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Summary

Many advances in understanding colorectal cancer heterogeneity and its impact on the variability of
treatment efficacy have been achieved in recent years. New methods have also been introduced in colorectal
cancer diagnosis and early detection, including molecular biology techniques as well as newly developed or
improved imaging techniques. We are currently aware of some aspects of colorectal cancer heterogeneity,
such as alterations in the epidermal growth factor receptor signalling or the different behaviours of tumours
belonging to different genetic and epigenetic subtypes. In the future, greater attention should also be focused
on other signalling circuits with the goal to treat patients individually, based on the characteristics of their
tumours. This so-called personalised medicine will bring more benefits to patients, without unnecessary
adverse side effects. Therefore, all new information regarding colorectal cancer biology brings us one step

closer to accomplishing this goal.
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INTRODUCTION

Colorectal cancer (CRC) is one of the most common
malignant diseases worldwide. According to the most
recent data from the GLOBOCAN project, colorectal
cancer, with its more than 1.2 million new cases
per year, is the third most common type of tumour
and results in 600 thousand deaths per year, ranking
it fourth in terms of mortality (Ferlay et al. 2010).
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The biggest problem is the high ability of colorectal
carcinoma to form secondary tumours, particularly
in the liver and lung. Based on the different studies,
20% of patients have synchronous metastasis at the
time of primary tumour identification, and more than
30% of patients develop metachronous metastasis
during disease progression (Mejia et al. 2012).
Another complication connected to colorectal
carcinoma is the high heterogeneity of the genetic and
epigenetic changes among the individual tumours.
In the past, all colorectal cancers were treated as
the same tumour, and the only division was based
on the hereditability of this malignancy; there were
hereditary and sporadic CRCs. With the development
of molecular biology and spreading of its methods
into clinical medicine, it has become apparent that the
division of CRCs into these two groups is insufficient.
Based on the major genetic and epigenetic changes,
we started to recognise three main subtypes of CRC
displaying different clinicopathological features
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(Walther et al. 2009). Recently, the complexity of
these subtypes was further increased by the presence
or absence of specific mutations in signalling
pathways that can modify the response of tumours
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to a particular chemotherapy or monoclonal antibody
treatment. Continual development of CRC is
described on the Fig. 1.

Late adenoma Adenocarcinoma

Fig. 1. Continual development of colorectal cancer. Cells of the colon crypt accumulate mutations and start to proliferate. In the
green arrows you can see inactivation of antioncogenes, in the red arrows are mentioned most important changes in oncogenes.

Currently, surgical intervention still has an
irreplaceable role in CRC treatment because it
potentially removes the entire volume of the primary
or secondary tumour without respect to its molecular-
biological characteristics (Mulsow et al. 2011,
Kosinski et al. 2012). The subsequent oncological
treatment for the eradication of micrometastatic
disease or circulating tumour cells is highly variable.
The most common chemotherapeutics used in CRC
management are based on 5-fluorouracil (5-FU) (often
in combination with leucovorin), the active derivatives
of platin (oxaliplatin) and irinotecan (an inhibitor of
the nuclear enzyme Topoisomerase I) (Ismaili 2011).
The large spectrum of chemotherapeutics was recently
enriched with the possibility of biological treatment
with the monoclonal antibodies (moAb) cetuximab
and panitumumab, which target and block the
functioning of the epidermal growth factor receptor
(EGFR), thereby stopping the signalling cascade
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important for the growth and division of cancer cells
(Wu et al. 2008, Markman et al. 2010, Garett and
Eng 2011, Koéhne et al. 2012). Unfortunately, none
of these treatment types are universal for all CRC
patients, and treatment responses vary dramatically.
Additional information regarding CRC subtype,
the presence of mutations and their roles in CRC
development and maintenance is therefore crucial
for the identification of the best course of treatment
for the individual patient and for the application of
“individualised medicine”.

