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Summary. The genetic etiology of most cancers remains
largely unclear and it has been hypothesised that
common genetic variants with modest effects on disease
susceptibility cause the bulk of this unexplained risk.
Case-control association studies are considered the most
effective strategy to identify these low-penetrance genes.
While traditionally, such studies have focused on
putative functional single nucleotide polymorphisms
(SNPs) in candidate genes, a more comprehensive
approach can now be taken, as a result of a number of
recent developments: the mapping of the human
genome, including the identification of almost ten
million SNPs; and the development of high-throughput
genotyping technologies that enable hundreds of
thousands of SNPs to be genotyped in a single reaction,
in multiple subjects and at an affordable cost. All
common genomic variation can be captured by
genotyping SNPs in gene-, pathway- or genome-wide-
based strategies and these are now being applied to
many diseases, including cancer. We present an outline
of each of these approaches, including recent published
examples, and discuss a number of challenges that
remain to be addressed.
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Introduction

Many cancers are considered complex diseases,
where multiple environmental and genetic factors
interplay to cause the disease. While clear environmental
causes have been identified for a number of cancers
using classical epidemiological techniques, the ability to
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detect the genetic components of cancer etiology has
until recently been very limited. Exceptions include
genes that cause rare, largely monogenic family cancer
syndromes such as Multiple Endocrine Neoplasia Type 2
(Mathew et al., 1987; Simpson et al., 1987; Mulligan et
al., 1993), CDKN2A in familial melanoma (Cannon-
Albright et al., 1992; Kamb et al., 1994; Holland et al.,
1995), BRCAI in familial breast and ovarian cancer
(Hall et al., 1990; Narod et al., 1991; Miki et al., 1994)
BRCA?2 in familial breast cancer (Wooster et al., 1994,
1995), and MLH1 and MSH?2 in hereditary nonpolyposis
colorectal cancer (Lindblom et al., 1993; Peltomaki et
al., 1993; Bronner et al., 1994; Fishel et al., 1993;
Nystrom-Lahti et al., 1994). However, such exceptions
tend to account for only a small portion of disease
heritability. For example, the breast cancer susceptibility
genes BRCA1 and BRCA?2 explain only a minority
(<30%) of familial breast cancers and a negligible
proportion of sporadic breast cancers (Diez et al., 2003;
Thompson and Easton, 2004). That is, the genetic
etiology of most cancers remains largely unclear.

It seems most plausible that more common genetic
variants with modest effects on disease susceptibility
(low penetrance genes) cause the bulk of this
unexplained risk (Risch, 2000; Pharoah et al., 2002,
2004; Botstein and Risch, 2003; Houlston and Peto,
2004; Zondervan and Cardon, 2004; Wang et al., 2005).
Association studies comparing genotype distributions
between individuals with cancer and disease-free
subjects are considered the best strategy to detect these
modest effects (Risch and Merikangas, 1996; Cardon
and Bell, 2001). Several types of polymorphic variants
exist in the human genome but the most frequent and
useful for genotyping studies are single nucleotide
polymorphisms (SNPs). SNPs are genomic loci where
two alternative bases are present with appreciable
frequency (greater than 1%). They are the most common
type of variation in the human genome, occurring every
several hundred base pairs, and nearly ten million SNPs
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have been identified to date. Until relatively recently,
association studies have been undertaken by studying a
small number of potentially functional SNPs (usually
non-synonymous coding SNPs) in candidate genes, one
gene at a time (Carlson et al., 2004; Neale and Sham,
2004). This has been referred to as the direct approach
(see Fig. 1) (Carlson et al., 2004).

An alternative (indirect) approach is based on the
argument that disease-associated variants with modest
effects might be distributed proportionately between
coding and non-coding sequences of the genome
(Carlson et al., 2004; Hirschhorn and Daly, 2005).
Indeed, the potential importance in gene function, and
therefore disease susceptibility, of non-coding SNPs
such as those located at transcription factor binding sites
and the promoter in general, some intronic regions and,
more recently, microRNA binding sites, is now well
recognised (Beohar and Kawamoto, 1998; Dean and
Clark, 1999; Kawada et al., 1999; Abelson et al., 2005;
Clop et al., 2006). Furthermore, it has recently been
suggested that conserved non-genic sequences are also
likely to play a role in phenotypic variability and human
disorders, although their function is largely unknown
(Dermitzakis et al., 2005; Hirschhorn and Daly, 2005;
Drake et al., 2006). Under the indirect approach, marker
SNPs are ideally chosen to maximally capture the
common variation across a candidate gene, or the entire
genome (see Fig. 1). The idea behind this is that
associations will be detected either directly with causal
variants, if genotyped, or indirectly with markers in
linkage disequilibrium (LD) with causal variants
(Carlson et al., 2004; Neale and Sham, 2004).

