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Abstract

The Human Genome Project has recently provided a great deal of information on the sequence that comprises the human gen-

ome. We are now in the process of structuring and deciphering the 3 · 109 base sequence in order to gain insights into its functional

role. Several efforts are focusing on the search for DNA sequence variations underlying common/complex diseases that constitute a

real burden in terms of public health measures. As expected, the genetic architecture of these complex traits, shows tremendous com-

plexity, and the discovery and characterisation of susceptibility alleles constitute a real challenge for the geneticist. Conceptual and

experimental genetic approaches aimed at dissecting the molecular features of susceptibility genes, in particular those predisposing

to cancer, are outlined and discussed in this reveiw.

� 2004 Elsevier Ltd. All rights reserved.

Keywords: Gene; Gene interaction; Complex diseases; Linkage disequilibrium; Association; SNPs; Cancer; Susceptibility; Mouse; QTL
1. Introduction

The complete sequence determination of the human

genome has given rise to several challenging questions,

in particular with regard to the genetic basis underlying
common or complex diseases. As is widely recognised,

these disorders are, from a genetic point of view, the

most difficult to approach in that a complex architecture

of genes, gene interactions, environment and gene-envi-

ronment relationships are associated with the full mani-

festation of the disease phenotype [1–5].

One of the most valuable outcomes of completing the

human genome sequence was that the demand for larger
data-sets concerning the range of genetic differences

among individuals could be met.

We have in common 99% of our genome, but the 1%

difference is crucial because it harbours the base changes

that are associated with disease risk or with a predisposi-
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tion to pathological states [6]. It is therefore logical that

much of the present effort should be focused on the iden-

tification of the many naturally occurring polymorphic

genetic variants that determine an individual�s suscepti-
bility to a range of common diseases, including cancer
[5–7]. Indeed, cancer can be considered a complex genetic

trait in which genes and the environment interact, con-

ferring a variable degree of risk on people who inherit

predisposing alleles [8]. A great deal of genetic informa-

tion has already been obtained through the study of

high-penetrance genes that are responsible for the strik-

ing familial aggregation of cancer (i.e., the BRCA muta-

tions and their association with breast cancer), but,
unfortunately, these genes can only explain a fraction

of the genetic component of risk [8]. A more challenging

problem is to isolate and characterise the genes that con-

tribute only modestly to cancer risk, as is the case for the

vast majority of the genes involved in common malig-

nancies [8–10]. The latter statement highlights the real

and crucial problem in the study of complex diseases,

namely the formidable task of assessing and capturing
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the genetic contributions (likely to be modest) underlying

conditions in which �environmental factors�, in broader

terms, are playing a crucial role.

This Review will focus on what the Human Genome

Project has brought to the study of common cancers,

which theoretically and practically can be interpreted
as a complex disease, with particular attention given to

the identification of predisposing genes.

We envisage that purpose two main issues are rele-

vant and worth considering: (1) the systematic search

for the many naturally occurring polymorphic genetic

variants, coupled with the assessment of their direct

(causally related to the phenotype) or indirect (in link-

age or linkage disequilibrium with other causative vari-
ants influencing the phenotype) role in determining

cancer risk; and (2) the exploitation of the mouse as a

model organism for the study of cancer.
2. Assessing genetic variation

The most abundant sequence differences between
individuals are the single-nucleotide polymorphisms

(SNPs), which are responsible for most of the observed

variability in typical sequence surveys [6,7]. It has been

estimated that there are approximately 10 million SNPs

with allelic frequencies above 1% [11], and that these 10

million common SNPs represent 90% of the variation in

the populations surveyed; the remaining 10% is due to

variants that are rare [10,11]. SNPs are classified accord-
ing to the nature of the nucleotide that is affected. Non-

coding SNPs are located in a 5 0 or 3 0 non-transcribed

region, in a 5 0 or 3 0 untranslated region, in an intron,

or they may be intragenic. By contrast, coding SNPs

(or cSNPs) may be replacement polymorphisms (they

change the amino acid that is encoded) or synonymous

polymorphisms (they change the codon, but not the

amino acid). Non-replacement polymorphisms include
synonymous and non-coding polymorphisms, but many

of these may affect gene function through an effect on

transcriptional or translational regulation, splicing or

RNA stability [3].