GENETIC AND EPIGENETIC SUBTYPES OF
CRC

Therearethree subtypes of CRC based on major genetic
or epigenetic changes: tumours with chromosomal
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instability (CIN), those with microsatellite instability
(MSI) and tumours with a CpG island methylator
phenotype (CIMP) (Markowitz and Bertagnolli
2009, Perea et al. 2011, Armaghany et al. 2012). The
most common subtype is CRC with chromosomal
instability, which can be found in 80-85% of CRCs
(Grady and Carethers 2008). MSI-positive tumours
comprise 10-15% of CRCs (Malesci et al. 2007),
and based on the number of altered markers, we
can further distinguish the following three subtypes:
MSI-high, MSI-low and microsatellite-stable (MSS).
The frequency of CIMP varies between 12 to 25% of
CRCs (Samowitz et al. 2005a), and we can further
divide this subtype into CIMP-high and CIMP-low
tumours, depending on the amount of methylated
markers (Zlobec et al. 2011). The individual subtypes
have different prognostic and predictive impacts
on patients and are often grouped with specific
mutations, which can further alter the prognosis and/
or response to the selected treatment. In addition,
these subtypes are not mutually exclusive, and often
CRCs present with characteristics of more than one
genetic and epigenetic subtype. Relatively common
combinations include MSI+ and CIMP+ (Kang 2011)
or MSI+ and CIN+ (Sinicrope et al. 2006). From a
clinical point of view, determination of the main
subtype can be helpful for the selection of appropriate
chemotherapeutic treatment and for an accurate
disease prognosis (Walther et al. 2009).

Chromosomal instability

The chromosomal instability pathway is the most
common mechanism leading to CRC development.
It can be described as global changes in the
chromosome number (aneuploidy) accompanied with
a loss of heterozygosity. The loss of part or all of a
chromosome leads to a physical disappearance of
25-30% of alleles (Lengauer et al. 1998). There exist
several different mechanisms for CIN development,
including defects in chromosomal segregation (Wang
et al. 2004), centrosome abnormalities (associated
with aberrant expression of the genes for Aurora and
Polo-like kinases) (Ganem et al. 2009, Lassmann et
al. 2009, Han et al. 2012) or telomere dysfunction
(O’Hagan et al. 2002, Murnane 2006, 2012). Along
with karyotypic changes, specific mutations are
found in the genomes of CIN-positive CRCs. It is
not clear whether these mutations are products of
CIN or if CIN is the product of particular mutations.
These mutations affect pathways with important
roles in CRC pathogenesis. The most frequently
mutated tumour suppressor genes are APC, whose
protein product is a major regulator of Wnt/B-
catenin signalling and the cytoskeleton (Phelps et
al. 2009), the TP53 gene, which is a regulator of
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transcription and cellular stress response (Zuckerman
et al. 2009) and three genes located on the long arm
of chromosome 18 (SMAD4, SMAD2 and DCC),
which are frequently affected by allelic loss of this
region (this loss is typical in greater than 70% of
CRCs) (Fearon and Vogelstein 1990). Among the
oncogenes, the most commonly mutated genes are
CTNNBI, encoding the B-catenin protein, which has
a very important role in CRC tumourigenesis (White
et al. 2012), and KRAS and PIK3CA, which both
play roles in cell survival and proliferation (Samuels
and Waldman 2010). The presence of these mutations
on the CIN-positive background is referred to as the
chromosomal instability pathway of colorectal cancer
development (Tejpar and Van Cutsem 2002). Despite
an enormous effort to connect individual mutations
with prognostic outcomes, none are currently in
use as prognostic factors in clinical practice (Pino
and Chung 2010). Generally, CIN-positive tumours
are associated with less favourable outcomes than
are MSI-positive CRCs (Popat and Houlston 2005,
Walther et al. 2008). Revealing the pathways that lead
to CIN development has aided in the identification of
potential chemotherapeutic targets. The benefits of
blocking the function of proteins such as the Aurora
and Polo-like kinases or two proteins associated with
chromosomal segregation (Eg5 and CENP-E) by
small-molecule inhibitors are now being examined
in preclinical and early clinical trials (data collected
from www.clinicaltrials.com).

