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1. Introduction

Population-based studies indicate that approximately 35% of an individual’s risk of
developing colorectal cancer (CRC) is due to inherited genetic factors (Lichtenstein et al.
2000). Indeed, approximately 50,000 individuals diagnosed with CRC in the United States
each year will have at least one other family member with CRC (Kaz & Brenthall, 2006).
Classically, genetic susceptibility to CRC is described as three types: Low, moderate and
high risk. In reality, the risk of developing colorectal cancer due to genetic factors exists on a
continuum from very low to very high risk (Figure 1). In addition to colon cancer
susceptibility, genetic variants are likely to play a role in response to therapy and prognosis
of colon cancer. This Chapter will provide an overview of the current knowledge in genetic
susceptibility to hereditary and non-hereditary CRC, the complexities and issues around the
identification of germline genetic risk factors, and the current and future use of genetic
information in the clinic.

High penetrance risk includes inheritance of mutations in genes which segregate in a
Mendelian fashion in families and confer a high lifetime risk of disease. Hereditary cancer
syndromes are those in which a mutation confers a high lifetime risk of developing CRC.
Several syndromes have been described. The two most familiar CRC syndromes are Familial
Adenomatous Polyposis (FAP) and Lynch Syndrome (LS) (Table 1). Moderately-penetrant
mutations are mutations or polymorphic variants which can manifest as colon cancer
clustering in families but without a clear cancer syndrome or inheritance pattern. Low-
penetrance variants are those which are present in a reasonably high frequency in the
general population, but have small influences on risk and are not themselves sufficient for
the development of colon cancer.

2. Hereditary colorectal cancer syndromes

Hereditary colorectal cancer syndromes are those in which an inherited or de novo germline
mutation confers a high lifetime risk of developing CRC. Approximately 5% of all CRC
diagnoses are thought to be due to highly penetrant mutations (Bodmer, 2006; de la
Chapelle, 2004). These familial mutations were the first germline genetic alterations to be
discovered to be important for CRC risk. Several syndromes have been described. They can
be subdivided into syndromes with adenomatous polyps, those with hamartomatous polyps
and syndromes with polyps of mixed histopathology (Table 1). Syndromes that present with
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12 Colorectal Cancer Biology — From Genes to Tumor

a few or many adenomatous polyps include FAP, LS and MUTYH-associated polyposis
(MAP) (Table 1). The hamartomatous polyp syndromes include Cowden Syndrome,
Juvenile Polyposis and Peutz-Jeghers Syndrome. Not all genes contributing to hereditary
CRC have been identified and characterized. It is likely as genome-wide and exonic
sequencing become more common that additional rare mutations leading to hereditary
colorectal cancer will be discovered.

—— Genes mutated in hereditary cancer syndromes

Lifetime risk of CRC (%)

Low penetrant variants

Rs6983267

2z + ¢ & K] 2 12 16 16 B 22 24 25 o8 [0 52 34 356 06 [ 42 44 45 46 [0 52 54 56 56 [0 62 64 66 68 [0 72 74 76 78 [0] 62 64 66 88 [IJ 02 64 86 86 100
Frequency in the population (%)

Fig. 1. Genes and variants associated with CRC risk. The allele frequency and lifetime risk of
genes associated with familial colorectal cancer (red) and variants associated with a small
increase in lifetime risk of CRC (blue) are illustrated. (The Y179C variant is associated with a
low risk of CRC when individuals only carry one mutated MUTYH allele.)

One common feature of all of these CRC syndromes is that the age of diagnosis of cancer
tends to be much earlier than that in the general population. Typically colorectal cancer
occurs 10-20 years earlier in individuals with these syndromes than in the general
population. In individuals who carry a mutation in one of these hereditary CRC genes there
is also considerable increased risk, up to 99%, of developing colon cancer. Individuals with
most of these syndromes have detectable polyps prior to the onset of colorectal cancer;
however many probands that were not undergoing regular screening are brought to
attention following a diagnosis of CRC.

A clinical diagnosis of a specific cancer syndrome can be made based on an extensive family
history in combination with histological and pathological information about the number
and type of polyps. More definitive diagnoses are made by genetic testing coordinated
through a genetic counsellor or medical geneticist of an affected proband, or, in the case of
LS, analysis of tumours for loss of one of the LS-related proteins. Even though individually
these syndrome are rare, proper management and diagnoses can impact the incidence and
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mortality related to CRC. Because mutations leading to these genes confer a high lifetime
risk of CRC, knowledge of one’s family history and mutation status influences medical
management and can significantly reduce the incidence of CRC.

Unique

Syndrome CRC Risk L Other features Gene(s)
characteristics
MSH],
Microsatellite Endometrial, gastric, MLH?2,
HNPCC 20-75%* instability of tumors ovarian, small bowel, PMS2,
Y biliary & urothelial ca MSH6
EPCAM
Desmoids,
0 hepatoblastoma &
FAP 99%  |Hundreds of polyps papillary thyroid ca, APC
CHRPE
Gastric, breast, &
o Hamartomatous ovarian ca, sex cord LKB1
Peutz-Jeghers 39% polyps tumors, mucocutaneous| (STK11I)
hyperpigmentation
. Two common mutations
Recessive in individuals with
MAP 80% inheritance, many Northern European MUTYH
adenomatous (MYH)
Vs ancestry: Y179C and
polYP G396D
Hereditary Mlxed ND Inﬂammgtory & BMPRIA
Polyposis metaplastic polyps
Macrocephaly, benign &
Cowden None Hamartomatous malignant thry.01d, PTEN
polyps breast & uterine
neoplasms
. . o Hamartomatous . SMAD4,
Juvenile Polyposis 39% pblyps GI polyps, gastric ca BMPRIA,

Table 1. Hereditary Colon Cancer and Polyposis Syndromes. ca, cancer; CHRPE, congenital
hypertrophy of the retinal pigment epithelium; ND, not determined; GI, gastrointestinal;
*CRC risk depends on which gene is mutated.

2.1 Hereditary non-polyposis colorectal cancer/lynch syndrome
Hereditary non-polyposis colorectal cancer (HNPCC), also known as Lynch syndrome (LS),
is the most common hereditary CRC syndrome associated with a strong family history of
colon cancer. Approximately 2-4% of all colon cancers are due to LS (Hampel et al., 2008).
Although individuals with LS frequently have adenomatous polyps, individuals with this
syndrome do not have polyposis. In addition to a lifetime risk of approximately 50-80% for
colorectal cancer, there is an increased risk of ovarian, endometrial and gastric cancers
(Jasperson et al., 2010). Since the genes have been identified, some conditions which were
once thought to be distinct (e.g. Muir-Torre syndrome which is characterized by familial
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14 Colorectal Cancer Biology — From Genes to Tumor

CRC with sebaceous neoplasms and Turcot syndrome which is characterized by CRC with
glioblastomas) are variants of LS. LS is inherited in an autosomal dominant fashion and is
associated with mutations in four genes important in mismatch repair (MMR): MLHI,
MSH2, PMS2 and MSH6. Tumours arising in individuals with germline mutations in these
genes, which are important for DNA repair, typically exhibit microsatellite instability which
is sometimes used clinically to aid in a diagnosis. The most commonly mutated genes in LS
are MLH1 and MSH2. Recently, deletions of the 3’'end of EPCAM, a gene mapping 5 of the
MSH? gene, have been found to give rise to LS by causing methylation of the MSH2 gene in
about 6% of LS cases (Niessen et al., 2009a).

Criteria based on family history, Amsterdam I, Amsterdam II and Bethesda criteria, were
developed in order to identify families for further evaluation of Lynch syndrome.
Amsterdam I criteria, the first described, includes three first degree relatives with CRC, two
or more generations affected, one family member with CRC diagnosed under the age of 50
and FAP must be ruled out (Vasen et al.,, 1991). Amsterdam II criteria are the same as
Amsterdam I except that endometrial, small bowel or other LS-related cancers can be
substituted for CRC (Vasen et al.,, 1999). Revised Bethesda criteria include one CRC
diagnosed under the age of 50, one CRC under the age of 60 with evidence of microsatellite
instability, CRC or LS-related cancer in at least one first degree relative under the age of fifty
or CRC or LS-related cancers in at least two first or second degree relatives at any age (Umar
et al., 2004). In addition, three online prediction programs MMRpredict, PREMM, and
MMRpro have been developed to identify families with LS. Sensitivities of the online
models and revised Bethesda criteria are about 75% with a range of specificity from 50-60%;
the Amsterdam II criteria have a lower sensitivity of 37.5%, but a better specificity of 99%
(Tresallet et al., 2011). Many hospitals have begun to screen all colon cancer cases by
immunohistochemistry for loss of the four MMR proteins or for microsatellite instability
regardless of family history which has a higher sensitivity than the family history based
models (Hampel et al., 2008). Individuals whose tumours show absence of MLH1, MSH2,
PMS2 and MSH6 and/or microsatellite instability are referred for genetic evaluation of LS
and, in some cases, additional testing to rule out somatic events specific to the tumours
which lead to loss of the proteins.

The risk and spectrum of cancer depends on which LS gene is mutated. The lifetime colon
cancer risk is 97% for males and 53% for females with germline MLHI mutations.
Endometrial cancer risk associated with MLH1 mutations ranges from 25 to 33% (Ramsoekh
et al., 2009; Stoffel et al., 2009). The lifetime risk of CRC in male MSH2 mutation carriers is
52% and is 40% for females. There is a 44-49% risk of endometrial cancer for female MSH?2
mutation carriers (Stoffel et al.,, 2009). About 10% of Lynch syndrome families have a
mutation in MSH6 (Talseth-Palmer et al., 2010). The estimated risk of colorectal cancer in
individuals with a MLH6 mutation is lower than some of the other mutations at 30-61% and
the risk of endometrial cancer is higher with 65-70% of females developing endometrial
cancer by the age of 70 (Talseth-Palmer et al., 2010; Ramsoekh et al., 2009). PMS2 mutations
are less frequently the cause of LS accounting for only 2 to 14% of LS cases (Senter et al.,
2008; Niessen et al., 2009b; Talseth-Palmer et al., 2010). The cumulative risk by the age of 70
of developing a colon cancer in mono-allelic PMS2 mutation carriers is 15-20%, endometrial
cancer is 15% and other Lynch-related cancers is from 25-32% (Senter et al., 2008). Bi-allelic
mutations in the MMR genes have been observed and lead to a severe phenotype with
childhood brain tumours, leukaemia, and LS-associated tumors known as Constitutional
MMR Deficiency (Senter et al., 2008; Felton et al., 2007, Wimmer & Kratz, 2010). EPCAM
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deletions show a comparable risk of colon cancer to MLH1 and MSH2 mutation carriers, but
a decreased risk of endometrial cancer. In families with EPCAM deletions there is a 75% risk
of developing cancer by the age of 70 and a 12% risk of endometrial cancer (Kempers et al.,
2011). As the risks of colon, endometrial and other cancers are high, regardless of the gene,
individuals with LS are recommended to follow more intensive cancer screening guidelines.

2.2 Familial adenomatous polyposis

Familial adenomatous polyposis (FAP) is an autosomal dominant CRC syndrome that
accounts for less than 1% of all CRC diagnoses (Burt, 2000). In classic FAP, individuals
develop hundreds to thousands of adenomatous polyps beginning in the early to mid-teen
years. By age 35, 95% of individuals with FAP have polyps and the penetrance of colorectal
cancer associated with this disease is over 90% (Petersen et al., 1991) which is why
prophylactic colectomy is recommended in individuals who have this syndrome. FAP is
caused by mutations in the adenomatous polyposis coli (APC) gene, although a high
percentage (12-20%) of individuals with a clinical diagnosis of classical FAP do not have
identifiable mutations in APC or another polyposis gene, MUTYH, (de la Chapelle, 2004;
Filipe et al., 2009). Other features of FAP include small bowel adenomas, gastric polyposis,
congenital hypertrophy of the retinal pigment epithelium (CHRPE), and desmoids (Allen &
Terdiman, 2003). Desmoids cause significant mortality in FAP despite their non-malignant
nature. Attenuated FAP is a milder form of this disease in which there are fewer polyps and
a later onset of disease. Two other variants of FAP are Turcot syndrome which includes FAP
and central nervous syndrome tumors, primarily medulloblastomas, and Gardner
syndrome which includes soft-tissue tumours, osteomas and dental abnormalities.

