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The past decade has seen great strides in our understanding of the genetic basis of human disease. Arguably, the

most profound impact has been in the area of cancer genetics, where the explosion of genomic sequence and

molecular profiling data has illustrated the complexity of human malignancies. In a tumor cell, dozens of different

genes may be aberrant in structure or copy number, and hundreds or thousands of genes may be differentially

expressed. A number of familial cancer genes with high-penetrance mutations have been identified, but the con-

tribution of low-penetrance genetic variants or polymorphisms to the risk of sporadic cancer development

remains unclear. Studies of the complex somatic genetic events that take place in the emerging cancer cell may aid

the search for the more elusive germline variants that confer increased susceptibility. Insights into the molecular

pathogenesis of cancer have provided new strategies for treatment, but a deeper understanding of this disease

will require new statistical and computational approaches for analysis of the genetic and signaling networks that

orchestrate individual cancer susceptibility and tumor behavior.
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Over the past ten years the perception of the contribution of
genetic susceptibility to the common cancers has changed.
Knudson’s hypothesis1 and its molecular confirmation in
retinoblastoma2 focused attention on the role of genetic predis-
position in certain rare cancers. But the origin of the common
cancers was still predominantly viewed as environmental in the
1980s (refs. 3,4). This view was based on studies from the 1960s
and 1970s that identified large differences in the incidence of spe-
cific cancers among populations and that showed that immi-
grants acquired the pattern of cancer risk of their new country5.

Increased emphasis on the role of genetic predisposition in the
common cancers began in the 1980s. Population-based epidemi-
ological studies led to the implementation of genetic rather than
environmental models to explain observed patterns of familial
occurrence6,7, and it was shown that genetic effects might
account for a substantial fraction of cancer incidence without
necessarily causing evident familial clustering8. Arguably,
remaining doubts about the contribution of genetic susceptibil-
ity to the common cancers were dispelled by the demonstration
in 1990 of genetic linkage in breast cancer families9, which made
use of the newly available DNA sequence polymorphisms.

Cancer predisposition by rare, high-penetrance alleles
The first predisposing genes were identified as rare, mutated alle-
les that strongly increased the risk of cancer when inherited
through the germ line. These mutated genes result in multiple
cases of the disease in families and were identified using genetic
linkage and positional cloning. The prototypic gene associated
with familial cancer syndromes is the retinoblastoma gene (RB1),
which has turned out to be one of the most important hubs of
cellular signaling10. Other key signaling molecules such as p53

(encoded by TP53) were initially identified as important targets
of viruses or somatic mutations in tumors11–13 and were subse-
quently found to function as germline-inherited tumor predis-
position genes14.

High-penetrance alleles have provided many fundamental and
unexpected insights into various aspects of cancer biology,
including identification of the adenomatosis polyposis coli
(APC), β-catenin and Tcf-4 pathway (reviewed in ref. 15) and
the phosphatase PTEN, which is implicated in Cowden syn-
drome and in the development of a variety of tumor types16,17.
The VHL gene product associated with Von Hippel Lindau syn-
drome18 a ubiquitin ligase that targets the hypoxia-inducible
factor HIF-1 for degradation is involved in angiogenesis. In
addition, pathways have been identified that control important
aspects of DNA repair and/or genomic stability, notably the DNA
repair/checkpoint pathways that include products of the breast
cancer–associated genes BRCA1 and BRCA2 (ref. 19) and those
involved in DNA mismatch repair (see below)20.

But this knowledge relates almost completely to events in the
developing cancer cell. The explanation that it provides for how
cancers develop is very incomplete for example, we still have
no mechanisms for the tissue specificity of many of the inherited
cancer syndromes. This is perhaps not surprising: the regulation
and breakdown of intracellular controls is only one part of
understanding cancer. More essential and more challenging has
been the attempt to understand the rules governing the organiza-
tion of cells within a tissue and the nature of the cellular environ-
ment that restrains or promotes the emergence of a cancer cell.