Microsatellite instability

Colorectal cancer with microsatellite instability
accounts for 15% of all CRCs. A major cause of MSI
development is an inactivation of DNA mismatch
repair mechanisms (MRR), either by mutation
or downregulation of repair gene expression by
promoter hypermethylation (Soéreide et al. 2006).
The MMR pathway is a complex system that repairs
accidental changes in DNA that arise by replication
mistakes, thereby maintaining the integrity of
the DNA (Jun et al. 2005, Kunkel and Erie 2005,
Modrich 2006, Hsieh and Yamane 2008). The most
important proteins of this pathway are MLH1, PMS2,
MSH2 and MSH6, whose mutations play crucial
roles in the development of the hereditary form of
CRC known as Lynch syndrome. Sporadic CRCs
with MSI have, in most cases, epigenetically silenced
MLHI1 promoters (Pino and Chung 2011). The
phenotype of MMR inactivation involves a change in
the length of microsatellite regions, which are mono-,
di- or tri- nucleotide repetitions found in many genes.
Inactivation of MMR leads to somatic mutations in
the genes containing microsatellite regions (mostly by
reading frame shifts and the production of shortened
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or non-functional proteins). Some of these genes,
such as PTEN, BAX and TGFBRII, are important for
CRC development (Iacopetta et al. 2010).

Difficulties in the determination of MSI status lie
in the identification of the best markers for assessing
the microsatellite region length differences. The
original marker panel, approved in 1997, contained
two mononucleotide repetitions (BAT25 and BAT26)
and three dinucleotide repetitions (D2S123, D17S250
and D5S345) (Boland et al. 1998). However, the
presence of the dinucleotide repetitions in the panel
led to a misclassification of some microsatellite-
stable tumours as tumours with low-level MSI
(MSI-L) (Murphy et al. 2006). In recent years, a new
panel with five mononucleotide repetitions (BAT25,
BAT26, NR21, NR22 and NR24) (Suraweera et al.
2002) has become preferred to the previous one.

From a clinical perspective, CRCs with MSI have
a different phenotype than other subtypes, with a
higher amount of tumour-infiltrating lymphocytes,
a tendency to arise mainly in the proximal part of
the large intestine and a lower differentiation status
(Boland and Goel 2010). MSI status is not currently
used for disease prognosis or prediction, but based
on available experimental data, patients with MSI-
positive tumours show better survival than patients
with MSI-negative or CIN-positive tumours. This
effect is further altered by the presence of other
mutations in the genome (Popat and Houlston 2005).
For example, a BRAF mutation on an MSI-negative
background is prognostically very negative (Pai et al.
2012). MSI status is not an independent predictive
marker because the results of studies are affected
by the simultaneous occurrence of CIN or CIMP
positivity. The effect of MSI status on treatment with
5-FU, irinotecan and oxaliplatin has been examined.
In the case of 5-FU, a functional MMR system
is necessary to achieve cell cycle arrest after the
incorporation of 5-FU into the DNA and subsequent
incorrect base pairing (Jo and Carethers 2006). In
some cases, detrimental effects were reported when
5-FU treatment was used in MSI-positive patients in
stage II and III of the disease (Sargent et al. 2010). In
another study, patients with MSI-positive tumours in
stage IV showed benefits and prolonged survival after
5-FU and leucovorin treatment (Liang et al. 2002).
There are also sporadic reports indicating a higher
sensitivity of MSI-high tumour cells to treatment
by irinotecan (Fallik et al. 2003, Vilar et al. 2008).
Recent meta-analysis did not show an association
between MSI status and adjuvant chemotherapy (Des
Guetz et al. 2009).

The presence of MSI can be used as an important
marker for the screening of Lynch syndrome,
particularly in younger patients with CRC or in
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families with a known genetic burden. In the case
of early detection of MSI associated with germinal
mutations in the MMR genes, special care and
attention can be focused on these patients (Schofield
et al. 2009).

