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1. Introduction

It has long been known that cancer can be the result of a genetic predisposition. About 5% of
total cancers are associated with known Mendelian susceptibility; in these cancer types the
clinical manifestations of disease are due to mutations in high-risk alleles, with a penetrance
usually at least of 70%. However, there are many tumors in which the cause of hereditary
predisposition can not be explained as the Mendelian syndromes. For colorectal cancer
(CRC), for example, about 30% of cases are thought to be due to inherited susceptibility,
which only in part can be explained by the known Mendelian inheritance, as FAP, MAP and
Lynch syndrome [1]. Breast cancer has a similar gap between Mendelian and overall genetic
risk. For prostate cancer, the risk is even higher, as very few cases are attributable to high-
risk alleles. This gap needs to be filled by studies to identify predisposition alleles that
explain the cases of hereditary tumors for which no association with gene variants has been
found, so far [2].

With the advent of high-throughput technology it is now possible to analyze a great number
of polymorphic variants in large cohorts of cases and controls. These studies have been used
successfully by many groups leading to the identification of a large number of rare variant
alleles in patients with an inherited risk of cancer [3, 4]. The simultaneous presence of rare
genetic variants in the same patient might contribute in a cooperative manner to increase the
risk of tumor development. Another problem is represented by variants of unknown
significance (VUSs) within the cancer predisposition highly penetrant genes. These variants
are usually missense or silent changes which are generally rather uncommon or rare and
thus of doubtful clinical relevance, that make troublesome the genetic counseling for these
cancer families. The interpretation of these variations is not easy and requires the
combination of different analytical strategies to get a proper assessment of their
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4 Carcinogenesis

pathogenicity [5]. In some cases, VUSs make a more substantial overall contribution to
cancer risk than the well-assessed severe Mendelian variants. It is also possible that the
simultaneous presence of some polymorphisms and VUSs in cancer predisposition genes
that behave as low-risk alleles, might contribute in a cooperative manner to increase the risk
of hereditary cancer [6]. Therefore, current literature data suggest that a significant
proportion of the inherited susceptibility to relatively common human diseases may be due
to the addition of the effects of a series of low frequency variants of different genes,
probably acting in a dominant and independent manner, with each of them conferring a
moderate but even detectable increase in the relative cancer-risk.

Our studies are concerned with the molecular basis of the Lynch syndrome, which is
commonly associated with mutations in mismatch repair (MMR) genes, MLH1 and MSH2.
However, mutations in these genes do not account for all Lynch syndrome families. In our
experience we have also identified germ-line genetic variants in the other MMR genes,
called minor MMR genes: MSH6, PMS2, MLH3 and MSH3. We have shown that several
patients were carriers of at least two genomic variants within the “minor” genes or a VUS in
a major gene associated to a genetic variant in minor genes. We therefore speculate that the
association between weak alleles in the MMR genes could determine the onset of the tumor.

2. Hereditary cancer syndromes

Over 200 hereditary cancer susceptibility syndromes have been described, the majority of
which are inherited in an autosomal dominant manner. Although many of these are rare
syndromes, they are thought to account for at least 5-10% of all cancer, amounting to a
substantial burden of morbidity and mortality in the human population (Figure 1).

15-20%

5.10% Familial

Inherited

80%
Sporadic

Figure 1. The majority of most common cancers are sporadic, 5-10% are inherited and arise due to
highly penetrant germ-line mutations. An additional 10-15% are referred to as 'familial' and may be
caused by the interaction of low-penetrance genes, gene—environment interactions, or both.

While characterized by their markedly increased risk of malignancy, these syndromes often
predispose to benign tumors and generalized disease, as in Cowden syndrome (CS) and the
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multiple endocrine neoplasias [7]. When the benign and malignant manifestations are
considered together, many of these syndromes show almost complete penetrance by age 70.
An inherited cancer susceptibility is suspected in families with the following characteristics:
two or more relatives with the same type of cancer on the same side of the family; several
generations affected; earlier ages of cancer diagnosis than what is typically seen for that
cancer type; individuals with multiple primary cancers; the occurrence of cancers in one
family, which are known to be genetically related (such as breast and ovarian cancer, or
colon and uterine cancer); and the occurrence of nonmalignant conditions and cancer in the
same person and/or family [8]. In table 1 are reported the more frequent hereditary cancer

Syndrome MIM#e Gene(s) |Population incidence| Penetrance®
Cowden syndrome 158350 PTEN 1/200 000 90-95%
Familial adenomatous 175100 APC 1/8000 <100%
polyposis (FAP or MAP) 608456 MYH
Hereditary breast—ovarian |113705, BRCA1 and  |1/500 to 1/1000 Up to 85%
cancer syndrome 600185 BRCA2
Hereditary diffuse gastric |137215 CDH1 Unknown, rare 90%
cancer
Hereditary nonpolyposis 114500 MLH]1, 1in 400 90%
colon cancer MSH?,

MSHBe,

MLH3, PMS2
Juvenile polyposis 174900 MADH4 1/100 000 90-100%
syndrome (SMAD4),

BMPR1A
Li-Fraumeni syndrome 151623 TP53 Rare 90-95%
Multiple endocrine 131100 MEN1 1/100 000 95%
neoplasia type 1
Multiple endocrine 171400, RET 1/30 000 70-100%c
neoplasia type 2 162300
Peutz—Jeghers syndrome 175200 LKB1 (STK11)|1/200 000 95-100%
(PIS)
Retinoblastoma, hereditary |180200 RB 1/13 500 to 1/25 000 |90%
(RB)
von Hippel-Lindau (VHL) 193300 VHL 1/36 000 90-95%

a MIM numbers beginning with 1 indicate autosomal dominant inheritance; those beginning with 6 are autosomal loci
or phenotypes entered into the catalogue after May 1994. ® Penetrance estimates are up until age 70 years, include both
malignant and benign features and with the exception of MEN2, describe clinical penetrance. < By biochemical testing
(pentagastrin-stimulated calcitonin levels) is 95-100% by age 70.

Table 1. Highly penetrant cancer syndromes
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syndromes that are associated with mutations in high penetrance alleles. Because of
phenotypic variability, age-related penetrance, and gender-specific cancer risks, however,
many families with an inherited cancer syndrome will not meet these criteria. Furthermore,
because cancer is relatively common in the general population, it is possible to have a
chance clusterings of the same or related cancers within a family. These familial clusterings
are most likely due to low-penetrance alleles that are more common than mutations in high
penetrant alleles. Thus, they will potentially account for a larger proportion of cancer in the
general population than the mendelian classic syndromes. For colorectal cancer (CRC), for
example, Mendelian syndrome includes FAP, MAP and Lynch syndrome.

