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Colorectal cancer (CRC) is a major health problem because it represents around 10% 
of all cancers and achieves a worldwide estimate of 1.4 million newly diagnosed cases 

annually, resulting in approximately 700,000 deaths. Approximately 19-31% of patients 
present liver metastases. At diagnosis, a further 23-38% will develop extra-hepatic 

disease. Over the past decade, the widespread use of modern chemotherapeutic and 
biological agents, combined with laparoscopic surgical techniques, has improved the 

prognosis of metastatic CRC. A better understanding of the biology of the tumor, along 
with high efficiency of diagnostic and therapeutic methods, as well as the spread of 

screening programs, will improve the survival of the CRC patients in the near future.
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Preface

Colorectal carcinoma (CRC) is one of the most common malignancies found in the Western
countries. In frequency, it ranked the third place in men (preceded only by the lung and
prostate cancers) and the second place in women (after breast cancer). Its incidence increases
with age, especially in people over the age of 50 years. The average presentation time is
around 70 years, although there are few reported in individuals from 25 to 30 years of age.
Cases appearing at younger ages tend to have an increased genetic predisposition. Its devel‐
opment is influenced by many factors related to the diet, lifestyle, and other environmental
factors, constituting the so-called “sporadic” forms, representing more than 70% of the total
CRC cases.

It is well established that the effect of hereditary factors appears in a minor proportion, rep‐
resenting the remaining 30% of cases, which includes several entities such as Lynch syn‐
drome (LS), the so-called “hereditary non-polyposis CRC” (HNPCRC) forms, and the
“familial adenomatous polyposis” (FAP) syndrome, as well as other several multiple poly‐
posis syndromes of the colon. In even fewer, less than 1% of the cases, CRC is associated to
an inflammatory bowel disease of long-lasting evolution. For all these hereditary forms, it is
applied the global term of “family CRC.”

A very important proportion of chapters explains the different pathogenetic mechanisms in‐
volved in their pathogenesis and evolution. There are three ways of well-characterized carci‐
nogenesis, with allelic gains and losses on the CRC, through suppressive or chromosomal
instability, through mutator or microsatellite instability, and methylation CpG phenotype
(island methylator phenotype). Of these, through suppressive is the most common way.

In this book, the authors present the last advances related to early diagnosis, several modali‐
ties of treatment, and prognosis in the different types of tumors and also in advanced stages.
The treatment of choice is surgery, if possible, elective and laparoscopically. Surgery robots
are being introduced slowly and progressively. Chemotherapy and radiation therapy are
complementary treatments, especially in advanced cases, and actually are considered very
effective in the resection of liver metastases and also distant organs.

Finally, I want to thank all the authors for their wonderful contributions, as well as the
speed and efficiency in the delivery of their chapters. A special gratitude mention to all the
excellent team members from the Editorial InTech also for their continued support and final
condition of this book.

Prof. Luis Rodrigo MD
Emeritus Professor of Medicine

University of Oviedo
Oviedo, Spain
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Chapter 1

Molecular Mechanisms Involved in the Acquisition of
Resistance to Treatment of Colon Cancer Cells

Dora M. Velázquez,
María Cristina Castañeda-Patlán and
Martha Robles-Flores

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63524

Abstract

Cancer  cells  are  remarkably  resilient  to  therapies  aimed at  their  elimination.  The
exploration of pathways that sustain cancer cells and that allow cancer cells to become
resistant has revealed new avenues for chemotherapeutic development, as well as rational
approaches  to  combination  therapies  based on existing  treatment  options.  Several
signaling pathways, such as Wnt, phosphoinositide 3-kinase (PI3K), and Ras-Raf-MEK,
constitute integrated networks that work together to maintain cellular homeostasis under
basal conditions and to drive cell-mass accumulation and cell cycle progression in the
presence of appropriate mitogenic stimuli. During cancer development, these path‐
ways are corrupted in malignant cells to maintain viability and proliferative activity under
environmentally stressful conditions such as limited growth factors, oxygen, and nutrients
that drive normal cells into quiescence or death. Importantly, dysfunction within any one
of these pathways results in compensatory responses from the other networks. Thus,
biological research is gradually shifting toward more general approaches that target entire
pathways rather than isolated components and integrate those pathways into biologi‐
cal networks.

Keywords: cancer resistance, autophagy, hypoxia, survival signaling pathways, colon
cancer

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



1. Introduction

The inherent or developed resistance of many cancer cells to chemotherapy, targeted types of
therapy, and irradiation is the primary cause for treatment failure in clinical oncology. Through
basic research efforts aimed at gaining a better understanding of the mechanisms responsible
for these effects, it is hoped that more effective strategies to manage this disease will be developed.

Wnt signaling has been recognized as one of the most important contributors to malignant
transformation in many types of solid tumors. Canonical Wnt signaling is altered in most cases
of colorectal cancer (CRC). Indeed, a great amount of experimental evidence has shown that
mutations in the adenomatous polyposis coli (APC) gene, a key negative modulator of
canonical Wnt signaling, trigger the molecular pathogenesis of this type of cancer [1, 2]. The
Wnt pathway has also been demonstrated to play an important role in the regulation of adult
stem cell systems, and canonical Wnt signaling regulates the self-renewal and maintenance of
both stem and cancer stem cells (CSCs). Cross talk has been reported between canonical Wnt
signaling and hypoxia-inducible factor (HIF) signaling in tumor progression and metastasis
[3]. However, the molecular mechanisms involved in this cross talk remain poorly understood.

Diminished oxygen availability (hypoxia) with the hypoxia-inducible factors (HIFs) mediating
adaptation to it causes autophagy establishment, particularly in RAS-driven and BRAF-driven
cancers, such as in most colorectal carcinomas. However, the relevance of the relation between
HIFs and autophagy in drug resistance is not well understood. We have examined the effects
of stable knockdown of HIF-1α or HIF-2α expression on malignant phenotype maintenance
and in the canonical Wnt activation (β-catenin dependent). Our results indicated that although
both HIF-1α and HIF-2α are essential for stemness and malignancy maintenance, these two
proteins exert different effects and play opposing roles in canonical Wnt signaling [3]. We have
also examined the effects of HIFs silencing on autophagy and drug resistance displayed by
cancer cells. In agreement with other groups, we have observed that cancer cells exhibit high
basal levels of autophagy and co-expression of HIF-1α and HIF-2α, compared with control
nonmalignant cells and that the combination of mTOR inhibition with the autophagy inhibitor
hydroxychloroquine (HCQ) dramatically induced cell death via apoptosis [4].

In addition, it has been demonstrated recently that challenging cancer cells with stresses that
they would typically encounter during tumor progression or as a part of a therapeutic regiment
to treat or manage the disease, including chemotherapeutic agents, gamma irradiation, and
hypoxic and serum-limiting conditions, increase the rate of microvesicles (MVs, referred also
as oncosomes) formation and shedding by cells [5, 6]. These MVs are secreted from numerous
types of cells and function in intercellular communication by transporting intracellular
contents, such as protein, mRNA, and microRNAs (miRNAs) [7]. Oncosomes secreted by
cancer cells may play an important role in cancer progression by promoting angiogenesis,
neutrophil infiltration, and the education of bone marrow-derived cells [8]. Indeed, recent
findings suggest that MVs can promote cell survival and contribute to drug resistance.

In this review we focus on the molecular mechanisms whereby cancer cells develop resistance
to antineoplastic drugs, particularly focused in the cell signaling pathways involved. A better
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understanding of the mechanisms that drive such resistance would enable the development
of approaches to overcome it.

2. Survival signaling pathways: highly integrated cellular networks

Targeted blockade of aberrantly activated signaling pathways is an attractive therapeutic
strategy for solid tumors, but drug resistance is common. Several selective inhibitors, partic‐
ularly against kinases and receptor tyrosine kinases (RTKs), have shown promising initial
efficacy [9]; however, with few exceptions, the duration of response is limited; drug resistance
rapidly emerges. This underscores the difficulty of successfully treating an adept, heteroge‐
neous disease with a single targeted therapy and highlights the fact that monotherapy is often
not a tractable long-term therapeutic approach.

Resistance mechanisms can include alterations in the drug target itself, the pathway in which
the target signals, or a parallel pathway that can alleviate the pressure on the cell due to
blockade of the target [10]. Alternatively, drug resistance may be mediated by epigenetic
reprogramming [11], by epithelial-to-mesenchymal transition (EMT) [12], or by emergence of
a less differentiated, progenitor cell type [13]. Inducers of EMT, such as growth factors,
transforming growth factor beta (TGFβ), and Wnt ligands, induces the expression of a gene
program that leads to the suppression of the expression of the cell adhesion protein E-cadherin
via the expression of transcriptional repressors such as Snail, Slug, Zeb1, Zeb2, and Twist.
Besides these genes, other typical markers of EMT are N-cadherin, vimentin, and fibronectin-1,
which are usually expressed in mesenchymal cells [3].

The emergence of acquired resistance to targeted therapy against cancer is very common and
the most frequent cause of treatment failure in cancer patients. This resistance can be mediated
by signaling pathway reactivation [14] or by genetic or epigenetic events occurring within
cancer cells [10]. Ultimately, these events lead to the activation of growth and survival signaling
pathways within cancer cells that enable them to survive the stressful conditions. However,
for most drugs, the identities of potential resistance pathways are unknown. The signaling
pathways more frequently associated with cancer resistance to treatment are the following:

2.1. The PI3K signaling network

The phosphoinositide 3-kinase (PI3K) signaling pathway, which lies downstream of various
growth factor receptor tyrosine kinases, including the EGFR, is often aberrantly activated in
human cancers. It plays critical roles in the regulation of cell growth, proliferation, differen‐
tiation, motility, survival, and intracellular trafficking. When deregulated, it is a major driver
of tissue hyperplasia, oncogenesis [15], and is implicated in many aspects of tumorigenesis,
including inappropriate cellular proliferation, angiogenesis, metastasis, and resistance to cell
death.

There are three classes of PI3K enzymes: the Class I PI3Ks play a central role in the transmission
of regulatory signals through the metabolism-signaling supernetwork [15]. Class I PI3Ks are
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expressed as heterodimers consisting of four p110 catalytic subunits and one of two p85
regulatory subunits and are activated primarily by tyrosine kinase signaling pathways and
heterotrimeric G protein-coupled signaling pathways. Upon activation, Class I PI3Ks prefer‐
entially phosphorylate PI-4,5-P2 to yield the second messenger PI-3,4,5-P3 [15]. The activation
of PI3K activation is dampened by the lipid phosphatase PTEN, which dephosphorylates
PI-3,4,5-P3 to regenerate PI-4,5-P2, thereby disengaging the proximal signaling proteins from
the network. The local accumulation of PI-3,4,5-P3 at the inner leaflet of the plasma membrane
attracts proteins containing pleckstrin homology (PH) domains, which bind PI-3,4,5-P3 and
PI-3,4-P2 to act as proximal signal transducers in the PI3K pathway [15] (Figure 1).

Figure 1. The PI3K and AMPK pathways are shown. Different members of the PI3K pathway increase apoptosis resist‐
ance. AMPK also regulates cellular metabolism by phosphorylating directly the tumor suppressor tuberous sclerosis 1
and 2 complex (TSC1/TSC2) to activate mTOR via Rheb GTPase.

The best-studied member of this set of PH domain-containing proteins is the serine-threonine
kinase AKT, which is juxtaposed with its upstream activating protein kinase, PDK1. AKT is
activated through phosphorylation of its threonine 308 residue by PDK1 and of serine 473 by
mTOR complex 2 to mediate many PI3K responses, including growth, metabolism, survival,
and glucose homeostasis [16]. AKT promotes apoptosis resistance by phosphorylating and
thereby inhibiting proapoptotic substrates and profoundly influences cellular metabolism
through its direct effects on metabolic enzymes and, more indirectly, through the stimulation
of mTOR complex 1 (mTORC1) activity (Figure 1).

The PI3K-AKT pathway is central to the integration of growth factor-derived signals and
nutrient availability with anabolic metabolism, growth, and cell cycle progression in multi‐
cellular organisms. In diseases such as cancer, this pathway is reprogrammed to fuel stress

Colorectal Cancer - From Pathogenesis to Treatment6
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resistance and uncontrolled growth and couples growth factors and other hormonal stimuli
to the metabolic and autophagy networks.

2.2. The Wnt pathway

Wnt signaling is a key pathway in embryonic development and adult homeostasis and
aberrant activation of this pathway plays an important role in the development of many human
cancer types [1, 2]. Indeed, aberrant Wnt signaling is a hallmark of the majority of colorectal
cancers and it is implicated in maintenance of tumor-initiating cells, drug resistance, tumor
progression, and metastasis.

Canonical Wnt signals are transduced through Frizzled family receptors and LRP5/LRP6 co-
receptor to regulate the phosphorylation and degradation of the transcription co-activator β-
catenin (Figure 2). Noncanonical Wnt signals are transduced independently of β-catenin
through Frizzled family receptors and ROR2/RYK co-receptors to the Rho family guanosine
triphosphatases, c-jun-NH2-terminal kinase, or the Ca2+-dependent signaling cascades.

Figure 2. The canonical Wnt pathway shown controls β-catenin intracellular levels and localization. When it is activat‐
ed, β-catenin is stabilized and translocated to the nucleus to bind TCF transcription factor and activate Wnt-responsive
genes. Noncanonical Wnt pathway transduces signals in a β-catenin-independent manner and its activation has been
associated with aggressive malignant phenotype.

In the absence of Wnt ligands, β-catenin is assembled into the so-called destruction complex
assembled by adenomatous polyposis coli (APC) tumor suppressor, axin, glycogen synthase
kinase-3β (GSK-3β), and casein kinase 1 (CK1). This complex promotes phosphorylation of β-
catenin that targets it for ubiquitination and subsequent proteolysis via the proteasome [2, 3].
Upon Wnt stimulation β-catenin breakdown is inhibited, thereby causing its accumulation and
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entry to the nucleus, to activate Wnt target genes [2]. In noncanonical Wnt pathways, Wnt
signals are transduced independently of β-catenin. The best-studied noncanonical Wnt
pathways are planar cell polarity (PCP) pathway and Ca2+ pathway, which play central roles
in developmental morphogenesis, cell polarity, and cell migration. In Wnt/Ca2+ pathway, Wnt-
Frizzled (Fzd) binding activates phospholipase C (PLC) via G proteins, producing an increase
of intracellular Ca2+ concentration and the activation of downstream effectors including protein
kinase C, as it can be seen in Figure 2 [1].

A great effort in developing selective drugs to target components of the Wnt pathway,
particularly the β-catenin-dependent pathway, with anticancer activity, is underway but only
a few of them have reached phase I clinical trials. In this respect, in models of KRAS-mutant
colorectal cancer, it has been found by RNA-Seq data analysis for differential expression of
canonical Wnt target genes that resistant cells display increased Wnt-β-catenin transcriptional
activity [10], but there is also evidence, using this technique, that activation of noncanonical
Wnt signaling exists in cancer-resistant cells and in different subsets of circulating tumor cells
(CTCs) obtained from patients [17].