2.3 MUTYH-associated polyposis

MUTYH-associated polyposis (MAP) is an autosomal recessive syndrome conferring a 43 to
nearly 100% lifetime risk of CRC (Farrington et al., 2005; Lubbe et al., 2009). Penetrance for
cancer in bi-allelic mutation carriers is estimated to be 20% at 40 years and 43% at 50 years of
age (Lubbe et al., 2009). Individuals typically present with 10-100 adenomatous polyps,
although some bi-allelic mutation carriers do not have any polyps on screening (Farrington
et al, 2005; Nielsen et al., 2007). Polyposis of the duodenum can also be observed. Between
24 and 56% of FAP and attenuated-FAP families lacking mutations in APC have been found
to carry bi-allelic mutations in MUTYH, suggesting that mutations in the two genes account
for a significant proportion of familial polyposis (Nielsen et al., 2007; Gomez-Fernandez et
al., 2009). Two common MUTYH mutations comprising 80-85% of disease causing mutations
in Caucasians of Northern European ancestry are Tyr179Cys and Gly396Asp (previously
known as Y165C and G382D; Al-Tassan et al., 2002). Importantly, 4% of bi-allelic mutation
carriers will not have either of the two common mutations (Goodenberger et al., 2011). The
mutation frequency of these mutations varies between populations and other founder and
relatively frequent mutations have been identified (Gomez-Fernandez et al., 2009).

2.4 Other adenomatous polyposis syndromes

A handful of case reports of mutations leading to unique or rare familial presentation of
CRC exist which may explain a small proportion of polyposis families that do not have APC
or MUTYH germline mutations. One recent description is of homozygous mutations in
BUB1B leading to CRC (Rio Frio et al., 2010). This gene has not been extensively tested in
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polyposis families so it is unknown if it will contribute much to the overall risk of familial
adenomatous polyposis. Mutations in the AXIN2 gene are associated with tooth agenesis-
colorectal cancer syndrome in a large Finnish family (Lammi et al., 2004), but mutations in
this gene do not appear to account for a large proportion of hereditary CRC.

2.5 Familial Colorectal Cancer Type X

About half of the families that have a strong-family history of colorectal cancer suggestive of
LS by Amsterdam or Bethesda criteria have no evidence of mismatch repair deficiency or
loss of any of the HNPCC related proteins in tumours (de la Chapelle & Lynch, 2003). To be
classified as Familial Colorectal Cancer Type X, families must meet Amsterdam I criteria
and have no evidence of MMR deficiency. A closer look at these pedigrees shows that they
tend to have fewer individuals diagnosed with cancer, their cancers are less likely to look
like those in LS and their average age of diagnosis is older than those in families with MMR
mutations (Jass et al., 1995; Lindor et al. 2005). The genes contributing to Familial Colorectal
Cancer Type X are as yet unknown.

2.6 Peutz-Jeghers syndrome

Peutz-Jeghers syndrome is a rare autosomal dominant condition with an estimated
incidence of 1 in 200,000 births first described by Peutz in 1921. It is characterized by
childhood onset of hamartomatous polyps in the gastrointestinal tract and by
mucocutaneous pigmentation of the lips and buccal mucosa. Mutations in LKB1 (STK11) are
the only known cause of Peutz-Jeghers syndrome. LKB1 mutations have been found in 50-
94% of individuals with classic features of this disorder indicating that there may be locus
heterogeneity (Boardman et al. 2000; Volikos et al., 2006; Aretz et al., 2005). The penetrance
for GI polyps in this syndrome is 100%. There is also a 76-85% lifetime risk of cancer which
includes lifetime risks of 40% for colon cancer, 30-60% for gastric cancer, 15-30% for small
intestinal cancer and 11-35% for pancreatic cancer (Hearle et al., 2006, van Lier et al., 2010;
van Lier et al., 2011). Breast and gynaecological cancers can be seen at high frequencies.
There is a high mortality associated with this syndrome with a median age of death at 45
years of life, mostly due to cancer or bowel intussusceptions (van Lier et al., 2011).

2.7 Cowden syndrome

Cowden syndrome is an autosomal dominant syndrome with features of skin lesions,
macrocephaly, thyroid manifestations and hamartomatous polyps of the GI tract. It is
caused by mutations in the PTEN gene. Although this disorder and an allelic disorder
Bannayan-Ruvalcaba-Riley Syndrome are both characterized by many hamartomatous
polyps, there is no clear increased risk of colon cancer associated with Cowden syndrome.

2.8 Juvenile Polyposis

Hereditary juvenile polyposis (JP) is defined as the presence of 10 or more juvenile polyps.
These polyps are primarily hamartomatous. The typical age of diagnosis is between the ages
of 5 and 15 years (Merg & Howe, 2004). Most children are brought to medical attention
because of colorectal bleeding. The risk of CRC associated with JP varies from 20-50%
depending on the study and the gene which is mutated. (Handra-Luca et al., 2005). In
addition to CRC, there is a significant risk of upper GI cancers. JP is inherited as an
autosomal dominant syndrome. Multiple genes have been implicated in this disorder. The
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majority of mutations in individuals with JP have been found in SMAD4 and BMPRIA.
Individuals with BMPRIA mutations have a higher risk of cancers including those of the
stomach, pancreas and small bowel. Mutations have also been found in PTEN, but these
may be misdiagnosed cases of Cowden syndrome. There have been reports of SMAD4
mutations in families with features of both juvenile polyposis and hereditary hemorrhagic
telangiectasia (Gallione et al., 2004). Not all individuals with features of JP have identifiable
mutations implicating additional as yet unidentified genes (Handra-Luca et al., 2005).

2.9 Hereditary mixed polyposis

Hereditary mixed polyposis (HMP) is an autosomal dominant condition characterized by
polyps of mixed histology including adenomatous, hyperplastic and atypical juvenile types.
Mutations in BMPR1A have been found in a proportion of families presenting with polyps
of mixed type (Cheah et al., 2009). Despite the observation that families with both juvenile
polyps and hereditary mixed polyposis can have mutations in BMPRIA, families with HMP
are less likely to have juvenile type polyps and have an older age of diagnosis in adulthood
(Merg & Howe, 2004). A locus for HMP, called CRACI or HMPS, has been mapped to
chromosome 15q13-q14 in multiple in several Ashkenazi Jewish families, but the gene has
not yet been identified (Jaeger et al., 2008).

2.10 Hyperplastic polyposis (HPP)

Hyperplastic polyposis syndrome (HPP) is not yet well defined, but is characterized by
multiple or large hyperplastic or serrated polyps and an association with an increased risk
of CRC. The range of polyps has been described from 5 to over 100 and the pathology of the
polyps can be diverse. HPP is often diagnosed in the fifth through seventh decade of life.
The frequency of CRC in individuals with HPP ranges from 25-50% (Lage et al., 2004;
Kalady et al., 2011). About 30% of individuals with HPP have a family history of CRC. The
inheritance pattern of HPP is not well defined, but a few characterized families show
possible recessive inheritance (Young & Jass, 2006). A germline mutation in EPHB2 was
identified in an individual who had more than 100 hyperplastic polyps, but EPHB2
mutations have not been observed in other HPP cases (Kokko et al., 2006). Thus, the causal
genes for most individuals with HPP have yet to be identified.

2.11 Rare cancer predisposition syndromes and risk of colon cancer

Whereas many hereditary cancer syndromes have specific cancers which occur at greater
frequency than the general population, a few syndromes have elevated risks of many
different types of cancer. Li-Fraumeni syndrome (LFS) is a rare autosomal dominant
inherited condition caused by germline mutations in TP53. The classical types of cancer seen
in individuals with LFS include breast cancer, sarcomas, brain tumors, leukemia and
adrenal cortical tumours; however, there is also an increased risk of colon cancer of 2.8-fold
over the general population (Ruijs et al., 2010).

3. Moderate risk alleles

Familial clusters of colon cancer account for approximately 20% of all CRC cases, however,
most of these cases will not be due to the known CRC syndromes (Burt et al.,, 1990). A
familial cluster is multiple individuals within families who have a similar presentation, but
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no clear inheritance pattern of disease transmission. The risk of colon cancer is increased to
individuals who have a relative with CRC or adenomas; first-degree relatives of affected
individuals have a two- to three-fold increase in risk and when more than one first-degree
relative is affected the risk increases to nearly four-fold (Butterworth et al., 2006; Taylor et al.
2010). To date, moderate-risk alleles (ORs of 3-5) have not been identified. It is possible that
some families exhibiting clustering of CRC may have multiple low-penetrance alleles which
work synergistically to increase risk.

4. Low-penetrance risk alleles

The majority of genetic risk for CRC in the population is likely to be due to low-penetrance
susceptibility alleles which act with other low-pentrance variants and the environment. A
debate in the field is whether most of the genetic risk will be due to common variants with
low effects and allele frequencies greater than 1% or rare or unique variants with low to
moderate effects (Bodmer, 2006). Historically, variants conferring an increased risk of CRC
in the general population have been identified through cohort or population-based
case/control studies looking at candidate genes, but recent genome-wide association studies
(GWAS) have been quite successful in identifying well-replicated variants conferring risk.
Whereas a great many studies have identified positive associations with some of these
genes, the vast majority have not been consistently replicated. Lack of replication does not
mean in all cases that the initial association is faulty, but could be due to differences in
populations leading to differences in allele frequencies or linkage disquilibrium,
environmental exposures, study design or underpowered replicate studies.

Whereas the low-penetrance variants identified to date are not particularly predictive for
CRC risk on their own, several direct-to-consumer genetic testing companies include some
of these variants in their analysis of genomic risks of common disease. We will highlight
some of the different types of variants which have been identified through multiple types of
studies as showing evidence of contribution to CRC risk.

4.1 Candidate-gene studies

The studies to assess the risk of DNA variants, mainly single nucleotide polymorphisms
(SNPs), have been association case/control studies or cohort studies testing SNPs in genes
with relevant biological function for CRC. Many such candidate gene studies for CRC risk
have been completed. Some of these have been replicated in one or two studies, but few
have stood up to repeated replication studies or meta-analyses. A meta-analysis of 50
published CRC association studies for common alleles in 13 genes found three variants: APC
I1307K, a HRASI repeat variant and MTHFR 677V were convincingly associated with
modest CRC risk in the general population (Houlston & Tomlinson, 2001). Other genes with
variants showing CRC risk in multiple studies include NAT1, NAT2 and TGFBRII (Burt,
2010). It is possible that some of these are real associations, but are population-specific or
depend upon gene-environment interactions present only in certain individuals.

Candidate genes for CRC case/control studies have been chosen in a variety of ways.
Variants and genes studied include common variants in high-risk genes, genes in pathways
believed to be important in CRC and genes in pathways linked to environmental factors
associated with CRC. One strategy which has been under-utilized is to map loci for cancer
susceptibility in the mouse and then test these genes/loci for cancer risk in human

www.intechopen.com



Germline Genetics in Colorectal Cancer Susceptibility and Prognosis 19

populations (Ruivenkamp et al., 2002; Ewart-Toland et al., 2005; Toland et al., 2008). A large
number of cancer susceptibility and resistance loci for cancers of the lung, colon, skin, liver,
and the hematopoetic system have been identified using mouse models. Two putative CRC
susceptibility genes, PTPR] and AURKA, were first identified from mouse studies
(Ruivenkamp et al., 2002; Ewart-Toland et al., 2003). Variants in these genes show evidence
of modest CRC risk in some human studies (Ewart-Toland et al., 2005; Toland et al., 2008).

4.2 Variants of high-risk genes

Once genes for hereditary cancer syndromes began to be identified, researchers
hypothesized that common variants in these genes contribute to cancer risk in the general
population. Studies on common variants of almost all hereditary CRC predisposition genes
have been assessed, but only a handful of variants in these high risk genes have been
determined to contribute to sporadic CRC risk.

4.2.1 Carriers of MUTYH mutations

Bi-allelic mutations in MUTYH lead to MAP as described above. Several studies have looked
at the cancer risks associated with mono-allelic mutations in MUTYH. The range of cancer
incidence associated with the Y179C allele is between 1.27 to 2-fold (Table 2, Jones et al.,
2009; Tenesa et al., 2006; Theodoratou et al., 2010). As a result, colon adenomas or cancer
cancer may be seen in multiple generations in families with MAP.