However, about 30% of the variation in CRC risk is thought to be due to inherited
susceptibility, which only in part can be explained by the known Mendelian inheritance [2].
Breast cancer has a similar gap between Mendelian and overall genetic risk and for prostate
cancer the risk is even higher, as very few cases are attributable to high-risk alleles. It is that
gap which must be filled by studies to identify cancer predisposition alleles in the general
population [9]. Localization and characterization of low-penetrance alleles are the focus of
much research, but the challenges are great due to the multi-factorial nature of cancer and
the underlying genetic heterogeneity.

2.1. High-throughput technology for detection of the multiple alleles associated
to cancer predisposition

The history of human genetics has focused on mapping regions of the genome that can
explain part or all of a disease or human trait.

The ‘rare variant hypothesis’ proposes that a significant proportion of the inherited
susceptibility to relatively common human diseases may be due to the sum of the effects of a
series of low frequency variants of a variety of different genes, perhaps dominantly and/or
independently acting, each conferring a moderate but detectable increase in relative risk [2].
Regardless, there is good supporting evidence that rare variants will often have stronger
effects on cancer risk than common variants. This evidence is based on several works whose
purpose was to determine whether evaluating rare single-nucleotide polymorphism (SNPs)
in case-control association studies could help to identify causal SNPs for common diseases.
The sources of data of these works were generally the International HapMap Project and the
SeattleSNPs project and they suggest that slightly deleterious SNPs subjected to weak
purifying selection are major players in genetic control of susceptibility to common diseases,
including cancer. These results suggests that studies with large sample sizes (5000 and
higher) targeting SNPs will be a better strategy to identify causal disease SNPs [10]. Instead,
genome wide association studies (GWAS) have emerged as an important tool for
discovering regions of the genome that harbor uncommon genetic variants that confer risk
for complex tumors, whose nature is probably polygenic [11]. These variants include single
nucleotide variants (SN'Vs) or single nucleotide polymorphisms (SNPs), small insertions and
deletions and structural genomic variants.
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One of the fundamental elements for the success of GWAS is represented by a large
collection of biospecimens in case-control and cohort studies so as to have a high degree of
reliability of results. The first approaches in this regard were based on technologies such as
the Denaturing High Performance Liquid Chromatography (DHPLC) and classical
sequencing analysis, that provide a high degree of analytical sensitivity and specificity.
However, the new challenge in the field of biotechnology has surely been to make the
techniques increasingly automated in order to process multiple samples simultaneously and
especially more quickly.

The method becoming more widely used is high-throughput sequencing, which allows a
massive study of DNA. This is a system able to obtain more than 400,000 different readings
in a single stroke of about 8 hours. The operating principle is based on clonal amplification
of DNA in vitro by emulsion PCR and on a protocol of pyrosequencing that, unlike the
classic method of Sanger, is based on the detection of pyrophosphate released by the
incorporation of a nucleotide during DNA synthesis. In high-throughput sequencing 454
instrumentation, the sample may be any DNA larger than 1500 base pairs (genomic DNA or
portions, cONAs and large amplicons). The sequences obtained are analysed, properly
aligned and oriented in contigs from the sequencer software, according to the shotgun and
paired-end strategy. The accuracy of the data obtained is measured in terms of "coverage”,
that is based on the average number of times that each is accessed (read). This technology,
therefore, is able to ensure high accuracy of the results (> 99.5%), thanks also to the careful
management of the enormous amount of bioinformatics sequences obtained, which
minimizes the production of raw redundant data. This feature, coupled with the
extraordinary speed of processing, which makes the method also more economical than the
classic automated sequencer, allows the user to analyze and quantify at the same time a
large amount of samples. Therefore, the sequencer ultra-massive is an extremely versatile
technique for a large number of applications such as resequencing and de novo assembly of
entire genomes, and the massive sequencing of amplicons.

This latter approach is now widely applied, for example, for the identification of rare
variants that presumably contribute in a synergistic way and in association with other
factors predisposing to the development of complex genetic diseases characterized by
genetic heterogeneity. This technology therefore offers a great contribution to the studies of
Genome Wide Association, because it allows quick identification of the allele frequencies of
SNPs in population studies, and to analyze a given target gene in multiple genomes, or a
panel of target genes in a single patient, even at the level of gene expression (transcriptome
analysis) [4]. However, the high number of next generation sequencing information requires
accurate statistically studies. The threshold value for discovery has been established at a
high level, known as genome-wide significance, which serves two dual purposes [12]. First,
it needs careful consideration of the power to detect the effect sizes expected to be observed
in the study. Second, the high bar of genome wide significance protects against the
probability of a false-positive finding. The latter is critical because GWAS are discovery
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tools that point investigators toward long arduous follow-up studies for unraveling the
underlying biology and the pursuit of markers for risk assessment [11, 13]. However, the
common cancer alleles detected by GWAS account for only 10% of the familial relative risk
of disease.

2.2. Variants of unknown significance in hereditary cancer predisposition genes

Variants of unknown significance (VUS) within the cancer predisposition genes could be
responsible for cancer development, in particular when associated with another VUS or
SNPs. The influence of these variants on the development of cancer is often difficult to
predict [5, 14]. Several criteria have been established for the characterization of these
phenotypic variants, particularly for the missense variants [15, 16]; these criteria included
the co-segregation of the variant with the disease and the presence/absence of variation in
the healthy population. However, these criteria are not always pursued to establish the
pathogenetic significance of these variants [ 17, 18].

Segregation analysis is not always practicable, since, often the families are small or part of
family members is reluctant to participate to molecular investigation. Population studies to
exclude the polymorphic nature of the variant is often laborious. Recent studies have
revealed new strategies to classify the VUS as pathogenic. These strategies include “in
silico” analysis, using computational programs such as PolyPhen (Polymorphism
Phenotiping) and SIFT (Sorting Intolerant From Tolerant) to assess whether the VUS
missense type falls into a phylogenetically conserved domain and / or makes changes to the
physical-chemical properties of proteins [19 -21].

The program Human Splicing Finder (HSF) [22, 23], which simultaneously uses a set of
matrices already available on the network is useful to predict the effects of missense, silent
and intronic variants on the signals of splicing and to identify regulators motifs associated
with the processing of the mRNA. However, the results of the computational accuracy have
a predictive value of about 80% and, therefore, do not always reflect the functional
consequences of the variant in vivo. Several papers suggest to combine the results from
several bioinformatics approaches especially those based on amino acid conservation status,
to increase the predictive value of about 10% [19, 24].