What is relevant for genetic analysis is the combina-

tion of SNPs that is inherited together on the same

DNA strand to form haplotypes [12]. The latter repre-

sent a sort of structured architecture of the human gen-
ome, with the result that several haplotypes are similar

and of the same order in many people from different

populations around the world [13].
3. Genetic methodologies: candidate gene- and linkage

disequilibrium-based approaches

Currently, many research studies in human genetics

are focused on finding associations between SNPs or
haplotypes and cancer risk [14]. Two methodological

approaches are commonly used:

(1) The �candidate gene� approach analyses uses asso-

ciation studies involving cases and properly matched

controls to identify individual cSNPs within candidate

genes that could contribute to cancer susceptibility [3].
This approach is driven by a biological model in which

candidate genes, pathways and interactions between

genes and environment are fairly well known. The recent

implementation of three highly integrated cancer pro-

jects fuelled by the Human Genome Project (Cancer

Genome Anatomy Project; Human Cancer Genome

Project; Cancer Genome Project) [15] is the main source

for the discovery and characterisation of such cancer
candidate genes.

Despite intensive efforts in the last decade, the iden-

tification of common, but �low penetrance�, susceptibil-
ity genes predicting risks for cancer and other complex

diseases has been rather disappointing [16]. Indeed, re-

sults from several studies are mostly inconclusive and,

more importantly, difficult to replicate [17]. Lack of

optimal designs, quality and size are often responsible
for the inconsistency of the results [18–21]. Moreover,

and importantly, as the environment has an obli-

gate role, a careful assessment of exposure to minimise

any gene-environment interplay has only rarely been

performed.

(2) In the other approach, proposed by authors in

Refs. [22–24] and known as the indirect approach, a

set of SNPs is used as genetic markers to detect any
association between a genomic region and a disease,

irrespective of whether the markers themselves have

any functional effect. This has the advantage of narrow-

ing down to a limited region the search for a causative

variant (SNP) of the disease. This approach makes use

of whole-genome scans as a crucial tool for mapping

variants associated with disease and relies heavily on

linkage disequilibrium among various SNPs comprising
different haplotypes. Another assumption, implicit in

this indirect approach, is that approximately 90% of se-

quence variation among individuals is due to common

variants that have arisen as a result of historical muta-

tional events. These are therefore associated with close

variants that were present on the ancestral chromosome

on which the mutation occurred [24,25]. Such associa-

tions should be highly efficient in identifying variants
in candidate genes, chromosome regions or even in the

whole genome. These approaches have provided the

rationale underlying the International HapMap Project,

which can be considered a logical extension of the Hu-

man Genome Project. Indeed, the aim of this Project

is to determine common patterns of sequence variations

in the human genome and establish correlations between

sequence variants from genomes of people from African,
Asian and European ancestry. By determining the geno-

type of more than a million sequence variants, the hope
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is to discover which of these variants affects common

diseases [25].
Table 1

Allelic heterogeneity for genes involved in common human diseases

Disease Locus Number of disease-associated alleles

Cardiovascular LDLR >700

APoB100 >20

Cancer BRCA1 >500

BRCA2 >400

MLH1 >150

MSH2 >100

TP53 >150

Obesity/metabolic MC4R >30

CFTR >950
4. Alternative approaches

This �titanic� endeavour has attracted several critics

due to the contrasting views that exist among geneticists

concerning how the genetic architecture underlies com-

mon diseases. According to the proponents of the Hap-

Map Project, it is assumed (but not yet examined) that

most disease-susceptibility variants are common in the

population (with a frequency higher than 0.01). Thus,

this hypothesis, also known as the common disease/com-
mon variant hypothesis (or CD/CV), proposes that indi-

viduals with disease have an excess of predictable and

common susceptibility alleles, which are also neutral

with respect to selection. Hence, these disease-associated

alleles are potentially detectable in large-scale, patient-

control association analyses [24,25].