2.3. Ras-Raf-MEK signaling pathway

As mentioned before, oncogenic drivers often elicit a strong tumor dependence on the pathway
that the driver controls, leading to the so-called pathway addiction. One such oncogenic driver
that elicits a pathway addiction is mutant KRAS which is directly implicated in the simplified
linear RAS-RAF-MEK ERK (extracellular signal-regulated kinase) signaling axis, as well as the

Figure 3. The Ras-Raf-MEK and NF-kB signaling pathways promote resistance. Mutations and amplification of Ras-
Raf-MEK are frequently found in colorectal cancer allowing the development of resistance to treatment via autophagy
activation. NF-kB upregulates Beclin 1 expression allowing positive regulation of autophagy. On the other hand,
HIF-1α also modulates Beclin 1. IKK can promote the autophagy in an NF-kB-dependent manner.
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PI3K-mTOR axis [10]. Mutations within RAS-Raf-Mex pathway have frequently detected in
colorectal cancer, being BRAFV660E the most frequently found (Figure 3).

Little et al. [18] and Corcoran et al. [19] examined the mechanisms whereby colorectal cancers
develop resistance. Both studies focused on the effects produced by inhibition of MEK
(mitogen-activated or extracellular signal-regulated protein kinase kinase), which is a
downstream effector of the oncogene BRAF or KRAS [9]. Both groups found that resistance
arose through amplification of the driving oncogene (BRAF or KRAS) rather than through
amplification or mutation of the targeted kinase itself (MEK).

There is also evidence that BRAF oncogene induces the expression of key autophagic markers,
like microtubule-associated protein 1 light chain 3 (LC3) and Beclin 1 (BECN1) in colorectal
tumor cells. Goulielmaki et al. [20] provided strong evidence that pretreatment with the
autophagy inhibitor 3-methyl adenine (3-MA) followed by its combination with BRAFV600E
targeting drug PLX4720 can synergistically sensitize resistant colorectal tumors.

2.4. LKB1/AMPK pathway

AMPK is the central metabolic sensor activated by elevated AMP/ATP ratios. LKB1 is a human
tumor suppressor kinase that is a crucial upstream molecule for the activation of AMPK and
hence links cell metabolism to growth control and cell polarity [21]. During nutrient and energy
depletion, ATP becomes depleted while the AMP/ATP ratio rises, activating the energy-
sensing kinase, LKB1, which consequently activates AMPK. The AMPK regulates mTORC1
by direct phosphorylation of the tumor suppressor tuberous sclerosis complex 2 (TSC2) to
activate mTORC1 via Rheb GTPase (Figure 1).

2.5. Nuclear factor-kB

Aberrant activation of the nuclear factor kappa B (NF-kB) family of dimeric transcription
factors has been linked to most cellular processes in tumor evolution including inflammation,
transformation, proliferation, invasion, metastasis, and chemoresistance [22]. The most
common constitutively active form reported in human malignancies is the p50/RelA dimer,
but other forms, such as p50/p50, p52/p52, p52/RelA, p50/c-Rel, c-Rel/c-Rel, p52/RelB, and p50/
RelB, have also been identified [22]. In normal inactivated state, this transcription factor is
sequestered in the cytoplasm by its inhibitor IkB (Figure 3). In order to be activated, IkB must
be phosphorylated by the IkB kinase (IKK) complex and degraded via proteasome, causing
the liberation and translocation of NF-kB into the nucleus where it modulates gene expression.

Experimental evidence demonstrates that NF-kB can positively regulate autophagy (Fig‐
ure 3). For instance, RelA upregulates Beclin 1 expression through direct binding to the NF-
kB-binding site on the Beclin 1 gene promoter to induce autophagy [23]. The multilevel control
of autophagy by the IKK/IkB/NF-kB axis is also highlighted by the finding that IKK may also
promote the autophagic pathway in a manner independent of NF-kB. All these findings
support the idea that NF-kB activation promotes autophagy.
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3. Metabolic stress resistance

Metabolism is the process by which cells convert relatively simple extracellular nutrients into
energy and building blocks necessary for their growth and survival. In cancer cells, metabolism
is dramatically altered compared with normal cells.

Metabolic stress in tumors arises from multiple factors, including cell growth and proliferation
in the setting of fluctuating supplies of oxygen and nutrients. Lack of adequate blood supply
leads to several stress types in tumors: hypoxia, nutrient deprivation, and the accumulation
of metabolic waste products [15]. These stress types are relieved in part by the over-expression
of hypoxia-inducible factors (HIFs) to release proangiogenic factors for the construction of a
tumor-associated vasculature. Persistent metabolic stress in tumors provokes the rewiring of
the metabolic network to accommodate the stressful tumor microenvironment [17].

Metabolic reprogramming is a hallmark of cancer cells and is used by them for growth and
survival. Their metabolism is highly dependent on glycolysis instead of mitochondrial
oxidative phosphorylation, regardless of oxygen availability, a process termed as Warburg
effect [15]. Glycolysis alone, although relatively inefficient means to produce ATP, provides a
mechanism for rapid energy generation and a source of carbon for macromolecular synthesis.
In addition, the shift to glycolytic metabolism allows rapidly proliferating cells to support both
energy production and biosynthesis [15]. In addition, the glycolytic pathway generates
metabolites that can be efficiently diverted into pathways that support nucleotide and amino
acid biosynthesis in cycling cells [15].

One interesting facet, from a chemotherapeutic point of view, is that, in a large number of
cases, cells undergoing a Warburg effect exhibit a marked dependence upon glutamine, to the
extent that these cells are referred to as being “glutamine addicted” [24]. Glutamine addiction
arises from the need for extracellular glutamine to be consumed for anaplerotic input in the
citric acid cycle, which accounts for the majority of the bioenergetic needs of normal (non‐
transformed) cells. Cancer cells rely heavily on glutamine as a source of carbon and nitrogen
for the synthesis of ATP, proteins, lipids, nucleic acids, and the antioxidant glutathione.
Expression of the Wnt target MYC proto-oncogene increases glutamine uptake by stimulating
expression of the glutamine transporters. At the same time, MYC increases the levels of
glutaminase 1 (GLS1), the enzyme that converts glutamine to glutamate [15, 24].

During oncogenesis, the survival signaling pathways such as PI3K, intermediate metabolism,
and autophagy constitute the metabolism-signaling supernetwork reprogrammed in ways
that support aberrant cell growth, proliferation, and stress resistance. Indeed, emerging
evidence suggests that autophagy is an important source of amino acids that supports the
stressed cell’s biosynthetic and bioenergetic needs.

4. Hypoxia and drug resistance

Diminished oxygen availability (hypoxia) is a hallmark of the tumor microenvironment. A
major regulator of cellular adaptation to hypoxia is the hypoxia-inducible factor (HIF) family
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of transcription factors, which play key roles in many crucial aspects of cancer biology
including angiogenesis, stem cell maintenance, metabolic reprogramming, resistance to
apoptosis, autocrine growth factor signaling, the epithelial-mesenchymal transition (EMT)
program, genetic instability, invasion, metastasis, and radiation resistance [25] (Figure 4). HIFs
also cause autophagy establishment, particularly in RAS-driven and BRAF-driven cancers,
such as most colorectal carcinomas (Figure 4). However, the relevance of the relation between
HIFs and autophagy in drug resistance is not well understood.

Figure 4. HIF target genes. The cellular processes regulated by HIF-1α and HIF-2α genes are indicated and also the
target genes for each one.

HIFs are heterodimeric transcription factors consisting of an O2-sensitive subunit HIF-α and
a stable subunit HIF-β (or ARNT) that are expressed constitutively at the transcriptional and
translational levels (Figure 5). In mammals, three HIF-α isoforms have been identified but
HIF-1α and HIF-2α are the two best-studied members of the HIF-α family. Under normoxic
conditions, the cellular stability and activity of HIF-α subunits are highly dependent on oxygen
supply. Prolyl hydroxylases hydroxylate key proline residues on HIFs, which allows them to
interact with the von Hippel-Lindau (pVHL) tumor suppressor, which is a component of an
E3 ubiquitin ligase complex that targets HIF-α for proteasomal degradation (Figure 5).
Hypoxic conditions stabilize HIF-α by inhibiting its hydroxylation and proteasomal degrada‐
tion, making HIF-α capable to translocate to the nucleus and dimerize with ARNT activating
the transcription of hypoxia-associated genes [25, 26]. Importantly, high levels of HIFs
expression have also been detected in tumor cells in the absence of hypoxia (Figure 5) because
the sustained oncogenic signaling mediated by growth factors in cancer cells can induce HIF-
α expression through O2-independent mechanisms, including increased transcription and/or
translation of HIF-α mRNA [27, 28]. In this respect, we have reported that colon carcinoma
cells co-express HIF-1α and HIF-2α under normoxic conditions, in contrast to nonmalignant
colon cells, which do not express these factors under these conditions [3].
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Figure 5. HIF activation. HIFs are heterodimeric transcription factors subjected to O2-sensitive or O2-independent
mode of activation, as indicated in the figure. Both types of regulation converge in HIF protein stabilization, which can
enter to the nucleus to bind HIF-1β at HIF-responsive elements (HRE) to activate target genes.

Hypoxia can lead to therapeutic resistance through diverse mechanisms [29, 30]: (1) direct
effects due to the requirement of some drugs and radiation of lack of oxygen in order to be
maximally cytotoxic, (2) indirect effects by altering cellular metabolism to decrease drug
cytotoxicity, and (3) enhanced genetic instability which in turn leads to more rapid induction
of drug resistance in tumor cells [29, 30]. HIF-1α and to a lesser extent HIF-2α have been
associated with radio- and chemotherapy failure for decades [30] and interference with HIF
function holds great promise to improve future anticancer therapy.

4.1. Hypoxia-induced drug resistance through metabolic alteration

One of the possible mechanisms of resistance to anticancer therapy in hypoxic tumor is the
switching of cellular metabolism from oxidative phosphorylation to aerobic glycolysis
(Warburg effect), a hallmark of cancer cells. As a result, cancer cells eventually develop a
system that uses cytoplasmic glycolysis to generate ATP instead of mitochondrial oxidative
respiration, even in the presence of oxygen. Several reports have indicated that activation of
the HIF-1α signaling pathway under glucose deprivation induces resistance to cell death by
apoptosis in human colon cancer cells and that targeting the HIF-1α signaling pathway may
provide an effective way to treat resistant cancers to conventional therapy [31].

4.2. Hypoxia-induced drug resistance through increased drug efflux

HIF-1α upregulation has been shown to induce expression of drug efflux transporters, to alter
the activity of DNA repair mechanisms, and to shift the balance between pro- and antiapoptotic
factors toward cell survival [32].
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Drug efflux is an important mechanism to chemoresistance in many solid tumors, including
colon cancer. The multidrug resistance 1 (MDR1) gene, encoding the membrane-resident P-
glycoprotein (P-gp) that belongs to a family of ATP-binding cassette (ABC) transporters, has
been found to be a HIF-1α target gene [33]. The multidrug resistance-associated protein 1
(MRP1) is another ABC transporter encoded by the ABCC1/MRP1 gene that confers cellular
resistance to a broad range of structurally and functionally chemotherapeutic agents. Recently,
it has been demonstrated that MRP1 is a downstream target gene of HIF-1α in human colon
cancer LoVo cells. Genetic inhibition of HIF-1α by siRNA and dominant-negative HIF-1α
reduced the expression of MRP1, which provides a potential novel mechanism for HIF-1α-
mediated drug resistance [34].

4.3. Hypoxia-induced drug resistance through inhibition of apoptotic pathways and
induction of autophagy

Defective apoptosis and/or changes in cell cycle regulation represent pivotal causes for drug
resistance [35]. It has been proposed that increased cell survival, due to a shift favoring
antiapoptotic pathways, is a primary mechanism of hypoxia-induced drug resistance [36]. In
the vast majority of transformed cells, HIF-1α functions as a suppressor of apoptosis and
functional interference with HIF-1α results in enhanced cell death upon treatment with
chemotherapeutic agents in tumors of different origins [26]. Through the inhibition of
proapoptotic and induction of antiapoptotic genes, HIF-1α can inhibit apoptosis and promote
tumor cell survival in chemotherapy-treated cancer cells.

In colorectal cancer, the combination therapy of rapamycin, inhibitor of mTOR which regulates
autophagy, and irinotecan, which is able to inhibit the accumulation of HIF-1α, has been
reported to induce massive death of colon cancer cells under hypoxic, but not normoxic
conditions in vitro, and a great reduction of tumor volume in vivo [37].

Enhanced autophagy has been associated with the elevated level of HIF-1α in several cancer
types. In this regard, it has been observed that hypoxia-mediated failure of cytotoxic treatment
in vitro can be conferred via HIF-1α-dependent induction of autophagy [14], but the relevance
of the intriguing relation between HIF-1α and autophagy for drug resistance is still not known.

5. Role of autophagy in stress resistance

Autophagy is a term derived from the Greek words “auto” (self) and “phagy” (to eat) and
refers to a multistep lysosomal degradation process in which a cell degrades damaged
organelles and longlived proteins to maintain cellular homeostasis, particularly during
exposure to stressful conditions. Three forms of autophagy have been identified based upon
the mode of delivery to the lysosome, namely, macroautophagy, microautophagy, and
chaperone-mediated autophagy. Macroautophagy (autophagy), the best characterized, is a
major regulated catabolic process that involves the delivery of cytoplasmic cargo sequestered
inside double-membrane vesicles to the lysosome [38]. The other two forms, microautophagy
and chaperone-mediated autophagy, involve a direct membrane invagination to engulf
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damaged proteins and the translocation of soluble cytosolic proteins by chaperone-dependent
selection across the lysosomal membrane, respectively [39]. Thirty-six genes (ATGs for
AuTophaGy), have been identified that are required for the autophagy process to occur.
Dysregulation of autophagy, which alters the rate of protein degradation and the metabolic
state of the cells, has severe consequences and is associated with several pathophysiological
conditions, such as cancer.

The best-characterized regulator of autophagy is mTOR, which integrates growth factor and
nutrient signals to influence protein synthesis, growth, autophagy, and ribosomal biogenesis.
M-TOR occurs in two multiprotein complexes, mTORC1, containing the specific binding
proteins raptor and PRAS40, and mTORC2 containing rictor and other binding partners [38].
When nutrients are available, mTORC1 phosphorylates Unc-51-like kinase (ULK1) and ATG13
to block autophagy initiation. When nutrients are scarce, mTORC1 dissociates from the ULK1
complex, initiating the autophagy process [15, 40]. The initiation of autophagy occurs with the
assembly of the double-membrane phagophore, the precursor of the autophagosome. This
requires the formation of a protein complex constituted by Class III phosphatidylinositol 3-
kinase (PtdIns3K) and the proteins VPS34, p150, ATG14, and BECLIN 1. In tumors, autophagy
is stimulated by metabolic stress (e.g., nutrient/growth factor deprivation, hypoxia, and
acidosis), cellular damage, or inhibition of pro-survival signals caused by anticancer therapies
[41]. Through autophagy, cancer cells utilize a highly plastic and dynamic mechanism to either
repress initial steps of carcinogenesis or support the survival and growth of established tumors
[42, 43].

In multicellular organisms, autophagy also clears ubiquitinated or malfunctioning aggregated
proteins. This selective degradative process is mediated through the recognition of ubiquitin-
tagged cargos by the autophagy receptor p62/sequestosome 1 [44]. This protein directs them
to the autophagosome through concomitant binding to the LC3 (microtubule associated
protein 1 light chain 3) molecules localized at the inner and outer autophagosome membranes.
Autophagy is responsible for the degradation of p62, and therefore, when autophagy is
inhibited, p62 accumulates in mammalian cells.