Other studies complemented “in silico” analysis to a direct study of the mRNA, to confirm
or rule out the effects of splicing variants [25, 26]. In addition, many recent literature data
emphasize the importance of developing functional assays in vitro and in vivo to assess the
effects of VUS on specific biological functions [18]. All studies conducted so far show that
none of the above criteria, including functional assays, is an indicator of pathogenicity, if
considered individually; it is necessary that most of these strategies are used in combination
with each other so that they can lead to a correct evaluation pathogenicity of numerous
variant data.
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2.3. The simultaneous presence of low-risk alleles increases the risk of
hereditary cancer: review of literature data

Genome-wide association studies in cancer based on high-throughput sequencing
approaches have already identified over 150 regions associated with two dozen specific
cancers, such as breast, prostate and colorectal cancer, providing new insights into common
mechanisms of carcinogenesis. Since each region confers a small contribution to the cancer
risk, it is daunting to consider any single nucleotide polymorphism as a clinical test, rather
one should think about the synergistic action of different SNP as well as the environmental
factor [11, 27]. These studies allowed researchers to identify large susceptibility
chromosomal regions for many unrelated cancers. For example, the 8q24 region harbor
multiple cancer susceptibility SNP loci associated with prostate cancer, colorectal cancer and
precancerous colorectal adenomas, and bladder cancer risk; these loci affect genes such as
MYC oncogene and the prostate stem cell antigen gene (PSCA) [11, 28].

Another common cancer susceptibility chromosomal region is the 5p15.33; in this region
common variants in the TERT-CLPTM1L have been identified by GWAS in association with
the prostate, uterine cervix and skin cancers [11]. TERT is an attractive candidate gene,
because it encodes the reverse transcriptase component of the telomerase, a gene that is
critical for telomere replication and stabilization by controlling telomere length. TERT
promotes epithelial proliferation and telomere maintenance has been implicated in the
progression from KRAS-activated adenoma to adenocarcinoma in a murine model. There is
additional evidence for its association with bladder, prostate, uterine cervix and skin cancers
[11]. Moreover, phenotypic heterogeneity in the breast cancer, such as merging estrogen
receptor negative and positive cases, has been need to identify other loci that might
contribute to different phenotypes. Preliminary GW analysis has shown that a subset of the
discovered loci may be specific to ER-pos breast cancer while select loci could be more
important for ER-neg breast cancer [29]. Similar studies have identified an association
between coding variants in CASP8 gene and breast cancer [30]. CASP8 belongs to many key
pathways, including p53 signaling, apoptosis, and cancer [31]. The decreased risk for breast
cancer with CASP8 Asp302His was revealed in an another recent association study [32].
Others proposed that rare variants within the double strand break repair genes CHEK2,
BRIP1 and PALB2 predispose to breast cancer [33].

Other large studies have identified 31.7% of the novel gene-variant breast cancer significant
associations between 145 variants analyzed. A large GWAS conducted with East Asian
women provided convincing evidence for an association with a novel independent
susceptibility locus located at 6g25.1, near the TAB2 gene (TGF-beta activated kinase 1).
Furthermore this study shows that genetic variants in the ESR1 gene (estrogen receptor 1)
may be related to breast cancer risk [34]. A recent study of populations conducted by Smith
et al. [35] has pointed out that the simultaneous presence of mutations in the TP53 gene and
single nucleotide polymorphisms (SNPs) in genes belonging to different repair systems such
as complex BER, NER, MMR and DSBR (Double-Strand Break Repair) is associated with
earlier age of onset of breast cancer (<50 years), thus suggesting the idea of an additive or
multiplicative effect.
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In prostate cancer, there are at least 35 distinct loci harboring common susceptibility alleles
identified by GWAS that could distinguish between aggressive and non-aggressive disease,
but other studies are required [36]. These analyses were conducted in both European and
Asian populations [37]. Moreover, a fine mapping of a region of chromosome 11q13 showed
a complex genomic architecture characterized by multiple independent signals contributing
to prostate cancer risk. This study further annotates common and uncommon variants
across this region. In particular, a variant in the promoter of the MSMB gene on
chromosome 10q13, is known to have influence in the gene expression, and in the protein
PSP94 (prostate secretory protein 94) levels, showing significant association with prostate
cancer. This chromosomal region was extensively resequenced and it is possible that a
neighboring gene, the androgen receptor coactivator (NCOA4), could also be a candidate
gene for analysis [38]. Moreover, GWAS for chromosomal 19q13.33 region, that harbors the
gene responsible for the prostate serum antigene (PSA), suggested that variants in this gene,
including a nonsynonymous SNP, could contribute to both prostate carcinogenesis and PSA
levels [39].

A large GWAS conducted in several populations (European Americans and African
Americans) showed that genetic associations by race are modified by interactions between
individual SNPs and prostate cancer and that significance of particular GWAS “hits” is not
the same between racial groups. This study highlights the need to conduct GWAS and
GWAS replication studies in a variety of racial groups in order to gain a more complete
understanding of differences in risk alleles by race and in order to study gene-gene and
gene-environment interactions [40]. A similar study conducted in two European
populations suggested a list of SNP-SNP interactions that can be followed in other
confirmation studies. to explore the etiology of prostate cancer [41].

Finally several papers report numerous GWAS for colorectal cancer, identifying a total of 16
new susceptibility loci for colorectal cancer. SNPs both in common genes as MMR genes and
in other novel loci as SMAD7 and MYC seem to associate with different clinical outcomes
[42], or different pharmacological responses [43]. Moreover, GWAS for chromosomal
20p12.3 region, a site bereft of genes or predicted protein-encoding transcripts, suggested
that particular SNP in this region could contribute to colorectal cancer progression.
Interestingly, the bone morphogenetic protein 2 (BMP2) maps 342 kb telomeric to this locus,
which is an initiator of BMP signaling by binding to its corresponding receptors. BMP
signaling can suppress the Wnt pathway to ensure a balanced control of intestinal stem cell
self-renewal. As reflected by earlier studies, mutations of BMP pathway have been
described in juvenile polyposis, an inherited syndrome that predisposes to CRC.
Considering all this information, it has been speculated that this locus might alter the BMP
signaling transduction by the effect on BMP2 and thus affect CRC incidence [44].

A different GWAS study assessed a set of single-nucleotide polymorphisms (SNPs) near 157
DNA repair genes in three studies on colorectal cancer (CRC). Although no individual SNP
showed evidence of association, the set of SNPs as a whole was associated with colorectal
cancer risk, in particular the MLH1 promoter SNP -93G>A (rs1800734) and rare variants in
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CHEK2 (I157T and possibly del1100C) [45]. Numerous GWAS data for susceptibility cancer
specially for colorectal cancer have been the subject of several functional studies to
demonstrate the effective association and to test the hypothesis of a synergistic effect
between low risk allelic variants.

In a recent study on the genome of yeast, it has been shown that the weak alleles of MMR
complex cause a weak mutator phenotype, but when these interact with each other cause a
strong mutator phenotype. In this work, 11 SNPs and 14 missense variants of doubt
pathogenetic meaning, previously identified in these genes, have been studied. The mutator
effect of these variants both individually and in combination with each other was assayed
by testing complementation, in selective media for the amino acids lysine and tyrosine, and
for resistance to canavanine [46]. Finally, Demogines et al. [47] have used yeast strains, that
differed in terms of geographic and environmental factors, to demonstrate that the
association of polymorphic variants, identified in the MMR genes MLH1 and PMSI,
affecting the same or different genetic loci, may act as modifiers intra - or inter-gene and this
phenomenon may play a role in both the penetrance of the colorectal disease (mutator
phenotype) and in the process of evolutionary adaptation (genomic compatibility).