CpG island methylator phenotype

A characteristic feature of the third CRC subtype is
the presence of a CpG island methylator phenotype
resulting from the aberrant methylation of DNA CpG
islands (Toyota et al. 1999, Issa 2004). CpG islands
are regions rich in cytosine and guanine that are
situated in the promoter region or first exon of 70% of
human genes (Saxonov et al. 2006). Normally, most
of these islands are not methylated (in contrast to
the CpG dinucleotides outside of promoter regions),
except for those connected to imprinted genes or
genes located on the inactivated X chromosome (Reik
and Lewis 2005, Cotton et al. 2011). Approximately
5% of genes have aberrant methylation of CpG
islands in colorectal carcinoma compared to normal
tissue (Schuebel et al. 2007), which is a much
greater amount than the number of genes affected by
mutations (Wood et al. 2007).

Currently, there is no standard set of promoter
regions for the assessment of CIMP status. Among the
utilised panels for methylation level measurement,
two are based on five studied regions (Chan et al.
2002, Weisenberger et al. 2006) and one is based
on eight different chromosomal areas (Ogino et al.
2007). These panels have different sensitivities and
specificities and results obtained by the different panels
are not comparable between each other. Additionally,
interpretation of the results is not unified; in addition
to simple division of the tumours as CIMP-positive
or CIMP-negative (Weisenberger et al. 2000), it is
possible to divide them into three classes (CIMP-
high, CIMP-low and CIMP-negative — Shen et al.
2007) or four classes (CIMP-high, CIMP-low and
two CIMP-negative groups depending on the TP53
mutation status) (Hinoue et al. 2012), depending on
the amount of methylated promoters.

CIMP is often connected to MSI because the
majority of sporadic MSI-positive tumours arise via
the epigenetic silencing of MLH1 gene expression,
one of the most important proteins in the MMR
pathway. Combining CIMP and MSI status, we can
divide CRC into 4 to 6 groups with different clinical
behaviours (Ogino and Goel 2008, Kang 2011). For
example, the subgroup with the CIMP-high/MSI-
positive phenotype usually has disease localised in
the proximal part of colon and is more common in
women and older patients (Kim et al. 2009, Bae et al.
2011, Hughes et al. 2012). Another important feature
is the connection of CIMP and specific mutations.
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CIMP-high CRCs correlate with mutations in BRAF
(Weisenberg 2006), while the previously described
connection between KRAS mutation and a CIMP-
low phenotype is currently controversial (Ang et
al. 2010). The most serious prognosis has been
observed in patients with a CIMP-high/MSI-negative
phenotype combined with the BRAF mutation (Lee
et al. 2008).

The role of CIMP in treatment response prediction
is unclear. Some studies have described a correlation
between a CIMP-high status and a benefit from 5-FU
adjuvant chemotherapy (Iacopetta et al. 2008, Min
et al. 2011), but this result has not been confirmed
by other groups (Jover et al. 2011) and requires more
research.

MOLECULAR MARKERS WITH ROLES IN
DISEASE PROGNOSIS AND TREATMENT
PREDICTION

In addition to the described subtypes of CRC that alter
the genotype and phenotype of cells globally, there is
a large number of mutations in individual genes that
can largely affect disease prognosis and prediction
of treatment efficacy. Despite an enormous effort to
identify new prognostic and predictive markers that
can start a new era of personalised medicine for CRC
patients, in current clinical practice, only two genes
are monitored, which modify the usage of monoclonal
antibodies blocking the function of EGFR. The
studied markers indicate expression level status of
the receptor itself and mutation status of its proximal
effector KRAS. Other genes whose functional status
should help with more precise disease prediction and
more effective use of treatments are in various phases
of experimental research. Some of them are described
in the following text.