Autophagy facilitates cancer cell resistance to chemotherapy treatment, and the inhibition of
autophagy may potentiate the resensitization of therapeutic-resistant cancer cells to anticancer
drugs. Chemotherapy treatment conferred resistance by triggering key autophagy signaling
molecules in malignant cells. For example, in response to irinotecan, pro-survival autophagy
was induced by activating MAPK14/p38 signaling, which lead to drug resistance [45]. It is
likely that protective autophagy in 5-Fluouracil (5-FU) resistance occurs through c-Jun N-
terminal Kinase (JNK) activation [46]. Given the propensity of PI3K-mTOR inhibition to
robustly induce autophagy, increased autophagic flux is a suspect contributor to the modest
efficacy of PI3K inhibitors. Several recent studies have provided evidence that combined
inhibition of autophagy and PI3K inhibitors or a combination therapy with a mTORC1
inhibitor (temsirolimus) and autophagy inhibitor [hydroxychloroquine (HCQ)] can sensitize
cells to chemotherapeutic agents [15, 47]. Several other trials that combine HCQ with radiation
therapy or chemotherapeutic agents have also been used on the basis of the accumulating
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preclinical evidence supporting the notion that increased autophagy promotes therapy-
induced resistance in tumor cells.

Examining the role of autophagy in RAS- and BRAF-induced transformation in colon cancer
cell lines, Goulielmaki et al. [20] found that the MEK/ERK pathway can increase the protein
levels of LC3, unlike the AKT/MTOR pathway, which has been shown to abolish the auto‐
phagic process. They showed that using specific autophagy inhibitors not only cancer cell
proliferation rate can be reduced, but the otherwise resistant mutant BRAF colon cell lines to
targeted BRAF agents, like PLX4720 (Vemurafenib), can be sensitized to apoptosis in a
synergistic manner. This study proposed a promising rational combinatorial treatment using
BRAF and autophagy inhibitors that will potentially provide efficient therapeutic protocols
for these otherwise untreatable tumors.

6. Contribution of stem cells to resistance

The intestinal epithelium is an example of self-renewing tissue on expense of stem cells that
reside at the crypt bottom. Tumor growth is sustained by a subpopulation of highly malignant
cancer stem cells (CSCs) or tumor-initiating cells, which are characterized by a life-long
capacity to self-renew, are multipotent, and can reversibly enter quiescent or even dormant
states and resist cytotoxic drugs [48]. Successful treatment is thus dependent on the selective
elimination of these highly resistant subpopulations, instead of only the main tumor mass.
Over the past decade, several cell surface markers have been identified in these cell popula‐
tions. CD133, Lgr5, and CD44 are the most frequently proposed stem cell markers in colorectal
cancer, but their distribution differs between patients and tumor cell lines [48, 49].

CD133 (also called prominin-1) is a pentaspan transmembrane glycoprotein identified as cell
surface stem cell marker that has been associated with tumorigenicity and progression of colon
cancer [50], but its precise role and functions are unknown. CD44 is a transmembrane glyco‐
protein involved in cell-cell and cell-matrix adhesion through its affinity for hyaluronic acid.
CD44 is encoded by a single gene, including 20 exons. The standard form, expressed in normal
adult stem cells (referred to as CD44), consists of exons 1–5 and 15–20. Importantly, it has been
demonstrated that cancer cells express different exon variants, such as CD44v6, produced by
alternative splicing mRNA processing [48]. Thus, universal targeting of CD44 might be
deleterious for patients and they can be avoided targeting different isoforms of CD44.

Several studies have implicated the potential contribution of a subpopulation of stem-like
progenitor cells in resistance to both chemotherapeutic and targeted therapies [51]. Various
groups have characterized the drug-resistant aspects of such stem-like subpopulations,
including a quiescent state refractory to agents targeting rapidly dividing cells, enhanced DNA
damage repair mechanisms, and decreased apoptotic machinery [52]. Recent studies have
implicated a potential mechanistic link between EGFR activation and the acquisition of stem-
like properties including the increase in known stem cell markers and enhanced spheroid
formation [53]; however, the role of EGFR in promoting stem cell properties in CRC has not
been fully characterized.
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The radioresistance of cancer stems cells has been supported by several research groups in
glioma and head and neck, breast, pancreatic, and colorectal cancer [48, 54]. Radiation itself
has also been shown to increase the expression of AKT and CD133 and reduce the expression
of CD44 in colorectal cancer cells [55]. Sahlberg et al. [48] found that cells with a CD44high/
CD133high expression demonstrated a higher radioresistance compared to CD44low/
CD133low cells and that different AKT isoforms have varying effects on the expression of
cancer stem cell markers, which is an important consideration when targeting AKT in a clinical
setting.

There is experimental evidence that hypoxia is associated with the maintenance and formation
of CSCs, promoting their phenotype and tumorigenesis [56]. It has also been shown that
hypoxia, by means of HIF-1α activation, is capable of maintaining CSCs phenotype in colon
cancer cells [57]. However, it has been recognized that the resident microenvironment of cancer
cells, also known as a “niche,” plays an important role in the genetic instability, metastasis,
and therapeutic resistance of CSCs [25]. Mao et al. [58] demonstrated that most CD133+ colon
CSCs are located in a hypoxic niche, where oxaliplatin, rather than 5-FU, inhibits proliferation
of these colon CSC cells. Recently several drugs have discovered to be selective against CSC.
Examples of them are microbe-derived and plant-derived biomolecules; small inhibitors that
target key signaling pathways of CSCs such as metformin, tranilast, and thioridazine; and also
antibodies directed against CSC-specific cell surface molecules, such as the CD44, CD47,
EpCAM, CD123, GD2, Lgr5, IGF-IR, Dll4, and FZD receptors [59].

7. Microvesicles: devices of intercellular communication

It has been demonstrated recently that challenging cancer cells with stresses that they would
typically encounter during tumor progression, or as a part of a therapeutic regiment to treat
or manage the disease, increase the rate of microvesicles (MVs referred also as oncosomes or
exosomes), formation, and shedding by cells [5–7]. Interestingly, the noncanonical Wnt
signaling pathways PCP and Wnt/Ca2+ appear to be involved in the regulation of MV biogen‐
esis and budding in human cancer cells, since one of their downstream effectors, the Rho
subfamily GTPase, that induce cell spreading and migration, has been demonstrated to
promote the rearrangements of the actin cytoskeleton to stimulate MV budding [60, 61].

MVs generally range in size from 0.1 to 2 μm in diameter. In addition to containing conven‐
tional paracrine signaling molecules, such as growth factors and pro-inflammatory cytokines,
MVs also contain membrane-associated, cytosolic, and nuclear molecules not normally
released by normal cells such as metabolic enzymes, metalloproteases, molecular chaperones,
and miRNAs and RNA transcripts [6, 7]. The uptake of MVs by cells has the potential to protect
them from a variety of apoptotic challenges by up-regulating the expression and/or activation
of proteins that work to counter the actions of cell death machinery. That is why recent findings
suggesting that MVs can promote cell survival and contribute to drug resistance are possibly
of significant value.
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The radioresistance of cancer stems cells has been supported by several research groups in
glioma and head and neck, breast, pancreatic, and colorectal cancer [48, 54]. Radiation itself
has also been shown to increase the expression of AKT and CD133 and reduce the expression
of CD44 in colorectal cancer cells [55]. Sahlberg et al. [48] found that cells with a CD44high/
CD133high expression demonstrated a higher radioresistance compared to CD44low/
CD133low cells and that different AKT isoforms have varying effects on the expression of
cancer stem cell markers, which is an important consideration when targeting AKT in a clinical
setting.

There is experimental evidence that hypoxia is associated with the maintenance and formation
of CSCs, promoting their phenotype and tumorigenesis [56]. It has also been shown that
hypoxia, by means of HIF-1α activation, is capable of maintaining CSCs phenotype in colon
cancer cells [57]. However, it has been recognized that the resident microenvironment of cancer
cells, also known as a “niche,” plays an important role in the genetic instability, metastasis,
and therapeutic resistance of CSCs [25]. Mao et al. [58] demonstrated that most CD133+ colon
CSCs are located in a hypoxic niche, where oxaliplatin, rather than 5-FU, inhibits proliferation
of these colon CSC cells. Recently several drugs have discovered to be selective against CSC.
Examples of them are microbe-derived and plant-derived biomolecules; small inhibitors that
target key signaling pathways of CSCs such as metformin, tranilast, and thioridazine; and also
antibodies directed against CSC-specific cell surface molecules, such as the CD44, CD47,
EpCAM, CD123, GD2, Lgr5, IGF-IR, Dll4, and FZD receptors [59].

7. Microvesicles: devices of intercellular communication

It has been demonstrated recently that challenging cancer cells with stresses that they would
typically encounter during tumor progression, or as a part of a therapeutic regiment to treat
or manage the disease, increase the rate of microvesicles (MVs referred also as oncosomes or
exosomes), formation, and shedding by cells [5–7]. Interestingly, the noncanonical Wnt
signaling pathways PCP and Wnt/Ca2+ appear to be involved in the regulation of MV biogen‐
esis and budding in human cancer cells, since one of their downstream effectors, the Rho
subfamily GTPase, that induce cell spreading and migration, has been demonstrated to
promote the rearrangements of the actin cytoskeleton to stimulate MV budding [60, 61].

MVs generally range in size from 0.1 to 2 μm in diameter. In addition to containing conven‐
tional paracrine signaling molecules, such as growth factors and pro-inflammatory cytokines,
MVs also contain membrane-associated, cytosolic, and nuclear molecules not normally
released by normal cells such as metabolic enzymes, metalloproteases, molecular chaperones,
and miRNAs and RNA transcripts [6, 7]. The uptake of MVs by cells has the potential to protect
them from a variety of apoptotic challenges by up-regulating the expression and/or activation
of proteins that work to counter the actions of cell death machinery. That is why recent findings
suggesting that MVs can promote cell survival and contribute to drug resistance are possibly
of significant value.
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In addition, because cancer cell-derived MVs often contain oncogenic proteins that reflect their
cell of origin, and their abundance and protein concentration correlate with the tumor grade/
aggressiveness, they have been converted in the focus for searching cancer biomarkers and/or
for monitoring tumor progression.

8. Concluding remarks

Mammalian cells coordinate cell metabolism and growth with environmentally induced stress.
In cancer cells, survival signaling cascades, metabolism, and autophagy are corrupted and
work in a highly integrated network to cope with stressful conditions such as hypoxia, limited
nutrients, and drugs, in order to maintain viability and proliferative activity.

Understanding the signaling networks that contribute to cancer cell survival and how the
changes in those networks allow cells to adapt in the presence of drugs that target key
components implicated in cancer cell survival and proliferation is the challenge. Thus, we are
hopeful that a better understanding of the signaling pathways involved and the development
of strategies to inhibit autophagy and/or hypoxia represent a new approach to enhance the
efficacy of cancer therapy to overcome therapeutic resistance in cancer cells.
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Abstract

The presence of cancer stem cells (CSCs) in colorectal cancer (CRC) has been associated
with tumor initiation, metastasis, relapse, and resistance to chemotherapy and radio‐
therapy. Therefore, a better knowledge of the molecular mechanisms involved in the
regulation of CSCs is required to develop treatments that are more effective. Like normal
cells, cancer cells contain molecular clocks that generate circadian rhythms in gene
expression and metabolic activity. Disruption of circadian rhythms has been linked to
increased cancer risk, chemoresistance, and progression in CRC. CSCs also generate
rhythms, which could be exploited with a chronopharmacological approach. Although
the regulation of the expression of circadian rhythm genes appears to be mediated mainly
by transcription–translation feedback loops, the existence of forms of nontranscription‐
al regulation has been demonstrated. Particularly, microRNAs (miRNA) and SIRT1 are
significant  players  in  regulating  various  aspects  of  the  circadian  clock  function.
Furthermore, miRNA acts as a regulator of cancer progression by regulating the CSC
characteristics through SIRT1. These findings led us to hypothesize that there is a circadian
rhythm of CSC markers regulated by miRNAs in CRC with SIRT1 acting as a mediator of
miRNA activity. The pharmacological regulation of SIRT1, and therefore of the circadian
machinery, could result in antiproliferative effects and increased sensitivity to antitu‐
mor treatments in CRC.
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1. Introduction

Cancer is a major health burden and one of the leading causes of death worldwide. There are
more than 200 known types of cancer, being CRC one of the most common cancers. In men, CRC
is the third most common, after lung and prostate cancer. In women, CRC is the second most
common cancer behind breast cancer [1].

Cancer begins with the transformation of a normal cell into a tumor cell through a multistage
process. In this process, the changes are the result of the interaction between the genetic factors
of the patient and external agents, including physical, chemical, or biological agents. Aging is
another fundamental factor in the development of cancer. The coming years will see an increase
in the total number of cancer cases [2]. This will be caused by the dramatic increase in average
life expectancy during the last century in the industrialized world and by the fact that about
5% of the population in the developed countries is predicted to have more than 85 years by
2050 [3].

CRC is an excellent example of the increased cell malignancy with age; according to the Centers
for Control and Prevention of Diseases, the incidence rate of CRC increases progressively with
age. In 2007, the Surveillance, Epidemiology, and End Results Program registry reported that
CRC incidence was 74.5/100,000 in persons aged 50–64 years, 186.0/100,000 in persons aged
65–74 years, and 290.1/100,000 in persons aged ≥75 years [4].

Little is known about the precise biochemical mechanisms responsible for the rise in CRC rates
with aging. Some authors have proposed cancer stem cells/stem-like cells (CSCs/CSLCs) as the
main factor associated with age-related rise in CRCs [5]. CSCs are a small subpopulation of
cells that might play a critical role in CRC progression and resistance to chemotherapy and
radiotherapy. Because of these resistances, CSCs play an important role in the processes of
tumor recurrence and metastasis [6–8]. Therefore, it is increasingly likely that therapies that
specifically target CSCs will be needed for the complete eradication of the tumor [7] because
these cells are responsible for the morbidity and mortality associated with this type of cancer
[9].

2. CSCs and CRC

CSCs, also known as tumor-initiating cells, were first identified by John Dick in acute myeloid
leukemia in the late 1990s. Since then, they have been an intense focus of cancer research. CSCs
have recently been identified in several solid tumors, including breast [10], colon [11], head
and neck [12], lung [13], pancreas [14], and central nervous system cancer [15]. CSCs are
defined as cancer cells that possess characteristics associated with normal stem cells, specifi‐
cally the ability to self-renew and differentiate into multiple cell types, in particular into all the
heterogeneous cell types found in a particular cancer sample [16] (Figure 1).
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Figure 1. The cancer stem cells (CSCs) theory suggests that tumors grow like normal tissues of the body. In this way,
the CSCs are able to both self-renew extensively, copying to them, and to produce the tissue grow (cancer tissue). In
this process, the CSCs produce transit amplifying cells that have the capacity to divide a certain number of times, and
then, they can differentiate into specialized heterogeneous tumor cells that do not have the skill to divide and therefore
do not contribute to tumor growth.

Little is known about the origin of CSCs. Several proposals have been made regarding the
origin of CSCs and probably several answers are possible depending on the tumor type and
the tumor phenotype. In brief, CSC can arise if there are mutations in a developing stem or
progenitor cells, in adult stem cells or adult progenitor cells, or in differentiated cells that
acquire stem-like attributes [17]. Some data pointed to adult stem cells as origin of CSC in CRC.
In this way, according to the most accepted model of CRC progression [18], four to five
mutations in tumor suppressor genes or oncogenes are required and this takes about 8–12
years. As the colonic mucosa is a highly dynamic tissue, the mucosal cells are constantly
replaced with cells derived from crypt stem cells. Therefore, only the long-lived cells (stem
cells) may serve as reservoirs for accumulation of such mutations and epigenetic modifications.