3. The Lynch syndrome

In this chapter we report the results of our studies on detection of mutations in MisMatch
Repair (MMR) genes as responsible for Lynch syndrome. Because many patients with
hereditary cancer syndrome did not show mutations in high penetrance genes, we speculate
that association of several low penetrance alleles could determine a genetic predisposition to
cancer development.

Colon cancer is a multifactorial disease. It's caused by enviromental factors, nutritional
factors and genetic predisposition. Our studies are related to the genetic susceptibility of
colon cancer, in particular the molecular basis of Lynch syndrome (Hereditary Non
Polyposis colorectal cancer, HNPCC). The Lynch Syndrome is one of the syndromes of
hereditary cancer with higher incidence in the population [48]. It has an autosomal
dominant transmission and occurs in two forms: as Lynch I with an early age of occurrence
(25% at 50 years and 70-80% within 70 years), predilection for the proximal colon (60-80%),
and high rates of metachronous colorectal cancer (30% at 10 years and 50% at 15 years from
the first tumor); and Lynch II, has the same characteristics but also extracolonic tumors
involving the uterus (25-60%), ovaries (8-14%), stomach (13%), and urinary tract (4%)
(Figure 2).

This syndrome accounts for 5-15% of all colorectal cancers, although the true incidence is
unknown, confounded by incomplete penetrance (<80%), rapid progression of adenoma to
carcinoma (<5 years), development of extracolonic neoplasms, and the inter- and,
occasionally, intra-familiar heterogeneity of the lesions [49]. In Lynch syndrome, the
adenomas have the same frequency as in sporadic cases, but a more rapid progression to
carcinoma. Due to the deficiency in DNA-repair genes, adenomas accumulate mutations

11
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about three times faster than in sporadic disease. These mutations occur predominantly in
microsatellite DNA sequences, a condition defined as microsatellite instability (MSI), which
are more susceptible to errors in these genes replication because of their repetitive nature.
The microsatellite sequences are also present in very important colorectal cancer
tumorigenesis genes, thus the accumulation of errors in these genes determine rapid cellular
proliferation. MSI is present in over 90% Lynch cases [50]. The clinical diagnosis of Lynch
syndrome is performed upon the Amsterdam Criteria (Tab. 2). However, the Amsterdam
Criteria do not identify up to 30% of potential Lynch syndrome carriers [51].

Lifetime risk (%)

1-4

Brain

Skin 4

Gastric 2-30

Pancreatic or biliary 2-18
1-28

Urinary tract

Small bowel

Owvarian 3-14

Endometrial 27-71

Figure 2. Lifetime Risk of development of cancer associated with Lynch Syndrome.
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All of the following must apply for a putative diagnosis of HNPCC to be made in a family

There are at least three relatives with an HNPCC-associated cancer (large bowel,
endometrium, small bowel, ureter, or renal pelvis, although not including stomach, ovary,
brain, bladder, or skin)

One affected person is a first-degree relative of the other two

At least two successive generations are affected

At least one person was diagnosed before the age of 50 years

Familial adenomatous polyposis has been excluded

Tumors have been verified by pathologic examination

Table 2. Amsterdam Criteria I and II

For this reason, in some patients with colon cancer, as suggested by the Bethesda guidelines
(Table 3) [52], it is possible to analyse microsatellite instability in colon tumor specimens, to
identify the inefficiency of DNA mismatch repair complex. If there is microsatellite
instability, there is a higher likelihood for a Lynch syndrome diagnosis.

Tumors from any of the following should be tested for MSI and then positive patients should
continue for MMR testing

Individuals with cancer in families that meet the Amsterdam Criteria

Individuals with two HNPCC-associated cancers, including synchronous and
metachronous CRC or associated extracolonic cancers

Individuals with CRC and a first-degree relative with CRC and/or HNPCC-related
extracolonic cancer and/or a colorectal adenoma diagnosed at age < 40 years

Individuals with CRC or endometrial cancer diagnosed at age <45 years

Individuals with right-sided CRC with an undifferentiated pattern (solid or cribriform) on
histopathology diagnosed at age <45 years

Individuals with signet-ring—cell-type CRC diagnosed at age < 45 years

Individuals with adenomas diagnosed at age <40 years

Table 3. Bethesda Guidelines for MSI Testing

Germ-line mutations in the MLH1 and MSH2 genes account for a majority of families with
Lynch Syndrome. The majority of research into mutations has focused on MLH1 and MSH?2,
however mutations in these two gene are not present in many patients. So far, 10% of
mutations in MMR genes have been identified in the MSH6 gene and a total of 5% in MLH3
and PMS2 and very recently germ-line mutations in the MSH3 gene [53]. These genes are
defined as “minor MMR genes” because they have redundant functions in mismatch repair
in replication. It is known that as well as being involved in mismatch repair in replication,

13
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the MMR system also has other functions [54], such as: DNA damage response,
diversification of antibody, promotion of meiotic crossover. In these functions the “minor”
MMR genes play an important role.

3.1. Results of mutation detection analysis in MMR genes

Recently, several studies have shown that association of low penetrance alleles could
determine a genetic predisposition to cancer development [46,47]. For this reason, we
studied 63 Lynch families recruited from various health centres in Campania (Southern
Italy). Of these, forty families met the Amsterdam criteria and twenty-three patients with
high microsatellite instability (MSI-H) met the Bethesda guidelines, in which no
pathogenetic germline mutations were identified in MLH1 and MSH2 genes. We performed
detection mutation analysis in each minor MMR gene (MSH6, MLH3, PMS2 and MSH3) by
DHPLC. All samples exbiting abnormal DHPLC profiles were analyzed by directed
sequencing (Figure 3). In our studies we have identified overall 65 genetic variants in these
“minor” MMR genes.

Ay 1 BT

ﬂ

AEEBITER,

= Lt ] e ] R SRR S FARE N

Figure 3. A) Chromatogram and B) electropherogram of the missense mutation ¢.2732 T>G (Leu>Trp)
in MSH3 gene.

The analysis of the damaged point mutations at the structural level is considered to be very
important to understand the functional activity of the protein concerned. For this purpose
we used the server PolyPhen (bibl), which is available at http://coot.embl.de/PolyPhen/, for
missense mutations identified in this study. Moreover, we also used the bioinformatic
analysis for the silent and intronic variants.

