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Colorectal cancer is one of the most common malignant tumors. The frequency and potential for prevention
put colorectal cancer at the center of attention of oncologists around the world. Malignant transformation
is the result of the accumulation of mutations of numerous genes that are critical to regulating cell growth
and differentiation, either due to increasing of the rate of mutations or due to the damage of DNA repair
mechanisms. In this review, we discuss biology and genetics of colorectal cancer.
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INTRODUCTION

Colorectal cancer is one of the most common
malignant tumors, and in the world there are more
than 850000 people annually, and half a million
people die of colorectal cancer every year (1).
Colorectal cancer incidence begins to rise after 40
years of age, both in men and women. After the age
of 50, the frequency begins to increase rapidly. Of
all colorectal cancer, 92% are diagnosed in people
over the age of 50 and 12.5% of all colorectal cancers
are diagnosed in the 8th decade of life (2, 3).

Colorectal cancer is the second most common
malignant tumor in men, immediately after lung
cancer, with an incidence of 14%. It is also at the
second place in women, behind breast cancer,
with a frequency of 14%. In 2005, 1610 men and
1217 women were diagnosed with colorectal cancer
in Croatia. The incidence rate of newly diagnosed
colorectal cancer patients was 75.4 per 100,000 men
and 52.9 per 100,000 women. The highest incidence
in both sexes is between 80 and 84 years of age (4).
In the United States, colorectal cancer continues to
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be ranked third, both among men and women (2).

Given that the risk of colorectal cancer
increases with age, and the population in most
highly developed countries shows a tendency of
aging, it is clear that the number of people at risk
for colorectal cancer today is greater than ever.

Five-year survival of patients with diagnosed
colorectal cancer is approximately 60% (5).
Understandably, the survival of these patients
is significantly improved if malignant disease is
diagnosed in an early, localized stage. However,
one fifth of patients with colorectal cancer are
diagnosed at an advanced stage of illness, when
cure is less certain (3).

Most colorectal cancer patients develop
metastases over time, most commonly in liver (6,
7). In 30-40% of patients with colorectal carcinoma,
metastases are diagnosed only in liver (5-7). Five-
year survival of patients with potentially curative
liver resection due to colorectal cancer metastases
is 25-40% (6), and median survival is, according to
various authors, between 24 and 40 months (5). This
high incidence of metastasis in the liver resulted
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in changes in treatment to improve the survival
rate of patients with colorectal cancer (8), and this
is confirmed by recent findings suggesting an
increase in survival rates for these patients (9-11).

The frequency and potential for prevention
puts colorectal cancer at the center of attention of
oncologists around the world. Indeed, digestive
cancers are considered to represent 20% of all
cancers. Large differences in patient characteristics
as well as a wide range of stages at the time of
diagnosis and initiation of treatment require
a multidisciplinary approach to this malignant
disease (5).

BIOLOGY AND GENETICS OF COLORECTAL
CANCER

Malignant transformation is the result of the
accumulation of mutations of numerous genes
that are critical to regulating cell growth and
differentiation, resulting either by increasing the
rate of mutation or due to damage to DNA repair
mechanisms. Carcinoma therefore arises as a result
of these changes, enabling advancing malignant
cells to grow. According to Knudson’s theory,
hereditary forms of cancer occur in people with
mutations of an allele of recessive tumor genes,
after which only one additional somatic mutation
can lead to gene inactivation and carcinogenesis.
The sporadic forms of cancer need two somatic
mutations or the loss of two alleles (12).

In the carcinogenesis process, three categories
of genes are involved: oncogenes, tumor suppressor
genes and genes that are primarily responsible for
the mismatch repair mechanisms, most commonly
known as MLH1, MSH2, MSHé and PMS2.
When the protooncogene (a normal human gene
associated with growth control of certain tissues)
is abnormally activated, it promotes cellular cycle
and cell division, facilitating clonal proliferation
and such a gene is called an oncogene. Some of
the most important mechanisms of oncogenes
activation are the translocation of chromosome
parts, their amplification or mutation. Oncogenes
are dominant because the mutation of only one
of alleles is enough to express the effect on the
cellular level. Oncogenes, however, are not the only
responsible for tumor formation because only 20%
of human cancers show oncogene mutations. This
is because tumor suppressor genes can stop the
cell cycle and malignant transformation even when
oncogenes are mutated.