However, according to the opponents of this theory,

the CD/CV hypothesis misrepresents the very peculiar
nature of common/complex diseases. These traits have

what Kenneth Weiss and Joseph Terwilliger call a �low
detectance� – the fairly low probability of possessing

any particular predisposition genotype, given a particu-

lar disease or trait phenotype [26]. The essence of this

proposition is that common diseases originate from

the interaction of many genetic and environment deter-

minants, making correlations with any one of them very
weak [26–33]. Additionally, it is largely established that

there is an inverse relationship between the magnitude of

the genetic effect and allele frequency at a certain locus

[34], implying that pathologically relevant variants

would be expected to be rare in human populations.

Furthermore, a recent modelling-based paper has pre-

dicted that neutral susceptibility alleles contribute little

to the overall genetic variance for a certain disease
[27]. It seems likely that the bulk of genetic variance

underlying complex diseases is due to alleles under weak

selection at loci characterised by an elevated mutation

rate [27]. The logical conclusion from these predictions

is that allelic heterogeneity is going to be extensive, mak-

ing association studies rather difficult to carry out [27–

35]. By contrast, if we consider the situation shown by

the so-called late-onset Mendelian disorders, where the
main feature is a broad spectrum of allelic diversity,

we realise that the challenge posed by complex diseases

is going to be formidable. For instance, of the more than

400 alleles at the BRCA2 locus, only six are common

and among them just one is associated with a modest

risk of breast cancer. In another Mendelian condition,

premature coronary artery disease due to familial hyper-

cholesterolaemia, more than 700 different alleles have
been described at the low-density lipoprotein receptor,

although none of them are commonly associated with
relevant clinical features. Table 1 shows some examples

of allelic heterogeneity in a few common diseases.

With regard to complex and late-onset diseases, such

as cancers, we are therefore dealing with high allele

diversity, suggesting negative selection and low allele

frequencies in the founder populations [31,35]. A final,
but important point to be considered has to do with

the crucial concept of locus heterogeneity, which plays

a major role in these diseases [31]. Indeed, the presence

of more than one locus contributing to the disease risk

is perhaps the most difficult obstacle to overcome in

association studies. Further, the apparently �simple�
Mendelian diseases are infact �complex�, in terms of lo-

cus heterogeneity [36–38]. It is therefore not unreasona-
ble to postulate for common diseases an even more

subtle complexity, where several disease loci interact in

various combinations in different people, making each

of us a distinct genetic entity. This poses a real challenge

for linkage disequilibrium-based approaches.

These considerations described above form the con-

ceptual basis for the so-called common diseases/rare

variant (CD/RV) or multilocus/multiallele hypothesis
[26–33,35], which clearly contrasts with the CD/CV

hypothesis. At present, the genetic community is split

over these two contrasting views [39,40], which can be

summarised as follows: are the susceptibility alleles com-

mon or rare, neutral or deleterious, few or many?

According to which of the different philosophies is em-

braced, the methodological approaches followed will

clearly differ: the proponents of the CD/CV hypothesis
think the HapMap Project is a priority and they expect

that the Project, together with improvements in statisti-

cal tools for analysing genome-wide scans, will allow the

isolation and characterisation of the genetic determi-

nants of common diseases. The proponents of the CD/

RV hypothesis are taking a different route to address

the problem, which relies more on genetic and biological

insights than on technology [26–35]. They recommend,
for instance, the study of traits that have a clear genetic

basis and families with one or more members presenting

the trait are considered to be the appropriate starting

point [26,31]. The greater the familial correlation, the



2540 R. Taramelli, F. Acquati / European Journal of Cancer 40 (2004) 2537–2543
more plausible is the genetic effect. Age of onset is an-

other important clue and early-onset adult cancers

should be identified and studied, as they are likely to

have a genetic basis [26,31]. Subclinical phenotypes,

which are simpler than the disease itself, should be

sought, and disease severity noted [26,31]. It is impor-
tant to realise that there is not a simple one-to-one cor-

respondence with a specific gene and �cancer� (with a few

notable exceptions such as some of the childhood

cancers); rather, genes might be associated with certain

features of carcinogenesis, such as DNA repair/metabo-

lism, progression, metastasis, particular histological

variants or exposures causally linked to cancer, such

as tobacco [8–10]. In other words, it is more fruitful,
to seek associations with conditions related to the dis-

ease rather than to the disease itself.