Epidermal growth factor signalling pathways

EGFR is a receptor-tyrosine kinase belonging to the
HER-Erb2 protein family (Warren and Landgraf
2006). This single transmembrane glycoprotein can
be specifically activated by the binding of its cognate
ligand to the extracellular domain of the receptor.
After ligand binding, the receptor dimerises (there
can be homodimerisation as well as the formation
of heterodimers with other members of its family).
Dimerisation leads to activation of the intracellular
kinase domain, which phosphorylates proximal
members of signalling pathways emanating from the
EGEFR receptor. The most important proximal effector
is the KRAS protein. Among the pathways activated
by EGFR signalling are the MAPK, PI3K/AKT and
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Jak2/Stat3 pathways, all of which have crucial roles
in maintaining cellular homeostasis (Yarden and
Sliwkovski 2001, Lurje and Lenz 2009) (Fig. 2).
Aberrant cell proliferation and its consequences are
one possible outcome of the dysregulation of these
pathways (Spano et al. 2005). The role of EGFR
in CRC development seems to be essential, but
the physiological function of EGFR signalling in
the intestinal epithelium is still a matter of debate.
According to current information, EGFR signalling
plays an important role in the maintenance of the
intestinal stem cell population (Sato et al. 2009, 2011,
Xu et al. 2011, Nautiyal et al. 2012).

The EGFR pathway has a unique position in
CRC treatment because it is one of the two pathways
where the indication of the targeted treatment has
been approved for patients with metastatic CRC
(Cunningham et al. 2004). There are two types of
EGEFR inhibitors — small molecule tyrosine kinase
inhibitors (TKI), such as erlotinib and gefitinib,
and monoclonal antibodies, such as cetuximab and
panitumumab (Ng and Zhu 2008). TKIs function to
block the intracellular kinase domain (Takeuchi and
Ito 2001), while antibodies target the extracellular
domain and block receptor dimerisation (Okamoto
2010). When this type of treatment was introduced
in clinical practice, only a small percentage of
treated patients (approximately 10%) benefited
from monoclonal antibody usage (Cunningham et
al. 2004). Further research revealed that cellular
EGFR expression on its own is not sufficient for the
prediction of a treatment benefit. The first marker
discovered to be responsible for a lack of treatment
benefit in response to the anti-EGFR monoclonal
antibodies was the mutated KRAS protein. Mutations
resulted in its constitutive activity and consequent
independence from EGFR stimulation (Liévre et al.
2000).

KRAS mutations can be found in 40% of CRC
patients (Amado et al. 2008). The KRAS mutations
with the greatest impact are located in codons 12 and
13 in the second exon. These two changes impair
the intrinsic hydrolytic activity of the KRAS protein
and stop the degradation of GTP to GDP. The role
of the KRAS mutation was first observed in small
retrospective studies (De Roock et al. 2008, Lievre
et al. 2008) and later confirmed in large randomised
prospective studies including CRYSTAL (Cetuximab
Combined with Irinotecan in First-line Therapy
for Metastatic Colorectal Cancer; Van Cutsem
et al. 2009), OPUS (Oxaliplatin and Cetuximab
in First-line Treatment of Metastatic Colorectal
Cancer; Bokemeyer et al. 2009) and PRIME
(Panitumumab Randomized Trial in Combination
with Chemotherapy for Metastatic Colorectal Cancer
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to Determine Efficacy; Douillard et al. 2010). Based
on their conclusions, a benefit from moAb treatment
was detected only in CRC patients with wild-
type KRAS protein. This inference was essential
because it allowed the stratification of patients
based on the presence/absence of the mutation and
protected a population of the patients (those with
mutated KRAS) from the unnecessary side effects
of an ineffective therapy. Several recent reports have
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disrupted part of this theory, as different authors have
shown that not only the mutation of KRAS in general
is important for treatment effect prediction, but the
particular mutation type must also be assessed. For
example, patients with a specific change in codon
13 (p.G13D) had a partial response to the cetuximab
antibody, which was unlikely to occur in patients with
mutations in other portions of the KRAS protein (De
Roock et al. 2010b, Tejpar et al. 2012).

TKI

Fig. 2. Overview of the EGFR signaling pathways. The role of EGFR signaling in colorectal cancer is crucial mainly from
the therapeutic point of view. EGFR function can be blocked by the monoclonal antibodies (moAb) affecting the extracellular
domain by inhibiting the ligand binding (L), or by the small tyrosine kinase inhibitors (TKI), affecting the kinase domain. Three
depicted pathways emanating from the EGFR are often modified in the tumour, mainly by the acquisition of different genetic/
epigenetic abberations and resulting change in the signaling capacity.