Changes in the behavior of stromal cells from individuals with
cancer were noted many years ago21, and more recently epithe-
lial–stromal interactions have been shown to influence tumor
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progression22. This co-dependence of cell types in tumors can be
orchestrated through genetics: mutually exclusive mutations in
the PTEN and TP53 genes have been reported in stromal cells in
breast cancer23. In this example, germline mutations in either of
these genes can influence tumor development not only by their
own effects on the tumor, but also by altering the behavior of
accessory cells in the tumor microenvironment. Similar conclu-
sions have been reached using mouse models for neurofibro-
matosis: haploinsufficiency for the tumor-suppressor gene Nf1 in
stromal and other ‘normal’ cells has been shown to be necessary
for the development of neurofibroma24.

Cancer is a polygenic disorder
Predisposition by combinations of weak genetic variants may be of
much greater significance to public health than the marked individ-
ual risks seen in the inherited cancer syndromes25–27. Such an argu-
ment is supported by the data on breast cancer27. Population-based
epidemiological studies have shown that only 15–20% of the
observed familial clustering of breast cancer occurs in families that
carry a strongly predisposing BRCA1 or BRCA2 mutation (Fig. 1).
In principle, the remaining 80–85% of familial risks might have a
genetic or an environmental origin, but evidence from studies of
breast cancer in twins4,28, tumor incidence in the contralateral
breast of an affected individual4,28 and the pattern of inheritance in
families29,30 suggests that genetic factors predominate. The same
evidence suggests, but cannot prove, that other, strong, BRCA-like
genes are unlikely to account for much of the risk, which is
explained better by a model that describes the combined action of
several factors, each with an individually small effect29,30. In other
words, the greater part of inherited predisposition to breast cancer,
and therefore perhaps31 of other common cancers, may be due to
the effects of combinations of genetic variants at several (possibly a
multitude) of different loci.

So what proportion of breast cancer can be explained by poly-
genic predisposition? This is difficult to answer. More helpful is to
ask what predictions a polygenic model can make about the distrib-
ution of risk in the population27. This will determine the range of
risks and the extent to which risk is concentrated in a predisposed
minority of the population (Fig. 2). A model27 based on the familial
patterns of breast cancer in a population-based series from which
BRCA1 and BRCA2 mutation carriers had been removed suggests
that there is a wide distribution of risk, with up to a 40-fold differ-
ence between the top 20% and the bottom 20% of the population.
The model also indicates that there is a marked concentration of
risk, such that more than 50% of breast cancers occur in the most
predisposed 12% of the population. Qualitatively similar conclu-
sions have been suggested by other studies4,29.

There are two general models for polygenic predisposition32.
The first is the common variant–common disease model, in
which common variants that have arisen only once, early in the
history of the population, underlie disease predisposition in
humans. In this model, the genes can be sought, in principle,
by ‘association studies’ in which variant alleles of candidate
genes are tested for significant differences in frequency
between cancer cases and matched controls (ref. 33; see also
Botstein and Risch34, pp 228–237, this issue). Ideally, the vari-
ants to be tested should be those that are directly related to the
mechanism of predisposition. Generally, however, these are
not known. Instead, a set of polymorphisms is used to define
haplotypes across the gene of interest and the frequency of
each haplotype is compared between the cases and controls.
The current interest in the haplotype structure of the human
genome35 is driven largely by the hope of using this informa-
tion to design efficient whole-genome scans to search for dis-
ease associations and thereby to identify the loci of
susceptibility alleles. The main limitation of this approach is
its lack of power to detect alleles of weak effect without very
large sample sizes.