In CRC, the presence of CSC has been correlated to tumor initiation, progression, metastasis,
relapse, and resistance to chemotherapy and radiotherapy. [19]. CSCs have been isolated from
CRC and are identified by the expression of specific surface markers and by their functional
characteristics: CD44, CD166, CD133, ALDH1 (aldehyde dehydrogenase isoform 1), and ESA
(epithelial-specific antigen, also known as EpCAM) [20]. Moreover, CSCs have been involved
in the transition from adenoma to carcinoma, and this issue is age-dependent. In addition, an
age-related rise in CSC has been observed in normal colonic mucosa and in premalignant
adenomatous polyps. Moreover, the CSCs found showed an increased expression of CD44,
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CD166, ALDH1, miR-21, and oncogenic miRNA, which suggests a predisposition of the organ
to developing colorectal cancer [21]. Another characteristic of CSCs is that they can undergo
epithelial–mesenchymal transition [22]. The fact that CSCs are resistant to conventional
therapies has important implications in the development of novel strategies, such as CSCs-
targeted treatments. It makes sense that eradication of CSCs or, alternatively, the attenuation
of their malignant and stemness properties can lead us to achieve more effective therapeutic
approaches. Therefore, development of specific CSCs-targeted therapies holds hope for
improvement in the survival and quality of life of cancer patients, especially in patients with
metastatic disease.

3. Epigenetic phenomena associated with CRC: miRNA regulatory
network

Epigenetic processes are potentially reversible genetic modifications that lead to genomic
instability and malfunction but that do not involve changes in DNA sequence. Epigenetic
changes include (a) altered DNA methylation, (b) chromatin remodeling, and (c) small non-
coding RNA (miRNAs). Notable changes in epigenetics have been reported for several age-
related diseases, including CRC [23]. miRNAs are a small non-coding RNAs with 18–25
nucleotides found in plants, animals, and some viruses that are involved in RNA silencing and
regulation of gene expression at the post-transcriptional level. miRNAs bind to the 3′-
untranslated region (3′-UTR) of the protein-coding messenger RNAs (mRNAs). A single
miRNA may regulate multiple mRNA targets and these small molecules are predicted to
regulate approximately 60% of the human genes [24].

miRNAs are involved in different biological processes, including embryogenesis and the
maintenance of stem cell characteristics, cell proliferation, metabolism, and transduction
signals as in resistance to cancer treatments, including chemo- and radiotherapy [25, 26]. The
presence of certain miRNAs has been associated with tumor development, tumor cell invasion,
and cancer metastasis, and they may be of value as biomarkers for tumor detection and
prognosis [27]. In addition, evidences show that miRNAs participate as oncogenic or tumor
suppressors in the developmental and physiological processes of several human cancers,
including CRC.

3.1. miRNA regulatory network in CRC

Approximately 450 unique miRNAs have been associated with CRC. In this disease, the
aberrant expression of miRNAs has been associated with initiation and progression of CRC.
Of special interest is miRNA involvement in the invasion, migration, and progression of
disease through epithelial–mesenchymal transition into metastases. This event occurred due
to IL6/STAT3 mediation and/or TP53 inactivation [28]. miRNAs are also involved in resistance
to radio-chemotherapy [29].

Furthermore, miRNAs might regulate cell proliferation and apoptosis by targeting mitogen
receptor tyrosine kinases and cell cycle regulators, such as cyclin-dependent kinases
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(CDKs), reciprocal miRNA interactions with MYC (v-myc avian myelocytomatosis viral on‐
cogene homolog) and TP53, and by regulating the proapoptotic and antiapoptotic mRNAs
[30].

Moreover, due to the altered expression of miRNAs in tumor development, they have been
proposed as tissue and circulation biomarkers (blood derivates and feces). They might play a
role in the prognostic and predictive diagnosis of CRC [31]. Table 1 shows the potential roles
of miRNA in CRC. Additionally, miRNA-related polymorphisms might disrupt their binding
sites, miRNA processing, and expression. In this way, the single-nucleotide polymorphism
(SNP) and other genetic abnormalities might be of utility in the study of the risk and prognosis
of CRC.

Role in CRC miRNA

Oncogene Proliferation miR-21, miR-92a, miR-96, miR-135a, miR-135b

Apoptosis miR-21

DNA damage response miR-155

Invasion miR-21, miR-92a

Epithelial–mesenchymal

transition

miR-92a

Metastasis miR-224

Inflammation miR-224

Tumor suppressor Proliferation let-7, miR-7, miR-18a, miR-26b, miR-27b, miR-143,

miR-144, miR-145, miR-194, miR-320a

Apoptosis miR-26b, miR-34a, miR-194, miR-195, miR-365, miR-491

Angiogenesis miR-27b, miR-145, miR-101, miR-126

Invasion miR-26b, miR-145, miR-194

Migration miR-26b, miR-145, miR-194

Circulatory biomarkers Diagnosis miR-21, miR-31, miR-34a, miR-92a, miR-143, miR-145, miR-601,

miR-760

Prognosis/survival miR-21, miR-124-5p, miR-141, miR-155, miR-182, miR-200c

Chemotherapy miR-17-5p, miR-19a, miR-20a, miR-27b, miR-126,

miR-130, miR-140, miR-145, miR-192, miR-216, miR-200c

Table 1. MiRNAs described in CRC

MiRNA has also been described with high potential as therapeutic target. According to
Schetter et al., the two strategies for miRNA-based therapies are (a) to inhibit oncogenic
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miRNAs and (b) to restore tumor suppressor miRNAs. Some preclinical models have shown
that both strategies might be effective in the treatment of CRC cancers [29].

3.2. miRNA regulation of CSC in CRC

Many studies have reported that miRNAs are key players in the regulation of CSCs [32]. Bitarte
et al. [33] have described that miR-451 is involved in the self-renewal, tumorigenicity, and
chemoresistance of CRC stem cells. Up-regulation of miR-451 resulted in reduction of colon
sphere formation and growth, inhibition of tumorigenicity in vivo, and sensitization to the
active metabolite of irinotecan, SN38. This metabolite might be related to miR-451–mediated
down-regulation of cyclooxygenase-2 (COX-2) and WNT (Wingless-type MMTV integration
site family) pathway, essential to maintain cell stemness. On the other hand, Bitarte et al. also
described that the regulation of expression of ATP-binding cassette (ABCB1) by miR-451 could
decrease SN38 resistance.

Moreover, it has been suggested that miR-215 and miR-140 could control the slow proliferation
and the chemoresistance of CSCs in the colon. In this respect, Jones et al. [34] described
miRNA-215 (miR-215) as a direct transcriptional target of CDX1 in CRC stem cell differentia‐
tion. Song et al. [35] suggested miR-215 as molecular modulator of chemoresistance in CSC in
CRC. Moreover, Yu et al. [36] have reported that miR-93 suppresses proliferation and colony
formation of human CRC stem cells.

4. Circadian rhythms and CSC in CRC

Circadian rhythms are daily rhythms that take the form of a sine wave with high or active and
low or quiet periods over the 24-hour clock. Many biological processes are temporally
coordinated so that groups of genes called “clock genes” and their products are expressed at
different critical times of the day, being likewise coordinated in circadian time [37]. A master
clock in the suprachiasmatic nucleus (SCN) of the hypothalamus organizes the circadian
system in a hierarchical manner. The SCN receives photic input through direct retinal
innervation that initiates gene expression in the SCN [38]. In this way, light exposure syn‐
chronizes the SCN clock to solar time, adapting the oscillator to exact 24-hour cycle. The master
clock of the SCN communicates day-night information to the rest of the body. The SCN receives
light input from the retina and then conveys the photic information into neural or humoral
signals. This information is then sent to peripheral circadian clocks that exist in almost all cells
of the body and synchronize them to the same phase [39]. Whereas light is the dominant
rhythmic signal for the SCN oscillator, the peripheral clocks respond to other environmental
signal, such as body temperature, hunger, and hormone secretion cycles, and modify their
phase accordingly [40, 41].

4.1. Regulation of circadian rhythms in mammals

In mammals, these daily rhythms are maintained by autoregulatory transcriptional and
translational feedback and feed-forward loops (TTFLs) [42]. The core clock genes are BMAL1
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(brain and muscle aryl-hydrocarbon receptor nuclear translocator-like 1), CLOCK (circadian
locomotor output cycles kaput), PER (period homolog), and CRY (cryptochrome) [41]. BMAL1
heterodimerizes with either CLOCK or NPAS2 (neuronal PAS domain protein 2) and binds to
E-box elements in PER (PER1-3) and CRY (CRY1-2) promoter regions and activates their
transcription. Upon accumulation in the cytoplasm, PER and CRY proteins translocate to the
nucleus where they repress the BMAL1: CLOCK/NPAS2 regulatory complex, thereby shutting
down their own transcription. The PER and CRY heterodimers are progressively degraded,
allowing the circuit to start again. This negative feedback leads to a cycle in gene expression
that takes approximately 24 hours to complete (Figure 2) [43].

Figure 2. Schematic representation of the core circadian clock. (Adapted from Robinson and Reddy [52]. Copyright
©2014). BMAL1 and CLOCK transcription products translocate to the cytoplasm and dimerize. They then return to the
nucleus and bind to E-box regions and promote Period (PER) and Cryptochrome (CRY) transcription. PER and CRY
translocate to the cytoplasm, dimerize, and return to the nucleus and inhibit the binding of the CLOCK/BMAL com‐
plex. PER and CRY are subsequently degraded. REV-ERB inhibits the transcription of Bmal1, whereas ROR promotes
BMAL1 expression. The clock-controlled genes REV-ERBα (REV-ERB) and RORα (ROR) generate additional circadian
control by modulating the expression of BMAL1.

Post-transcriptional and post-translational modifications, such as phosphorylation,
acetylation, methylation, sumoylation, and ubiquitination, are crucial to the clock molecular
mechanism [44]. Post-translational modifications of the proteins of the circuit generate the
essential time delay that maintains the period of the cycle at approximately 24 hours.
Additional feedback pathways involving nuclear receptors, such as RORα (retinoid-related
orphan receptor alpha), REV-ERBα (NR1D1, nuclear receptor subfamily 1, group D, member
1), PPARγ (peroxisome proliferator–activated receptor gamma), and PGC-1α (peroxisome
proliferator–activated receptor gamma coactivator 1-alpha) provide further robustness to the
circuit [45, 46]. Additionally, these clock genes control numerous target genes (termed clock
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controlled genes, CCGs) and they regulate the circadian rhythms of various biochemical and
physiological processes [47].

4.2. Redox regulation of circadian rhythms

The possible relation between circadian rhythm and redox state has been long known but it
was unclear whether redox oscillations are a driver of the clock or a biomarker of cellular time.
The discovery that circadian redox oscillations appear to be conserved throughout evolution,
and that circadian oscillations in redox parameters persist in the absence of transcriptional
system, has consolidated the interplay between metabolic processes and the molecular clock
[48]. In mammals, nearly 10,000 genes are known to be under circadian control [49]. Several
studies have investigated circadian oscillations in gene expression in metabolic tissues,
including brown fat, liver, and skeletal muscle [50]. Certain metabolic enzymes are rhythmi‐
cally expressed in the liver, such as aconitase, aldolase 2, enolase 1, ketohexokinase, and
succinate dehydrogenase 1 [51]. Since numerous metabolic diseases appear to have a circadian-
related dysfunction, it follows that core cellular metabolism and the clock are intimately
connected [52].

The redox state of a cell has been shown to be an integral component in the regulation of the
molecular clock. DNA binding of NPAS2 and CLOCK is influenced by the redox state of
NAD(H) and NHAP(H). NADP inhibits NPAS2:BMAL1 binding to DNA, but, on the other
hand, DNA binding is promoted by NADPH. At a ratio of NADP:NADP(H) of over 75%
NPAS2:BMAL1 DNA binding increases, whereas below 75% binding decreases [53].

Peroxiredoxins (PRDXs) are a family of antioxidants that help to prevent cellular damage
resulting from the production of ROS and work by reducing H2O2 to water. Six PRDX isoforms
are known (PRDX 1–6), and they are found in different cellular localizations: isoforms 1, 2, 5,
and 6 in the cytosol, isoforms 3 and 5 in the mitochondria, isoform 5 in the peroxisome, and
isoform 4 in the endoplasmic reticulum [54, 55]. PRDXs could have one or two redox active
cysteine residues that bind H2O2 forming a sulfenic acid. In mammals, there are five two-
Cysperoxiredoxins (PRDX 1–5) and a single one-Cysperoxiredoxin (PRDX 6) [56]. In most
cases, a homodimer is formed by a resolving cysteine at the C terminus forming a disulphide
bond with the cysteine sulfenic acid. This bond can then be ‘resolved’ by thioredoxin, enabling
further catabolism of peroxide by PRDX [57].

The cycle of PRDX had been shown to follow a circadian rhythm, with two forms of PRDX6
oscillating in antiphase in the liver, emphasizing a role of post-translational modification in
circadian rhythmicity [51]. While the core clockwork use TTFLs, many works suggest the redox
state of PRDXs is driven by the metabolic state of the cell, but it is independent of transcription
[58]. However, the reciprocal influence between the TTFL and the PRDX-based metabolic clock
has not fully addressed yet.

4.3. Epigenetic regulation of circadian rhythms by miRNAs

Some miRNAs have regulatory functions contributing to the control over circadian protein
expression [59]. The influences of the circadian clock function on miRNA expression or vice
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versa have been well established. Experimental evidence suggests that up to 30% of core clock
genes are under the control of miRNA. Recently, miR-132 and miR-219 seem to be directly
involved in the clock system and regulate light response [60].

Other studies examine the role of extracellular miRNAs in the regulation of molecular
components and modulation of rhythmicity in peripheral cellular clocks. The studies revealed
that exposure to miR-142-3p– and miR-494–enriched conditioned medium increases intracel‐
lular expression of these miRNAs and results in functional effects in recipient cells [59].

4.4. Circadian rhythms and CRC

In carcinogenesis, the levels of expression of many proteins may be dependent directly or
indirectly on the circadian cycle. Investigations on the relation between the circadian clock and
DNA damage response have revealed that DNA damage checkpoints, nucleotide excision
repair, and apoptosis are appreciably influenced by the clock [61]. Changes in the circadian
rhythm of cell division are considered important component in neoplastic transformation. The
presence of DNA damage is usually associated with cell cycle arrest for attempted repairs or
induction of apoptosis. The mechanism of repair happens before the S-phase of the cell cycle,
and although there are post-replication mechanisms for induction of cell cycle arrest, the
G1/S checkpoint is usually the most stringent cell cycle checkpoint and this event will take
place at night for adjustment of the circadian rhythm [61]. On the other hand, disruptions of
the circadian rhythm genes are associated with increased susceptibility to cancers [62].

Some experimental studies have showed the role of the disruption of the molecular clock work
in colorectal carcinogenesis and CRC progression [63]. One example is seen in human cancer
cells lines when PER1 is overexpressed. In this experiment, it was observed a reduced colony
formation and clonogenic expansion, in sensitization to radiation-induced apoptosis, and in
altered expression of transcriptional target genes, such as c-MYC and p21 [64]. In contrast,
PER2-null mice showed an increase in hyperplasia and neoplasia in response to γ-radiation
[65]. In line with this work, restoring CLOCK expression in a human colon adenocarcinoma
cell line derived from a primary colon cancer, in response to ionizing radiation, conferred
protection against ultraviolet (UV)-induced apoptosis and decreased G2/M arrest [66].