The relatively recent mapping of the human genome
and subsequent identification of almost ten million SNPs
therein, over half of which have been validated in
distinct populations and have genotype and allele
frequency data available in the public domain
(http://www.ncbi.nlm.nih.gov/projects/SNP/;
http://www.hapmap.org/), has made this strategy viable.
Other publicly available databases and search engines
such as SeattleSNP, Ensemble, Tagger and PupaSuite
(http://pga.gs.washington.edu/,

http://www.ensembl.org/index.html,
http://www.broad.mit.edu/mpg/tagger/,
http://pupasuite.bioinfo.cipf.es/) have emerged to assist
with SNP selection and studies are now beginning to
emerge applying these to a range of complex diseases,
including cancers, using case-controls designs.
Furthermore, recent developments and the rapid
advancement in high-throughput genotyping technology
have made genotyping a large number of marker SNPs
throughout the genome a possibility, both logistically
and economically (Hirschhorn and Daly, 2005). Up to
1,000,000 predetermined marker SNPs, and up to 60,800
customised SNPs, can currently be genotyped in a single
reaction in a time and at a cost that was previously
unimaginable. A summary of the technologies currently
available is provided in Table 1. Consequently, large-
scale genome-wide association studies have also begun
to emerge (Daimon et al., 2003; Hao et al., 2004;
Kammerer et al., 2004; Li et al., 2004; Peters et al.,
2004; Hu et al., 2005; Ozaki and Tanaka, 2005; Hampe
et al., 2007). Here we outline different strategies to
identify low penetrance genes in cancer.

Gene-based strategies

To date, the most common approach taken to
identify common polymorphisms has been to focus on
genes likely to be involved in disease etiology on the
basis of disease biology. For example, in female breast
cancer, the well-established associations with hormone-
related environmental factors such as age at menarche,
parity, menopausal status and body mass index have
highlighted the estrogen and other hormone metabolism
genes as likely candidates. Other biological evidence,
including gene expression studies and mouse studies
may be also used to identify candidate genes. Once a
candidate gene has been chosen, two main approaches
may be adopted. Under the first, putative functional
SNPs are selected across the gene and studied in a
standard case-control study. The advantage of this direct
approach is that it is hypothesis-driven and so the
interpretation of positive findings may be more
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Fig. 1. Schematic representation of SNP selection according to a direct versus an indirect approach: gene pictured in grey with exons marked in darker
grey; all SNPs with frequency greater than 5% depicted as black ovals in the gene; all putative functional SNPs are circled; regions of high linkage
disequilibrium (LD) between SNPs shown as black bars below the gene. Arrows above the line indicate putative functional SNPs chosen under a direct
approach, while arrows below the line indicate SNPs chosen under an indirect approach, according to LD patterns and regardless of function.
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straightforward. What is not straightforward is the
identification of putative functional SNPs. While a
number of programs exist to guide such searches, it is
not always clear what SNPs could be functional. Many
studies have taken this approach by choosing only non-
synonymous coding (missense) SNPs in the candidate
gene in question, as proposed by Risch and Merikangas
(1996). However, emerging evidence has directed
attention away from just missense SNPs since, as
mentioned above, it has been demonstrated that SNPs
located in non-coding conserved regions outside of
genes may also have functional consequences, as may
synonymous coding SNPs (Chamary et al., 2006;
Nackley et al., 2006; Kimchi-Sarfaty et al., 2007). The
identification of functional SNPs is therefore not
straightforward and so it is not clear how direct this
direct approach can really be.

A perhaps more objective approach to SNP selection
in candidate genes is to tag all common variation with
tagging SNPs (tSNPs) and/or haplotypes formed by
them and thereby test for association at any point in the
gene and its flanking regions. This approach has been
taken for a number of candidate susceptibility genes in
breast cancer and ovarian cancer (Lesueur et al., 2005;
Song et al., 2006b, 2007). There are two challenges
inherent in this second approach. One is that the degree
to which common variation in the gene is tagged
depends on the density of the SNP map used. Some
groups have chosen to re-sequence the gene rather then
rely solely on HapMap data. The other challenge is the
identification of the causal functional SNP if an
association is found with a marker, since LD can extend
across large regions containing many putative functional
SNPs. Both these gene-based approaches depend on the
identification of candidate disease-related genes and face
the additional challenge of demonstrating that a
putatively functional associated SNP is indeed functional
and thereby potentially causal.