Fig. 1 Breast cancer susceptibil-
ity genes. Familial breast can-
cer (left) constitutes only
about 5–10% of total breast
cancer (right). The genes
known to be involved in famil-
ial breast cancer (BRCA1 and
BRCA2) account for only about
20% of the familial risk. Most
of the genetic variants that
contribute to the risk of devel-
oping sporadic breast cancer
are unknown. Many of these
may interact with environmen-
tal agents, such as radiation,
that are known from epidemi-
ological and experimental
studies to cause cancer.
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Fig. 2 Risk distribution for breast cancer in the population. The blue curve
shows that roughly 12% of the population have a risk of 10% or more of
developing breast cancer by the age of 70; however, about 50% of all breast
cancers develop in this subpopulation (red curve). By contrast, 50% of the pop-
ulation have a breast cancer risk of 3% or lower, and this subpopulation
accounts for only 12% of all cancers. The conclusion27 is that cancer risk is con-
centrated in a relatively small proportion of the female population.
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The second model holds that the common variant–common
disease theory is generally wrong32,36 and that most significant
variation underlying disease predisposition is in the form of rare
alleles of recent origin, sometimes including several independent
origins of the same allele. If this is true, the association approach
outlined above will fail: first, because of a lack of statistical power
to deal with rare, weak alleles; and second, because multiple
independent copies of the same allele will probably lie on differ-
ent haplotypes and therefore show much weaker haplotype asso-
ciation. Many hundreds of rare variant alleles may be involved
and identifying them will be very difficult. To understand better
the nature of genetic predisposition, we need much more
detailed information about the nature and origins of variation in
the human genome, and about the relationship between complex
genotypes and phenotypic effect (see, for example, ref. 37).

The principle that combinations of common alleles can exert a
profound influence on tumor susceptibility is clearly seen in
mouse models of cancer susceptibility. The distribution of tumor
number in a simple backcross population after carcinogen expo-
sure shows that many mice have none or only a  few tumors, but a
small number have as many as 30 tumors or more and are clearly
in the very high risk category38. By definition, the frequency of
each allele in a backcross population between two inbred strains
is 50–100%, and the number of different genes that account for
differential strain susceptibility is relatively high39,40. Selection
methods have also been used to enrich for the specific combina-
tions of alleles that control a particular phenotype. For example,
selective breeding from a mixture of eight parental inbred strains
gave rise to two populations of mice that showed a more than
100-fold difference in susceptibility to inducers of skin cancer41.
This seems precisely analogous to the model of polygenic suscep-
tibility proposed in humans.

A main advantage of these mouse models is that it is possible
to study genetic interactions in ways that are not feasible using
data from human populations42–44. The model that emerges
from these analyses is one of substantial heterogeneity: two indi-
viduals can show the same phenotype (cancer susceptibility) but
for completely different genetic reasons. Identification of these
different combinations of interacting alleles poses a significant
obstacle to resolving the principal determinants of human cancer
susceptibility. Simple association studies may detect ‘main
effects’ at a single locus but will fail to identify interactions unless
the appropriate interacting loci have been also tested.

Unless there are obvious candidates, either we must base our
strategies on testing sets of interacting genes identified from
mouse models and from tumor analysis (see below) or we must
await the development of methods for carrying out complete
genome scans in large numbers of individuals in well-character-
ized human populations. In the latter approach, the statistical
difficulties in detecting true effects among the vast number of
possible permutations of alleles will be severe, and methods for
dealing with this complexity will be required.

Somatic genetic changes in cancer cells
A cardinal feature of almost all cancer cells is genomic instability
(reviewed in refs. 45–47), caused by either inherited mutations in
genes that monitor genome integrity or mutations that are
acquired in somatic cells during tumor development. The genetic
alterations that result can occur at several levels, for example, in
single nucleotides, small stretches of DNA (microsatellites),
whole genes, structural components of chromosomes, or com-
plete chromosomes.

Nucleotide, microsatellite or chromosome instability has been
referred to as NIN, MIN or CIN, respectively48. Germline muta-
tions leading to familial cancer syndromes have been identified that

directly affect NIN; for example, individuals affected with xero-
derma pigmentosum49 develop multiple skin cancers because they
are unable to repair ultraviolet-induced nucleotide mutations.
MIN50–52, caused by germline or somatic mutations in mis-match
repair genes such as MLH1, MSH2 or MSH6 (ref. 53), can have seri-
ous consequences if the microsatellite target is located in an impor-
tant growth controlling gene such as BAX54, which mediates cell
death, or the gene encoding the TGFβ type II receptor55, which
controls cell proliferation. Several events have been associated with
CIN, including loss of telomere functions47,56,57 and genetic alter-
ations in genes that control chromosome segregation such as
BUB1, MAD2, BUB1R58,59, APC60 or in the gene encoding the cen-
trosome-associated kinase STK6 (refs. 61,62). In addition, muta-
tions in TP53 (refs. 63,64), the breast cancer susceptibility genes
BRCA1 and BRCA2 (ref. 19) and the ataxia telangiectasia gene
ATM45 can affect gross genetic stability at several levels.