On the other hand, one study that used CRC tumor tissue from patients demonstrated that
PER2 expression was higher in well-differentiated cancer cells when compared to poorly
differentiated ones. Associations of decreased PER2 levels with patient age, histological grade,
TNM (for tumors/nodes/metastases) stage, and expression of nuclear proliferation-related
antigen Ki67 were also observed [67]. In addition, down-regulation of PER3 associated with
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The efficacy of many drugs and the intensity of their effects depend on the time of day when
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circadian rhythm. The clock acts as a modulator of the pharmacokinetics and pharmacody‐
namics of chemotherapeutic drugs and of the activity of the DNA-repair enzymes that repair
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the DNA damage caused by anticancer drugs [61]. Some studies have demonstrated that
chronomodulated chemotherapy has better tolerability and antitumor activity compared with
conventional chemotherapy. A good example is the treatment of advanced stage CRC where
oxaliplatin is administered in the afternoon and 5-FU and leucovorin are delivered late at night
(chronoFLO4) [69]. Other authors have observed that 5-FU administration during the sleeping
time before radiotherapy could have an advantage as a chronotherapy and also as a radiosen‐
sitizer [70].

4.5. Regulation of stemness by the circadian machinery

Numerous studies are demonstrating the importance of coherent circadian oscillations for a
variety of homeostatic functions of tissues. One example is the timed activation and differen‐
tiation of stem and progenitor cells, and how perturbation of this temporal coordination leads
to pathologies, including obesity and neurological diseases, aging, and cancer [71].

Like normal cells, cancer cells contain molecular clocks that generate circadian rhythms in gene
expression and metabolic activity [72]. The circadian rhythms not only regulate the cell cycle
in normal differentiated cells but there could also be a functional relation between circadian
rhythm gene expression and the intrinsic control of the proliferation of CSCs and progenitor
cells in different tissues [73]. In rodents and humans, all the hematopoietic stem and progenitor
cells exhibit a predictable circadian variation [74, 75]. Some authors have shown that there is
an increase in circadian rhythm gene expression of highly differentiated stem cell cultures. In
both cancer and normal cells, a rhythmic nuclear translocation of PER2 and other critical clock
proteins is an essential part of a clock timing mechanism based on transcriptional–translational
feedback loops and rhythmic chromatin modification [73, 76].

The malignant phenotype depends not only on the characteristics of the cancer cell itself but
also on the tumor microenvironment. CSCs have to survive for a long time in the body to
generate the highly tumorigenic cells responsible for the clinical manifestations of cancer.
During this period, the niche helps to shelter CSCs from different types of insults, such as the
immune response and chemotherapy-induced genotoxic stress [77, 78]. This suggests that the
niche may also play a protective role for CSCs, thus increasing the risk of cancer. In fact, BMAL1
suppresses cancer cell invasion by blocking the phosphoinositide 3-kinase-Akt-Matrix
metalloproteinase-2 (MMP-2) signaling pathway [79]. Other authors have reported circadian
oscillations in the levels of MMP-9 [80].

5. SIRT1 and the circadian regulation of CSCs by miRNAs

The silent information regulator (SIRT) 2 family of proteins, known as sirtuins, is a class III of
histone deacetylases or NAD+−dependent deacetylases and is conserved from bacteria to
humans. The requirement for NAD+ links the activity of sirtuins directly to the metabolic state
of the cell, since the deacetylase activity of these proteins is controlled by the cellular NAD+/
NADH ratio. There are seven sirtuins (SIRT1–7) in mammals. They have different specific
substrates and biological functions and are found in various cell compartments [81].
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The role of sirtuin activation in mammals is to regulate the progression of aging and age-
associated disorders, including neurodegeneration, diabetes, cardiovascular diseases, and
many types of cancer [82]. The best characterized and well-studied among the human sirtuins
is SIRT1. It can be found in the nucleus and in the cytoplasm of the cells [83].

5.1. Sirt1 in cancer biology

SIRT1 is overexpressed in some types of human cancer tissues, such as ovary, liver, breast,
stomach, pancreas and prostate, and down expressed in skin cancer. In CRC, SIRT1 is also
overexpressed. However, other investigations have revealed pronounced SIRT1 expression in
both normal colon and tumor tissues, although its expression is substantially reduced in higher
grade CRC tumors [84].

SIRT1 has a dual role in tumorigenesis, where it can function as either a tumor promoter or a
tumor suppressor. Its function in malignancy varies with concentration, cellular location,
temporal and spatial distribution, and regulation by upstream and downstream factors [85].

The initial connection of sirtuins to cancer was made when SIRT1 was found to deacetylate
and repress the activity of the tumor suppressor p53 [86, 87]. SIRT1-mediated deacetylation
suppresses the functions of other tumor suppressors, including p73, hypermethylated in
cancer 1 (HIC1), E2F transcription factor 1(E2F1, also known as retinoblastoma-associated
protein 1), retinoblastoma protein (Rb), and phosphatase and tensin homologue deleted in
chromosome 10 (PTEN), thus suggesting that SIRT1 acts as a promoter in tumor development
and progression [88–93]. Other reports showed SIRT1 as a downstream of the oncoprotein
BCR-ABL tyrosine kinase (Abelson murine leukemia viral oncogene homolog 1), implicated
in the development of chronic myelogenous leukemia (CML)-like myeloproliferative disease
[94].

Autophagy is a self-degradative process that plays a role by eliminating damaged organelles
and misfolded or aggregated proteins through the lysosomal degradation pathway. Autoph‐
agy initially serves as a protective process to prevent cancer initiation; however, after neo‐
plastic transformation, it can promote tumor cell survival and maintenance [95]. Autophagy
can also affect chemotherapeutic and immunotherapeutic response in cancer cells making it
an attractive target for development of anticancer drugs [96, 97]. SIRT1 forms a molecular
complex with the genes related to autophagy and autophagosome formation, Atg5, Atg7, and
Atg8. Loss of SIRT1 activity results in the acetylation of those factors thus leading to defects
in the process of autophagy [98].

Consistent with a tumor-suppressor role, SIRT1 deacetylates and decreases the stability of the
oncogene c-MYC [99]. In addition, the activity of SIRT1 can be increased by some tumor-
suppressors, for example BRCA1 (breast cancer 1) [99]. SIRT1 exerts anticarcinogenic effects
through multiple mechanisms [83]. SIRT1 can counteract various genotoxic insults, including
oxidative DNA damage, thereby blocking initiation of carcinogenesis. SIRT1 deacetylates and
inhibits proapoptotic p53 and PARP-1 (poly (ADP-ribose) polymerase 1) under stressful
conditions, conferring cell survival [86, 100]. SIRT1 is also required for DNA repair processes
to maintain genomic stability [101, 102].
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SIRT1 inhibits the mediators involved in aberrantly amplified proinflammatory signaling
during promotion and progression of carcinogenesis [103–105]. The anti-inflammatory effect
of SIRT1 might be achieved by inhibition of several transcription factors related to inflamma‐
tion, nuclear factor κB (NF-κB), signal transducer and activator of transcription 3 (STAT3), and
the c-Jun and fos elements of transcription factor activator protein 1 (AP-1) [106–108]. Mainly
through NF-κB and AP-1 pathways, SIRT1 was engaged in macrophage and T-cell activation
[105, 109]. SIRT1 also regulates the differentiation and function of iTreg (induced Treg helper
cells) [110]. Interestingly, SIRT1 translates metabolic cues during regulation of the immune
responses, which would bring new insights into both pathogenesis and potential therapeutic
strategies of a variety of immune-related diseases, such as cancer [111].

5.2. SIRT1 and stem cells

SIRT1 is considered an old multifaceted enzyme with an important role in the maintenance of
pluripotency in various types of stem cells. Most of the in vivo data suggest that Sirt1 acts in
early development as a modulatory molecule on basic developmental processes [112]. In
cancer, SIRT1 has been implicated in the regulation of CSCs survival and differentiation. SIRT1
has been found to regulate the growth and survival of leukemia stem cells (LSCs) and confer
resistance against chemotherapy [113], stimulate endometrial cell tumor growth through
lipogenesis [114], maintain neural stem cells and promote oncogenic transformation [115], and
foster hepatocellular carcinoma [116]. As a result, SIRT1 and agents that modulate SIRT1
activity may represent new therapeutic strategies against tumorigenesis.

One of the more intriguing hypotheses about aging and age-related disease is that age-
associated phenotypic alterations derive from the inability of resident stem cells to maintain
tissue structure and function [117]. This suggests that the aging process could arise from loss
or malfunction of self-renewal and/or differentiation potential in adult stem cell populations.
SIRT1 has a positive role in stemness by aiding in the silencing of differentiation genes, which
suggests new potential explanations of its ability to extend lifespan and to avoid cell and
organism senescence [112, 118].

5.3. SIRT1 and miRNAs

Expression of SIRT1 is controlled at multiple levels by transcriptional, post-transcriptional,
and post-translational mechanisms under physiological and pathological conditions [119].
Deacetylation activity of SIRT1 can be modulated by multiple regulators. AROS (Active
regulator of SIRT1) and DBC1 (deleted in breast cancer 1) are positive and negative regulators
of SIRT1, respectively [120, 121].

Emerging evidence indicates that miRNAs are important regulators of SIRT1 expression and
activity [119]. In cancer, SIRT1 mediates miR-34a activation of apoptosis by regulating p53
activity. In addition, p53 induces expression of miR-34a which suppresses SIRT1, increasing
p53 activity [122]. In CRC, dysregulation of microRNA-34a expression causes drug-resistance
to 5-FU in human colon cancer cells through the downregulation of Sirt1 and E2F3 [123, 124].
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miRNAs play an important role in proper function and differentiation of human and mouse
stem cells. Recently, it has been demonstrated that miR-34a is required for proper differentia‐
tion of mouse embryonic stem cells, mouse neural stem cell, and mouse embryonic fibroblasts
and that it function in part by targeting SIRT1 and modulating p53 activity [125–127]. Also,
the miR-29b-Sirt1 axis regulates self-renewal of mouse embryonic stem cells in response to
reactive oxygen species [128]. miR-34a is also a critical regulator of cancer progression by the
regulation of CSC characteristics, through SIRT1 as a mediator [129–133], and mainly, through
up-regulation of p53/p21 [131].

5.4. SIRT1 as regulator of circadian rhythms

Two independent studies identified SIRT1 as a critical modulator of the circadian clock
machinery. Asher et al. [134] observed oscillations in SIRT1 protein levels, and Nakahata et al.
[135] demonstrated that SIRT1 activity, and not its protein levels, oscillates in a circadian
manner. SIRT1 modulates circadian rhythms by deacetylating histone H3 Lys9 and Lys14 at
promoters of rhythmic genes, BMAL1 and PER2. The CLOCK-BMAL1 complex interacts with
SIRT1 and recruits it to the promoters of rhythmic genes. While BMAL1 acetylation acts as a
signal for CRY recruitment, PER2 acetylation enhances its stability [134]. These findings led to
the concept that SIRT1 operates as a rheostat of the circadian machinery, modulating the
amplitude of CLOCK-mediated acetylation and consequent transcription cycles [135].

Circadian oscillation of SIRT1 activity suggested that cellular NAD+ levels may also oscillate.
In fact, circadian clock controls the expression of NAMPT (nicotinamide phosphoribosyl‐
transferase), a key rate-limiting enzyme in the salvage pathway of NAD+ biosynthesis. The
oscillatory expression of NAMPT is abolished in Clock/Clock mice, which results in drastically
reduced levels of NAD+. These results imply the existence of an enzymatic/transcriptional
feedback loop, wherein SIRT1 regulates the levels of its own cofactor [135]. These results also
connect the circadian machinery to cell metabolism [134].

SIRT1 either directly or indirectly can influence the redox property of the cell [136]. In addition
to reduce cellular oxidative stress burden, SIRT1 is also regulated by oxidative stress [137].
Since redox homeostasis influence circadian machinery, SIR1 could regulate circadian genes
trough redox status of the cell. A recent report suggests that PRDX2 regulates the TTFL
oscillation by decreasing the nuclear redox levels and increasing SIRT1 enzymatic activity,
although neither a direct interaction between PRX and SIRT1 nor a modulation of SIRT1
intracellular levels by PRX was found [138].

5.5. SIRT1 regulators as new tools for cancer treatment

Recently, multiple research groups have pursued the identification and development of small
molecule compounds that modulate sirtuins SIRT1 regulators as new tools for cancer treatment
[139]. To date, SIRT1 inhibitors and activators have been described with different effects on
cancer [140].

SIRT inhibitors require combined targeting of both SIRT1 and SIRT2 to induce p53 acetylation
and cell death, like sirtinol and salermide [139]. Trichostatin A (TSA) and sirtinol induce
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p38MAPK- and AMPK-mediated downregulation of survivin and its functional correlation
with decreased colon cancer cell viability in vitro [141]. Other salermide-related sirtuin
inhibitors show antiproliferative effects in colon cancer cells in vitro, including CSCs [142].
Vorinostat activates p53, but does not require p53 for inducing its anticancer action in CRC
[143]. The SIRT1 selective inhibitor Amurensin G may be effective in eliminating colon CSCs
and may be applicable to potentiate the sensitivity of colon CSCs to TNF-related apoptosis-
inducing ligand (TRAIL) [144].

Studies have shown that the sirtuin activator resveratrol, a polyphenol found in wines has
chemopreventive activity against various cancers. In CRC, resveratrol induce apoptosis and
suppressed the PI3K/Akt signaling pathway. The combination treatment with resveratrol and
5-FU induced a synergistic enhancement of growth inhibition and apoptosis in colon cancer
DLD-1 cells. Interestingly, resveratrol increased the intracellular expression level of miR-34a,
which down-regulated the target gene E2F3 and its downstream Sirt1, resulting in growth
inhibition [145].

Melatonin is the main secretory product of the pineal gland and plays important roles in several
biological functions, including circadian rhythms, sleep, mood, reproductive physiology, and
aging diseases [146]. Numerous studies based on animal and clinical data have provided
evidence that melatonin reduces the incidence of experimentally induced cancers and may
significantly inhibit the growth of some human tumors [147]. Recently, melatonin was
confirmed as a novel inhibitor of SIRT1. Melatonin inhibits prostate cancer and osteosarcoma
cell growth through SIRT1 inhibition [148, 149]. Interestingly, it was recently reported that
melatonin decreases CSCs and dysplastic injuries in colon tissue [150].