Furthermore, to study isolated subpopulations in

which linkage disequilibrium is high and aetiology

homogeneous [26,31,41–43], or ethnic groups with dif-

ferent disease prevalences, despite similar environmental

exposures, could be more rewarding [26,31,43,44]. A

reduction on the environmental heterogeneity of the
study group, or adequate exposure measurements are

needed for association studies aimed at finding these

cancer susceptibility genes.
Table 2

Mapped mouse cancer modifier loci

Locus (Gene) Chromosome Affected tissue

Scc3 1 Colon

Pas8 1 Lung

Skts8 1 Skin

Hcf2 1 Liver

Scc1 (Ptprj) 2 Colon

Sluk16 2 Lung

Skts13 (Aurora) 2 Skin

Moml (Pla2g2a) 4 Intestine

Hcr1 4 Liver

Pctr1 (Cdkn2a) 4 Plasmacytoma

Skts7 4 Skin

Scc13 6 Colon

Pas1 (Lrmp or M22Rik) 6 Lung

Sluc 19 7 Lung

Tlsm1 7 Lymphoma

Sluc9 8 Lung

Pas4 9 Lung

Scc9 10 Colon

Gct2 12 Ovary

Sluc25 15 Lung

Apmt1 15 Breast

Skts9 16 Skin

Lts 17 Lung

Sluc14 18 Lung

Pas3 19 Lung

Gtc4 X Ovary

Loci for which the underlying cancer-susceptibility gene has been

identified are marked in bold and the corresponding gene symbol is

bracketed.
5. Will the mouse help?

The Human Genome Project has also fuelled the
study of genomes from other species, using animal mod-

els, phylogenetic sequence comparisons and other ap-

proaches, to characterise functionally human coding

and non-coding sequences, should increase our knowl-

edge in the genetic determinants of cancer susceptibility.

In the mouse the processes of cancer development,

both biologically and genetically, are remarkably similar

to those in humans [45]. Indeed the mouse is considered
a good model organism for the study of the influence on

cancer risk of environment and genetic background

[46,47], both of which strongly affect tumour susceptibil-

ity in mice and men [46–49].

Moreover, the search for low-penetrance susceptibil-

ity genes in the mouse (also known as QTLs) [50,51] is

facilitated by the presence of resistance/susceptibility

strains whose phenotype is genetically controlled by
multiple loci, some of which have already been mapped

in the mouse genome [49,52]. Through positional clon-

ing, these genes can be cloned and human homologues

sought, thereby facilitating careful candidate studies in

humans.

The exploitation of the mouse as a tool for identify-

ing low-penetrance susceptibility genes is certainly cru-

cial given the difficulties and obstacles encountered in
studies focused on human populations. The �armoury�
available to the mouse geneticist is remarkable: dozens
of inbred strains, outbred mice with different evolution-

ary histories, recombinant inbred, recombinant congen-

ics, genome-tagged mice [46–49], transgenic, knock-out

and knock-in mice [53–56]. Furthermore, the power of

mouse genetics lies in the possibility of generating

crosses between members of strains that are highly sus-
ceptible or highly resistant to cancer and eventually fol-

lowing the genes involved in the corresponding

phenotypes.