In classical models of multistage tumor development in both
human65,66 and mouse67, it is assumed that each important
event, whether it is a small-scale point mutation or a large-scale
chromosomal change, confers a clonal selective advantage to the
cell in which it occurs, setting the stage for the next advance lead-
ing to malignancy. But the relationship between early and late
stages of tumor development and the role of genetic instability in
progression remain unclear68. Some genetic alterations can be
detected in tissue that appears normal by histological
assessment69,70, and extensive genetic changes can be seen at pre-
malignant stages of human tumor development in many tis-
sues71–73. The crucial determinant of progression may be the
accumulation of specific combinations of genetic alterations or
the occurrence of the mutations in a particular subset of target
cells that has higher propensity for malignant progression74.
Resolving such issues is an important goal for future research.

The consequences of genome instability in cancers are seen in
the many aberrations that activate or inactivate the various genes
that affect tumor cell behavior. Our ability to find these genes is
increasing rapidly, owing to powerful analytical tools and the
almost-complete genome sequence information from human
and model organisms. Tools such as fluorescence in situ
hybridization75 allow the rapid detection and genomic localiza-
tion of structural aberrations in metaphase spreads, the detec-
tion of individual aberrations, and the assessment of cell-to-cell
variation in genome copy number as an indicator of genome
instability76. Restriction landmark genome scanning77, compar-
ative genomic hybridization (CGH)78, high-throughput quanti-
tative PCR79 and molecular ‘subtraction’ techniques such as
representational display analysis80 allow the rapid detection and
genomic localization of aberrations in genome copy number and
mutations throughout tumor genomes. Variations of these tech-
niques also allow the assessment of methylation status81.

Recently, the potential of high-throughput screening for
detecting mutations in potential cancer genes has become appar-
ent82. Transcriptional characteristics of tumors can be assessed
with unprecedented completeness using large-scale microarray
technologies83 and/or high-throughput quantitative PCR84. Pro-
teomic characteristics of tumors can be assessed by mass spec-
trometry85 and by microarray techniques86. Combined
applications of these techniques are providing ever-more
detailed functional profiles of individual tumors.

The profiles even for clinically similar tumors are daunting
in their diversity and complexity (W.-L. Kuo, manuscript in
preparation). The types of aberration that develop include
mutations in coding or regulatory sequences, changes in over-
all ploidy, small changes in genome copy number (such as
gain or loss of a single genome copy), high amplification,
structural rearrangement, homozygous deletion, and loss of
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heterozygosity (LOH) result-
ing from the loss of one allele
followed by reduplication.
For example, Fig. 3 summa-
rizes the frequencies of
changes in gene copy number
in ovarian cancer identified
by CGH array analysis. The
individual profiles show both
small and large changes in
copy number, as well as struc-
tural changes (data not
shown), and clearly indicate
the diversity that typically
exists among clinically similar
tumors. These regions of high
copy number change may
contain specific genetic vari-
ants that are preferentially
amplified and/or act as
germline tumor susceptibility
genes. The challenge is to
identify the specific genes that
contribute to cancer progres-
sion when deregulated by
these processes.

Cancer genes as targets for therapy
Most efforts to identify potential therapeutic targets have focused on
oncogenes that are activated recurrently or overexpressed in cancer
cells. Genomic aberrations such as mutations, translocations and
amplifications have guided the identification of such genes. Many
growth factor receptors signal to the interior of the cell by phospho-
rylating their downstream interacting proteins at tyrosine residues.
These tyrosine kinases have been the subject of much interest
because the development of inhibitors seems straightforward. The
tyrosine kinases encoded by ABL and ERBB2 were among the earli-
est kinases identified in this class. The nuclear protein tyrosine
kinase gene ABL was found to be activated by translocation of

BCR87. This event occurs in 100% of chronic myelogeneous
leukemias and at lower frequency in other leukemias.