4.2.2 APC I11307K

One frequently described modest-risk allele is the I1307K variant in the APC gene. This
variant is seen in approximately 6% of individuals of Ashkenazi jewish (A]) ancestry and
28% of AJ individuals with a family history of CRC (Laken et al., 1997). Carriers of the
I1307K allele have 1.5 to 2-fold increased risk of CRC compared to individuals who are non-
carriers (Table 2, Dundar et al., 2007; Gryfe et al., 1999). The variant itself is not thought to
change function of the APC gene, however, the change results in a stretch of eight
consecutive adenosines. During replication this polyadenosine track is thought to have
increased risk of somatic mutation due to polymerase slippage. Addition or loss of a single
nucleotide then results in a frame-shift and non-functional APC gene (Laken et al., 1997). As
the age of onset of CRC related to this polymorphism does not appear to differ from
sporadic CRC, cancer screening beyond general population recommendations is not
typically done (Petersen et al., 1999).

4.2.3 Bloom’s syndrome mutation carriers

Bloom’s syndrome is a rare autosomal recessive condition characterized by abnormal rates
of sister chromatid exchange, growth deficiency and an increased incidence of multiple
types of cancer. One in 107 individuals of AJ ancestry carries a founder mutation,
designated as BlmAsh, in the Bloom’s syndrome gene, BLM (Li et al., 1998). Early studies
suggested a 2-fold increase in colon cancer risk in BlmAsh carriers, but this has not held up in
subsequent studies (Gruber et al, 2002; Cleary et al., 2003).

4.2.4 CHEK2
CHEK2? is a gene important in response to DNA damage. Studies have demonstrated
increased risk of breast cancer with an 1100delC polymorphism but have been inconclusive
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for the role of the 1100del C variant in CRC risk. However, another variant, I157T, has been
associated with Lynch-syndrome like cancers and confers an increased risk of 1.4 to 2-fold of
CRC (Kilpivaara et al., 2006).

4.3 Genome-wide association studies (GWAS)

With technological advances allowing the genotyping of up to millions of SNPs, the ability
to interrogate the entire genome without bias has led to the identification of SNPs with
reproducible, but small associations with cancer risk. The strength of these studies is that
that very large numbers of samples were used, large independent replication studies have
been completed and very low p-values were required to meet genome-wide significance.
About 18 SNPs have been identified to date (Table 2). Interestingly, although many map
near genes, none of them fall within coding regions of genes suggesting that these SNPs
may play a role in gene regulation. Despite the confidence that these are “real”, the variants
identified through GWAS to date explain a very small percentage of the overall risk of CRC
ascribed to genetics. One computational assessment estimates that there may be as many as
170 low-penetrance variants which contribute to CRC risk (Tenesa and Dunlop, 2009).

4.3.1 8924 and rs6983267

Two of the first GWAS studies for CRC identified a variant, rs6983267, on chromosome 8q24
which was significantly associated with CRC risk (Tomlinson et al. 2007; Haiman et al.
2007). The effects were modest with ORs ranging from of 1.14 to 1.24. Additional variants on
8924 including rs7014346, rs783728, and rs10505477 were also identified in subsequent
screens (Tenesa et al. 2008; Poynter et al. 2007). Several groups have replicated these
findings and show a consistent effect of the 156983267 variant. This SNP falls into a gene-
poor region on 8q24 with the closest gene, cMYC, 335 kb away. One study showed that the
rs6983267 variant falls within an enhancer element and alleles differentially bind a WNT-
related transcription-factor 7-like 2 (TCF7L2). However, correlation with expression of MYC
has not been detected, and the exact role of this SNP in colon cancer development has yet to
be definitively determined (Pomerantz et al. 2009; Tuupanen et al. 2009).

4.3.2 GWAS variants in the Bone Morphogenic Protein (BMP)/Transforming Growth
Factor Beta (TGFj) pathway

Multiple variants identified by GWAS (rs4444235, rs4939827, rs4779584, 1rs961253
rs10411210, rs4925386) are located near genes involved in BMP and/or TGF signalling
(Tenesa & Dunlop, 2009). BMP proteins are positive regulators of the Wnt pathway which
have long been known to be important in CRC tumorigenesis. TGFP is a master signalling
molecule controlling many processes important in cancer and cancer suppression. There is
considerable overlap and interaction between the BMP and TGFf pathways. Germline
mutations in SMAD4, BMPR1IA and APC are associated with specific hereditary colon
cancer syndromes. Whereas the exact effect of these SNPs on the nearby BMP/TGFf
signalling genes is not determined, location and number of these SNPs suggest that
perturbation of these pathways may be critical for CRC risk in the general population.

4.4 Population specific risk factors
One of the caveats to many of the candidate gene and GWAS studies for CRC risk to date is
that they have been predominantly completed in Caucasian populations. The rs6983267
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Type of
SNP Locus Nearby genes OR Study Reference
Rs6691170 1q41 DUSP10 1.06 GWAS | Houlston et al., 2010
Rs6687758 1941 DUSP10 1.09 GWAS Houlston et al., 2010
Rs10936599 3q26.2 MYNN 0.93 GWAS Houlston et al., 2010
Rs16892766 | 8q23.3 EIF3H 127 | GwWas Tomhg(s)gg etal,
Tomlinson et al.
Rs6983267 8q24 Gene desert |1.21-1.23 GWAS 2007; Xiong et al.
2011
POUSF1PI,
Rs7014346 8q24 DQ515897 1.19 GWAS Tenesa et al., 2008
Rs719725 9p24 Several 1.46 GWAS Poynter et al. 2007
Tomlinson et al.,
Rs10795668 10p14 FL]3802842 1.23 GWAS 2008; Xiong et al.,
2011
Pittman et al., 2008;
Rs3802842 11923 Several 1.11-1.29| GWAS Tenesa et al., 2008;
Xing et al., 2011
Rs11169552 12q13.13 | LARP4, DIP2B 0.92* GWAS Houlston et al., 2010
Rs7136702 12q13.13 | LARP4, DIP2B 1.06 GWAS Houlston et al., 2010
Rs4444235 14q22.2 BMP4 1.11 GWAS Houlston et al. 2008
CRAC1/
Rs4779584 15q13.3 GREM1 1.23 GWAS Jaeger et al., 2008
Rs9929218 16q22.1 CDH1 0.91* GWAS | Houlston et al. 2008
Tenesa et al., 2008;
Rs4939827 18qg21 SMAD7 1.17 GWAS Xiong et al., 2011
Rs10411210 19q13.1 RHPN2 0.87* GWAS Houlston et al. 2008
Rs961253 20p12.3 BMP2 1.12-1.37 GWAS Xiong et al., 2011
Rs4925386 20q13.3 LAMAS5 0.93 GWAS Houlston et al., 2010
{ Dundar et al., 2007;
11307K 5q21-22 APC 1.5-2.0 | Candidate Gryfe et al., 1999
Tenesa et al., 2006
Y179C (mono- 1p34.1 MUTYH 1.27-2.0 | Candidate | Theodoratou et al.,
allelic) 2010

Table 2. Low-penetrance variants associated with CRC Risk
OR, odds ratio; *The common allele is the risk allele.

variant has been replicated in multiple ethnic groups including African-American and
Chinese populations with fairly consistent results (Xiong et al.,, 2011, He et al. 2011).
However, rs3802842 on chromosome 11q23 is associated with no increased risk in Japanese
populations. A GWAS performed in Japanese CRC cases identified a novel variant,
rs7758229 on chromosome 6 which has not been linked with risk in Caucasians (Cui et al.,
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2011). These examples illustrate that specific variants identified by GWAS are often markers
for the causal, as yet unidentified variant, which may be absent or in different linkage
disquilibrium patterns with the identified SNP in other populations. Additional possibilities
for the differential risk effects include different frequencies of important interacting variants
or population specific gene-environment interactions. When low-penetrance variants
become a part of determination of cancer risk, care should be taken to ensure that only
variants which have been validated in the ethnic background of the patient be utilized.

4.5 Missing heritability: Additive effects, gene-gene and gene-environmental factors
When GWAS were first utilized they were hailed as the tool by which all low-penetrance
variants for disease risk would be identified. While these screens have been successful, the
variants identified to date explain less than 10% of the estimated genetic contributions to
CRC which makes use of known variants for risk prediction difficult. Several possible
explanations for the “missing heritability” exist. One is that much of the genetic risk of CRC
will be due to rare or unique low-penetrance variants which are not detectible by
population-based GWAS. A second is that synergistic or epistatic gene-gene interactions
which are only detectible when taking into account interacting loci will account for the
missing heritability. Gene-environmental interactions in which risk is dependent on both a
variant and exposure to the environmental risk factor may also play a role.
Transgenerational epigenetic effects, epigenetic alterations which are inherited through the
germline and/or observed through multiple generations, may also account for some of the
missing heritability (Fleming et al., 2008).

As the effects of single variants identified by candidate gene or genome-wide studies have
been low, it is important to determine if there are combined effects of carrying multiple risk
alleles. One study assessed three SNPs identified through GWAS (rs3802842, rs7014346,
rs4939827) and found that carrying all six risk alleles confers a 2.6-fold increased risk of CRC
(Tenesa et al., 2008). It is likely that CRC risk could increase if all 18 identified GWAS
variants were included in the analysis. Animal models have been instrumental for
demonstrating synergistic and epistatic interactions between genetic risk factors (Nagase et
al. 2001). Mouse models led to the identification of several CRC susceptibility loci that
interact synergistically or epistatically (van Wezel et al., 1996; van Wezel et al. 1999). Thus
far, no synergistic or epistatic interactions for CRC risk have been definitively identified in
human populations. As computational tools for assessing the data from GWAS studies
improve, genetic interactions are likely to be identified as important factors for CRC risk in
humans.

Several environmental factors including cigarette smoking, body mass index, polycyclic
aromatic hydrocarbons, N-nitroso compounds, and diets high in red meat which increase
exposure to heterocyclic amines have been associated with increased risk of CRC (Botteri et
al. 2008; Norat et al. 2002; Pischon et al. 2006). Although many studies show contradictory
results, interactions between genetic variations and environmental exposures can modify
CRC risk. mEH is an enzyme important in xenobiotic activation of tobacco carcinogens. Two
variants have been identified in the mEH gene which lead to low or high activity. A meta-
analysis of several studies showed that smokers with the mEH3 low metabolizer genotype
had lower risk of colon cancer compared to smokers with a mEH3 high metabolizer
genotype suggesting that genetic variants can modify the cancer risk associated with
smoking (Raimondi et al. 2009). Interactions between dietary factors and genotypes have
also been observed for CRC. In one study, individuals who consumed browned red meat
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and had the 751Lys/Lys and 312 Asp/Asp genotypes in the XPD gene were at highest risk
of developing CRC (Joshi et al., 2009). Much work remains to be done to fully assess gene-
environment interactions for CRC.

4.6 Modifier genes for penetrance in high-risk syndromes

The risk of cancer does not reach 100% even for individuals with mutations leading to high-
penetrance CRC syndromes like LS. Thus, it has been proposed that even in the context of a
mutation, environmental factors and low-penetrance variants may impact cancer risk. To
this end, modifier genes, alleles that modify the risk of a mutation, have been sought. Most
of the studies to date have been for LS. A variant in CHEK2, 1100delC, has been established
as a moderate risk allele for breast cancer. Some families with 1100delC mutations have CRC
in addition to breast cancer. Several studies have tested this variant for risk in LS families
and some found modest increases in risk in LS carriers who also have the 1100delC variant
(Wasielewski et al., 2008) while others have found no increase in risk (Sanchez et al., 2005).
Genes with variants conferring suggestive effects in some studies for age of diagnosis in
HNPCC carriers include CCND1, CDKN2A, AURKA, TP53, E2F2, and IGF1 (Talseth et al.
2008; Jones et al., 2004; Chen et al. 2009).

5. The use of genetic information for CRC treatment and prognosis

Currently, the use of germline genetic variants is not used routinely for making clinical
decisions regarding colorectal cancer therapy. The bulk of research and clinical application
has been with somatic tumour mutations. Despite this, germline mutations and variants
have been associated with different tumor histopathology and survival outcomes.