Tumor suppressor genes behave recessively,
meaning that the onset of cancer only occurs when
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loss or mutation occurs with the inactivation of both
alleles. If the cells can not repair damaged DNA,
the tumor suppressor genes, such as, for example,
p53 genes, can block the cell division cycle, stop it
at transition from G1 to S phase, thereby providing
enough time to repair the damaged gene material,
and if the damage is too great, they can trigger
programmed cell death - apoptosis. Therefore,
this gene is also called the genomic supervisor. In
1991, a tumor suppressor gene was identified on
chromosome 5, which is the key to colorectal cancer,
and was named APC (adenomatous polyposis coli).
It has been found that in colorectal cancer this gene
may exhibit the hereditary mutation of one allele
(13, 14). Somatic APC gene mutations occur early
in the process of the emergence of most neoplastic
polyps and cancers (15).

The last group of tumor-related genes is a
group of mismatch repair genes (MMRs). These
genes encode DNA damage repair processes due
to errors in replication or spontaneous loss of base
pairs (16). In humans, six genes responsible for
this part of DNA repair mechanisms (MMR gene)
are described: hMSH2 (chromosome 2p16), hMLH1
(chromosome 3p21), hPMS1 (chromosome 2q31-33),
hPMS2 (chromosome 7q11), hMSH6 (chromosome
2p16), and hMSH3 (chromosome 5q11.2-q13.2). In
case of inactivation of both copies of these genes,
the repair process of damaged DNA is damaged
and there are numerous errors in replication of
DNA, thereby accelerating the oncogenesis process.
The first four mentioned genes are related to the
emergence of hereditary nonpolyposis colorectal
carcinoma (HNPCC) in 31%, 33%, 2%, and 4% of
cases (17, 18).

The genes hMSH2 and hMLH1 are responsible
for over 60% of hereditary forms of non-polyposis
colorectal cancer which meets the international
diagnostic criteria (19). According to some authors
(20), described hereditary mutations in one of the
four major genes associated with the emergence of
HNPCC (MLH1, MSH2, MSH6, And PMS2) can be
found in 70-80% of the affected families.

Traditionally, the emergence of cancer is
understood as a process that consists of three steps:
initiation, promotion and progression. Colorectal
cancer is a genetically heterogeneous disease and
many changes in the genome are described in the
formation of this cancer. It is known that specific
environmental factors, primarily nutritional
habits, can modify the sequence of occurrences of
colorectal cancer (21, 22).

In colorectal cancer patients, the effect
of environmental factors is relatively small in
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relation to the significance of inherited genetic
mutations. Therefore, the risk of colorectal cancer
is significantly higher in hereditary forms, for
example 100% in polyposis colon syndrome and
approximately 85% in hereditary nonpolyposeous
colorectal cancer (HNPCC) (23).

So far, numerous studies have been
published describing the importance of genetic
changes in the etiology of colorectal cancer.
Transformation from normal epithelium through
adenoma to cancer is associated with the sequence
of acquired molecular events. In this course of
transformation from normal colon cancer epithelial
cells to cancer requires at least 6 to 10 important
genetic changes (24).

These changes not only enable uncontrolled cell
growth but also provide a basis for increasing the
frequency of new mutations. This condition, called
gene instability, is crucial for carcinogenesis (25).
It accelerates the process of neoplasm formation
and increases the probability of creating new
mutations. Without achieving genetic instability,
the accumulation of new mutations would be too
slow, and the onset of cancer probably did not occur
during the expected life expectancy of human life
(26). In normal cells there are a number of systems
for maintaining and preserving genetic integrity.
If the genome damage is too large, the protective
mechanisms in the cell prevent further dividing and
propagation of the damaged DNA and introduce
the cell into the programmed death - apoptosis.

Two major categories of genomic instability
in colorectal carcinoma have been described.
Chromosomal instability is most often present,
where DNA damage is caused by structural or
numerical chromosome disorders (aneuploidy)
(24).

The second basic type of genetic instability is
microsatellite instability (MSI), which results in the
inability to repair erroneously bound bases resulting
from DNA replication (27). Microsatellite are
repeating nucleotide sequences that are scattered
within the genome and the term microsatellite
instability refers to deviations in the number of
repeating baseline sequences within a specific
genome area in the tumor relative to normal DNA.