The functional importance of this translocation has been con-
firmed by both model studies88 and the effectiveness of the tyro-
sine kinase inhibitor, imatinib mesylate (Gleevec), against chronic
myelogeneous leukemias in humans89. Amplification of the tyro-
sine kinase receptor gene ERBB2 activates intracellular signaling in
about 30% of breast cancers90 and in a lower percentage of other
solid tumor types. The functional importance of ERBB2 activa-
tion, like that of ABL, has been shown both in model systems and
by the therapeutic effectiveness of Herceptin, an antibody against
ERBB2, in some tumors showing ERBB2 amplification (ref. 91).

Fig. 4 Loss of tumor-suppressor gene
function in cancer. a,b, The classical
Knudson two-hit model involves an
initial mutational event (vertical
arrowhead) that leads to gene inacti-
vation during tumor development.
Blue shaded bars indicate inactivated
genes. LOH by non-disjunction,
mitotic recombination or deletion
results in the functional inactivation
of both alleles. If the first mutation is
inherited through the germ line, indi-
viduals carrying this mutation are
often highly predisposed to tumor
development. c, The mutational event
can be followed by gene silencing
through promoter methylation (verti-
cal bars) without LOH. d, Biallelic
silencing of both gene copies without
LOH or gene mutation. e,f, Haploin-
sufficient tumor-suppressor genes do
not need to lose both functional
copies to confer increased risk. Loss of
a single gene copy may occur by
mutation, deletion or silencing, and
the other functional allele may be
retained. In some examples (f), a par-
tially or completely nonfunctional
allele may be inherited through the
germ line, predisposing an individual to tumor development without requiring LOH or complete functional inactivation. Some ‘low-penetrance’ tumor suscepti-
bility genes may be in this category.
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The recent identification of frequent and highly specific activating
mutations in the gene BRAF in melanomas and other solid
tumors82 provides another opportunity to use specific kinase
inhibitors92 in therapeutic interventions directed at one of the
main causal events of tumor development.

Tumor-suppressor inactivation and haploinsufficiency
Early efforts to identify tumor-suppressor genes were guided by
Knudson’s hypothesis of biallelic gene inactivation (Fig. 4a,b)
and typically focused on cooperation between a genomic aberra-
tion and an inactivating germline mutation. The large number of
regions of recurrent LOH and physical deletion in human
tumors identified in the past 10–15 years generated optimism
that positional cloning would locate many other important
tumor-suppressor genes. Progress has been slow, however, possi-
bly because many of the important genes in those regions do not
conform to the classical view that both alleles of the gene must be
genetically inactivated to allow tumor progression93.

A possibility is that tumors retain both copies of tumor-sup-
pressor genes but effectively silence one or both alleles by
methylation of the gene promoter (Fig. 4c,d; see Jaenisch and
Bird94, pp 245–254, this issue). In fact, changes in methylation
may be as important as changes in DNA sequence or copy
number in altering gene expression during the progression of
cancer95,96. Alternatively, these ‘new-generation’ tumor-sup-
pressor genes may influence tumor progression through func-
tional haploinsufficiency a process in which loss of one allele
contributes to tumor progression even though a wild-type
allele remains (Fig 4e,f). This has been shown in mice carrying
single, inactivated alleles of the genes encoding p53 (ref. 97),
TGF-β1 (ref. 98), 27Kip1 (ref. 99) and DMP1 (ref. 100). In
each case, the genetically deficient mice are predisposed to
tumor development, but the resulting tumors frequently retain
a functional wild-type allele.