5.1 Low-penetrance risk alleles and tumor histopathology

In addition to playing a role in overall CRC risk, studies indicate that SNPs may impact
morphology and type of colon cancer. Some of the low-penetrance SNPs identified through
GWAS (rs3802842, rs4939827) have higher risks for rectal cancer than colon cancer (Tanesa
et al., 2008). Preliminary studies also suggest differences in risk of necrosis (rs719725), mucin
production (rs96153), desmoplastic reaction (rs10411210), Crohn-like lymphocytic reaction
(rs6983267, rs4444235) and moderate/well-differentiated histology (rs10795668)(Ghazi et al.,
2010). The SNP rs4779584 is associated with reduced risk of death in a Chinese cohort (Xing
et al. 2011), but thus far, none of the GWAS-identified variants assessed show an effect on
overall survival in Caucasian populations (Tenesa et al., 2010). These studies suggest that
variants may impact the development of certain subtypes of colon cancer which provide
possible mechanistic insights into colon tumorigenesis and new therapeutic targets.

5.2 Variants to predict response to and off-target effects of cancer therapy

Targeted therapies for colorectal cancer have been developed based on somatic mutations
occurring during tumorigenesis. In addition to targeted therapies to somatic mutations,
germline variations in enzymes which process more standard chemotherapeutic agents
impact prognosis and treatment response. Standard therapies for CRC include 5-fluorouracil
and oxaliplatin (FOLFOX). One study looked at the role of germline variants of DNA repair
pathways on metastatic CRC patients’ response to FOLFOX (Lamas et al., 2011). One variant
in XPD, Lys751Gln, was associated with longer survival, but the numbers in this study were
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small. Variants in TS and GSTTI have been found to be associated with response to both
LV5FU2 and FOLFOX (Boige et al. 2010), and two variants in MTHFR (677C>T and 1298
C>A) were associated with better response to FOLFOX (Etienne-Grimaldi et al. 2010). A
variant in ERCC2, K751Q was associated with FOLFOX-induced hematologic toxicity (Boige
et al. 2010), suggesting that germline variations may also predict CRC treatment side-effects.
Since the field of colon cancer pharmacogenomics is still new, it is likely that other variants
important in metabolism of CRC therapeutics will be identified.

5.3 Prognosis in tumors with mismatch instability mutations

Colorectal cancers can be divided into different subtypes depending on histology and the
presence or absence of specific molecular markers. Treatment and prognosis of these
subtypes varies. About 15% of all CRC tumours show evidence of microsatellite instability
of which a small proportion are germline mutations (Murphy et al., 2006; Salovaara et al.,
2000). A meta-analysis of 32 studies correlating MSI status with clinical outcomes included
patients with both germline LS mutations and sporadic MMR defects. Individuals with no
evidence of MSI or with MSI-low tumours showed decreased survival (HR=0.67, 95%CI
0.53-0.83) compared to individuals with MSI-high tumours. Polymorphisms in MMR genes
are also associated with specific phenotypes. In one study, individuals who carried one or
more G alleles of the MLH1 655A>G SNP had a better outcome and less risk of vascular
invasion, distant metastasis or recurrence (Nejda et al., 2009). Some studies have
documented better survival in individuals with MUTYH-associated colorectal cancer
compared to matched controls with colon cancer (Nielsen et al., 2010). Together these data
suggest that tumours that have deficits in DNA repair capabilities through germline or
somatic mutations show better survival than tumours competent in DNA repair.

6. Conclusion

In summary, just over a third of colorectal cancer risk is thought to be due to inherited
genetic factors. A number of mutations in genes have been found to increase CRC in
individuals with hereditary cancer syndromes. These syndromes confer a vastly increased
risk of CRC over the general population and an earlier age of diagnosis. Individuals with a
family history of CRC should be referred to genetics for evaluation of a genetic syndrome
and for guidelines for risk-reducing strategies. In addition to highly-penetrant mutations,
many variants of small effect sizes have been identified through family-based and genome-
wide association based studies. Whereas many of the variants identified through GWAS
have been replicated in many studies, the effect size is small, only a small part of the total
genetic risk has been identified, and the clinical utility is not established. The use of
germline genetic information may be of clinical utility in the prevention and treatment of
CRG; yet there is much that remains to be discovered. Technological advances are yielding
new insights into genetic susceptibility to CRC on the population level, but we have yet to
find the aetiology of most of the genetic risk contributing to CRC.

7. Acknowledgments

This work was funded by the National Institutes of Health/National Cancer Institute (RO1
CA-134461-01) and the Ohio State University Comprehensive Cancer Center. We thank
Heather Hampel for thoughtful review of this manuscript.

www.intechopen.com



Germline Genetics in Colorectal Cancer Susceptibility and Prognosis 25

8. References

Al-Tassan, N.; Chmiel, N.H.; Maynard, J.; Fleming, N.; Livingston, ALL.; Williams, G.T.;
Hodges, AXK. Davies, D.R; David, SS; Sampson, J.R. & Cheadle, ].P.
(2002).Inherited mutations of MYH associated with somatic G:C>T:A mutations in
colorectal tumors. Nature Genetics, Vol.30, No.2, pp.227-32, ISSN 1061-4036.

Allen, B. & Terdiman, J.P. (2003). Hereditary polyposis syndromes and hereditary non-
polyposis colorectal cancer. Best Practice & Research Clinical Gastroenterology, Vol.17,
No.2, pp.237-58, ISSN 1521-6981.

Aretz, S.; Stienen, D.; Uhlhaas, S.; Loff, S.; Back, W.; Pagenstecher, C.; McLeod, D.R,;
Graham, G.E.; Mangold, E.; Santer, R.; Propping, P. & Friedl, W. (2005). High
propotion of large genomic STK11 deletions in Peutz-Jeghers syndrome. Human
Mutation, Vol.26, No.6, pp.513-9, ISSN 1098-1004.

Boardman, L.A.; Couch, F.J.; Burgart, L.J.; Schwartz, D.; Berry, R.; McDonnell, S.K.; Schaid,
D.J.; Hartmann, L.C.; Schroeder, ].J.; Stratakis, C.A. & Thibodeau, S.N. (2000).
Genetic heterogeneity in Peutz-Jeghers syndrome. Human Mutation, Vol.16, No.1,
pp-23-30, ISSN 1098-1004.

Bodmer, W.F. (2006). Cancer genetics: colorectal cancer as a model. Journal of Human
Genetics, Vol.51, No.5, pp.391-6, ISSN 1434-5161.

Boige, V.; Mendiboure, ]J.; Pignon, J.P, Loriot M.A. Castaing, M.; Barrois, M.; Malka, D.;
Tregouet, D.A.; Bouche, O.; Le Corre, D.; Miran, I.; Mulot, C.; Ducreux, M.; Beaune,
P. & Laurent-Puig, P. (2010). Pharmacogenetic assessment of toxicity and outcome
in patients with metastatic colorectal cancer treated with LV5FU2, FOLFOX and
FOLFIR: FFDC 2000-05. Journal of Clinical Oncology, Vol.28, No.15, pp.2556-64. ISSN
0732-183X.

Botteri, E.; Iodice, S.; Bagnardi, V.; Raimondi, S.; Lowenfels, A.B. & Maisonneuve, P. (2008).
Smokijng and colorectal cancer: a meta-analysis. JAMA, Vol.300, No.23, pp.2765-78,
ISSN 0098-7484.

Burt, RW., Bishop, D.T.; Lynch, H.T.; Rozen, P. & Winawer, S.J. (1990). Risk and
surveillance of individuals with heritable factors for colorectal cancer: WHO
collaborating centre for the prevention of colorectal cancer, Bulletin of the World
Health Organization, Vol.68, No.5, pp.655-65, ISSN 0042-9686.

Burt, RW. (2000). Colon cancer screening. Gastoenterology, Vol.119, No.3, pp.837-53, ISSN
0016-5085.

Butterworth, A.S.; Higgins, ]J.P. & Pharoah, P. (2006). Relative and absolute risk of colorectal
cancer for individuals with a family history: a meta-analysis. European Journal of
Cancer. Vol.42, No.2, pp.216-27, ISSN 0959-8049.

Cheah, P.Y.; Wong, Y.H.; Chau, Y.P.; Loi, C,; Lim, K.H.; Lim, J.F.; Koh, P.K. & Eu, K.W.
(2009). Germline bone morphogenesis protein receptor 1A mutation causes
colorectal tumorigenesis in hereditary mixed polyposis syndrome. American Journal
of Gastroenterology, Vol.104, No.12, pp.3027-33, ISSN 0002-9270.

Cleary, S.P.; Zhang, W.; Di Nicola, N.; Aronson, M.; Aube, J.; Steinman, A.; Haddad, R,
Redston, M.; Gallinger, S.; Narod, S.A. & Gryfe, R. (2003). Heterozygosity for the
BLM(Ash) mutation and cancer risk. Cancer Research, Vol.63, No.8, pp.1769-71,
ISSN 1538-7445.

www.intechopen.com



26 Colorectal Cancer Biology — From Genes to Tumor

Chen, J.; Etzel, CJ.; Amos, C.I; Zhang, Q.; Viscofsky, N.; Lindor, N.M.; Lynch, P.M. &
Frazier, M.L. (2009). Cancer Causes and Control, Vol.20, No.9, pp.1769-77, ISSN 1573-
7225.

Cui, R,; Okada, Y.; Jang, S.G.; Ku, J.L.; Park, ].G.; Kamatani, Y.; Hosono, N.; Tsunoda, T;
Kumar, V.; Tanikawa, C.; Kamatani, N.; Yamada, R.; Kubo, M.; Nakamura, Y.;
Matsuda, K. (2011). Common variant in 6q26-q27 is associated with distal colon
cancer in an Asian population. Gut, Vol.60, No.6, pp.799-805, ISSN 1468-3288.

de la Chapelle, A. (2004). Genetic predisposition to colorectal cancer. Nature Reviews Cancer,
Vol.4, No.10, pp769-80, ISSN 1474-175X.

Des Guetz, G.; Mariani, P.; Cucherousset, J.; Benamoun, M.; Lagorce, C.; Sastre, X.; Le
Toumelin, P.; Uzzan, B.; Perret, G.Y.; Morere, J.F.; Breau, J.L; Fagard, R,;
Schischmanoff, P.O. (2007). Microsatellite instability and sensitivitiy to FOLFOX
treatment in metastatic colorectal cancer. Anticancer Research, Vol.27, No.4, pp.2715-
9, ISSN 1791-7530.

Dundar, M.; Caglayan, A.O.; Saatci, C.; Karaca, H.; Baskol, M.; Tahiri, S. & Ozkul, Y. (2007).
How the I1307K adenomatous polyposis coli gene variant contributes in the
assessment of risk of colorectal cancer, but not stomach cancer in a Turkish
population. Cancer Genetics & Cytogenetics, Vol.177, No.2, pp.95-77, ISSN 0165-4608.

Etienne-Grimaldi, M.C.; Milano, G.; Maindrault-Goebel, F.; Chibaudel, B.; Formento, J.L.;
Francoual, M.; Lledo, G.; Andre, T.; Mabro, M.; Mineur, L.; Flesch, M.; Carola, E. &
de Gramont, A. (2010). Methylenetetrahydrofolate reductase (MTHFR) gene
polymorphisms and FOLFOX response in colorectal cancer patients. British Journal
of Clinical Pharmacology, Vol.69, No.1, pp.58-66, ISSN 1365-2125.

Ewart-Toland, A.; Briassouli, P.; de Koning, J.P.; Mao, J.H.; Yuan, J.; Chan, F.; MacCarthy-
Morrogh, L.; Ponder, B.A,; Nagase, H. Burn, J; Ball, S; Almeida, M.;
Linardopoulous, S. & Balmain, A. (2003). Nature Genetics, Vol.34, No.4, pp.403-12,
ISSN 1061-4036.

Ewart-Toland, A.; Dai, Q.; Gao, Y.T.; Nagase, H.; Dunlop, M.G.; Farrington, S.M.; Barnetson,
R.A.; Anton-Culver, H.; Peel, D.; Ziogas, A.; Lin, D.; Miao, X.; Sun, T.; Ostrander,
E.A; Stanford, J.L.; Langlois, M.; Chan, J.M.; Yuan, J.; Harris, C.C.; Bowman, E.D,;
Clayman, G.L.; Lippman, S.M.; Lee, J.J.; Zheng, W. & Balmain, A. (2005). Aurora-
A/STK15 T+91A is a general low penetrance cancer susceptibility gene: a meta-
analysis of multiple cancer types. Carcinogenesis, Vol.26, No.8, pp1368-73, ISSN
1460-2180.

Farrington, S.M. Tenesa, A.; Barnetson, R.; Wiltshire, A.; Prendergast J.; Porteous, M.;
Campbell, H. & Dunlop, M.G. (2005). Germline susceptibility to colorectal cancer
due to base-excision repair gene defects. American Journal of Human Genetics, Vol.77,
No.1, pp.112-9, ISSN 0002-9297.