These variants were analyzed by the software “Human Splicing Finder”, a tool to predict the
effects of mutations on splicing signals or to identify splicing motifs in any human sequence.
Most of these variants result in a polymorphism, which, however, can cause phenotypic
variability, affecting the accuracy and efficiency of the protein function [24]. Interestingly,
several patients were carriers of at least two genomic variants within the “minor” genes or a
VUS in a major gene associated with a genetic variant in minor genes (Table 4 ).

Recently, the effect of polymorphisms and missense mutations in human MMR genes was
studied in a Saccharomyces cerevisiae-based system. A number of weak alleles of MMR genes
and MMR gene polymorphisms that are capable of interacting with other weak alleles of
MMR genes to produce strong polygenic MMR defects, have been identified [46]. A similar
situation found in our studies might support the hypothesis that weak MMR gene alleles are
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capable of polygenic interactions with other MMR gene alleles that might lead to tumour
progression in Lynch syndrome.

PATIENTS MSH6 PMS?2 MLH3 MSH3  |PHENOTYPE
ex1 ¢.2530 C>T
4 2 14 2324
9525 ?r’; c (Valc> :ij ‘Z; G As:p:er) (Pro>Ser) ¢.2533| IVS7 9T>C |  AM+
T>C (Ser>Pro)
ex6 c.665G>C | 1 2533 T>C NO AM
013 (Ser>Thr) (Ser>Pro) MSI-H
IVS6 +16A>G
x5 ¢.3261_62insC ex1 ¢.2533 T>C ex12 NO AM
103 (Phe>stop) (Ser>Pro) c.1860G>A later onset
P (Asp>Asn) | MSI-H
ex1 ¢.2530 CT AM+
(Pro>Ser)
423 IVS12-4G>A later onset
2533 T>C MSLL
(Ser>Pro)
ex1 c.666 G>A
(Lys)
exb
2191 G>T AM+
1 3295 97delTT
015 | e3 (Igli;zt:e) (Val>Phe) MSI-H
P .2533A>G
(Ser>Gly)
IVS6+16A>G
20 |4 C2941| 132324 TsC | SLEPNCT | yee anost | AMe
A>G (Ile>Val) (Pro>Ser)
(Phe)
ex4 c.2941
211 G (leovay | 1VS124GoA IVS6-64 C>T | AM+
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A
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Table 4. Patients carrying variants in several MMR genes: MSH6, PMS2, MSH3, MLH3; *the patient
shows also the UV in MSH2 gene (c.984 C>T)

In detail, we report the case of a Lynch family with mutations in several MMR genes. The
index case of family 504 (II-5 in Figure 4), who had developed an adenocarcinoma of the left
colon at the age of 34 years, an adenocarcinoma of the right colon at the age of 53 years and
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a new malignancy of the colon at 59 years of age, show two mutations in MSH3 gene, the
c.2732 T>G in exon 20 and ¢.693 G>A in exon 4, and an UV within the MSH2 gene, the c.984
C>T in exon 6. The PolyPhen in silico analysis showed that the missense variant in MSH3
might alter the function of the protein, because it falls into a highly conserved region in
different species, while the silent variant, analyzed by HSF could affect the splicing process.

To elucidate whether the mutation was associated with the disease in this family, we
analysed another eight members. These variants was found in a brother of the index case,
with the same phenotype. Instead, another brother (II-8 in Fig. 4) showed only a variant in
the MSH2 gene and no genetic variants in the MSH3 gene. This patient had developed a
polyp of the colon at 47 years of age. Today he is 59 years old, undergoes regular
colonoscopy and so far has not presented other polyps. In the third generation (Fig. 4), we
analysed four affected family members. Subjects III-1 and III-2, in Figure 4, showed a silent
variant in MSH3 and a variant in MSH2; both subjects showed an early-onset right colon
tumour. Subjects III-3 and III-4, in Figure 4, the sons of our proband, developed colon cancer
at 36 years of age and a tubular adenoma of the colon at 34 years of age, respectively. Both
subjects showed a silent variant in MSH2 and a missense variant and a silent variant in
MSH3. The MSI analysis performed on DNA extracted from tumour tissues of patients II-5
and III-3 showed an MSI-H status. Thus, both subjects presented a strong mutator
phenotype, probably due to an additive effect by several variants that leads to inefficiency of
the MMR complex. The other family members analysed showed only one mutation in the
MSH3 gene and they do not present a typical phenotype of Lynch syndrome (Tab.4).
Therefore, it is clear that all subjects in this family with the Lynch phenotype showed the
c.984T allele of MSH2 and a germ-line variant in the MSH3 gene (a missense and/or silent
variant).

Patients belonging to other families showed mutations in several MMR genes; however, for
these families it wasn’t possible to perform segregation analysis of mutations with disease
because no other family members were available for the analysis. In conclusion, several
germ-line variants have been identified in several MMR genes using a DHPLC procedure; a
method robust, automated, highly sensitive, fast, feasible and particularly useful for high-
throughput analyses.

On the basis of this study, it is conceivable to hypothesize a model in which these genetic
variants behave as low-risk alleles that contribute to the risk of colon cancer in Lynch
families, mostly together with other low-risk alleles of other MMR genes. Therefore, if our
assumptions are correct, these studies may indicate a novel inheritance model in the Lynch
syndrome, and might suggest that the risk alleles identified to date represent just the tip of
an iceberg of risk variants likely to include hundreds of modest effects and possibly
thousands of very small effects. This could pave the way toward new diagnostic
perspectives. Moreover, The same situation could occur in other forms of hereditary cancer
and it may explain the large number of cases remained unresolved as well as the phenotypic
heterogeneity that characterizes all hereditary cancer syndromes.
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Figure 4. Pedegree of 504 family [53]. Symbols and abbreviations used are denoted as fellow: Arrows,
analysed members of family; black symbol, colorectal cancer or cancer associate with HNPCC; gray

symbols, adenomas or cancer not associated with HNPCC; CRC, colorectal cancer; Br, brain cancer; GU,

11-5

gastric ulcer; BL, bladder cancer; Bre, breast cancer; TA, tubular adenoma. Number next to diagnosis

denote age at oneset; 1 not detected.

c.984C>T | c.693G>A | c.2732T>G

PATIENT EX6 MSH2 | EX4 MSH3 | EX20 MSH3
I-3 NO YES NO
11-3 NO NO YES
11-4 NO YES NO
1I-5 YES YES YES
11-6 YES YES YES
II-8 YES NO NO
I1-9 NO YES NO
IT1-1 YES YES NO
I11-2 YES YES NO
I11-3 YES NO YES
I11-4 YES YES NO

Table 5. Genotypes of analysed patients; the patients are identified with number of pedigree (Fig.4).
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4. Further research

The Lynch syndrome is associated mainly with germ-line mutations in MSH2 and MLH1
genes. However, mutational analysis of these two genes do not always provide informative
results for genetic counseling of patients with a clinical diagnosis strongly predisposing to
cancer development. Therefore, these subjects are considered candidates with simultaneous
molecular analysis of all MMR genes. For this reason, high-throughput sequencing could be
considered as an analytical approach that adapts better to clarify the molecular basis for
each subject with a significant colorectal cancer history. In the future, these new
technologies will enable faster identification of the molecular basis of cancer; it will improve
the genotype-phenotype correlations the purpose of implementing a clinical treatment more
personalized.

