Americans
than among white Americans, could be due to racial
differences in the allelic spectrum of a particular gene. If
so, in a population of mixed descent the high-risk Afri-
can alleles would remain within long DNA sequences of
African origin for many generations, and these sequen-
ces would be commoner in cancer patients of mixed race
than in their siblings.
Another way in which such genes might be detected is

by linkage analysis in large families of an associated
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phenotypic or molecular marker of susceptibility such
as the lymphocyte sensitivity in breast cancer patients
described above or the susceptibility to adenomas in
colon cancer modelled by Cannon-Albright and collea-
gues [22]. Other established or suspected susceptibility
markers include clinically detectable lesions such as naevi,
benign fibrocystic breast disease or palmar keratoses,
metabolic markers such as slow acetylation, and various
markers of DNA repair efficiency or chromosomal
instability detectable by cellular assay or DNA analysis
[37].

5. Conclusions

Studies of multiple case families have led to the iden-
tification of highly penetrant genes predisposing to
colon, breast, ovarian and testicular cancers and mela-
noma. Such genes account for most striking multiple-
case families and a substantial proportion of cancers
diagnosed below age 40 years, although they cause a
much smaller proportion of older cases. The large risks
observed in relatives of young patients suggest the exis-
tence of such genes predisposing to other common cancers.
With the possible exception of ovarian cancer, however,
most of the familial risk in first-degree relatives of older
cancer patients is probably not due to highly penetrant
genes. A major unanswered question in cancer genetics
is whether a substantial proportion of all cancers arise
in susceptible individuals as a result of genes of lower
penetrance. If so, some of these genes may be detectable
by the various linkage approaches discussed above.
Novel candidate genes will continue to be discovered
through research on growth control and DNA repair
pathways, and somatic mutations in oncogenes and
tumour suppressor genes, some of which can also be
inherited, will be discovered by powerful new methods
such as the detection of all sequence differences between
tumour DNA and normal DNA from the same patient.
The ability to identify a large number of individuals

with a lifetime risk for a particular cancer of the order
of 20–50% would present a number of practical oppor-
tunities and ethical difficulties. Phenotypic or genetic
tests might be offered routinely as an adjunct to screen-
ing for cancers such as breast, colon and prostate,
extending the ethical difficulties of obtaining fully
informed consent for genetic testing to the general
population. There would also be important implications
for industrial and environmental exposure to carcinogens.
Susceptible individuals can perhaps be excluded from
certain occupations or persuaded to give up smoking,
but if identified individuals in the general population
suffer much higher than average risks from carcinogenic
agents such as ionising radiation it could be argued that
much more stringent environmental limits must be
introduced. The discovery of mutant genes such as those

predisposing to HNPCC has already raised these ethical
quandaries, but they have yet to be resolved.
The study of cancer genetics has given rise to a suc-

cession of statistical fallacies during the 67 years since
Cramer [60] noted that the overall cancer rate varies
much less than the rates for individual sites between
different countries. The correct explanation is the sta-
tistical formula for adding variances, but Cramer infer-
red that a certain fixed proportion of all populations
must be ‘cancer prone’. The low relative risks seen in
relatives of cancer patients were mistakenly believed to
be inconsistent with large effects due to mendelian
genes. Familial clusters of common cancers which could
not possibly have arisen by chance were often ascribed
to ascertainment bias by those sceptical of the impor-
tance of genetic susceptibility in carcinogenesis. (A
family in which four sisters develop breast cancer before
age 45 years would be expected to occur by chance less
than once every 1000 years in the whole of Britain.) The
probability that one of the trillions of cells in a smoker’s
bronchus will become fully cancerous after 60 years of
smoking is approximately 1 in 4, yet the illogical argu-
ment that genetics must play a dominant role because
heavy smokers do not all develop lung cancer remains
as popular as ever.
The relationship of early multi-stage models to sub-

sequent discoveries of molecular mechanisms in carcino-
genesis is also widely misunderstood. The most cited
example, the hypothesis that hereditary retinoblastoma
is due to an inherited or germline mutation in a tumour
suppressor gene, provided a biologically plausible
explanation both of the apparently dominant pattern of
inheritance and of the 100 000-fold higher risk in sus-
ceptibles, and has proved to be correct; but the persis-
tent belief [36] that differences between the distributions
of age at diagnosis of hereditary and sporadic cases
constituted an important part of the evidence for an
extra rate-limiting step in sporadic retinoblastoma is
wrong [6].
Such statistical misconceptions are not merely foot-

notes in the history of cancer research. Statisticians were
right when they predicted more than 20 years ago that
the discovery of penetrant susceptibility genes would
also elucidate some of the fundamental processes of
spontaneous carcinogenesis [2,6,35]. There is now a
consensus among statisticians, again largely unsup-
ported by laboratory evidence, that a substantial pro-
portion of human cancers arise in carriers of less
penetrant susceptibility genes. Modelling the relation-
ship between the kinetics of specific genetic and cellular
processes and age-specific cancer incidence rates may
play a role in the discovery of these genes, and will cer-
tainly be an important goal once they have been identi-
fied [61]. The predictions of even the simplest genetic
models are often counter-intuitive, and cancer research-
ers should be aware of familial incidence patterns and
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the range of biological mechanisms that are consistent
with them if this ultimate synthesis of cancer epide-
miology and molecular biology is to be achieved.
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