Felton, K.E,; Gilchrist, D.M.; & Andrew, S.E. (2007). Constitutive deficiency in DNA
mismatch repair: is it time for Lynch III? Clinical Genetics, Vol.71, No.6, pp.499-500,
ISSN 1339-0004.

Filipe, B.; Baltazar, C.; Albuquerque, C.; Fragosi, S.; Lage, P.; Vitoriano, I.; Mao de Ferro, S.;
Claro, I.; Rodrigues, P.; Fidalgo, P.; Chaves, P.; Cravo, M. & Nobre Leitao, C.
(2009). APC or MUTYH mutations account for the majority of clinically well-
characterized families with FAP or AFAP phenotype and patients with more than
30 adenomas. Clinical Genetics, Vol.76, No.3, pp.242-55. ISSN 1399-0004.

www.intechopen.com



Germline Genetics in Colorectal Cancer Susceptibility and Prognosis 27

Fleming, J.L.; Huang, T.H. & Toland, A.E. (2008). The role of parental and grandparental
epigenetic alterations in familial cancer risk. Cancer Research, Vol.68, No.22,
pp-9116-21, ISSN 1538-7445.

Gallione, C.; Aylsworth, A.S.; Beis, J.; Berk, T.; Bernhardt, B.; Clark, R.D.; Clericuzio, C.;
Danesino, C.; Drautz, J.; Fahl, J.; Fan, Z.; Faughman, M.E.; Ganguly, A.; Garvie, J.;
Henderson, K.; Kini, U.; Leedom, T.; Ludman, M.; Luz, A.; Maisenbacher, M.;
Mazzucco, S.; Olivieri, C.; van Amstel, ] K.Pl; Prigoda-Lee, N.; Pyeritz, R.E.;
Reardon, W.; Vandezande, K., Waldman, ].D.; White, R.I; Williams, C.A. &
Marchuck, D.A. (2010). Overlapping spectra of SMAD4 mutations in juvenile
polyposis (JP) and JP-HHT syndrome. American Journal of Medical Genetics Part A,
Vol.152A, No.2, pp333-9, ISSN 1552-4833.

Ghazi, S.; von Holst, S.; Picelli, S.; Linforss, U.; Tenesa, A.; Farrington, S.M.; Campbell, H.;
Dunlop, M.G.; Papadogiannakis, N.; Lindblom, A.; Low-Risk Colorectal Cancer
Study Group. (2010). Colorectal cancer susceptibility loci in a population-based
study:Associations with morphological parameters. American Journal of Pathology,
Vol.177, No.6, pp.2688-93, ISSN 0002-9440.

Gomez-Fernandez, N.; Castellvi-Bel, S.; Fernandez-Rozadilla, C.; Balaguer, F.; Munoz, J.;
Madrigal, I.; Mila, M.; Grana, B.; Vega, A.; Castells, A.; Carracedo, A. & Ruiz-Ponte,
C. (2009). Molecular analysis of the APC and MUTYH genes in Galician and
Catalonian FAP families: a different spectrum of mutations? BMC Medical
Genetics, Vol.10, pp.57, ISSN 1471-2350.

Goodenberger, M. & Lindor, N. (2011). Lynch syndrome and MYH-associated polyposis:
review and testing strategy. Journal of Clinical Gastroenterology, Vol.45, No.6, pp.488-
500, ISSN 0192-0790.

Gruber, S.B.; Ellis, N.A.; Scott, K.K.; Almog, R.; Kolachana, P.; Bonner, J.D.; Kirchoff, T.;
Tomsho, L.P; Nafa, K.; Pierce, H.; Low, M.; Satagopabh, J.; Rennert, H.; Huang, H,;
Greenson, J.K.; Groden, J.; Rapaport, B.; Shia, J.; Johnson, S.; Gergersen, P.K,;
Harris, C.C; Boyd, J.; Rennert, G. & Offit, K. (2002). BLM heterozygosity and the
risk of colorectal cancer. Science, Vol.297, No0.5589, ISSN 1095-9203.

Gryfe, R.; Di Nicola, N.; Lal, G.; Gallinger, S. & Redston, M. (1999). Inherited colorectal
polyposis and cancer risk of the APC I1307K polymorphism. American Journal of
Human Genetics, Vol.64, No.2, pp.378-84, ISSN 0002-9297.

Haiman, C.A.; Le Marchand, L.; Yamamato, ]J.; Stram, D.O.; Sheng, X.; Kolonel, L.N.; Wu,
AH.; Reich, D. & Henderson, B.E. (2007). A common genetic risk factor for
colorectal and prostate cancer. Nature Genetics, Vol.39, No.8, pp.954-6, ISSN 1061-
4036.

Hampel H.; Frankel, W.L.; Martin, E.; Arnold, M.; Khanduja, K.; Kuebler, P.; Clendenning,
M.; Sotamaa, K.; Prior, T., Westman, J.A.; Panescu, J.; Fix, D.; Lockman, J.;
LaJeunesse, ], Comeras, I. & de la Chapelle, A. (2008). Feasibility of screening for
Lynch syndrome among patients with colorectal cancer. Journal of Clinical Oncology,
Vol.26, No.35, pp.5783-8, ISSN 1527-7755.

Handra-Luca, A.; Condroyer, C.; de Moncuit, C.; Tepper, M.; Flejou, J.-F.; Thomas, G. &
Olschwang, S. (2005). Vessels’ morphology in SMAD4 and BMPR1A-related
juvenile polyposis. American Journal of Medical Genetics Part A, Vol.138A, No.2,
pp-113-117, ISSN 1552-4833.

www.intechopen.com



28 Colorectal Cancer Biology — From Genes to Tumor

He, J.; Wilkens, L.R.; Stram, D.O.; Kolonel, L.N.; Henderson, B.E.; Wu, A.H.; Le Marchand,
L. & Haiman, C.A. (2011). Generalizability and epidemiologic characterization of
eleven colorectal cancer GWAS hits in multiple populations. Cancer Epidemiology,
Biomarkers & Prevention, Vol.20, No.1, pp.70-81, ISSN 1055-9965.

Hearle, N.; Schumacher, V.; Menko, F.H.; Olschwang, S.; Boardman, L.A.; Gille, ].J.P.; Keller,
J.J., Westerman, A.M.; Scott, R.J.; Lim, W.; Trimbath, J.D.; Giardiello, F.M.; Gruber,
S.B.; Offerhaus, G.J.A.; de Rooij, FW.M.; Wilson, ].H.P.; Hansmann, A.; Moslein,
G.; Royer-Polora, B.; Voget, T.; Phillips, R.K.S.; Spigelman, A.D. & Houlston, R.S.
(2006). Frequency and sprectrum of cancers in the Peutz-Jeghers syndrome. Clinical
Cancer Research, Vol.12, No.10, pp.3209-15, ISSN 1557-3265.

Houlston, R.S; Webb, E.; Broderick, P.; Pittman, A.M.; Di Bernardo, M.C.; Lubbe, S;
Chandler, I; Vijayakrishnan, J.; Sullivan, K., Penegar, S.; Colorectal Cancer
Association Study Consortium, Carvajal-Carmona, L.; Howarth, K.; Jaeger, E.;
Spain, S.L.; Walther, A.; Barclay, E.; Martin, L.; Gorman, M.; Domingo, E.; Teixeira,
A.S.; CoRGI Consortium, Kerr, D.; Cazier, ].B.; Nittymaki, I.; Tuupanen, S.; Karhu,
A.; Aaltonen, L.A.; Tomlinson, I.P.; Farrington, S.M.; Tenesa, A.; Prendergast, ].G.;
Barnetson, R.A.; Cetnarskyj, R.; Poretous, M.E.; Paroah, P.D.; Koessler, T.; Hampe,
J.; Buch, S.; Schafmayer, C.; Tepel, J.; Schreiber, S.; Volzke, H.; Chang-Claude, J.;
Hoffmeister, M.; Brenner, H.; Zanke, B.W.; Montpetit, A.; Hudson, T.J.; Gallinger,
S.; International Colorectal Cancer Genetic Association Consortium, Campbell, H.;
Dunlop, M.G. (2008). Meta-analysis of genome-wide association data identifies
four new susceptibility loci for colorectal cancer. Nature Genetics, Vol. 40, No.12,
pp-1426-35, ISSN 1061-4036.

Houlston, R.S.; Cheadle, J.; Dobbins, S.E.; Tenesa, A.; Jones, A.M.; Howarth, K.; Spain, S.L;
Broderick, P.; Domingo, E.; Farrington, S.; Prendergast, ].G.; Pittman, A.M.
Theodoratou, E.; Smith, C.G.; Olver, B.; Walther, A.; Barnetson, R.A.; Churchman,
M.; Jaeger, E.E.; Penegar, S.; Barclay, E.; Martin, L.; Gorman, M.; Mager, R.;
Johnstone, E.; Midgley, R.; Nittymaki, I. Tuupanen, S.; Colley, J.; Idziaszczyk, S.;
COGENT Consortium; Thomas, H.J.; Lucassen, A.M.; Evans, D.G.; Maher, E.R.;
CORGI Consortium; COIN Collaborative Group; COINB Collaborative Group,
Maughan, T.; Dimas, A. Dermitzakis, E.; Cazier, ].B.; Aaltonen, L.A.; Pharoah, P.;
Kerr, D.J.; Carvajal-Carmona, L.G.; Campbell, H.; Dunlop, M.G. & Tomlinson, I.P.
(2010). Meta-analysis of three genome-wide association studies identifies loci for
colorectal cancer at 1q41, 3q26.2, 12q13.13 and 20q13.33. Nature Genetics, Vol.42,
No.11, pp.973-7, ISSN 1061-4036.

Houlston, R.S. & Tomlinson, I.LP.M. (2001). Polymorphisms and colorectal cancer risk.
Gastroenterology, Vol.121, No.2, pp.282-301, ISSN 0016-5085.

Jaeger, E.; Webb, E.; Howarth, K.; Carvajal-Carmona, L.; Rowan, A.; Broderick, P.; Walther,
A.; Spain, S.; Pittman, A.; Kemp, Z.; Sullivan, K, Heinimann, K.; Lubbe, S.;
Domingo, E.; Barclay, E.; Martin, L.; Gorman, M.; Chandler, I.; Vijayakrishnan, J.;
Wood, W.; Papaemmanuil, E.; Penegar, S.; Qureshi, M., CORGI Consortium;
Farrington, S.; Tenesa, A.; Cazier, ].B.; Kerr, D.; Gray, R.; Peto, J.; Dunlop, M,;
Campbell, H.; Thomas, H.; Houlston, R.; & Tomlinson, I. (2008). Common genetic
variants at the CRAC1 (HMPS) locus on chromosome 15q13.3 influence colorectal
cancer risk. Nature Genetics, Vol.40, No.1, pp.26-8, ISSN 1061-4036.

www.intechopen.com



Germline Genetics in Colorectal Cancer Susceptibility and Prognosis 29

Jasperson, KW.; Tuohy, T.M.; Neklason, D.W. & Burt, RW. (2010). Hereditary and familial
colon cancer. Gastroenterology, Vol.138, No.6, pp.2044-58, ISSN 0016-5085.

Jass, J.R.; Cottier, D.S.; Jeevaratnam, P.; Pokos, V.; Holdaway, K.M.; Bowden, MI.L. Van de
Water, N.S. & Browett, P.J. (1995). Diagnostic use of microsatellite instability in
hereditary non-polyposis colorectal cancer. Lancet, Vol.346, No.8984, pp.1200-1,
ISSN 0140-6736.

Jones, ].S.; Chi, X,; Gu, X.; Lynch, P.M.; Amos, C.I. & Frazier, M.L. (2004). P53 polymorphism
and age of onset of hereditary nonpolyposis colorectal cancer in a Caucasian
population. Clinical Cancer Research, Vol.10, No.17, pp.5845-9, ISSN 1557-3265.

Jones, N.; Vogt, S.; Nielsen, M.; Christian, D.; Wark, P.A.; Ecceles, D.; Edwards, E.; Evans,
D.G.; Maher, E.R;; Vasen, HF; Hes, FJ; Aretz, S. & Sampson, ]J.R. (2009).
Increeased colorectal cancer incidence in obligate carriers of heterozygous
mutations in MUTYH. Gastroenterology, Vol.137, No.2, pp.489-94, ISSN 0016-5085.