Genomic instability indicates a genome
condition that favors higher frequency of
accumulation of genetic mutations and the
consequent emergence of malignant cell
transformation. Chromosomal instability is a
form of genetic instability in which there are
chromosome-level disorders, primarily due to
chromosome segregation disorder during cell
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division, but this form of genomic instability also
includes translocation, segmentation duplication
and deletion as well as amplification of genes
(16). Approximately 70-85% of colorectal cancer
is caused by chromosomal instability (28). The
earliest observable lesion is a dysplastic aberrant
crypt focus (ACF), a microscopic mucosal lesion
that precedes the creation of a macroscopic polyp
(29). In this sequence of events there are mutations
of several genes, such as APC, K-ras, p53 and DCC
(28).

Solomon, Voss, and Hall (30) examined the
significance of loss of part of chromosome 5 (which
was later found to contain APC gene) in colorectal
cancer patients. They showed that at least 20% of
the cancer showed the loss of one alleles present
in normal tissue. Therefore they assumed that the
loss of one allele in most cases of colorectal cancer
is a key event in progression. They did not record
deletions in any other chromosome, suggesting that
the loss of part of the chromosome 5 is not arandom
occurrence. Law and associates (31) described the
allelic losses on chromosomes 17 and 18 and showed
that these occurrences are more frequent than loss
of allele on chromosome 5. Today, it is believed that
the mutations responsible for the occurrence of
colorectal cancer are affected by these three genes.
Locus 5q21 contains the APC gene, which has been
changed to about 60% of the colon cancer and 82%
of the rectal cancer (27). Other polyps and cancers
exhibit microsatellite instability resulting from
gene mutations responsible for repairing damage
caused by DNA replication.

The inherited mutations of APC genes lead to
the emergence of neoplastic polyps in patients with
inherited adenomatous polyposis and lead to a high
risk of clonal proliferation of epithelial cryptic cells.
Today, there is numerous evidence supporting
the hypothesis of a multi-step process that can be
developed over a decade and which requires at least
seven genetic mutations because it is a genetically
highly heterogeneous disease (16).

A small proportion of epithelial colorectal cells,
that are subject to neoplastic changes, supports
the low rate of somatic APC mutations expected in
normal epithelial colon cells. Hence, the research
of the hereditary colon polyposis syndrome gives
strong support to Knudson’s “Two Strikes” theory,
which was proposed to explain the incidence of
both inherited and sporadic variants of tumors (32).

Key changes in chromosomal instability-
related carcinoma include a variety of chromosome
changes (aneuploidy) and noticeable loss of parts of
chromosomes 5q, 18q and 17p, as well as mutations
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of K-ras oncogenes. The major genes affected by
such losses are APC (on chromosome 5q), DCC,
SMAD2 and SMAD4 (on chromosome 18q) and p53
on chromosome 17p. Loss of chromosome parts is
associated with instability at the molecular and
chromosome levels.

The APC gene (“adenomatous polyposis coli”)
consists of 15 exons with several functional domains
and is therefore highly susceptible to mutations. In
humansitislocated on thelongarm of chromosome
5 (5q21). APC gene is a tumor suppressor gene. It
was discovered in 1991 as the gene responsible for
the formation of family adenomatous polyposis
(FAP). Hereditary mutations of this gene are found
in patients with familial adenomatosis polyposis
while acquired mutations occur very early in the
emergence of sporadic colorectal carcinomas.
Inactivation of one allele leads to the formation of
microadenoma in the colon, and the inactivation of
both alleles results in the formation of macroscopic
adenoma (13, 33). APC gene mutations usually result
in a shortened protein product. Such a shortened
protein product can not be bound to PB-catenin,
and that complex is responsible for regulating the
Whnt signaling pathway in the cell (34). The Wnt
signaling pathway is responsible for regulation of
proliferation, apoptosis and cell differentiation,
such as, for example, in basal cryptal cells in the
colon (35). The loss of a functional APC protein
can interfere with the normal flow of cell division
36). The normal product of the APC gene binds
to kinetohors and this complex is responsible for
normal distribution of the gene material during cell
division (37). Cells with APC mutations are not able
to detect genetic damage and the mitosis continues
that can result in further loss of chromosomal
material in cells (38).