The prospect of compound haploinsufficiency, in which several
contiguous genes that function in overlapping pathways to control

cell growth are involved in the same deletion event, fur-
ther complicates the search for the causal genetic changes
in tumor progression. Results obtained from extensive
studies of changes in human chromosome 3p in lung can-
cer show that several genes with tumor-suppressor activ-
ity are involved in the LOH event and that the remaining
alleles are very rarely mutated101. Compound haploinsuf-
ficiency may involve single-copy deletions of interacting
genes on different chromosomes, and if this is true it will
be very difficult to identify the causal genetic changes in
these chromosomal regions.

Allele-specific genomic changes
If many common alleles affect susceptibility or resis-
tance, it seems inevitable that selection pressures during
tumor development will be reflected in patterns of
allelic loss or gain in tumors, as well as in patterns of
gene expression. It has been estimated that many can-

cers show LOH of at least 25%, and sometimes as much as 50%,
of their alleles48. These changes are probably the result of a com-
plex interplay between several inherited alleles of weak suscepti-
bility genes and the somatic events responsible for tumor
progression (Fig. 5).

Genetic background clearly affects the pattern of genetic changes
seen in mouse tumors, because strain-specific mutations in onco-
genes102, allelic imbalance103 and aberrations in gene copy
number104 are apparent in analyses of chemically induced or trans-
gene-induced tumors. Observations of preferential allelic imbal-
ance in mouse tumors have been correlated with the locations of
germline susceptibility genes, as assessed by linkage analysis (A.E.
Toland et al., manuscript submitted). This suggests that, although
studies of changes in gene copy number in human tumors have
been highly informative, much more information remains buried
in the same DNA samples. Analysis of allele-specific alterations in
copy number and expression seems particularly promising for elu-
cidating the relationships between germline polymorphisms and
the development of sporadic cancers.

In summary, genomic, genetic and epigenetic events seem to
be increasingly intertwined in tumor formation even in
tumors that seem to arise spontaneously. The combination of
changes in gene dosage, methylation-based silencing and poly-
morphisms that cause diminished gene function greatly compli-
cates the search for these important genes, because little trace of
their action can be found by genetic analysis of the tumor DNA
(Fig. 4f). Nevertheless, we can expect that the tools discussed
above, coupled with population-based studies of the genetics of
cancer incidence, will lead ultimately to their identification.

Clinical applications and the future of cancer research
Although ‘understanding the biology’ is often given as the justifi-
cation for genetic studies of cancer, prevention and treatment are
also important goals. New and better treatments are certainly
needed, but there are substantial gains to be made by applying
genetic information to more effective use of the treatments that

Fig. 5 Relationship between germline and somatic events involving
weak tumor susceptibility genes. Some weak susceptibility genes
may influence patterns of genetic events in tumors by causing pref-
erential amplification of alleles that confer increased risk or loss of
alleles that confer resistance (1). Mitotic recombination (2) may
lead to homozygosity with respect to polymorphic (weak) tumor
suppressor genes or hyperactive oncogenes, with no new somatic
mutations. The letters M and F denote the chromosomes inherited
from the mother and father, respectively. The multiplicity of
genetic variants that influence susceptibility to sporadic cancers
may contribute to the complexity of genetic aberrations in human
cancers (see Fig. 3).

M F

M F M F

normal cell

tumor cell tumor cell

resistance

mitotic
recombination

leading to
homozygosity

deletion

amplification

susceptibility

1 2

Ka
tie

 R
is

©
20

03
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/w

w
w

.n
at

u
re

.c
o

m
/n

at
u

re
g

en
et

ic
s



review

nature genetics supplement • volume 33 • march 2003 243

we already have. Sensitive and non-invasive methods of early
diagnosis may be developed from the detection of cancer-specific
DNA mutations or abnormal DNA methylation patterns in read-
ily accessible body fluids105, or by using DNA replication pro-
teins as markers of cycling cells exfoliated from cancers or
preneoplastic lesions106. With improvements in specificity, or the
use of sequential tests, such approaches may provide a cost-effec-
tive means of screening in the general population. It may also be
possible to develop sensitive imaging techniques that will report
specific molecular changes that are characteristic of cancer.