Although many mouse tumour-susceptibility QTLs

have been mapped (more than a hundred) [49,52], only

a few of them have been cloned and even fewer with

mutations conferring altered risk have been identified

[48]. To date, four cancer-susceptibility genes have been
identified, either by positional cloning and/or candidate-

gene analysis [49,52]. The first was Pla2g2a coding for a

member of the phospholipase A2 family, which is one of

the two genes spanning the Mom1 region [57–59]. This

region is known to be associated with modifications of

the germline Apc mutations that induce intestinal

tumorigenesis [57]. A frameshift mutation of Pla2g2a

has a strain distribution identical to that of the
Mom1-susceptible allele [58]. However, when the human

homologue was utilised for association studies to detect

possible variant associations with the risk of colorectal

cancer, no significant association was found [60]. This
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result highlights one of the possible limitations of using

model organisms to model human pathology, i.e., that

some gene effects are indeed species-specific. Another

susceptibility gene is Pthlh [61], whose The166-Pro amino

acid polymorphism is linked with high and low suscep-

tibility to skin carcinogenesis [61]. In addition, Cdkn2a
encoding p16ink4a, the cyclin-dependent kinase inhibi-

tor 2A [62], is a candidate for Pctr1, a locus affecting

plasmocytoma susceptibility [63]. A coding polymor-

phism in this gene also distinguishes susceptible

(BALB/c) from resistant (DBA/2) strains [64]. The hu-

man counterpart, CDKN2A, is mutated in familial mel-

anoma, breast and pancreatic tumours [65].

Interestingly, a germline mutation in this gene is associ-
ated with a case of multiple myeloma that is supposed to

be the mouse counterpart of plasmocytoma [66].

The fourth gene for which some information is avail-

able is Ptprj. This gene codes for a protein, tyrosine

phosphatase receptor type 1, and is a candidate gene

for the mouse Scc1 region that is affected and associated

with colon tumorigenesis [67]. Amino acid substitutions

in this protein allow discrimination between cancer-
resistance and -susceptibility alleles [68]. Table 2 sum-

marises some of the mouse cancer QTL according to

chromosome location and type of tumour affected.

There are only few studies in this area because of sev-

eral obstacles to gene isolation. First, all of the current

genetic analyses allow mapping to intervals of 1–10

cM, sizes which are prohibitively large for gene isola-

tion. Major technological gene-discovering approaches,
including information from the mouse genome sequence

and transcriptome analysis using microarrays as well as

haplotype mapping, should help to overcome at least

some of these drawbacks. Secondly, the limited genetic

variation (locus variability) between the different inbred

strains available with respect to their wild-type popula-

tions is well recognised. Thirdly, some, if not most, of

the genetically mapped susceptibility loci seem to har-
bour several independently acting genes, which, together

with the existence of clustered loci, represents a major

problem for the ultimate identification of candidate

genes [48,49]. Fourthly, even if we assume that the num-

ber of mouse susceptibility genes will increase, there will

always be problems concerning the different life-spans of

mice and men, the organ and site-specificity, and, above

all, the fairly different exposures (far more complex in
humans) to which the two species are subjected. Finally,

the most common mapping strategies in the mouse (rec-

ombinant inbred, congenic strain etc.) are rather time-

consuming and expensive.
6. Conclusions

As outlined above, geneticists use three main concep-

tual and experimental approaches to determine how
millenia of evolution have helped shape complex dis-

eases such as cancer.

These include the exploitation of the mouse as a can-

cer model organism, and two conflicting genetic ap-

proaches. One relies on high-throughput approaches,

including improvements in genomic technology and
the implementation of more powerful statistical tools

for wide genome-scanning projects. The other is centred

more on biological and genetic insights, focusing on a

careful ascertainment of the study population and fam-

ilies in order to maximise real genetic determinants of

risk. Furthermore, its supporters emphasise the impor-

tance of the complex correlations between genotypes

and phenotypes and propose that simple, mathemati-
cally tractable models might be totally misleading in try-

ing to gain a full understanding of the complexity of

both allelic and non-allelic heterogeneity, interactions

between genes and between genes and the environment,

epistasis, pleiotropy and variable expression of different

alleles even in the same gene.

We envisage that, even with the inevitable drawbacks

of this latter approach, it is by far the most suitable to
use to gain a realistic understanding of the biology that

underlines complex diseases, nevertheless, this approach

undoubtedly represents a real conceptual and experi-

mental challenge for the genetic community in future re-

search studies.
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