Studies in patient familiar polyposis coli (FAP),
as well as in mice with analog gene mutations,
indicate that somatic mutations of APC gene is a
key and limiting step in the formation of colorectal
cancer (39-41).

K-ras is a protooncogen whose protein product
binds to GTP. The mutant gene product of K-ras
prevents hydrolysis of active GTP into inactive GDP.
Gene K-ras in humans is found on chromosome
12 (12p12). The most common mutations of K-ras
genes in colon cancer were found in codons 12, 13
and 61. K-ras gene mutations are found in over 60%
of atypical focal points in glandular colonic crypts
and in over 35% of atypical adenomas and colorectal
carcinomas (42-44).

Gene ps3 is located on the chromosome 17
(17p13) and is a tumor-suppressor gene by function.
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The loss of function of this gene is most commonly
attributable to the loss of alleles 17p. The protein
product of this gene is an important regulator of
expression of other genes that regulate cell division.
The function of the protein product of p53 gene is
the stimulation of expression of genes that slow
down the cell cycle and allow enough time to repair
the damaged DNA. In the case of excessive DNA
damage, protein product gen 53 induces expression
of proapoptotic genes initiating programmed cell
death. The amount of p53 gene mutations, whether
mutations or loss of heterozygosity, increases
with the histological stage of the tumor and thus
anomalies are found in 4-26% of adenomas, 50%
of adenomas with invasive foci and in 50-75% of
colorectal carcinomas (42, 45).

Gene DCC is located on chromosome 18 (18q21)
and the allele loss at this site is found in 60% of
colorectal carcinomas (46). Gene DCC encodes
a 170-190 kDa protein, which participates in cell
adhesion and serves as a transmembrane receptor,
which in the absence of its ligand (netrin-1) induces
apoptosis (47).

Close the DCC gene on the same chromosome
are the genes SMAD2 and SMAD4 involved in the
TGF-R signaling process, and are important in
regulating cell growth and apoptosis (45, 48). In the
normal mucosa, DCC gene is active, while in cancer
it is significantly reduced or even absent (49). It is
considered that the loss of function of this gene
causes the transition to invasive cancer. Therefore
DCC is today among the most important molecular
prognostic markers of colorectal cancer (50).

Disorder of genes responsible for the repair
of damages caused by replication of the DNA
is the second form of genomic instability (16,
20). First, there is a disorder in damaged DNA
repair processes, resulting in a genetic instability
manifested by a high rate of subtle mutations
throughout the genome. Damaged genomic repair
mechanisms allow damages of tumor suppressor
genes or occurrence of chromosomal translocation.
Furthermore, increased gene inactivation due to
present mutations may contribute to an increased
rate of chromosomal aberrations in cells with
damaged DNA repair mechanisms. Also, mutations
can affect critical genes that allow the growth of
the transformed cells. Finally, there is evidence
that impaired protection against endogenous and
exogenous DNA damage and consequent mutation
can lead to instability of genomes in colon cancer
cells (20).

The characteristics of microsatellite instability
are damage to the DNA replication error repair
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mechanism, which can be detected at the molecular
level by tracking changes in recurring DNA
sequences that can occur throughout the genome,
called DNA microsatellite. Replication instability
of microsatellite is a fundamental feature of
cancer with expressed microsatellite instability.
This instability, which is the dominant marker of
HNPCC, exists in approximately 15-25% of sporadic
colorectal carcinomas.

According to international criteria, a high
degree of microsatellite instability (MSI-H) is
defined as instability in two or more of five sites
or at 30-40% of all examined microsatellite sites,
while lower expression instability is defined as low
(MSI-L) (20).

Colorectal carcinomas with high-grade
microsatellite instability (MSI-H) comprise a tumor
group dominantly occupying the proximal colon
(from cecum to lienal flexure), containing a diploid
amount of DNA, a high degree of differentiation
and is associated with a female gender and has a
better survival. These characteristics distinguish
them from other cancers, namely low-level
microsatellite instability (MSI-L) and microsatellite
stable tumors (MSS). Most of the cancers with
high levels of microsatellite instability are caused
by the inactivation of the MLH1 gene. Although
the incidence of low-level microsatellite instability
(MSI-L) carcinomas is similar to that of high-level
microsatellite instability carcinomas (MSI-H),
immunohistological assays and gene mutation
analyzes in the low-level microsatellite instability
carcinoma group, discovered no MLH1i, MSHz2,
MSH6 or MSH3 gene involvement. Therefore, on the
basis of clinical and histological features alone, it is
not possible to distinguish low-grade microsatellite
instability (MSI-L) carcinomas from microsatellite
stable carcinomas (MSS) (20).