Joshi, A.D.; Corral, R.; Siegmund, K.D.; Haile, RW.; Le Marchard, L.; Martinez, M.E,;
Ahnen, D.J.; Sandler, R.S;; Lance, P. & Stern, M.C. (2009). Red meat and poultry
intake, polymorphisms in the nucleotide excision repair and mismatch repair
pathways and colorectal cancer risk. Carcinogenesis, Vol.30, No.3, pp.472-9, ISSN
1460-2180.

Kalady, M,; Jarrar, A.; Leach, B.; LaGuardia, L.; O’'Malley, M.; Eng, C. & Church, J. (2011).
Defining phenotypes and cancer risk in hyperplastic polyposis syndrome. Diseases
of the Colon & Rectum, Vol.54, No.2, ISSN 0012-3706.

Kaz, A M. & Brentnall, T.A. (2006). Genetic testing for colon cancer. Nature Clinical Practice
Gastroenterology and Hepatology, Vol.3, No.12, pp.670-9, ISSN 1743-4378.

Kempers, M.J.; Kuiper, R.P.; Ockeloen, C.W.; Chappuis, P.O.; Hutter, P.; Raner, N.;
Schackert, H.K.; Steinke, V.; Holinski-Feder, E.; Morak, M.; Kloor, M.; Buttner, R,;
Verwiel, E.T.; van Krieken, ].H.; Nagtegaal, I.D.; Goossens, M.; van der Post, R.S,;
Niessen, R.C.; Sijmons, R.H.; Kluijt, I.; Hogervorst, F.B.; Leter, EM.; Gille, ]J.J.; Aalfs,
CM.; Redkere, E.J.; Hes, E.J.; Tops, C.M.; van Nesselrooij, B.P.; van Gijn, M.E.;
Gomez Garcia, E.B.; Eccles, D.M.; Bunyan, D.J.; Syngal, S.; Stoffel, EIM.; Culber,
J.O.; Palomares, M.R.; Garham, T.; Velsher, L.; Papp, J.; Olah, E.; Chan, T.L.; Leung,
S.Y.; van Kessel, A.G.; Kiemeney, L.A.; Hoogerbrugge, N. & Ligtenberg, M.].
(2011). Risk of colorectal and endometrial cancers in EPCAM deletion-positive
Lynch syndrome: a cohort study. Lancet Oncology, Vol.12, No.1, pp.49-55, ISSN
1470-2045.

Kilpivaara, O.; Alhopuro, P.; Vaheristo, P.; Aaltonen, L.A. & Nevanlinna, H. (2006). CHEK2
I157T associates with familial and sporadic colorectal cancers. Journal of Medical
Genetics, Vol.43, No.7, p.e34, ISSN 1468-6244.

Kokko, A.; Laiho, P.; Lehtonen, R.; Korja, S.; Carvajal-Carmona, L.G.; Jarvinen, H.; Mecklin,
J.P.; Eng, C.; Schleutker, J.; Tomlinson, I.; Vahteristo, P. & Aaltonen, L.A. (2006).
EPHB2 germline variants in patients with colorectal cancer or hyperplastic
polyposis. BMC Cancer, Vol.6, pp.145. ISSN 1471-2407.

Lage, P.; Cravo, M.; Sousa, R.; Chaves, P.; Salazar, M.; Fonseca, R.; Claro, I.; Suspiro, A.;
Rodrigues, P.; Raposo, H.; Fidalgo, P. & Nobre-Leitao, C. (2004). Management of
Portugese patients with hyperplastic polyposis and screening of at-risk first-degree
relatives: a contribution for future guidelines based on a clinical study. American
Journal of Gastroenterology, Vol.99, No.9, pp.1779-84, ISSN 0002-9270.

www.intechopen.com



30 Colorectal Cancer Biology — From Genes to Tumor

Laken, S.J.; Petersen, G.M.; Gruber, S.B.; Oddoux, C.; Ostrer, H.; Giardiello, F.M.; Hamilton,
S.R.; Hampel, H.; Markowitz, A.; Klimstra, D.; Jhanwar, S.; Winawer, S.; Offit,
K. Luce, M.C,; Kinzler, KW. & Vogelstein, B. (1997). Familial colorectal cancer in
Ashkenazim due to a hypermutable tract in APC. Nature Genetics, Vol.17, No.,
pp-79-83, ISSN 1061-4036.

Lamas, M.].; Duran, G.; Balboa, E.; Bernardez, B.; Touris, M.; Vidal, Y.; Gallardo, E.; Lopez,
R.; Carracedo, A. & Barros, F. (2011). Use of a comprehensive panel of biomarkers
to predict response to a fluorouracil-oxaliplatin regimen in patients with metastatic
colorectal cancer. Pharmacogenomics, Vol.12, No.3, pp. 433-442, ISSN 1462-2416.

Lammi, L.; Arte, S.; Somer, M.; Jarvinen, H.; Lahermo, P.; Thesleff, I.; Pirinen, S.; Nieminen,
P. (2004). Mutations in AXIN2 cause familial tooth agenesis and predispose to
colorectal cancer. American Journal of Human Genetics, Vol.74, No.5, pp.1043-50,
ISSN 0002-9297.

Li, L.; Eng, C.; Desnick, R.J.; German, J. & Ellis, N.A. (1998). Carrier frequency of the Bloom
syndrome blmAsh mutation in the Ashkenazi Jewish population. Molecular
Genetics and Metabolism, Vol.64, No.4, pp.286-90, ISSN 1096-7192.

Lichtenstein, P.; Holm, N.V.; Verkasalo, N.V.; Iliadou, A. Kaprio, ].; Koskenvuo, M,
Pukkala, E.; Skytthe, A. & Hemminki, K. (2000). Environmental and
heritablefactors in the causation of cancer: analyses of cohorts of twins from
Sweden, Denmark, and Finland. New England Journal of Medicine, Vol.343, No.2,
pp-78-84, ISSN 1533-4406.

Lim, W.; Hearle, N.; Shah, B.; Murday, V.; Hodgson, S.V.; Lucassen, A.; Eccles, D.; Talbot, I.;
Neale, K.; Lim, A.G.; O’'Donohue, J.; Donaldson, A.; Macdonald, R.C.; Young, 1.D;
Robinson, M.H.; Lee, P.W.; Stoodley, B.J.; Tomlinson, I.; Alderson, D.; Holbrook,
A.Gl; Vyas, S.; Swarbrick, E.T.; Lewis, A.A.; Phillips, R K. & Houlston, R.S. (2003).
Further observations on LKB1/STK11 status and cancer risk in Peutz-Jeghers
syndrome. British Journal of Cancer, Vol.98, No.2, pp.308-13, ISSN 0007-0920.

Lindor, N.M.; Rabe, K.; Petersen, G.M.; Haile, R.; Casey, G.; Baron, ].; Gallinger, S.; Bapat, S.;
Aronson, M.; Hopper, J.; Jass, J.; LeMarchand, L.; Grove, J.; Potter, ].; Newcomb, P.;
Terdiman, J.P.; Conrad, P.; Moslein, G.; Goldberg, R.; Ziogas, A.; Anton-Culver, H,;
de Andrade, M.; Siegmund, K.; Thibodeau, S.N.; Boardman, L.A. & Seminara, D.
(2005).Lower cancer incidence in Amsterdam-I criteria families without mismatch
repair deficiency: familial colorectal cancer type X. JAMA, Vol.293, No.16, pp.1979-
85, ISSN 0098-7484.

Lubbe, S.J.; Di Bernardo, M.C.; Chandler, I.P. & Houlston, R.S. (2009). Clinical implications
of the colorectal cancer risk associated with MUTYH mutation. Journal of Clinical
Oncology, Vol.27, No.23, pp.3975-80, ISSN 1527-7755.

Lynch, H. & de la Chapelle, A. (2003). Hereditary colorectal cancer, New England Journal of
Medicine, Vol.348, No.10, pp.919-32, ISSN 1533-4406.

Merg, A. & Howe, J.R. (2004). Genetic conditions associated with intestinal juvenile polyps.
American Journal of Medical Genetics, Vol.129¢, No. 1, pp.44-55, ISSN 1552-4825.

Murphy, K.M.; Zhang, S.; Geiger, T.; Hafez, M.].; Bacher, J.; Berg, K.D. & Eshleman, J.R.
(2006). Journal of Molecular Diagnostics, Vol.8, No.3, pp.305-11, ISSN 1525-1578.

Nagase, H.; Mao, ].H.; de Koning, J.P. Minami, T. & Balmain. A. (2001). Epistatic interactions
between skin tumor modifier loci in interspecific (spretus/musculus) backcross
mice. Cancer Research, Vol.61, No.4, pp.1305-8, ISSN 1538-7445.

www.intechopen.com



Germline Genetics in Colorectal Cancer Susceptibility and Prognosis 31

Nejda, N.; Iglesias, D.; Moreno Azcoita, M.; Medina Arana, V.; Gonzalez-Aguilera, J.J. &
Prenandez-Peralta, A.M. (2009). A MLH1 polymorphism that increase cancer risk is
associated with better outcome in sporadic cancer. Cancer Genetics & Cytogenetics,
Vol.193, No.2, pp.71-7, ISSN 0165-4608.

Nielsen, M.; Hes, F.].; Nagengast, F.M.; Weiss, M.M.; Mathus-Vliegen, E.M.; Morreau, H.;
Breuning, M.H.; Wijnen, ].T.; Tops, C.M.J.; Vasen, H.F.A. (2007). Germline
mutations in APC and MUTYH are responsible for the majority of families with
attenuated familial adenomatous polyposis. Clinical Genetics, Vol. 71, No.5, pp.427-
33. ISSN 1399-0004.

Nielsen, M.; van Steenbergen, L.N.; Jones, N.; Vogt, S.; Vasen, H.F.A.; Morreau, H.; Aretz, S.;
Sampson, J.R.; Dekkers, O.M.; Janssen-Heijnen, M.L.G. & Hes, F.J. (2010). Survival
of MUTYH-associated polyposis patients with colorectal cancer and matched
control colorectal cancer patients. Journal of the National Cancer Institute, Vol.102,
No.22, pp.1724-1730, ISSN 1460-2105.

Niessen, R.C.; Hofstra, R.M.; Westers, H.; Ligtenberg, M.].; Kooi, K.; Jager, P.O.; de Groote,
M.L.; Dijkhuizen, T.; Olderode-Berends, M.J.; Hollema, H.; Kleibeuker, J.H.&
Sijmons, R.H. (2009a). Germline hypermethylation of MLH1 and EPCAM deletions
are a frequent cause of Lynch syndrome. Genes Chromosomes Cancer, Vol.48, No.8,
pp-737-44, ISSN 1098-2264.

Niessen, R.C.; Kleibeuker, ].H.; Westers, H.; Jager, P.O.; Roseveld, D.; Bos, KK.; Boersma-
van Ek, W.; Hollema, H.; Sijmons, R.H. & Hofstra, R.M. (2009b). PMS2 involement
in patients suspected of Lynch syndrome. Genes Chromosomes Cancer, Vol.48,
No.4, pp.322-9, ISSN 1098-2264.

Norat, T.; Lukanova, A.; Ferrari, P. & Riboli, E. (2002). Meat consumption and colorectal
cancer risk: dose-dependent meta-analysis of epidemiological studies. International
Journal of Cancer, Vol.98, No.2, pp.241-56, ISSN 1097-0215.

Peterson, G.M.; Slack, J.; Nakamura, Y. (1991). Screening guidelines and premorbid
diagnosis of familial adenomatous polyposis using linkage. Gastroenterology,
Vol.100, No.6, pp. 1658-64, ISSN 0016-5085.

Petersen, G.M.; Brensinger, J.D.; Johnson, K.A. & Giardiello, F.M. (1999). Genetic testing and
counseling for hereditary forms of colorectal cancer. Cancer, Vol.86, No. 11Suppl,
pp-2450-50, ISSN 1097-0142.