5. Conclusions

A field of biology where the “high-throughput technologies” is now widely applied is
certainly the genetics of cancer for identification of constitutive and somatic mutations of
putative genes associated with hereditary predisposition to cancer, particularly for those
diseases characterized by genetic heterogeneity. Nowadays, we are witnessing a revolution
in oncologic medicine, and the hope is that an increasing understanding of genetics will one
day unlock the potential of personalized medicine. Clinical cancer genetics has traditionally
been associated with risk estimation. Genome-wide germ-line mutation analysis will result
in the identification of new cancer-associated alleles across the spectrum of risk. This may
in time permit more precise estimation of development cancer risk. The new genetics will
bridge the gap between germ-line and somatic genetics; prior analysis of the genetic
makeup of the person and their tumour at time of diagnosis will be needed in order to
tailor therapy. Central to this endeavour will be the increasing use of next-generation
sequencers as whole cancer genomes become unravelled, revealing critical pathways that
drive tumour progression and resistance. In the future these new technologies will enable
faster identification of the molecular basis of cancer and thus improve the genotype-
phenotype correlations, in order to implement more personalized monitoring and clinical
treatment.
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den Dunnen JT, Antonarakis SE. ”Nomenclature for the description of human sequence
variations”. Hum Genet. 2001 Jul;109(1):121-4.

Author details

Francesca Duraturo, Raffaella Liccardo, Angela Cavallo, Marina De Rosa and Paola Izzo
Department of Molecular Medicine and Medical Biotechnologie, University of Naples Federico I,
Italy



Synergistic Effects of Low-Risk Variant Alleles in Cancer Predisposition

Acknowledgement

Ministero Salute - Ricerca Oncologica - RECAM-2006-353005; PRIN 2007-prot. 2007EN8F7T-
004

6. References

[1] van Wezel T, Middeldorp A, Wijnen JT, Morreau H. A review of the genetic
background and tumour profiling in familial colorectal cancer. Wijnen JT, Morreau H.
Mutagenesis. 2012; 27(2):239-45.

[2] Bodmer W., Tomlinson I. Rare genetic variants and the risk of cancer. Current Opinion
in Genetics & Development 2010; 20:262-267

[3] Zhang ]., Chiodinic R Badra A., Zhang G. The impact of next-generation sequencing on
genomics. ] Genet Genomics 2011; 38(3): 95-109.

[4] Mardis ER. Next-generation DNA sequencing methods. Annu Rev Genomics Hum
Genet. 2008;9:387-402.

[6] Couch FJ., Rasmussen LJ., Hofstra R, Monteiro AN, Greenblatt MS, de Wind N; IARC
Unclassified Genetic Variants Working Group. Assessment of functional effects of
unclassified genetic variants. Hum Mutat. 2008;29(11):1314-26.

[6] Chung CC., Chanock SJ. Current status of genome-wide association studies in cancer.
Hum Genet (2011) 130:59-78

[7] Galatola M, Paparo L, Duraturo F, Turano M, Rossi GB, Izzo P, De Rosa M. Beta catenin
and cytokine pathway dysregulation in patients with manifestations of the "PTEN
hamartoma tumor syndrome". BMC Med Genet. 2012; 13:28.

[8] Frank TS, Critchfield GC. Hereditary risk of women's cancers. Best Pract Res Clin
Obstet Gynaecol. 2002;16(5):703-13.

[9] Bodmer W., Bonilla C. Common and rare variants in multifactorial susceptibility to
common diseases Nat Genet 2008; 40:695-701

[10] Gorlov IP, Gorlova OY, Sunyaev SR, Spitz MR, Amos CI.. Shifting paradigm of
association studies: value of rare single-nucleotide polymorphisms. Am ] Hum Genet.
2008; 82(1):100-12.

[11] Chung CC., Magalhaes W., Gonzalez-Bosquet J., Chanock SJ. Genome-wide
association studies in cancer—current and future directions. Carcinogenesis 2010;
31(1): 111-120.

[12] Barrett JC, Cardon LR. Evaluating coverage of genome-wide association studies. Nat
Genet. 2006;38(6):659-62.

[13] Erichsen HC, Chanock SJ. SNPs in cancer research and treatment. Br ] Cancer. 2004 Feb
23;90(4):747-51.

[14] Syngal S., Fox EA., Li C, Dovidio M, Eng C, Kolodner RD, Garber JE.Interpretation of
genetic test results for hereditary nonpolyposis colorectal cancer: implications for
clinical predisposition testing. JAMA. 1999; 282(3):247-53.

19



20 Carcinogenesis

[15] Goldgar DE., Easton DF., Byrnes GB, Spurdle AB, Iversen ES, Greenblatt MS; IARC
Unclassified Genetic Variants Working Group. Genetic evidence and integration of
various data sources for classifying uncertain variants into a single model. Hum Mutat.
2008; 29(11):1265-72.

[16] Plon SE., Eccles DM., Easton D, Foulkes WD, Genuardi M, Greenblatt MS, Hogervorst
FB, Hoogerbrugge N, Spurdle AB, Tavtigian SV; IARC Unclassified Genetic Variants
Working Group. Sequence variant classification and reporting: recommendations for
improving the interpretation of cancer susceptibility genetic test results. Hum Mutat.
2008; 29(11):1282-91.

[17] Hofstra RM., Osinga ], Buys CH.Mutations in Hirschsprung disease: when does a
mutation contribute to the phenotype. Eur ] Hum Genet. 1997; 5(4):180-5.

[18] Ou J., Niessen RC.,Lutzen A., Sijmons RH., Kleibeuker JH., deWind N., Rasmussen
L].,, Hofstra RMW. Functional analysis helps to clarify the clinical importance
of unclassified variants in DNA mismatch repair genes. Hum Mutat. 2007;
28(11):1047-54.

[19] Chan PA., Duraisamy S., Miller PJ, Newell JA, McBride C, Bond JP, Raevaara T,
Ollila S, Nystrom M, Grimm A], Christodoulou J, Oetting WS, Greenblatt MS.
Interpreting missense variants: comparing computational methods in human
disease genes CDKN2A, MLH1, MSH2, MECP2, and tyrosinase (TYR). Hum Mutat.
2007,;28(7):683-93

[20] http://blocks.thcrc.org/sift/SIFT.html

[21] http://genetics.bwh.harvard.edu/pph/

[22] Desmet FO, Hamroun D, Lalande M, Collod-Béroud G, Claustres M, Béroud C. Human
Splicing Finder: an online bioinformatics tool to predict splicing signals. Nucleic Acids
Res. 2009; 37(9):e67.