6. Concluding remarks

SIRT1 expression correlated with depth of invasion, lymph node metastasis, and TNM stage
in CRC. Simultaneously, SIRT1 overexpression predicted a poor overall survival in CRC
patients, and SIRT1 is a candidate negative prognostic biomarker for CRC patients [151]. SIRT1
has also been implicated in chemoresistance in CRC patients with [152] or without metastasis
[124]. Further investigations aimed at targeting SIRT1 alone or in combination with chemo‐
therapy deserve further attention and may ultimately increase response rates in the treatment
of CRC. In this sense, melatonin can significantly amplify the cytostatic and the cytotoxic effects
triggered by other compounds or conventional drugs. We are far from having a satisfactory
understanding about how and when melatonin exerts its beneficial effects. Melatonin in the
nanomolar range induces down-regulation of SIRT1. This finding is of great relevance because
there is intense research ongoing to identify nontoxic feasible inhibitors of SIRT1. Melatonin
should be evaluated for the management of those cancers where this protein is overexpressed
and is functional.
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Abstract

A big challenge for a successful colon cancer treatment is the lack of eradication of the
entire tumour cell population and consequent development of chemoresistance. Control
of  cell  number  from  tissues  and  elimination  of  cells  predisposed  to  malignant
transformation, having an aberrant cell cycle or presenting DNA mutations, might be
performed  by  a  cellular  ‘suicide’  mechanism  —  the  programmed  cell  death,  or
apoptosis. Coordinated activation and execution of multiple subprograms are needed,
added by a good knowledge of the basic components of the death machinery, besides
their interaction to regulate apoptosis in a coordinated manner. Triggering apoptosis in
target cells is a key mechanism by which chemotherapy promotes cell killing. Many
anti‐cancer drugs act during physiological pathways of apoptosis, leading to tumour
cell destruction. New therapeutic approaches in cancer induce tumour cells to undergo
apoptosis and break the cancer cell resistance to apoptosis commands. Administra‐
tions of natural compounds that prevent induction, inhibit or delay the progression of
cancer,  or  induce  inhibition  or  reversal  of  carcinogenesis  at  a  premalignant  stage
represent chemoprevention strategies. Several natural compounds have been shown to
be  promising  based  on  their  anti‐cancer  effects  and  low  toxicity;  alternative  ap‐
proaches might be taken into account to obtain a stronger anti‐tumour response when
lower concentrations of anti‐cancer drugs are used, and to diminish the undesirable
side‐effects.

Keywords: colon cancer, apoptosis, tumour evasion, bioactive compounds, combined
therapy
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1. Introduction

Cancer is a disease of cells that is thought to evolve along a multi‐step process: the transforma‐
tion of normal cells, tumour progression and advanced metastasis, that involve a complex series
of events such as genetic alterations, aberrant progression of the cell cycle, resistance to growth
inhibition, proliferation without dependence on growth factors, replication without limit,
evasion of apoptosis, induction of angiogenesis and modification of cell adhesion [1]. For an
accurate prediction, prevention, early detection and development of anti‐cancer drugs, it is
essential to identify the stages of development and use basic information [2]. The lack of
eradication of the entire tumour cell population and the consequent development of chemore‐
sistance represent main obstacles to a successful treatment in many malignancies, including
colon cancer [3, 4]. The control of cell number from tissues and elimination of those predis‐
posed to malignant transformation, having an aberrant cell cycle or presenting DNA muta‐
tions, might be performed by a cellular “suicide” mechanism, the programmed cell death or
apoptosis [5, 6]. Elucidating the mechanisms of programmed cell death process seems to be of
great importance for carcinogenesis, tumour evasion, and to have practical implications for anti‐
cancer therapy since many anti‐cancer drugs act during physiological pathways of apoptosis,
leading to tumour cell destruction [7, 8].

Several therapeutic agents used in colon cancer treatment, e.g. fluoropyrimidines, cisplatin,
oxaliplatin, irinotecan have been shown to induce resistance in cancer cell killing, and their
number are rapidly increasing, possibly through the modulation of survival cell components,
such as proliferative or anti‐apoptotic proteins [9, 10]. Triggering apoptosis in target cells
represents a key mechanism by which chemotherapy promotes cell killing. Continuing efforts
are made for discovering new molecular target‐based molecules [11], and new therapeutic
approaches in colon cancer involve restored cellular mechanisms responsible for the induction
of apoptosis in tumour cells [12–15].

A main strategy in colon cancer treatment might be the combined multi‐drug chemotherapy,
the reason being the potential additive or synergistic tumour cytotoxicity produced [1]. The
focus on finding new therapeutic strategies has recently shifted to natural products. Various
plants and their bioactive compounds have been shown to have anti‐carcinogenic and anti‐
proliferative effects towards the colon cancer cells. Studies have also reported positive
correlation between the antioxidant activity of plants and their anti‐proliferative effects,
suggesting the potential action of antioxidants in inhibiting cancer cell growth. For example,
the flavonoids display a wide range of biological activities, including anti‐inflammatory and
cytoprotective activities, and several are known to act as anti‐cancer reagents [16].

The administration of synthetic or natural compounds that prevent induction of cancer, inhibit
or delay its progression, or reverse carcinogenesis at a premalignant stage could represent
useful strategies because of their potential clinical application in combined treatments with
anti‐cancer drugs [17]. By combining natural compounds with anti‐cancer drugs, it might be
obtained an increase of cancer treatment effects, specifically in highly invasive colon cancer
cells, while in non‐tumour cells the use of natural compounds could reduce the cytotoxic side
effects [18].
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2. Biology of colon cells: normal versus carcinogenic

Colorectal cancer (CRC) is the third most common malignancy worldwide, being frequently
diagnosed in advanced stages. Recent data added to the molecular explanations of growth
dysregulation, metastasis formation, extension of life span, and loss of maintenance of genomic
and epigenetic integrity in cancer suggest models for their causal connection. The mechanisms
of growth control, senescence, and anchorage dependence are linked at the molecular level [2].

The adult colon epithelium contains three cell types that arise from a multipotent stem cell:
absorptive epithelial, enteroendocrine and Goblet cells. Colonic epithelial cells are configured
in deep invaginations into the wall of the colon named crypts: from stem cells located at the
base of the crypt, they arise and migrate to the luminal surface of the crypt where they are
shed. Stem cells divide asymmetrically: the “old” DNA is retained in the stem cell population,
and the new synthesised DNA is donated to daughter cells that migrate up the crypt and are
ultimately shed. Stem cells are particularly vulnerable to developing mutations that might
evolve into a malignant clone. Therefore, the cells located at the base of crypts, presumably
stem cells, are highly prone to apoptosis, able to counteract dangerous mutations [19]. The
result of the imbalance between cell proliferation and apoptosis determines colorectal tumour
growth. Relatively undifferentiated tumours with higher proliferative potential are often more
aggressive than well‐differentiated ones [2]. The molecular mechanisms of cell division and
apoptosis are similar in normal and tumour cells, but in tumour cells, these mechanisms are
aberrantly regulated. Four cellular functions are inadequate regulated in tumour cells: (1)
control of cell proliferation is inefficient; (2) genetic and chromosomal structure is destabilized;
(3) cellular differentiation program is frequently altered; (4) the control of apoptosis is
disturbed [20].

Multiple sequential genetic changes are needed to occur in order to ensure colorectal cancer
evolution. During progression of normal epithelial to carcinoma cell in colorectal cancer, TP53,
KRAS, BRAF and PIK3CA gene alterations play important roles. Gene alterations cause
disruption of signalling pathways in which they are involved, accompanied by increased
proliferative potential and decreased apoptosis of cells [21]. Along with genetic mutations,
colon carcinogenesis is accompanied by epigenetic changes that lead to altered expression of
key genes. Three major epigenetic regulatory mechanisms are described: (a) DNA methylation,
(b) the covalent modifications of histones and (c) non‐coding RNA interference [22].

3. Programmed cell death in normal versus carcinogenic colon cells

Apoptosis represents a cellular “suicide” mechanism which allows control of the number of
cells from tissues and removal of cells that present DNA mutations or have an aberrant cell
cycle, predisposed to malignant transformation [5]. Thus, elucidating the mechanisms of
programmed cell death process seems to be of great importance for malignant transformation,
tumour evasion, and therefore for anti‐cancer therapy like restoration of cellular mechanisms
responsible for the induction of apoptosis in tumour cells [23, 24]. Abnormalities in apoptotic
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function contribute to both pathogenesis of colorectal cancer, and its resistance to chemother‐
apeutics and radiotherapy [19].

3.1. Apoptosis pathways

Apoptosis is an active, specialized form of cell death with distinct biochemical and genetic
pathways that play a critical role in normal tissue homeostasis and development. Under stress,
such as precancerous lesions, the mechanisms involved in repairing DNA damage are
activated and potentially harmful cells are removed, and carcinogenesis is blocked [25]. Lack
of regulation of the apoptosis pathways may promote tumorigenesis and induce resistance to
treatment in cancer cells [19].

The apoptotic process displays morphological features of the cells: cellular shrinkage with
nuclear chromatin condensation and nuclear fragmentation, membrane blebbing, and cell‐self‐
fragmentation into apoptotic bodies. Apoptosis is initiated by two basic signalling pathways:
the extrinsic pathway, initiated by external stimuli and via activation of death receptors on
the cell surface, such as tumour necrosis factor‐α (TNF‐α), Fas (CD95/APO1) and TNF‐related
apoptosis‐inducing ligand (TRAIL) receptors, and the intrinsic (or mitochondrial) pathway,
activated by intracellular stimuli and characterized by mitochondrial outer membrane
permeabilization and release of mitochondrial cytochrome c (cyt‐c) [26]. There is an overlap
between the two apoptotic pathways: the extrinsic pathway usually also activates the intrinsic
pathway, and both pathways result in the recruitment and activation of cysteine‐aspartic acid
proteases (caspases) [27, 28]. Upon receiving specific signals instructing the cells to undergo
apoptosis, the caspase family of proteins is typically activated and cleaves key cellular
components required for normal cellular function, including structural proteins in the
cytoskeleton and nuclear proteins such as DNA repair enzymes [29]. Caspases can directly
signal apoptosis or use mitochondria as an intermediate and additional point of regulation in
apoptosis signalling [30].

(a) the mitochondrial pathway (the intrinsic pathway) is activated by a wide variety of
cytotoxic drugs, DNA damage, growth factor deprivation, oxidative stress, Ca2+ overload and
oncogene activation [29, 30]. It is regulated by formation of the mitochondrial permeability
transition pore (MPTP), composed by Bcl‐2 family members and voltage‐dependent anion
channels on the outer mitochondrial membrane [31], leading to mitochondrial outer membrane
permeabilization (MOMP). The drop of mitochondrial membrane potential initiates the
osmotic swelling of the matrix by water influx and release of cytochrome c from mitochondrial
intermembrane space into the cytoplasm. Cytochrome c then associates with apoptotic
protease‐activating factor 1 (APAF‐1) and caspase‐9 forming apoptosome complex. The
activation of caspase‐9 and/or caspase‐8 leads to caspase‐3 cleavage, endonuclease activation,
and ultimately nuclear DNA fragmentation, which is the hallmark of apoptosis [31, 32]. B cell
leukaemia/lymphoma 2 (Bcl‐2) family proteins are central regulators of the intrinsic pathway,
which either suppress or promote changes in mitochondrial membrane permeability required
for the release of cyt‐c and other apoptogenic proteins [33].

(b) the extrinsic pathway starts with the stimulation of specific death receptors upon binding
of their ligands, like tumour necrosis factor (TNF), tumour necrosis factor‐related apoptosis‐
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inducing ligand (TRAIL) and CD95 (Fas or APO1) [34]. Death receptors are transmembrane
proteins with a death domain in their cytosolic region; the ligands binding causes oligomeri‐
zation of these receptors, exposing their death domains (DD) in their cytosolic tail, which
rapidly bind to Fas‐Associated Death Domain (FADD). Several of the DD‐containing TNF‐
family receptors use caspase activation as a signalling mechanism, including TNFR1/CD120a,
Fas/APO1/CD95, DR3/Apo2/Weasle, DR4/TrailR1, DR5/TrailR2, and DR6 [35, 36]. Binding of
these receptors at the cell surface results in the recruitment of several intracellular proteins,
including some procaspases, to the cytosolic domains of these receptors, forming a “death‐
inducing signalling complex” (DISC) that triggers caspase‐8 activation [37, 38]. In the case of
TNFR1, after the ligand binds to TNFR1, the cytosolic region of the receptor does not bind
FADD, but TRADD adaptor, as well as several other signalling proteins, some of them being
involved in the activation of NF‐κB transcription factor. The initial complex is then released
from the receptor, TRADD binds to FADD in the cytosol, and caspase‐8 is recruited. The
downstream signalling depends on additional interactions with proteins like FLICE‐like
inhibitory proteins (c‐FLIP), forming a complex that contains heterodimers of caspase‐8 and
c‐FLIP that will inhibit apoptosis. However, if NF‐κB activity is blocked or disrupted, or c‐FLIP
expression is inhibited, caspase‐8 is activated and cell undergoes apoptosis [30, 39]. Between
the death receptor pathway and the mitochondrial pathway of apoptosis, there is an overlap.
Caspase‐8 has another substrate in the cell, BID, a BH3‐only protein: when caspase‐8 cleaves
BID, the protein is translocated to the mitochondria to promote MOMP and to initiate
mitochondria‐dependent apoptosis [40].

3.2. Evasion mechanisms of apoptosis in colon cancer

Apoptosis is subverted during tumorigenesis through the systematic loss of regulatory control
mechanisms, ultimately resulting in the generation of a malignant phenotype and resistance
to chemotherapy and radiation therapy. Several potential mechanisms and factors involved
were taken into account to explain the defects in apoptotic signalling and the increased
activation of anti‐apoptotic pathways that were observed in colon cancer cells:

(a) Disrupted balance between pro‐ and anti‐apoptotic proteins

Many proteins exert pro‐ or anti‐apoptotic activity in cells, and the ratio between them plays
an important role in the regulation of cell death. Over‐ or under‐expressed genes were also
found to contribute to carcinogenesis by reducing apoptosis in cancer cells. Key regulatory
proteins of apoptotic machinery, such as Bcl‐2 (including Bcl‐xl and Bax) and IAP family,
undergo changes in expression during the transition from adenoma to carcinoma, and
therefore, they were used as prognostic biomarkers [7]. Pro‐ and anti‐apoptotic mediators can
regulate mitochondrial outer membrane permeability and release of cytochrome c from the
mitochondria into the cytoplasm [41] (Figure 1).

When there is a disruption in the balance of anti‐apoptotic and pro‐apoptotic members of the
Bcl‐2 family, the result is a dysregulation of apoptosis in the affected cells. This can be due to
the overexpression of one or more anti‐apoptotic proteins, or the underexpression of one or
more pro‐apoptotic proteins, or both [42, 43]. In colorectal cancer, the dysregulated expression
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of Bcl‐2 family members may be associated with disease outcomes. Bcl‐2 expression is
restricted to the basal epithelial cells in normal and hyperplastic mucosa, but in dysplastic
polyps and carcinomas, it is extended to the parabasal and superficial regions. Bcl‐2 expression
is increased in hyperplastic polyps and markedly increased in almost all adenomas, while
carcinomas show weaker Bcl‐2 expression, indicating the decrease of apoptosis during
progression from adenoma to carcinoma [44, 45].

Figure 1. Role of biocompounds in modulation of intrinsic and extrinsic pathways of apoptosis.

Overexpression of the anti‐apoptotic Bcl‐2 family member Bcl‐XL predicts poor prognosis in
patients with colonic adenocarcinomas, conferring a multidrug resistance phenotype [46, 47].
Bcl‐w, another anti‐apoptotic Bcl‐2 family protein, plays a general role in the progression from
adenoma to adenocarcinoma in the colorectal epithelium; it is frequently expressed in
colorectal adenocarcinomas at significant higher levels in TNM stage III tumours, positive
correlated with node involvement [42]. In primary colorectal adenocarcinomas, elevated levels
of expression for Bcl‐xL and Bcl‐w were reported to be associated with reduced expression of
Bax [42]. Regarding the pro‐apoptotic members of Bcl‐2 family like Bcl‐10, Bax, Bak, Bid, Bad,
Bim, Bik, and Blk, increasing evidences suggest the involvement of Bak and Bax in the release
of cytochrome c, based on phosphorylation of both Bak and Bax that facilitate their homo‐
oligomerization and subsequently the localization in mitochondria [29, 48]. Mutations in both
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Bax and Bak genes confer cells the resistance to apoptosis [49, 50]. In colon cancer, Bax gene is
frequently mutated in hereditary non‐polyposis colorectal cancers [51] and microsatellite
mutator phenotype [52, 53]. Decreased Bax expression was correlated with poor prognosis and
progression towards metastasis [54].