CLINICALIMPORTANCE OF GENETIC
MUTATIONS

Knowing the genetic basis of colorectal
cancer has important clinical implications. Before
basic genetic disorders in colorectal cancer were
discovered,itwasknownthatproximalcoloncancers
(from cecum to lienal flexure) have predominantly
normal cytogenetic structure, diploid DNA content,
slower growth, lower metastasis frequency and
better prognosis than distal carcinomas, i.e. those
distal from the lienal flexure (20). Furthermore, the
incidence of extracolonic carcinomas is higher in
patients with proximal colorectal carcinomas and
in first line relatives of patients with proximal colon
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cancer. Most of the distal colon and rectum cancer
arises on the basis of a chromosomal instability
with a marked loss of heterozygosity of tumor
suppressor genes, while proximal colon cancers
are predominantly a consequence of the damage of
genes responsible for the repair of damaged DNA.

FAMILIAL ADENOMATOUS POLYPOSIS (FAP)

Familial Adenomatous Polyposis (FAP)
is a hereditary disease that is transmitted by
autosomal dominance and is characterized by the
development of several hundred or even thousands
of adenomatous polyps in the entire colon. Clinical
diagnosis is based on histological confirmation of
at least 100 adenomas. However, since more and
more people are subjected to colorectal cancer
screening, and more frequently genetic testing is
carried out (although not often enough), the criteria
of the number of polyps becomes relative. However,
in the absence of a family history of hereditary
adenomatous polyposis of the colon, the rule of
existence of at least 100 polyps represents the most
common basis of diagnosis (51).

An important feature of this syndrome is the
fact that at least one of these polyps progresses
into invasive adenocarcinoma if no preventative
proctocolectomy is performed. The disease has
a high penetration, with probability of 50% in
affected families. Approximately 20% of patients
with hereditary adenomatous polyposis do not
have family history and therefore the disease may
be attributed to spontaneous gene mutations (52).

Attenuated Familial Adenomatous
Polyposis (AFAP) is a form of FAP syndrome that has
only recently been recognized and described (53,
54). The largest number of patients with this form
of hereditary polyposis has up to 450 adenomas that
are primarily located in the right colon, proximal of
the lienal flexure, and which are most commonly
flat. These polyps are most commonly diagnosed in
the middle of the fifth decade of life, and cancers
are found usually during the sixth decade. Thus, the
diagnosis of polyps and carcinomas in syndrome of
attenuated hereditary polyposis is set about 10-15
years later than in the FAP syndrome. Obviously,
due to the absence of recognition of this syndrome
by patients and doctors, a relatively small number
of patients are subjected to voluntary monitoring,
which leads to subsequent diagnosis (55).

There is a correlation between the APC gene
mutation site and the clinical manifestation of the
disease. The APC gene consists of 15 exons. The exact
location of the hereditary mutation is associated
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with the specific expression of the disease. To date,
34 mutations that lead to AFAP syndrome have been
described and all of them are located either before
codon 436 or after codon 1596 of the APC gene. In
contrast, mutations that cause the classic form of
FAP syndrome are located in the central region of
the APC gene and the mutations between codons
1250 and 1464 cause the particularly severe form of

polyposis (51).

SYNDROME OF HEREDITARY NONPOLYPOID
COLORECTAL CANCER (HNPCC)

Despite its name, polyps are a feature of
HNPCC syndrome. Approximately 8-17% of the
first relatives of patients with HNPCC syndrome
have polyps on colonoscopic screening (56). In their
work, DeFrancisco and Grady (57) described the
genes responsible for HNPCC syndrome: MLH]I,
MSH2, MSH6, MLH3, PMS1, PMS2, TGFBR2, and
EXO1.

A relatively large number of patients with
mutations of these genes develop colorectal
cancer within 3 years of the colonoscopy without a
tumor, indicating that the sequence of malignant
adenoma disease to cancer in these patients is
accelerated and can be less than 3 years. HNPCC-
related carcinomas are inherited dominantly with
penetration of 70-80% (58) to almost 100% (59).
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