Unfortunately, even KRAS wild-type patients fail
to exhibit a homogeneous response to moAb therapy.
With the KRAS-mutated patients excluded, a positive
reaction was still only achieved in 20-40% of patients
(Vecchione et al. 2011). One possible explanation
might be the functioning of another RAS family
protein, NRAS. Nevertheless, it can be responsible
only for a minor part of the unresponsiveness because
it is mutated in only 3% of patients (De Roock et al.
2010a). Examination of other members of the EGFR
signalling cascade uncovered molecular changes in
additional genes that cause tumour resistance to moAb
therapy, particularly mutations in the genes coding
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for the BRAF and PI3K proteins and decreases in
PTEN expression levels (PTEN is the major negative
regulator of the PI3K pathway) (Grossmann and
Samowitz 2011).

BRAF is a member of the RAF kinase family and
the first kinase in the MAP kinase pathway (Chong
et al. 2003). This protein is mutated in 10—15% of
CRC patients. The point mutation V600E causes
constitutive activity of BRAF’s kinase domain
(Davies et al. 2002, Samowitz et al. 2005b). Like the
KRAS mutation, mutated BRAF has been repeatedly
connected to tumour resistance to anti-EGFR moAb
treatment (Di Nicolantonio et al. 2008, Loupakis et
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al. 2009). The large randomised studies OPUS and
CRYSTAL did not reach a clear conclusion regarding
the predictive role of BRAF mutation in the treatment
with cetuximab (Bokemeyer et al. 2012). However,
they were able to demonstrate a prognostic effect
of BRAF mutation, as the patients with the mutated
variant had shorter lengths of overall survival than
the patients with wild-type BRAF (Roth et al. 2010,
Yokota et al. 2011, Bokemeyer et al. 2012). Because
KRAS and BRAF are both members of one signalling
pathway, their mutations are mutually exclusive. For
tumour program activation in the cell, it is therefore
likely that only one mutation in the given signalling
pathway is necessary.

A second branch of EGFR signalling is the
signalling cascade commenced by phosphatidil-
inositol-3 kinase. This pathway, with the protein
kinase AKT as the main node, performs a broad range
of functions in the cell, including the regulation of
glucose metabolism, gene expression, antiapoptotic
actions and others (Vivanco and Sawyers 2002).
Generally, this pathway regulates cell survival and
metabolism. There are two changes in this pathway
that have been connected to CRC development:
mutation in the catalytic subunit of PI3K and change
in the expression of the negative regulator protein
PTEN. PIK3CA gene mutations (encoding the
p100a catalytic subunit of PI3K) can be found in
15-25% of CRC patients (Samuels et al. 2005, De
Roock et al. 2010a) and are located in exons 9 and
20 (approximately 70% of mutations are in exon
9 and 30% are in exon 20). The results of several
studies focused on the predictive role of PIK3CA
mutations in relation to the anti-EGFR treatment are
ambiguous (Perrone et al. 2009, Prenen et al. 2009,
Sartore-Bianchi et al. 2009), and it seems that a
predictive role for these mutations is dependent upon
the presence of other mutated genes (mainly KRAS
and BRAF). Similar to the KRAS gene, each type
of PIK3CA mutation has a different biological effect
(De Roock et al. 2010a, Mao et al. 2012). In the
case of the PTEN protein, the lack of standardised
methods have caused diverse results in the individual
studies, however, a connection between the loss of
PTEN expression and resistance to the anti-EGFR-
targeted drugs was observed (Colakoglu et al. 2008,
Sawai et al. 2008, Sood et al. 2012). The roles of
PTEN and PI3K expression and mutation status in
treatment outcome prediction need to be validated
in larger studies. The situation is very similar to
the use of the PIK3CA or PTEN aberrations as
prognostic markers, but recently published data have
described potentially enhanced malignant behaviour
in tumours with doubly mutated PIK3CA (Liao et
al. 2012).
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OTHER PATHWAYS IN CRC DEVELOPMENT