One of the best known tumour suppressor proteins is p53, encoded by the tumour suppressor
gene TP53 located on the short arm of chromosome 17 (17p13.1). The oncogenic property is
due to a p53 mutations [55, 56], and half of all colorectal cancer cases show mutations in TP53
gene that were correlated with adenoma‐to‐carcinoma transitions and aggressive subsets of
colorectal cancer [57, 58]. TP53 is a tumour suppressor gene in the mitochondrial apoptotic
pathway, and one of the key regulators of cell‐cycle control and apoptosis. Tumour cells
presenting p53 mutations are defective in the induction of apoptosis. Its expression is down‐
regulated by survivin and Bcl‐2 [59]. The molecular mechanisms that are employed by p53 to
induce cell death in the context of suppressing cancer progression include the transcriptional
regulation of pro‐apoptotic PUMA expression, the generation of oxidative free radicals within
mitochondrial components, the reduction of COX‐2/PGE2 synthesis, and the induction of
death receptor 5 [60, 61] (Figure 1).

Inhibitors of apoptosis (IAPs family) suppress apoptosis through inhibition of effector
caspases [62]. The expression of inhibitor of apoptosis proteins (IAPs) is dysregulated in
colorectal cancer. The anti‐apoptotic regulators belonging to the IAP family, including XIAP,
cIAP, and survivin, bind to caspase‐3 and caspase‐9 and thereby inhibit c aspase activity
(Figure 1). Moreover, XIAP‐associated factor 1 (XAF1) negatively regulates the anti‐apoptotic
function of XIAP. Molecules like c‐FLIP, XIAP, cIAP2, and survivin have increased expression
levels in colon cancer patients, and this has been correlated with disease progression and poor
survival [47, 63, 64].

(b) Reduced caspase activity

During apoptosis process, the caspases implicated are either initiator caspases (e.g. caspase‐
2, caspase‐8, caspase‐9 and caspase‐10) which are primarily responsible for the initiation of the
apoptotic pathway, or effector caspases (caspase‐3, caspase‐6 and caspase‐7), which are
responsible in the actual cleavage of cellular components during apoptosis [65]. In the initiation
and execution of apoptosis, caspases remain important players; therefore, low levels of
caspases or impairment in caspase function may lead to a decrease in apoptosis and carcino‐
genesis [66, 67]. More than one caspase can be downregulated, contributing to colon cancer
cell growth and development. Studies on differential expression by cDNA array showed a
downregulation of both capase‐8 and caspase‐10, phenomenon that influences the pathogen‐
esis of carcinomas [68].

(c) Impaired death receptor signalling

Several receptors and ligands that modulate the programmed cell death were described: TNF
receptor superfamily, Fas/Fas‐L, CD27, death receptors and ligands, receptors phosphatases.
Signalling via death receptors could be impaired in human cancers via downregulation of

Modulation of Apoptosis in Colon Cancer Cells by Bioactive Compounds
http://dx.doi.org/10.5772/63382

57



receptor surface expression as part of an adaptive stress response. Death receptors and their
ligands are key players in the extrinsic pathway of apoptosis. The extrinsic signalling pathway
leading to apoptosis involves transmembrane death receptors that are members of the tumour
necrosis factor (TNF) receptor gene superfamily [69]. Several abnormalities in the death
signalling pathways that can lead to evasion of the extrinsic pathway of apoptosis have been
identified: the downregulation of receptor expression, the impairment of its function, as well
as a reduced level in the death signals, all of which contribute to impaired signalling and a
reduction of apoptosis. Reduced membrane expression of death receptors and abnormal
expression of decoy receptors have also been reported to play a role in the evasion of the death
signalling pathways in various cancers [12, 70] (Figure 1).

(d) Altered redox status in apoptosis induction

The oxidative stress process is characterized by an increased generation of reactive oxygen
species (ROS) accompanied by a dysfunction of the antioxidant systems which exist in every
cell, dependent on the metabolic state of the cell [71, 72]. The increased metabolic activity,
mitochondrial dysfunction, peroxisome activity, oncogene activity, increased activity of
oxidases, cyclooxygenases, lipoxigenases could be responsible for the generation and release
of reactive oxygen species in tumour cells [73–75]. Low levels of ROS may influence processes
like angiogenesis, cell proliferation and survival, while intermediate levels of ROS cause
transient or permanent cell‐cycle arrest and induce cell differentiation. When ROS production
does not irreversibly alter cell viability, they can act as primary messengers, modulating
several intracellular signalling cascades that lead to cancer progression [76]. High levels of
ROS induce cell apoptosis or necrosis by causing an alteration of membrane permeability, a
genetic instability, oxidative modifications that lead to less active enzymes or proteins more
susceptible to proteolytic degradation [77]. Furthermore, ROS plays a crucial role in regulating
expression of genes associated with cancer cell proliferation, angiogenesis, invasion and
metastasis by activating transcription factors such as NF‐κB, activator protein‐1 (AP‐1) and
hypoxia inducible factor‐1 (HIF‐1α) [78].

Excessive production of ROS in tumour cells induces apoptosis or necrosis, and acts as an
important inhibitor of cancer cell proliferation. Fas ligand mediates the induction of ROS,
essential for the initiation of apoptotic signalling cascade and activation of the intrinsic
apoptotic machinery by disruption of mitochondrial membrane integrity [79] (Figure 1). The
transformed cells use ROS signals to drive proliferation to tumour progression. Tumour cells
present an increased basal oxidative stress, making them vulnerable to chemotherapeutic
agents that further augment ROS generation or weaken antioxidant defences of the cell [80].
Human colorectal tumours have increased levels of different markers of oxidative stress, such
as ROS, nitric oxide (NO), lipid peroxides, glutathione peroxidase (GPx), catalase (CAT), and
decreased cytosine DNA methylation [81–83].

ROS‐sensitive signalling pathways are persistently elevated in many types of cancers,
including colon cancer [84]. Reactive oxygen species can act as second messengers in cellular
signalling. For example, hydrogen peroxide (H2O2) regulates protein activity through rever‐
sible oxidation of its targets, including protein tyrosine phosphatases, protein tyrosine kinases,
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receptor tyrosine kinases and transcription factors [85, 86]. The mitogen‐activated protein
(MAP) kinase/Erk cascade, phosphoinositide‐3‐kinase (PI3K)/Akt‐regulated signalling
cascades, as well as the IκB kinase (IKK)/nuclear factor κ‐B (NF‐κB)‐activating pathways are
regulated by ROS. The extracellular signal‐regulated kinase pathway (ERK) mediates signal
transduction involved in cell proliferation, differentiation, and migration [87]. Activation of
ERK in tumour cells by biocompounds (e.g. resveratrol, quercetin) results in anti‐proliferative
effects, such as apoptosis, senescence, or autophagy [88–91]. Then, ERK can activate apoptotic
enzymes or phosphorylate transcription factors that regulate the expression of pro‐apoptotic
genes [92]. Cell death in tumour cells treated with resveratrol and quercetin was accompanied
by increased ROS levels and p53 expression, decreased Bcl‐2 expression, depolarization of the
mitochondrial membrane, cleaved caspase‐3, and DNA fragmentation [93]. Elevated levels of
ROS triggered by treatment with biocompounds might inhibit dual‐specificity phosphatases
(DUSPs) that dephosphorylate and inactivate MAPKs, leading to ERK activation and promot‐
ing cancer cell death. Therefore, biocompounds might induce apoptosis in colon cancer cells
via activation of the MEK/ERK pathway [94].

Mitochondrial release of H2O2 and NO upon apoptotic signals leads to the activation of c‐Jun
N‐terminal kinases (JNKs). In response to ROS, JNKs catalyze the phosphorylation and
downregulation of anti‐apoptotic proteins such as Bcl‐2 and Bcl‐XL. JNK influences the
composition of the Bax/Bcl‐2 complex by increasing the expression of Bax, leading to the
formation of Bax homodimers and dissipation of mitochondrial membrane integrity [95, 96].
In response to the increased generation of ROS, the MAPK family member p38MAP is also
implicated in apoptotic signalling [97].

In addition, ROS play an important role in the regulation of IKK/NF‐κB pathway. NF‐κB is a
redox‐regulated sensor for oxidative stress that is activated by low doses of hydrogen peroxide.
The activation of NF‐κB is mediated through the NF‐κB‐inducing kinase (NIK) and IκB kinase
(IKK) complexes. Degradation of IκB translocates NF‐κB to the nucleus, where it acts as a
transcription factor to induce the expression of anti‐apoptotic and anti‐inflammatory genes
[98]. Peroxisome proliferator‐activated receptor‐gamma (PPARγ) has been shown to exert an
inhibitory effect on cell growth in most cell types. The expression of PPARγ was significantly
increased in tumour tissues from human colon cancer, and the occurrence of apoptosis induced
by PPARγ ligands was sequentially accompanied by reduced levels of NF‐κB and Bcl‐2.
PPARγ‐Bcl‐2 feedback loop might control the life–death continuum in colonic cells, while a
deficiency in generation of PPARγ ligands could precede the development of human colon
cancer [99].

4. Bioactive compounds and colon cancer

Recent studies focused on the discovery of new chemotherapeutic agents among natural
products since many plants and their bioactive compounds displayed anti‐carcinogenic and
anti‐proliferative effects towards colon cancer cells [13]. Positive correlations between antiox‐
idant activities of plants and their anti‐proliferative effects, suggesting the potential action of
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antioxidants in inhibiting cancer cell growth, were also reported [13]. Among them, over 5000
flavonoids were found in vegetables and fruits, wines, seeds, nuts, grains and teas, herbs, and
represent a class of plant secondary metabolites, known for their antioxidant properties [100].
The position of hydroxyl groups and other features in the chemical structure of flavonoids are
important for their antioxidant and free radical scavenging activities [70]. The dietary com‐
pounds could interfere with specific stages of the carcinogenic process, inhibiting cell prolif‐
eration and inducing apoptosis in different types of cancer cells [101]. In addition, they might
affect the expression of several detoxifying enzymes and their ability to modulate protein‐
signalling cascades [102].

4.1. Dietary sources and functional features

Since the 1950s, despite extensive clinical trials, mortality from colon cancer is a major public
health problem in developed countries as a result of high consumption of animal fat or red
meat and low intake of fibres or vegetables [103]. Protective factors include physical activity
and increased intakes of dietary fibre, fish, nuts, dairy products, fruits and vegetables, while
other factors, including weight and obesity, waist circumference, smoking, alcohol consump‐
tion, and red and processed meat intakes increase the risk of colorectal cancer [104, 105]. Using
simple lifestyle modifications, changing the diet might substantially reduce the risk of
colorectal cancer and could complement screening, so that CRC could be preventable in 90%
of cases [106]. Over the last decade, different drugs and nutritional elements have been studied
in preclinical as well as clinical trials and proved to have potential benefit in the field of CRC
prevention [107]. Chemoprevention, the use of drugs or other agents to inhibit the develop‐
ment or progression of malignant changes in cells represents an alternative approach to reduce
the mortality from colorectal cancer as well as other cancers [108].

Biocompounds Source Mechanisms of action Refs.

Resveratrol Grapes and red wine,
mulberries, peanuts, seeds

Caspase activation
NF‐κB inhibition
FasL induction
Activation of MEK/ERK
pathway Bcl‐2
downregulation
Increase of ROS
and p53 levels

[92–94,
111, 137,
166, 167]

Genistein Soybeans, fava beans,
lupin, coffee

NF‐κB inhibition
Caspase activation
Inhibition of PTK
Inhibition of AKT
pathway mdm2
downregulation

[113, 114]

Quercetin Vegetables (capers, radish Bcl‐2, EGFR downregulation [91–94,
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Biocompounds Source Mechanisms of action Refs.

leaves, dill, cilantro,
fennel, red onion,
radicchio, kale), fruits
(cranberry, black plums,
blueberry, apples), seeds,
nuts, tea, red wine

Cyclin D1, survivin inhibition
Inhibition of Wnt/beta‐catenin
signalling pathway
Increase of ROS and p53
levels Activation of
MEK/ERK pathway

164]

Curcumin Turmeric, curry, mustard NF‐κB inhibition
ROS induction
Modulation of MAPK pathway
Downregulation of survivin and
IGF‐1
expression

[141–143,
146, 147]

Apigenin Parsley, celery, dandelion,
coffee, chamomile tea

Modulation of survival and
death effectors (PI3K, AKT,
ERK, STAT3, JNK,
Mcl‐1)

[119, 168]

Epigallocatechin
gallate (EGCG)

Green tea, white
tea, black tea

Modulation of ROS production
NF‐κB inhibition
Inhibition of growth
factor‐dependent
signalling (EGF, VEGF, IGF‐I)
Inhibition of MAPK and
p21 pathways Downregulation
of survivin

[148, 149,
151–155,
157, 176]

Silibinin Milk thistle seeds Bcl‐2 downregulation
Bax upregulation
Decrease of cyclin D1
and c‐myc expression
Upregulation of death
receptors DR4, DR5

[17, 127,
136, 138,
139]

Naringenin Grapefruits, oranges
and tomatoes (skin)

Losses in mitochondrial
membrane potential
Caspase‐3 activation
Intracellular ROS production
Sustained ERK activation

[129, 163]

Pomegranate juice Pomegranate Downregulation of Bcl2‐XL
Caspase‐3 and caspase‐9
activation NF‐κB
inhibition Suppression of AKT
pathway

[131, 132,
158, 160]
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Biocompounds Source Mechanisms of action Refs.

Sulforaphane Broccoli, Brussels sprouts,
cabbage, cauliflower, kale,
collards, kohlrabi, mustard,
turnip, radish, arugula,
watercress

Upregulation of Bax, p21
G2/M cell‐cycle arrest

[121, 122,
177, 178]

Ellagic acid Strawberries, walnuts,
pecans

Disruption in mitochondrial
membrane potential
Activation of caspase‐3,
caspase‐8 and caspase‐9
Inactivation of PI3K/Akt
pathway Bax upregulation;
Bcl‐2 downregulation
Increase of ROS production

[169, 170]

Lycopene Tomatoes, red carrots,
watermelons, papayas

Bax and FasL upregulation;
Bcl‐2 and Bcl‐XL
downregulation
Downregulation of Akt,
NF‐κB

[171, 172]

Table 1. Biocompounds—dietary sources and mechanisms of action involved in modulation of apoptosis.

Different natural compounds display a wide range of biological activities, including anti‐
inflammatory and cytoprotective activities, and several are known to act as anti‐cancer
reagents. Curcumin from turmeric, genistein from soybean, tea polyphenols like epigalloca‐
techin gallate from green tea, resveratrol from grapes, sulforaphane from broccoli, isothiocya‐
nates from cruciferous vegetables, silymarin from milk thistle, diallyl sulphide from garlic,
lycopene from tomato, rosmarinic acid from rosemary, apigenin from parsley, gingerol from
ginger and quercetin (Table 1) have high antioxidant activities, and demonstrated anti‐
proliferative effects against various cancer cell lines [13].