Genetic-pathway-based strategies

An extension of the gene-based approach is to study
a larger number of SNPs in genes in candidate genetic
pathways, a strategy made possible by new technologies
that permit the analysis of thousands of SNPs at the
same time, in large series of samples, and in a short
period of time (see Table 1). Some groups such as Wu et
al. (2006) have done this by focussing on putative
functional SNPs (in coding or promoter regions and/or
those with previously reported associations with, in this
case, bladder cancer) in genes from a given pathway or
pathways (direct approach). As for gene-based studies,
an alternative is to select tagging SNPs across genes as
markers for any association, with no prior hypothesis
regarding where causal loci might be located. This
indirect pathway-based tagging approach has been
applied to assess the potential role of genes involved in
mismatch repair in ovarian cancer susceptibility (Song et
al., 2006a).

We applied a combination of these direct and
indirect strategies to the search for low penetrance genes
involved in breast cancer, selecting SNPs as markers
across the gene based on linkage disequilibrium patterns,
but including putative functional SNPs where possible
(Milne et al., 2006). The latter included coding and
promoter SNPs, as well as those potentially causing
alternative splicing, those located at putative
transcription factor binding sites and/or those located in
regions highly conserved across species. A total of 710
SNPs, representing 112 genes involved in cancer-related
pathways such as DNA-repair, cell-cycle control,
signalling and apoptosis, were genotyped in almost
2,000 cases and controls. The 10 SNPs with strongest
evidence of association in our Spanish case-control
series were then tested in an independent Finnish series
and one of these, an intronic variant in ERCC4 from the
nucleotide excision repair pathway, was found to be
associated with protection from breast cancer.

The pros and cons of the different versions of this
approach are identical to those outlined for gene-based
strategies, with the added challenge of dealing with the
issue of false-positive associations resulting from
multiple testing. Two-stage designs such as that just
described (Milne et al., 2006) are one way of avoiding
false-positive associations (see Additional
Considerations, below).

Genome-wide scans

A number of genotyping platforms such as Illumina
and Affymetrix now accommodate the genotyping of
arrays of up to 1,000,000 SNPs in a single multiplex
reaction (see Table 1). These SNPs capture most of the
common variation in the human genome. There are also
arrays of SNPs located on or near exons, transcripts and
highly conserved regions across the entire genome. In
addition, some platforms permit additional customised
SNPs to be included. These options allow for direct,
indirect and combined approaches to be adopted on a
genome-wide scale and such studies are now beginning

Table 1. Summary of genotyping platforms commonly used at present.

Platform Assay design* Number Samples
of SNPst per platett
Tagman Custom-built 1 384
Sequenom Custom-built 36 384
SNPlex Custom-built 48 384
lllumina — Golden Gate Custom-built 1,536 96
lllumina — Infinium Custom-built 60,800 12
lllumina — Infinium Predetermined 1,000,000 1
Affymetrix Custom-built 25,000 48
Affymetrix Predetermined 950,000 1

*Custom-built means that the SNPs to be genotyped can be selected by
the investigator. 1: Maximum number of SNPs genotyped in a single
reaction. 11: Maximum number of samples genotyped in a single plate.
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to be applied to the search for low penetrance genes in a
number of complex diseases. The Wellcome Trust Case-
Control Consortium (WTCCC) is perhaps the largest of
these undertakings and includes both direct and indirect
strategies (The Wellcome Trust Case Control
Consortium, 2007). The WTCCC aims to test for
“genetic signposts” among 675,000 SNPs for 8 diseases
(tuberculosis, coronary heart disease, type 1 diabetes,
type 2 diabetes, rheumatoid arthritis, Crohn's disease,
bipolar disorder and hypertension). The study includes
2,000 cases for each of these diseases and 3,000
common controls, all from the United Kingdom. A sub-
study will include 2,000 cases of each of tuberculosis
and malaria along with 2,000 common controls, all from
African populations. Finally 15,000 known non-
synonymous coding SNPs will be assessed in case-
control series for associations with each of four
additional diseases (breast cancer, autoimmune thyroid
disease, ankylosing spondylitis and multiple sclerosis).
Other genome-wide association studies have been
recently published, with convincing positive findings
reported for breast and prostate cancer (Easton et al.,
2007; Gudmundsson et al., 2007; Hunter et al., 2007,
Stacey et al., 2007; Yeager et al., 2007).