Despite the importance of the EGFR pathway in
CRC development and treatment, other signalling
cascades also have high potential for use in acquiring
prognostic or predictive information or for targeting
by CRC therapy. A currently existing method in CRC
treatment is the blocking of VEGF signalling by the
anti-VEGF monoclonal antibody bevacizumab. The
VEGF pathway appears to be crucial for tumour
angiogenesis, and its blocking proved to be efficient
in a group of CRC patients (Hurwitz et al. 2004,
Giantonio et al. 2007). This pathway can also be
partially used for disease prognosis because particular
single nucleotide polymorphisms in the VEGF gene
were described to have prognostic roles (Vidauretta
etal. 2010).

Other possible pathways crucial for CRC
developmenthavebeenidentifiedinrecentyearsthanks
to technological advances such as whole-genome
sequencing and exome scanning. These methods
have described in higher detail the heterogenity of
individual CRC cases, but have also revealed some
common features. A recently published article from
the authors contributing to The Cancer Genome Atlas
Network focused on deep exon and whole-genome
sequencing in 276 samples (Cancer Genome Atlas
Network 2012). The authors found new types of
alterations at all levels, starting from individual gene
mutations, methylation or amplification and ending
with chromosomal deletions or translocations. One of
the most interesting results described the frequency
of aberrations in entire signalling pathways. The
most affected were the WNT, TGFpB, RAS-MAPK,
PI3K and p53 pathways. Another interesting fact was
that almost all genes had changes in the MYC target
genes, demonstrating the great importance of this
oncogene in CRC development. Currently, there are
only two pathways of those described above that can
be blocked by targeted treatment against the EGFR,
RAS-MAPK and PI3K pathways. Therefore, there
is a clear need to develop new types of treatments
to target the other pathways essential for tumour
development and growth.

NON-INVASIVE DETECTION OF CRC
HETEROGENITY

In the previous paragraphs, we attempted to convey
that CRC heterogenity causes major complications
in the treatment of individual patients. In clinical
practice, the only method for assessing the subtype or
major mutations of the CRC without surgical removal
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of the tumour is by biopsy, but this intervention brings
additional stress to the patient. Therefore, in recent
years, much effort has been dedicated to developing
new, non-invasive methods that would enable us
to determine the tumour subtype, its mutations and
other characteristics, to better predict response to
treatment. Two promising options are the detection
of circulating or disseminated tumour cells, which
are released from the tumour into the blood stream or
bone marrow (Bidard et al. 2012), and the detection
and analysis of cell-free DNA from stool samples
(Miller and Steele 2012).

Circulating tumour cells

The fact that tumours release individual cells into
bodily fluids was first observed by T. R. Ashworth
almost 150 years ago (Sleijfer et al. 2007), and
since this discovery, there have been attempts to use
them for diagnostic as well as therapeutic purposes.
However, it took until the last decades to transfer
those ideas into practice, mainly because of the
development of modern methods for cell isolation,
detection and analysis.