[23] www.umd.be/HSF/

[24] Duraturo F. Eterogeneita genetica e fenotipica nella Sindrome di Lynch: nuove
implicazioni diagnostiche. Thesis of medical Genetics specialization. La Sapienza
University of Rome; 2009.

[25] Pagenstecher C., Wehner M., Friedl W, Rahner N, Aretz S, Friedrichs N,
Sengteller M, Henn W, Buettner R, Propping P, Mangold E.Aberrant splicing in
MLHI1 and MSH2 due to exonic and intronic variants. Hum Genet. 2006; 119(1-2):9-
22,

[26] Naruse H., Ikawa N., Yamaguchi K, Nakamura Y, Arai M, Ishioka C, Sugano K,
Tamura K, Tomita N, Matsubara N, Yoshida T, Moriya Y, Furukawa
Y.Determination of splice-site mutations in Lynch syndrome (hereditary non-
polyposis colorectal cancer) patients using functional splicing assay. Fam Cancer.
2009;8(4):509-17.

[27] Chanock S. Candidate genes and single nucleotide polymorphisms (SNPs) in the study
of human disease. Dis Markers. 2011;17(2):89-98.



Synergistic Effects of Low-Risk Variant Alleles in Cancer Predisposition

[28] Yeager M, Orr N, Hayes RB, Jacobs KB, Kraft P, Wacholder S, Minichiello M]J,
Fearnhead P, Yu K, Chatterjee N, Wang Z, Welch R, Staats BJ, Calle EE, Feigelson
HS, Thun M], Rodriguez C, Albanes D, Virtamo ], Weinstein S, Schumacher FR,
Giovannucci E, Willett WC, Cancel-Tassin G, Cussenot O, Valeri A, Andriole GL,
Gelmann EP, Tucker M, Gerhard DS, Fraumeni JF Jr, Hoover R, Hunter D],
Chanock SJ, Thomas G. Genome-wide association study of prostate cancer
identifies a second risk locus at 8q24. Nat Genet. 2007; 39(5):645-9.

[29] Garcia-Closas M, Hein DW, Silverman D, Malats N, Yeager M, Jacobs K, Doll MA,
Figueroa ]JD, Baris D, Schwenn M, Kogevinas M, Johnson A, Chatterjee N, Moore LE,
Moeller T, Real FX, Chanock S, Rothman N. A single nucleotide polymorphism tags
variation in the arylamine N-acetyltransferase 2 phenotype in populations of European
background. Pharmacogenet Genomics. 2011;21(4):231-6.

[30] Cox A, Dunning AM, Garcia-Closas M, Balasubramanian S, Reed MW, Pooley KA,
Scollen S, Baynes C, Ponder BA, Chanock S, Lissowska ], Brinton L, Peplonska B,
Southey MC, Hopper JL, McCredie MR, Giles GG, Fletcher O, Johnson N, dos Santos
Silva I, Gibson L, Bojesen SE, Nordestgaard BG, Axelsson CK, Torres D, Hamann U,
Justenhoven C, Brauch H, Chang-Claude ], Kropp S, Risch A, Wang-Gohrke S,
Schiirmann P, Bogdanova N, Dork T, Fagerholm R, Aaltonen K, Blomgqvist C,
Nevanlinna H, Seal S, Renwick A, Stratton MR, Rahman N, Sangrajrang S, Hughes D,
Odefrey F, Brennan P, Spurdle AB, Chenevix-Trench G; Kathleen Cunningham
Foundation Consortium for Research into Familial Breast Cancer, Beesley ],
Mannermaa A, Hartikainen ], Kataja V, Kosma VM, Couch FJ, Olson JE, Goode EL,
Broeks A, Schmidt MK, Hogervorst FB, Van't Veer L], Kang D, Yoo KY, Noh DY, Ahn
SH, Wedrén S, Hall P, Low YL, Liu J, Milne RL, Ribas G, Gonzalez-Neira A, Benitez J,
Sigurdson AJ, Stredrick DL, Alexander BH, Struewing JP, Pharoah PD, Easton DF. A
common coding variant in CASP8 is associated with breast cancer risk. Nat Genet.
2007; 39(3):352-8.

[31] Grenet J, Teitz T, Wei T, Valentine V, Kidd V]. Structure and chromosome localization
of the human CASP8 gene. Gene. 1999;226(2):225-32.

[32] Sigurdson A]J, Bhatti P, Doody MM, Hauptmann M, Bowen L, Simon SL, Weinstock
RM, Linet MS, Rosenstein M, Stovall M, Alexander BH, Preston DL, Struewing JP,
Rajaraman P. Polymorphisms in apoptosis- and proliferation-related genes, ionizing
radiation exposure, and risk of breast cancer among U.S. Radiologic Technologists.
Cancer Epidemiol Biomarkers Prev. 2007;16(10):2000-7.

[33] McIlnerney NM, Miller N, Rowan A, Colleran G, Barclay E, Curran C, Kerin M]J,
Tomlinson IP, Sawyer E. Evaluation of variants in the CHEK2, BRIP1 and
PALB2 genes in an Irish breast cancer cohort. Breast Cancer Res Treat.
2010;121(1):203-10.

[34] Long J, Cai Q, Sung H, ], Zhang B, Choi JY, Wen W, Delahanty R], Lu W, Gao YT, Shen
H, Park SK, Chen K, Shen CY, Ren Z, Haiman CA, Matsuo K, Kim MK, Khoo US,
Iwasaki M, Zheng Y, Xiang YB, Gu K, Rothman N, Wang W, Hu Z, Liu Y, Yoo KY, Noh

21



22 Carcinogenesis

DY, Han BG, Lee MH, Zheng H, Zhang L, Wu PE, Shieh YL, Chan SY, Wang S, Xie X,
Kim SW, Henderson BE, Le Marchand L, Ito H, Kasuga Y, Ahn SH, Kang HS, Chan KY,
Iwata H, Tsugane S, Li C, Shu XO, Kang DH, Zheng W.Genome-Wide Association
Study in East Asians Identifies Novel Susceptibility Loci for Breast Cancer. PLoS Genet.
2012;8(2):e1002532.

[35] Smith TR., Liu-Mares W., Van Emburgh BO., Levine EA., Allen GO., Hill JW., Reis IM,,
Kresty LA., Pegram MD., Miller MS., Hu JJ. Genetic polymorphisms of multiple DNA
repair pathways impact age at diagnosis and TP53 mutations in breast cancer.
Carcinogenesis. 2011;32(9):1354-60.

[36] Wiklund FE, Adami HO Zheng SL, Stattin P, Isaacs WB, Gronberg H, Xu J.. Established
prostate cancer susceptibility variants are not associated with disease outcome. Cancer
Epidemiol Biomarkers Prev 2009; 18(5):1659-1662.