The clear advantage of this approach is that it is not
restricted by our currently relatively limited knowledge
of disease biology, nor, in the case of the gene- or
pathway-based approaches, of the genome. The
challenges of genome-wide association studies include
the cost (the WTCCC received almost £9 million from
the Wellcome Trust to fund the project), the logistics of
managing the volume of data generated, as well as
minimising false-positive associations and maximising
power. A further challenge that will arise is that of
interpreting positive findings from indirect approaches
as they emerge and are validated in sufficiently powered
independent studies (see below). The identification of a
causal SNP is no trivial task when a marker in or near a
gene is found to be associated with disease. It is not at
all clear how to tackle this issue if an associated marker
SNP is nowhere near a known gene.

Additional considerations

Association studies that test a large number of SNPs
can lead to false-positive associations if multiple testing
is not adequately accounted for. At the same time,
correcting for a large number of tests requires large
sample sizes to maintain adequate statistical power, and
therefore avoid false-negative associations, and that can
be prohibitively expensive. In addition, confirmation of
associations identified in such studies by replication in
independent and adequately sized samples is essential
(Hirschhorn and Daly, 2005; Easton et al., 2007). These
considerations present an economic and logistical
challenge to investigators seeking to produce quality
research in this field. Multi-stage study designs have
been proposed as an efficient means of addressing these
challenges (Hirschhorn and Daly, 2005; Shiffman et al.,

2005). Under these designs all SNPs are genotyped in a
set of cases and controls and only a reduced set of
candidate SNPs, selected based on unadjusted p-values,
are genotyped in a subsequent, independent set. If done
appropriately, this staged design can substantially reduce
the amount of genotyping, and therefore the costs
incurred, without significant loss of statistical power
(Song et al., 2007). Both the studies or subsets within the
same study should be of sufficient size to avoid false-
positive and false-negative findings (Cox et al., 2006).
Selected cases (with early age at onset and/or a family
history of the disease, for example) and controls (all
disease free beyond a particular age) may be used to
increase power for a given sample size (Antoniou and
Easton, 2003; Houlston and Peto, 2003).

Often, additional replication studies in independent
case-control series are required to conclude that a SNP is
definitively associated with disease. This is the main
goal of the Breast Cancer Association Consortium
(BCAC), which was established in 2005 and currently
includes more than 20 breast cancer case-controls
studies from around the world (Breast Cancer
Association Consortium, 2006; Cox et al., 2007; Easton
et al., 2007). The extremely large combined sample of
over 30,000 breast cancer cases and 30,000 controls
allows for many SNPs to be definitively evaluated as
susceptibility loci in breast cancer. To date, all but very
small main effects have been ruled out for 11 SNPs
previously found to be associated with breast cancer
(Breast Cancer Association Consortium, 2006), while
CASPS8 has been confirmed to be a low penetrance
breast cancer gene at genome-wide levels of statistical
significance (Cox et al., 2007). Further replication
studies are currently underway for other SNPs, including
the one in ERCC4 identified in our study (Milne et al.,
2006) as well as a number of strong candidates from
other genome-wide scans. Large combined samples
achieved through international collaborations are also
likely to help identify true low penetrance genes in other
complex diseases as more and more results from small-
and large-scale association studies are published, many
of which are likely to be false-positives (Wacholder et
al., 2004).

Finally, demonstrating that a candidate SNP has
functional consequences is often a very challenging final
step in establishing its causal relationship to the disease.
The most frequent approaches taken to evaluate the
biological implications of a SNP include in silico
studies, analysis of sequence conservation across
different species, and in vitro and in vivo expression
studies with constructs that include the variant. It is not
clear how to establish the function of a putative causal
SNP that is not located in or near a gene (Easton et al.,
2007).

Conclusions

The strategies applied to search for low penetrance
genes in complex diseases such as cancer have changed
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over the past few years as a combined result of the
information that the Human Genome Project has
supplied about our genome and advances in technology
that allow for high-throughput genotyping. Large-scale
studies can now be undertaken without any knowledge
of the biology of the disease. Our experience to date has
demonstrated the importance of using large sample sizes
and validating positive results in adequately powered
independent studies. It has also highlighted the
challenges, once disease-associated loci are identified by
indirect methods, of identifying potentially causal SNPs
and establishing their biological role in the disease
etiology. A large number of further genetic discoveries
related to complex diseases in general, and cancer in
particular, are expected to emerge in the near future.
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