The main complication is the low amount of
circulating tumour cells (CTC) in contrast to normal
blood or bone marrow cells. The first step in CTC
detection is sample enrichment. The most common
method is the use of positive immunoselection; other
possibilities include negative immunoselection or
centrifugation in a density gradient, which is based on
the different physical properties of CTCs and blood
cells. An overview of the individual types of CTC
enrichment has been published elsewhere (Mikulova
etal. 2011, Sunetal. 2011, Pantel and Alix-Panabiéres
2012). Because CRC is a tumour of epithelial origin,
it is possible to use characteristic epithelial markers
for CTC enrichment, for example, expression of the
cell surface protein EpCAM, or markers typical for
individual types of tumours, because these markers are
usually not present on normal blood cells, which are
mesodermal in origin (Sleijfer et al. 2007). In initial
CTC studies, lack of standardisation in the enrichment
step caused heterogeneous and incomparable results
among the individual studies. Even the type of anti-
EpCAM antibody used for positive immunoselection
could yield different results (Antolovic et al. 2010),
and individual methods had different sensitivities,
specificities and reproducibilities. This complication
was circumvented by the introduction of several
standardised systems, such as the CellSearch™
system, which was introduced in 2004 (Allard
et al. 2004). This process consists of three steps:
CTC enrichment using the anti-EpCAM antibody,
subsequent staining of the sample with an anti-
cytokeratin antibody (characteristic for epithelial
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tissue) and immunostaining with an anti-CD45
antibody, which is expressed by haematopoietic cells
and serves to control for nonspecifically selected cells.
The result of these three steps is a cell suspension
highly enriched for CTCs, which can be used for
further analysis. This system is currently widely used
and many studies employing CellSearch for CTC
quantification in different types of carcinomas have
been published (Cohen et al. 2008, Thorsteinsson et al.
2011, Munzone et al. 2012). It is also the only system
approved by the U.S. Food and Drug Administration
as a method for the ancillary diagnosis of patients
with metastatic CRC. The number of CTCs itself
was found to be a prognostic marker in patients with
metastatic CRC (Rahbari et al. 2010).

In addition to counting the CTCs in peripheral
blood, it is also possible to assess the mutational
status of the selected genes in the isolated CTCs and
to uncover information about the primary tumour.
This method is at the beginning of its development
but has already been tried in several other types of
tumours (Kirby et al. 2012, Magbanau et al. 2012,
Sakaizawa et al. 2012). In CRC, it will be possible to
focus, for example, on the mutational status of genes
in the EGFR signalling cascade or even to identify the
main genetic and epigenetic tumour subtype.

Cell-free stool DNA

Rapidly dividing epithelial tissues release large
amount of dying cells into their surroundings.
In the case of the epithelial tissue covering the
gastrointestinal tract, these cells are released into
the lumen along with their nucleic acids. DNA, in
the form of smaller fragments, passes through the
digestive system and is ultimately excreted with
the stool. This DNA can be isolated from the stool
and used for molecular biological analysis (Ahlquist
2010). The biggest challenge to this technique is
the very low ratio of epithelial DNA to other DNA
found in the stool, a major part of which originates
from gut microbiota (usually >99%) (Klaassen et al.
2003). Technological advances of recent years have
fortunately provided new methods such as BEAMing
(Beads, Emulsions, Amplification, Magnetics) (Diehl
et al. 2008) or DMC (digital melt curve) (Zou et al.
2009), which have very high sensitivities allowing
the detection of specific mutations, even if present
in only 0.1% of gene copies. Using these methods,
it is possible to assess mutations in the KRAS or
BRAF genes (Deng et al. 2012, Li et al. 2012). A
very promising alternative to mutational screening
is the identification of specific methylation in the
isolated stool DNA. Panels of markers for the best
identification of the individual gastrointestinal
malignancies are currently under development (Elliott
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et al. 2013, Kisiel et al. 2012). Stool DNA analysis is
beginning to be experimentally used as an alternative
to the classical faecal blood test, mainly for preventive
population screening and early tumour detection. In
contrast to the common faecal blood test, stool DNA
analysis has some disadvantages, including high cost
and more complicated sample handling. However, it can
also provide very useful information about the tumour,
has very high sensitivity and can also identify tumours
of the proximal regions of the gastrointestinal system
(Ahlquist 2009).

CONCLUSION

As mentioned, many tumours are very heterogeneous
and it is not an exception that morphologically identical
tumours, which have the same tissue of origin, have
developed by completely different pathways. For
colorectal cancer, this heterogeneity is applicable with
all its consequences. Rather than one homogeneous
disease, colorectal cancer is many different types of
tumours affecting one organ. However, these types are
not strictly different from each other; they rather form
a type of continuum of subtypes with many individual
changes, which provides specific characteristics to
each individual tumour. Recently, aspects of this
tremendous heterogeneity have been revealed, and the
most important ones were described in the individual
chapters above, including novel diagnostic methods and
the effects of molecular changes on patient survival.
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