An important problem with current screening tests, such as
prostate-specific antigen (PSA) screening for prostate cancer, is
that the early lesions that are detected will not all progress to
significant cancer. Large numbers of individuals can suffer con-
siderable side-effects from interventions, such as prostatectomy
or radical radiotherapy, that would not be needed if the poten-
tial of the supposed early cancerous change were accurately
known. A similar situation can occur in the treatment of estab-
lished cancers; for example, most women are recommended to
have chemotherapy after surgery for early breast cancer to
reduce the possibility of recurrence in the few individuals who
have residual disease but cannot be identified. ‘Molecular pro-
files’ of individual cancers or preneoplastic lesions, based on
either patterns of gene expression or patterns of genomic
abnormality, are likely to find increasing application in predict-
ing which individuals will benefit from additional treatment
and which individuals do not need it107.

The same principles will be applied to the selection of the treat-
ment most likely to be effective in an individual case. Common
cancers such as breast cancer will be reclassified into perhaps 10 or
20 subtypes on the basis of the patterns of the disrupted cellular
pathways. Different patterns of molecular lesion will be
found empirically or by biological reasoning to predict sensi-
tivity or resistance to different agents, and the choice of treatment
will be made accordingly. A possible downside is that the common
cancers will be converted by molecular analysis into several indi-
vidual uncommon subtypes with different sensitivities to treat-
ment, which will be a less-attractive prospect for the companies on
whom the development of new drugs currently depends.

The evaluation of new drugs will itself become quicker and
more efficient: molecular readouts, perhaps in healthy volun-
teers, will be used to confirm that the drug hits the intended tar-
get at a minimum biologically effective dose; other readouts,
biopsy or image-based, will provide rapid information about
tumor response.

Finally, testing for predisposing genes will allow the identifica-
tion of individuals at increased risk and sometimes the reassur-
ance for those who are not. This has already entered standard
clinical practice for dealing with high-penetrance familial cancer
syndromes. The main outstanding problems are a lack of effec-
tive methods for non-surgical prevention or the early detection
of most cancers, which means that the commonly recommended
action after a positive gene test is surgical removal of the tissue at
risk. The decision for or against surgery is made difficult by the
variable and currently unpredictable age of cancer onset and the
different organs that can be affected in many of the syndromes.
In principle, effective prevention either may be based on the spe-
cific mechanism of the predisposition or (more probably) may
be generic, as in the use of anti-estrogen treatment to prevent
breast cancer. In either case, the rarity of the syndromes and the
small numbers of at-risk individuals will mandate national and
international cooperation to provide evidence of effect.

Recent modeling of the distribution of risk in the population
that may result from the effects of common, weak genetic varia-
tion suggests the exciting possibility that a substantial fraction of

sporadic cancers may occur in a predisposed minority of the
population27. If confirmed, these models will allow the explicit
planning of medical interventions in the population that are
based both on medical and on economic criteria. The obstacles,
which are still formidable, are first to identify most of the genetic
and non-genetic factors that make up the risk distribution, and
then to find the appropriate model that will combine them to
give a single, individual prediction of risk.

The next decade should see the accumulation of enormous
amounts of data on cancer genetics, epigenetics, genomics and
gene expression. Progress will be made in mapping genome vari-
ation and understanding its origins, and this will be applied to
the search for genes involved in predisposition. The emergence of
a deeper understanding of the complex networks that control the
altered behavior of the malignant cell will come only from the
integration of knowledge obtained from these different sources.
In this, we can learn a great deal from other systems for the study
of complex interactions. The TP53 gene has been referred to as
one of the hubs of the cancer cell64 and the same may be true for
others such as RB1, RAS and PTEN, all of which occupy highly
connected link positions in signal transduction.

A ‘systems biology’ approach to the cancer cell that is based on
an understanding of scale-free networks108 may be the only way
to ensure disintegration of the support systems for cancer cells
that have proved to be so resistant to conventional therapies. To
do this, however, we must first establish the complex wiring dia-
grams of the cancer cell to identify the crucial, rate-limiting sig-
nals that pass through the principal hubs.
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