[37] Kim HC, Lee JY, Sung H, Choi JY, Park SK, Lee KM, Kim Y], Go M]J, Li L, Cho YS,
Park M, Kim DJ, Oh JH, Kim JW, Jeon JP, Jeon SY, Min H, Kim HM, Park J, Yoo KY,
Noh DY, Ahn SH, Lee MH, Kim SW, Lee JW, Park BW, Park WY, Kim EH, Kim MK,
Han W, Lee SA, Matsuo K, Shen CY, Wu PE, Hsiung CN, Lee JY, Kim HL, Han BG,
Kang D .A genome-wide association study identifies a breast cancer risk variant in
ERBB4 at 2q34: results from the Seoul Breast Cancer Study. Breast Cancer Res.
2012;14(2): R56

[38] Thomas G, Jacobs KB, Yeager M, Kraft P, Wacholder S, Orr N, Yu K, Chatterjee N,
Welch R, Hutchinson A, Crenshaw A, Cancel-Tassin G, Staats BJ, Wang Z,
Gonzalez-Bosquet ], Fang J, Deng X, Berndt SI, Calle EE, Feigelson HS, Thun M],
Rodriguez C, Albanes D, Virtamo ], Weinstein S, Schumacher FR, Giovannucci E,
Willett WC, Cussenot O, Valeri A, Andriole GL, Crawford ED, Tucker M, Gerhard
DS, Fraumeni JF Jr, Hoover R, Hayes RB, Hunter DJ, Chanock SJ. Multiple loci
identified in a genome-wide association study of prostate cancer. Nat Genet.
2008;40(3):310-5.

[39] Parikh H, Wang Z, Pettigrew KA, Jia J, Daugherty S, Yeager M, Jacobs KB, Hutchinson
A, Burdett L, Cullen M, Qi L, Boland ], Collins I, Albert TJ, Vatten L], Hveem K,
Njolstad I, Cancel-Tassin G, Cussenot O, Valeri A, Virtamo J, Thun M]J, Feigelson HS,
Diver WR, Chatterjee N, Thomas G, Albanes D, Chanock SJ, Hunter DJ, Hoover R,
Hayes RB, Berndt SI, Sampson ], Amundadottir L. Fine mapping the KLK3 locus on
chromosome 19q13.33 associated with prostate cancer susceptibility and PSA levels.
Hum Genet. 2011;129(6):675-85.

[40] Barnholtz-Sloan JS, Raska P, Rebbeck TR, Millikan RC. Replication of GWAS Hits by
Race for Breast and Prostate Cancers in European Americans and African Americans.
Front Genet. 2011;2:37.

[41] Tao S, Feng ], Jin G, Hsu FC, Chen SH, Kim ST, Wang Z, Zhang Z, Zheng SL, Isaacs WB,
Xu J, Sun ]J. Genome-wide two-locus epistasis scans in prostate cancer using two
European populations. Hum Genet. 2012, DOI: 10.1007/s00439-012-1148-4.



Synergistic Effects of Low-Risk Variant Alleles in Cancer Predisposition

[42] Dai ], Gu ], Huang M, Eng C, Kopetz ES, Ellis LM, Hawk E, Wu X. GWAS-identified
colorectal cancer susceptibility loci associated with clinical outcomes. Carcinogenesis.
2012 0 (0): 1-5.

[43] Fernandez-Rozadilla C, Cazier JB, Cazier JB, Moreno V, Crous-Bou M, Guiné E, Duran
G, Lamas M]J, Lépez R, Candamio S, Gallardo E, Paré L, Baiget M, Paez D, Lopez-
Fernandez LA, Cortejoso L, Garcia MI, Bujanda L, Gonzalez D, Gonzalo V, Rodrigo L,
René JM, Jover R, Brea-Fernandez A, Andreu M, Bessa X, Llor X, Xicola R, Palles C,
Tomlinson I, Castellvi-Bel S, Castells A, Ruiz-Ponte C, Carracedo A.. A.
Pharmacogenomics in colorectal cancer: a genome-wide association study to predict
toxicity after 5-fluorouracil or FOLFOX administration. Pharmacogenomics ]J.
doi:10.1038/tpj.2012.2

[44] Zheng X, Wang L, Zhu Y, Guan Q, Li H, Xiong Z, Deng L, Lu J, Miao X, Cheng L.
The SNP rs961253 in 20p12.3 Is Associated with Colorectal Cancer Risk: A Case-
Control Study and a Meta-Analysis of the Published Literature. PLoS One.
2012;7(4):e34625.

[45] Tomlinson IP, Houlston RS, Montgomery GW, Sieber OM, Dunlop MG. Investigation of
the effects of DNA repair gene polymorphisms on the risk of colorectal cancer.
Mutagenesis. 2012;27(2):219-23.

[46] Martinez SL, Kolodner RD., Functional analysis of human mismatch repair gene
mutations identifies weak alleles and polymorphisms capable of polygenic interactions.
Proc Natl Acad Sci U S A. 2010;107(11):5070-5.

[47] Demogines A., Wong A., Aquadro C, Alani E. Incompatibilities involving yeast
mismatch repair genes: a role for genetic modifiers and implications for disease
penetrance and variation in genomic mutation rates. PLoS Genet.
2008;4(6):€1000103.

[48] Duraturo F. Analisi mutazionale dei geni del mismatch repair (MMR) mediante
tecniche innovative in pazienti affetti da cancro ereditario non poliposico del colon-retto
(HNPCC). PhD thesis. Federico II University, Naples; 2006.

[49] Carlomagno N, Duraturo F, Rizzo G, Cremone C, Izzo P, Renda A. Carcinogenesis.
In: Renda A, ed. The Hereditary Syndromes. Springer-Verlag Italia, Inc., 2009. 107-
128

[50] Boland CR, Goel A. Microsatellite instability in colorectal cancer. Gastroenterology
2010; 138(6):2073-84.

[51] Olschwang S., Bonaiti C. HNPCC syndrome (Hereditary Non Polyposis Colon Cancer) :
identification and management. RevMed 2006; 54(4):215-29.

[52] Humar A, Boland CR. Revised Bethesda Guidelines for hereditary non polyposis
colorectal cancer (Lynce Syndrome) and microsatellite instability. Journal Natl Cancer
Inst. 2004; 18;96(4):261-8.

[53] Duraturo F, Liccardo R, Cavallo A, De Rosa M, Grosso M, Izzo P.. Association of low-
risk MSH3 and MSH2 variant alleles with Lynch syndrome: probability of synergistic
effects”. Int ] Cancer. 2011;129(7):1643-50.

23



24 Carcinogenesis

[54] Jun S.-H., Kim TG., Ban C. DNA mismatch repair system. Classical and fresh roles.
FEBS Journal 2006; 273: 1609-19.