Pischon, T.; Lahmann, P.H., Boening, H.; Friedenreich, C.; Norat, T, Tjonneland, A.;
Halkjaer, J.; Overvad, K.; Clavel-Chapelon, F.; Boutron-Rualut, M.C.; Guernec, G,;
Bergmann, M.M.; Linseisen, ].; Becker, N.; Trichopoulou, A.; Trichopoulos, D.;
Sieri, S.; Palli, D.; Tumino, R.; Vineis, P., Panico, S.; Peeters, P.H.; Bueno-de-
Mesquita, H.B.; Boshuizen, H.C.; Van Guelpen, B.; Palmqvist, R.; Berglund, G.;
Gonzalez, C.A.; Dorronsoro, M.; Barricarte, A.; Navarro, C.; Martinez, C.; Quiros,
J.R,; roddam, A.; Allen, N.; Bingham, S.; Khaw, K.T; Ferrari, P.; Kaaks, R.; Slimani,
N. & Riboli, E. (2006). Body size and risk of colon and rectal cancer in the European
Prospective Investigation into cancer and nutrition (EPIC). Journal of the National
Cancer Institute, Vol.98, No.13, pp.320-31, ISSN 1460-2105.

Pittman, A.M.; Webb, E.; Carvajal-Carmona, L.; Howarth, K.; Di Bernardo, M.C.; Broderick,
P.; Spain, S.; Walther, A.; Price, A,; Sullivan, K.; Twiss, P.; Fielding, S.; Rowan, A;
Jaeger, E.; Vijayakrishnan, J.; Chandler, I.; Penegar, S.; Qureshi, M.; Lubbe, S,;
Domingo, E.; Kemp, Z.; Barclay, E.; Wood, W.; Martin, L.; Gorman, M.; Thomas,

www.intechopen.com



32 Colorectal Cancer Biology — From Genes to Tumor

H.; Peto, J.; Bishop, T.; Gray, R.; Maher, E.R.; Lucassen, A.; Kerr, D.; Evans, G.R;;
CORGI Consortium; van Wezel, T.; Morreau, H.; Wijnen, ].T.; Hopper, J.L.;
Southey, M.C.; Giles, G.G.; Severi, G.; Castellvi-Bel, S.; Ruiz-Ponte, C.; Carracedo,
A.; Castells, A.; EPICOLON Consortium; Forsti, A.; Hemminki, K.; Vodicka, P.;
Naccarati, A.; Lipton, L.; Ho, JW.; Cheng, K.K.; Sham, P.C.; Luk, J.; Agtandez, ].A,;
Ladero, ].M.; de la Hoya, M.; Caldés, T.; Niittymdki, I.; Tuupanen, S.; Karhu, A.;
Aaltonen, L.A.; Cazier, ].B., Tomlinson, LP. & Houlston, R.S. (2008).
Refinement of the basis and impact of common 11q23.1 variation to the risk of
developing colorectal cancer. Human Molecular Genetics, Vol.17, No.23, pp.3720-7,
ISSN 1460-2083.

Pomerantz, M.M., Ahmadiyeh, N.; Jia, L.; Herman, P.; Verzi, M.P.; Doddapaneni, H.;
Beckwith, C.A.; Chan, J.A.; Hills, A.; Davis, M.; Yao, K.; Kehoe, S.M.; Lenz, H.J.;
Haiman, C.A.; Yan, C.,; Henderson, B.E.; Frenkel, B.; Barretina, J., Bass, A,
Tabernero, J.; Baselga, J.; Regan, M.M.; Manak, J.R.; Shivdasani, R.; Coetzee, G.A. &
Freedman, M.L. (2009). The 8q24 cancer risk variant rs6983267 shows long-range
interaction with MYC in colorectal cancer. Nature Genetics, Vol.41, No.8, pp.882-4,
ISSN 1061-4036.

Poynter, J.N.; Figueiredo, J.C.; Conti, D.V.; Kennedy, K.; Gallinger, S.; Siegmund, K.D.;
Casey, G.; Thibodeau, S.N.; Jenkins, M.A.; Hopper, ]J.L.; Byrnes, G.B.; Baron, J.A.;
Goode, E.L.; Tiirikainen, M.; Lindor, N.; Grove, J.; Newcomb, P.; Jass, J.; Young, J.;
Potter, ].D.; Haile, RW.; Duggan, D.J.; Le Marchand, L. & Colon C.E.R. (2007).
Variants on 9p24 and 8q24 are associated with risk of colorectal cancer: results
from the Colon Cancer Family Registry. Cancer Research, Vol.63, No.23, pp.11128-
32, ISSN 1538-7445.

Raimondi, S.; Botteri, E.; lodice, S.; Lowenfels, A.B.; & Maisonneuve, P. (2009). Gene-
smoking interaction on colorectal adenoma and cancer risk: review and meta-
analysis. Mutation Research, Vol.670, No.1-2, pp.6-14, ISSN (0921-8262.

Ramsoekh, D.; Wagner, A.; van Leerdam, M.E.; Dooijes, D.; Tops, C.M>; Steyerberg, EW.;
Kuipers, E.J. (2009). Cancer risk in MLH1, MSH2, and MSH6 mutation carriers;
different risk profiles may influence clinical management. Hereditary Cancer in
Clinical Practice, Vol.23, No.1, pp.17, ISSN 1897-4287.

Ribic, C.M.; Sargent, D.J.; Moore, M.J.; Thibodeau, S.N.; French, A.].; Goldberg, R.M.;
Hamilton, S.R.; Laurent-Puig, P.; Gryfe, R.; Shepherd, L.E.; Tu, D.; Redston, M. &
Gallinger, S. (2003). Tumor microsatellite-instability status as a predictor of benefit
from flurouracil-based adjuvant chemotherapy for colon cancer. New England
Journal of Medicine, Vol.349, No.3, pp.247-57, ISSN 1533-4406.

Rio Frio, T.; Lavoie, J.; Hamel, N.; Geyer, F.C.; Kushner, Y.B.; Novak, D.J.; Wark, L.: Capelli,
C.; Reis-Filho, J.S.; Mai, S.; Pastinen, T.; Tischlowitz, M.D.; Marcus, V.A.& Foulkes,
W.D. (2010). Homozygous BUB1B Mutation and Susceptibility to Gastrointestinal
Neoplasia. New England Journal of Medicine, Vol.363, No.27, pp.2628-37, ISSN 1533-
4406.

Ruijs, M\W.G.; Verhoef, S.; Rookus, M.A.; Pruntel, R.; van der Hout, A.H.; Hogervorst,
F.B.L.; Kluijt, I; Sijmons, R.H.; Aalfs, CM.; Wagner, A.; Ausems, M.G.EM,;
Hoogerbrugge, N.; van Asperen, C.J.; Gomez Garcia, E.B.; Meijers-Heijboer, H.; ten
Kate, L.P.; Menko, F.H. & van’t Veer, L. (2010). TP53 germline mutation testing in
180 families suspected of Li-Fraumeni syndrome: mutation detection rate and

www.intechopen.com



Germline Genetics in Colorectal Cancer Susceptibility and Prognosis 33

relative frequency of cancers in different familial phenotypes. Journal of Medical
Genetics, Vol. 47, No.6, pp.421-428, ISSN 1468-6244.

Ruivenkamp, C.A.; van Wezel, T.; Zanon, C.,; Stassen, A.P.; Vlcek, C.; Csikos, T.; Klous,
AM.; Tripodis, N.; Perrakis, A.; Beorrigter, L.; Groot, P.C.; Lindeman, J.; Mooi,
W.J.; Meijer, G.A.; Scholten, G.; Dauwerse, H.; Paces, V.; van Zandwijk, N.; van
Ommen, G.J. & Demant, P. (2002). Ptprj is a candidate for the mosue colon-cancer
susceptibility locus Sccl and is frequently deleted in human cancers. Nature
Genetics, Vol.31, No.3, pp.295-300, ISSN 1061-4036.

Salovaara, R.; Loukola, A.; Kristo, P.; Kaariainen, H.; Ahtola, H.; Eskelinen, M.; Harkonen,
N.; Julkunen, R.; Kangas, E.; Ojala, S.; Tulikoura, J.; Valkamo, E.; Jarvinen, H.;
Mecklin, J.P.; Aaltonen, L.A. & de la Chapelle, A. (2000). Population-based
molecular detection of hereditary nonpolyposis colorectal cancer. Journal of Clinical
Oncology, Vol.18, No.11, pp.2193-200, ISSN 1527-7755.

Sanchez de Abajo, A.; de la Hoya, M.; Fodrino, J.; Furio, V.; Tosar, A.; Perez-Segura, P.;
Diaz-Ruibo, E. & Caldes T. (2005). The CHEK2 1100delC allele is not relevant for
risk assessment in HNPCC and HBCC Spanish Families. Familial Cancer, Vol.4,
No.2., pp.183-6, ISSN 1573-7292.

Senter, L.; Clendenning, M.; Sotamaa, K.; Hampel, H.; Green, ].; Potter, ].D.; Lindblom, A.;
Lagerstedt, K.; Thibodeau, S.N.; Lindor, N.M.; Young, J.; Winship, I.; Dowty, ].G.,
White, D.M.; Hopper, ].L.; Baglietto, L.; Jenkins, M.A. & de la Chapelle, A. (2008).
The clinical phenotype of Lynch syndrome due to germl-line PMS mutations.
Gastroenterology, Vol.135, No.2, pp.419-28, ISSN 0016-5085.

Talseth, B.A.; Ashton, K.A.; Meldrum, C.; Suchy, J.; Kurzawski, G.; Lubinski, J. & Scott, R.J.
(2008). Aurora-A and Cyclin D1 polymorphisms and the age of onset of colorectal
cancer in hereditary nonpolyposis colorectal cancer. International Journal of
Cancer, Vol.122, No.6, pp.1273-7, ISSN 1097-0215.

Talseth-Palmer, B.A.; McPhillips, M.; Groombridge, C.; Spigelman, A. & Scott, R.J. (2010).
MSH6 and PMS2 mutation positive Australian Lynch syndrome families: novel
mutations, cancer risk and age of diagnosis of colorectal cancer. Hereditary Cancer
in Clinical Practice, Vol.8, No.1, p.5. ISSN 1897-4287.

Tenesa, A.; Campbell, H.; Barnetson, R.; Porteous, M.; Dunlop, M. & Farrington, S.M. (2006).
Association of MUTYH and colorectal cancer. British Journal of Cancer, Vol.95, No.2,
pp-239-42, ISSN 0007-0920.

Taylor, D.P.; Burt, RW.; Williams, M.S.; Haug, P.J. & Cannon-Albright, L.A. (2010).
Population-based family history specific risks for colorectal cancer: a constellation
approach. Gastroenterology, Vol.138, No.3, pp.877-85, ISSN 0016-5085.

Tenesa, A.; Farrington, S.M.; Prendergast, ].G.; Porteous, M.E.; Walker, M.; Haq, N.;
Barnetson, R.A.; Theodoratou, E.; Cetnarskyj, R.; Cartwright, N.;, Semple, C.;
Clark, A.].; Reid, F.J.; Smith, L.A.; Kavoussanakis, K.; Koessler, T.; Pharoah, P.D.;
Buch, S.; Schafmayer, C.; Tepel, J., Schreiber, S; Volzke, H.; Schmidt, C.O.;Hampe,
J.; Chang-Claude, J.; Hoffmeister, M.; Brenner, H.; Wilkening, S.; Canzian, F.;
Capella, G.; Moreno, V.; Deary, L.].; Starr, ].M.; Tomlinson, I.P.; Kemp, Z.; Howarth,
K.; Carvajal-Carmona, L.; Webb, E.; Broderick, P.; Vijayakrishnan, J.; Houlston,
R.S.; Rennert, G.; Ballinger, D.; Rozek, L.; Gruber, S.B.; Matsuda, K.; Kidokoro, T.;
Nakamura, Y.; Zanke, B.W.; Greenwood, C.M.; Rangrej, ].; Kustra, R.; Montpetit,
A.; Hudson, T J.; Gallinger, S.; Campbell, H. & Dunlop, M.G. (2008). Genome-wide

www.intechopen.com



34 Colorectal Cancer Biology — From Genes to Tumor

association scan identifies a colorectal cancer susceptibility locus on 1123 and
replicates risk loci at 8q24 and 18q21. Nature Genetics, Vol.40, No.5, pp.631-7,
ISSN 1061-4036.

Tenesa, A. & Dunlop, M.G. (2009). New insights into the aetiology of colorectal cancer from
genome-wide association studies. Nature Reviews in Genetics, Vol.10, No.6, pp.353-8,
ISSN 1471-0056.

Tenesa, A.; Theodoratou, E.; Din, F.V.N.; Farrington, S.M.; Cetnarskyj, R.; Barnetson, R.A.;
Porteous, M.E.; Campbell, H. & Dunlop, M.G. (2010). Ten common genetic variants
associated with colorectal cancer risk are not associated with survival after
diagnosis. Clinical Cancer Research, Vol.16, No.10, pp.3754-9, ISSN 1557-3265.

Theodoratou, E.; Campbell, H.; Tenesa, A.; Houlston, R.; Webb, E.; Lubbe, S.; Broderick, P.;
Gallinger, S.; Croitoru, E.M.; Jenkins, M.A.; Win, A.K,; Cleary, S.P.; Koessler, T.;
Pharoah, P.D.; Kiiry, S.; Bézieau, S.; Buecher, B.; Ellis, N.A.; Peterlongo, P.; Offit,
K.; Aaltonen, L.A.; Enholm, S; Lindblom, A.; Zhou, X.L.; Tomlinson, I.P.; Moreno,
V.; Blanco, I; Capella, G. Barnetson, R.; Porteous, M.E,; Dunlop, M.G. &
Farrington, S.M. (2010). A large-scale meta-analysis to refine colorectal cancer risk
associated with MUTHY variants. British Journal of Cancer, Vol.103, No.12, pp.1875-
84, ISSN 0007-0920.

Toland, A.E.; Rozek, L.S.; Presswala, S.; Rennert, G.; Gruber, S.B. PTPR] haplotypes and
colorectal cancer risk. (2008). Cancer Epidemiology, Biomarkers & Prevention, Vol.17,
No.10, pp.2782-5, ISSN 1055-9965.

Tomlinson, I.; Webb, E.; Carvajal-Carmona, L.; Broderick, P.; Kemp, Z., Spain, S.; Penegar,
S.; Chandler, I.; Gorman, M.; Wood, W.; Barclay, E.; Lubbe, S.; Martin, L.; Sellick,
G.; Jaeger, E.; Hubner, R.; Wild, R.; Rowan, A.; Fielding, S.; Howarth, K.; CORGI
Consortium; Silver, A.; Atkin, W.; Muir, K,; Logan, R.; Kerr, D.; Johnstone, E.;
Sieber, O.; Gray, R.; Thomas, H.; Peto, J.; Cazier, ].B. & Houlston, R. (2007). A
genome-wide association scan of tag SNPs identifies a susceptibility variant for
colorectal cancer at 8q24.21. Nature Genetics, Vol.39, No.8, pp.984-8, ISSN 1061-4036.

Tomlinson, I.P.; Webb, E.; Carvajal-Carmona, L.; Broderick, P.; Howarth, K.; Pittman, A.M.;
Spain, S.; Lubbe, S.; Walther, A.; Sullivan, K.; Jaeger, E.; Fielding, S.; Rowan, A,;
Vijayakrishnan, J.; Domingo, E.; Chandler, I.; Kemp, Z.; Qureshi, M.; Farrington,
S.M.; Tenesa, A.; Prendergast, ].G.; Barnetson, R.A.; Penegar, S.; Barclay, E.; Wood,
W.; Martin, L.; Gorman, M.; Thomas, H.; Peto, ]J.; Bishop, D.T.; Gray, R.; Maher,
E.R,; Lucassen, A.; Kerr, D.; Evans, D.G.; CORGI Consortium; Schafmayer, C.;
Buch, S.; Volzke, H.; Hampe, J.; Schreiber, S.; John, U.; Koessler, T.; Pharoah, P.;
van Wezel, T.; Morreau, H.; Wijnen, J.T.; Hopper, J.L.; Southey, M.C,; Giles, G.G,;
Severi, G.; Castellvi-Bel, S.; Ruiz-Ponte, C.; Carracedo, A.; Castells, A.; EPICOLON
Consortium; Forsti, A.; Hemminki, K.; Vodicka, P.; Naccarati, A.; Lipton, L.; Ho,
J.W.; Cheng, K K,; Sham, P.C; Luk, J.; Agandez, ]J.A.; Ladero, ].M.; de la Hoya, M.;
Caldés, T.; Niittymdki, I.; Tuupanen, S.; Karhu, A.; Aaltonen, L.; Cazier, ].B.;
Campbell, H.; Dunlop, M.G. & Houlston, R.S. (2008). A genome-wide association
study identifies colorectal cancer susceptibility loci on chromosomes 10p14 and
8q23.3. Nature Genetics, Vol.40, No.5, pp.623-30, ISSN 1061-4036.

Tresallet C.; Brouquet, A.; Julie, C.; Beauchet, A.; Vallot, C; Menegaux, F.; Mitry, E,;
Radvanyi, F.; Malafosse, R.; Rougier, P.; Nordlinger, B.; Laurent-Puig, P.; Boileau,
C.; Emile, J.-F.; Muti, C.; Penna, C.; Hofmann-Radvanyi, H. (2011). Evaluation of

www.intechopen.com



Germline Genetics in Colorectal Cancer Susceptibility and Prognosis 35

predictive models for the identification in daily practice of patients with Lynch
syndrome. International Journal of Cancer, E-pub ahead of print, ISSN 1097-0215.

Tuupanen, S.; Turunen, M.; Lehtonen, R.; Hallikas, O.; Vanharanta, S.; Kivioja, T.; Bjorklund,
M.; Wei, G.; Yan, J.; Nittymaki, I.; Mecklin, J.P.; Jarvinen, H.; Ristimaki, A.; Di-
Bernardo, M.; East, P.; Carvajal-Carmona, L.; Houlston, R.S.; Tomlinson, I.; Palin,
K.; Ukkonen, E.; Karhu, A. Taipale, J.; Aaltonen, L.A. (2009). The common
colorectal cancer predisposition SNP rs6983267 at chromosome 8q24 confers
potential to enhanced Wnt signaling. Nature Genetics, Vol.41, No.8, pp.885-90, ISSN
1061-4036.

Umar, A.; Boland, C.R.; Terdiman, J.P.; Syngal, S.; de la Chapelle, A.; Ruschoff, J.; Fishel, R.;
Lindor, N.M.; Burgart, L.J; Hamelin, R.; Hamilton, S.R.; Hiatt, R.A.; Jass,
J,Lindblom, A.; Lynch, H.T.; Peltomaki, P.; Ramsey, S.D.; Rodriguez-Bigas, M.A.;
Vasen, H.F.; Hawk, E.T.; Barrett, ].C.; Freedman, A.N. & Srivastava, S. (2004).
Revised Bethesda guidelines for hereditary nonpolyposis colorectal cancer (Lynch
syndrome) and microsatellite instability. Journal of the National Cancer Institute,
Vol.96, No.4, pp.261-8, ISSN 1460-2105.

Van Lier, M.G.; Wagner, A.; Mathus-Vliegen, E.M.; Kuipers, E].; Steyerberg, EW.; van
Leerdam, M.E. (2010). High cancer risk in Peutz-Jeghers syndrome: a systematic
review and surveillance recommendations. American Journal of Gastroenterology,
Vol.105, No.6, pp.1258-1264, ISSN 0002-9270.

Van Lier, M.G.F.; Westerman, A.M.; Wagner, A.; Looman, CW.N.; Wilson, ].H.P. de Rooij,
F.W.M.; Lemmens, V.E.P.P.; Kuipers, E.]J.; Mathus-Vliegen, EM.H. & van Leerdam,
M.E. (2011). High cancer risk and increased mortality in patients with Peutz-
Jeghers syndrome. Gut, Vol. 60, No. pp.141-7, ISSN 1468-3288.

Van Wezel, T.; Stassen, A.P.; Moen, C.J.; Hart, A.A. van der Val, M.A. & Demant, P. (1996).
Gene interaction and single gene effects in colon tumour susceptibility in mice.
Nature Genetics, Vol.14, No.4, pp.468-70, ISSN 1061-4036.

Van Wezel, T.; Ruivenkamp, C.A.; Stassen, A.P.; Moen, C.J. & Demant, P. (1999). Four new
colon cancer susceptibility loci, Scc6 to Scc9 in the mouse. Cancer Research, Vol.59,
No.17, pp.4216-8, ISSN 1538-7445.

Vasen, H.F.; Mecklin, J.P.; Khan, P.M. & Lynch, H.T. (1991). The international collaborative
group on Hereditary Non-Polyposis Colorectal Cancer (ICG-HNPCC). Diseases  of
the Colon & Rectum, Vol.34, No.5, pp.424-5, ISSN 1530-0358.

Vasen, H.F.; Watson, P.; Mecklin, J.P.; Lynch, H.T. (1999). New clinical criteria for hereditary
nonpolyposis colorectal cancer (HNPCC, Lynch syndrome) proposed by the
International Collaborative group on HNPCC. Gastroenterology, Vol.116, No.15,
pp-1453-6, ISSN 0016-5085.

Volikos, E.; Robinson, J.; Aittomaki, K.; Mecklin, J.P.; Jarvinen, H., Westerman, A.M.; de
Rooji, FW.; Vogel, T.; Moeslein, G.; Launonen, V.; Tomlinson, I.P.; Silver, AR. &
Aaltonen, L.A. (2006). LKB1 exonic and whole gene deletions are a common cause
of Peutz-Jeghers syndrome. Journal of Medical Genetics, Vol.43, No.5, pp.el8, ISSN
1468-6244.

Wasielelewski, M.; Vasen, H.; Wijnen, J.; Hooning, M.; Dooijes, D.; Tops, C.; Klign, J.G,;
Meijers-Heijboer, H. & Schutte, M. (2008). CHEK2 1100delC is a susceptibility allele
for HNPCC-related colorectal cancer. Clinical Cancer Research, Vol.14, No.15, pp.
4989-94, ISSN 1557-3265.

www.intechopen.com



36 Colorectal Cancer Biology — From Genes to Tumor

Wimmer, K. & Kratz, C.P. (2010). Constitutional mismatch repair-deficiency syndrome.
Haematologica, Vol.95, No.5, pp.699-701, ISSN 1592-8721.

Xing, J.; Myers, R.; He, X.; Qu, F.; Zhou, F.; Ma, X;; Hylsop, T.; Bao, G.; Wan, S.; Yang, H.;
Chen, Z. (2011). GWAS-identified colorectal cancer susceptibility locus associates
with disease prognosis. European Journal of Cancer, Vol.47, No.11, pp.1699-707, ISSN
0959-8049.

Xiong, F.; Wu, C; Bi, X;; Yu, D.; Huang, L.; Xu, J.; Zhang, T.; Zhai, K; Chang, J.; Tan, W.;
Cai, J. & Lin D. (2011). Risk of Genome-Wide Association Study-Identified Genetic
Variants for Colorectal Cancer in a Chinese Population. Cancer Epidemiology,
Biomarkers &Prevention, Vol.19, No.7, pp.1855-61, ISSN 1538-775.

Young, J. & Jass, ].R. (2006). The case for a genetic predisposition to serrated neoplasia in the
colorectum: hypothesis and review of the literature. Cancer Epidemiology, Biomarkers
& Prevention, Vol.15, No.10, pp.1778-84, ISSN 1538-7755.

www.intechopen.com



Colorectal Cancer Biology - From Genes to Tumor

COLORECTAL Edited by Dr. Rajunor Ettarh
CANCER BIOLOGY

FROM GENES TO TUMOR

Edvted by Rajunas Eviarh

ISBN 978-953-51-0062-1

Hard cover, 446 pages

Publisher InTech

Published online 10, February, 2012
Published in print edition February, 2012

Colorectal cancer is a common disease, affecting millions worldwide and represents a global health problem.
Effective therapeutic solutions and control measures for the disease will come from the collective research
efforts of clinicians and scientists worldwide. This book presents the current status of the strides being made to
understand the fundamental scientific basis of colorectal cancer. It provides contributions from scientists,
clinicians and investigators from 20 different countries. The four sections of this volume examine the evidence
and data in relation to genes and various polymorphisms, tumor microenvironment and infections associated
with colorectal cancer. An increasingly better appreciation of the complex inter-connected basic biology of
colorectal cancer will translate into effective measures for management and treatment of the disease.
Research scientists and investigators as well as clinicians searching for a good understanding of the disease
will find this book useful.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Amanda Ewart Toland (2012). Germline Genetics in Colorectal Cancer Susceptibility and Prognosis, Colorectal
Cancer Biology - From Genes to Tumor, Dr. Rajunor Ettarh (Ed.), ISBN: 978-953-51-0062-1, InTech, Available
from: http://www.intechopen.com/books/colorectal-cancer-biology-from-genes-to-tumor/germline-genetics-in-
colorectal-cancer-susceptibility-and-prognosis

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBHIERFEK6SS iEEPrRE ARG DA E4058TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