Resveratrol (RSV, trans‐3,4′,5‐trihydroxystilbene), a naturally occurring polyphenol phytoa‐
lexin, is abundant in a wide variety of plants and their products, including grapes and red
wine, mulberries, peanuts, seeds, and has anti‐inflammatory, antioxidant, anti‐neoplastic, anti‐
carcinogenic, anti‐tumorigenic, cardioprotective, neuroprotective, anti‐aging and antiviral
effects [102, 109]. Resveratrol exhibited anti‐colon cancer properties by inhibiting cell prolif‐
eration, inducing apoptosis, decreasing angiogenesis, and causing cell‐cycle arrest [110, 111].

Genistein (GST, 4′,5,7‐trihydroxyisoflavone) is a natural compound found in lupin, fava
beans, soybeans, coffee and occurs in Asian diet, rich in soy products [112]. It is a strong
topoisomerase inhibitor, similarly to etoposide and doxorubicin. It has a wide spectrum of
activity, expressed in protecting cells from malignant transformation, reducing proliferation
of tumour cells and stimulating apoptosis [113, 114].
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Quercetin (QCT, 3,3′,4′,5,7‐pentahydroxyflavone) is an important dietary flavonoid, which
presents in different vegetables (e.g. capers, radish leaves, dill, cilantro, fennel, red onion,
radicchio, kale), fruits (cranberry, black plums, blueberry, apples), seeds, nuts, tea and red
wine. It is involved in suppression of tumour‐related processes, including oxidative stress,
proliferation and metastasis. QCT has also received greater attention as pro‐apoptotic flavo‐
noid with a specific and almost exclusive activity on tumour cell lines rather than normal, non‐
transformed cells [115]. The anti‐tumour effect found in SW480 colon cancer cell line was
related to the inhibition of Cyclin D (1) and survivin expression, as well as Wnt/beta‐catenin
signalling pathway [116].

Curcumin (CRM, 1,7‐bis‐(4‐hydroxy‐3‐methoxyphenyl)‐1,6‐heptadiene‐3,5‐dione) is a
diarylheptanoid and the principal curcuminoid of turmeric, extracted from Curcuma longa; it
possesses anti‐inflammatory and antioxidant properties, and has a strong inhibitory effect on
cell proliferation in the HT‐29 and HCT‐15 human colon cancer cell lines [117, 118].

Apigenin (APG, 4′,5,7‐trihydroxyflavone) is one of the most common flavonoids widely
distributed in fruits and vegetables, such as parsley, celery, dandelion coffee and chamomile
tea. However, apigenin only showed a modest anti‐tumour activity towards cancer cells. New
strategies are needed to enhance apigenin's anti‐tumour efficacy [119].

Epigallocatechin 3‐O‐gallate (EGCG) [(2R,3R)‐5,7‐dihydroxy‐2‐(3,4,5‐trihydroxyphenyl)‐3,4‐
dihydro‐2H‐1‐benzopyran‐3‐yl 3,4,5‐trihydroxybenzoate] is the most abundant catechin in tea,
a polyphenol found in high quantities in the dried leaves of white tea, green tea and, in smaller
content in black tea [120]. EGCG was found to exert profound anti‐inflammatory, antioxidant,
anti‐infective, anti‐cancer, anti‐angiogenic, and chemopreventive effects [120].

Sulforaphane (1‐Isothiocyanato‐4‐methylsulfinylbutane) is found in cruciferous vegetables
such as broccoli, Brussels sprouts, cabbage, cauliflower, bok choy, kale, collards, Chinese
broccoli, broccoli raab, kohlrabi, mustard, turnip, radish, arugula and watercress. Young
sprouts of broccoli and cauliflower are particularly rich in glucoraphanin. It is produced when
the enzyme myrosinase transforms glucoraphanin, a glucosinolate, into sulforaphane upon
damage to the plant which allows the two compounds to mix and react [121]. Sulforaphane
(SFN) is a naturally occurring chemopreventive agent, inducing the cell‐cycle arrest and
apoptosis in colon cancer. However, little is known about the differential effects of SFN on
colon cancer and normal cells [122].

Lycopene is a bright carotenoid pigment and phytochemical found in tomatoes, red carrots,
watermelons and papayas. Although lycopene is chemically a carotene, it has no vitamin A
activity. Also foods that are not red may contain lycopene, such as asparagus or parsley.
Lycopene exhibited potential anti‐carcinogenic activity, and the consumption of tomatoes was
associated with reduced risk of several types of human cancer, including colon cancer [123,
124].

Glucobrassicin is a type of glucosinolate found in cabbages, broccoli, mustards, horseradish
and woad. The main hydrolysis product after glucobrassicin is degraded by myrosinase is
indole‐3‐carbinol, which was found to have apoptosis‐inducing effects in a concentration‐ and
time‐dependent manner in human colon cancer cells [125, 126].
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Silibinin is the major active constituent of silymarin, a standardized extract of the milk thistle
seeds, that contains a mixture of flavonolignans and was shown to induce apoptosis in colon
cancer cells [127, 128].

Naringenin (5,7‐dihydroxy‐2‐(4‐hydroxyphenyl)chroman‐4‐one) is a flavanone, considered to
have a bioactive effect on human health as antioxidant, free radical scavenger, anti‐inflamma‐
tory, carbohydrate metabolism promoter and immune system modulator. It can be found in
grapefruits, oranges and tomatoes (skin) [129].

Pomegranate juice obtained from Punica granatum is rich in polyphenol compounds such as
gallo, ellagitannin and flavonoid classes. It possesses therapeutic activity such as anti‐
atherogenic, anti‐parasitic, anti‐microbial, antioxidant, anti‐carcinogenic and anti‐inflamma‐
tory effects [130]; in preclinical animal studies, oral consumption of pomegranate extract
inhibited the growth of lung, skin, colon and prostate tumours [131]. It was shown that
pomegranate juice derivatives promote apoptosis of colon cancer cells by inducing the intrinsic
pathway, but no effect was shown on the extrinsic pathway [132].

5. Bioactive compounds and their role in modulation of apoptosis in colon
cancer

Results of clinical trials revealed that colon cancer can be successfully treated by chemotherapy,
if the tumour selective detection can be substantial increased. In this regard, there is an
increasing demand for biomarkers for risk assessment, early detection, prognosis and surro‐
gate end points. This will be possible by the introduction of new drugs with more precise
mechanisms of action, such as those acting specifically upon well‐known aberrant pathways
(e.g. apoptosis, cell signalling) [133]. New drugs can initiate or modulate the apoptosis cascade
acting on caspases, Fas, Bax, Bid, APC or molecules which promote colon cancer cell survival
(p53 mutants, Bcl‐2 or COX‐2) [134].

The implementation of new treatment options (and the management of metastatic colon
cancer) must take into account the role of apoptosis in colon tumorigenesis with a highlight
on the mechanisms leading to chemotherapeutic resistance as well as immune system evasion
[69]. From this point of view, apoptosis can be considered as a potential target for cancer
treatment at various stages of tumour progression, while chemoprevention as well as the
apoptotic mechanisms could be utilized in the prevention and management of tumorigenesis
[35, 135].

5.1. Mechanisms and targets involved

Grape seed extract that consists in a mixture of polyphenols was able to decrease cyclin D1,
and c‐myc expression, preventing cycle cell disruption, reduce expression of iNOS and COX‐
2 decreasing oxidative cellular stress [136]. On the other hand, in vitro studies performed on
CRC cell lines showed that grape seed extract induces apoptosis via activation of caspase‐3,
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caspase‐8, and caspase‐9, and also generation of ROS. It is worth mentioning that proapoptotic
activity of grape seed extract has no effect in normal colonocytes [107].

Resveratrol has anti‐CRC effects by inhibiting tumour initiation and progression by affecting
caspase activation, NF‐κB inhibition and FasL induction. Resveratrol could suppress inflam‐
matory responses through decreasing nitric oxide levels and inhibiting the phosphorylation
of the IκB enzyme complex, thus suppressing the activation of NF‐κB dependent mechanisms
[111, 137]. It was also described to interfere with mitochondrial functions by inhibiting
mitochondrial ATP synthesis through its binding to F1‐ATPase. In addition, resveratrol can
antagonize anti‐apoptotic proteins that prevent the induction of apoptosis in cancer cells.
Resveratrol induces p53‐independent upregulation of p21, p21‐triggered cell‐cycle arrest and
subsequently cell‐cycle‐dependent depletion of the anti‐apoptotic protein survivin, thereby
sensitizing cancer cells to TRAIL‐induced apoptosis. Moreover, it suppresses expression levels
of additional anti‐apoptotic proteins (e.g. Bcl‐xL and MCL‐1). The anti‐tumour activities of
resveratrol are also due to its ability to interfere with the phosphatidylinositol‐3 kinase (PI‐
3K)/AKT and the MAPK pathways [13] (Table 1).

Silibinin: Studies in vitro and in vivo have shown a chemopreventive role in CRC by interfering
in proliferation, signalling pathway and inflammation processes [17]. It was also found to cause
decrease of cyclin D1 and c‐myc expression [127]. Moreover, silibinin modulates the expression
of anti‐apoptotic proteins (Bcl‐2, Mcl‐1, X‐linked inhibitor of apoptosis protein, and survivin)
[136]. Silibinin can induce apoptosis by downregulation of the anti‐apoptotic protein Bcl‐2 and
upregulation of the pro‐apoptotic protein Bax, inverting the Bcl‐2/Bax ratio. Sibilin also
promotes apoptosis by upregulating transcription of the death receptors DR4 and DR5 [138],
inhibits TNF‐α activation of NF‐κB, decreases expression of COX‐2 and iNOS [139]. Silibinin
decreased the expression of IL‐1, TNF‐alpha and their downstream target MMP7, all of them
being upregulated during colon carcinogenesis [127, 138]. In a study evaluating silibinin
pharmacodynamics, Hoh et al. [140] showed that silibinin is not toxic to normal colonic
epithelium (Table 1).

Curcumin is effective in apoptosis triggering, inhibiting DNA mutations, cancer cell prolifer‐
ation, metastasis and inflammation. Curcumin induces the production of ROS in concentration
that leads to p21 protein upregulation, and consequently inhibiting cancer cell growth [141].
Moreover, curcumin interferes with the protein kinase (MAPK) pathway, which in turn
decreases production of TNF‐α and COX‐2 as well as downregulates the expression of NF‐κB
and IL‐6 [142, 143]. The downregulation of NF‐κB levels has also effect on expression level of
c‐myc, cyclin D1 and Bcl‐2 genes, and finally modulates the cell cycle [144]. It promotes cancer
cell apoptosis by inducing expression of proapoptotic proteins (Bax, Bim, Bak, Noxa) and
inhibiting expression of anti‐apoptotic proteins (Bcl‐2, Bcl‐xl) [143]. Curcumin prevents the
formation of metastases by decreasing vascular endothelial growth factor (VEGF) and matrix
metalloproteinase 9 expression [144]. In recent in vitro study in CRC cells, Patel et al. [145]
have shown that curcumin inhibits the receptor expression of HER2 and insulin‐like growth
factor 1 (IGF‐1) which is well known to create resistance to 5‐fluorouracil and oxaliplatin.
Curcumin downregulates the expression of survivin and IGF‐1 by activating the expression
of p53 and reducing TNF‐α levels, leading to activation of apoptotic signal [146, 147] (Table 1).
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Epigallocatechin 3‐Gallate Epigallocatechin 3‐gallate (EGCG) has a strong antioxidant
activity preventing ROS formation, blocking cancer cell proliferation and metastasis formation
by down‐regulating the expression of growth factors (epidermal growth factor, IGF‐1, VEGF)
[148]. EGCG blocks the cell cycle through the modulation of both MAPK and p21 pathways
[149]. Furthermore, by upregulation of p53, EGCG induces apoptosis in CRC cells [150]. EGCG
promotes cell growth arrest and induces apoptosis by affecting regulatory proteins of the cell
cycle and inhibition of NFκB [151–153]. Some reports point out that the ROS‐related effects
may contribute to the anti‐proliferative and pro‐apoptotic activity of EGCG [154]. The effects
are associated with modulation of reactive oxygen species (ROS) production. Although EGCG
has a dual function of antioxidant and pro‐oxidant, EGCG‐mediated modulation of ROS
production is reported to be responsible for its anti‐cancer effects. The EGCG‐mediated
inhibition of NF‐κB signalling is also associated with inhibition of migration, angiogenesis and
cell viability [155]. Furthermore, it inhibits growth factor‐dependent signalling (e.g. EGF,
VEGF and IGF‐I), the MAPK pathway, proteasome‐dependent degradation and expression of
COX‐2. EGCG seems to directly interact with and modulate the character of membrane lipid
rafts, which explains the ability to alter signalling processes of growth factor receptors.
Furthermore, EGCG inhibits telomerase, topoisomerase II and DNA methyltransferase 1,
thereby affecting the functions of chromatin [153, 156]. EGCG has a protective effect against
NO‐induced apoptosis in HDPC by scavenging ROS and modulating the Bcl‐2 family [157]
(Table 1).

Pomegranate may inhibit cancer cell proliferation and apoptosis through the modulation of
cellular transcription factors and signalling proteins. In previous studies, pomegranate juice
and its derivate inhibited proliferation and induced apoptosis in colon cancer cells, signifi‐
cantly suppressed TNF‐α‐induced COX‐2 protein expression. It also reduced phosphorylation
of the p65 subunit and binding to NF‐κB, and abolished TNF‐α induced AKT activation,
playing an important role in the modulation of cell signalling in colon cancer cells [158]. The
pomegranate juice exhibited a dose‐ and time‐dependent decrease in cell proliferation,
inducing cell‐cycle arrest in the G0/G1 and G2/M stages of the cell cycle, followed by apoptosis
[159]. In the same regard, Larrosa et al. [160] have shown that induction of apoptosis was due
to the downregulation of Bcl2‐XL protein as well as activation of caspase‐3 and caspase‐9, but
not caspase‐8 (Table 1).

Citrus flavonoids: Volatile oil of Citrus aurantifolia, showed 78% growth inhibition of human
colon cancer cells, induced the characteristic pattern of DNA fragmentation, via caspase‐3
dependent pathway along with modulation of apoptosis‐related protein expression [161].

Orange (Satsuma mandarin) juice contains a lot of flavonoids, which are potential chemopro‐
tective compounds, with the capacity to suppress the expression of several cytokines (TNF‐α,
IL‐1β, IL‐6) as well as inflammatory enzymes (COX‐2 and iNOS). In human colon cancer cell
lines, the mechanism that induced the inhibition of their growth acted by blocking the cell
cycle in G0/G1 phase and reducing levels of cyclins (A, D1 and E) [162].

Naringenin: Treatment with naringenin derivates resulted in significant apoptosis‐inducing
effects concomitant with losses in mitochondrial membrane potential, caspase activation,
intracellular ROS production and sustained ERK activation [129]. In human colon adenocar‐
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cinomas, it induced activation of p38/MAPK, leading to the pro‐apoptotic caspase‐3 activation
and poly (ADP‐ribose) polymerase cleavage [163] (Table 1).

Quercetin plays a role in inhibiting tumorigenesis in colon cells through antioxidant, anti‐
inflammatory, anti‐proliferative and pro‐apoptotic mechanisms. Quercetin downregulated
Bcl‐2 through the inhibition of NF‐κB and inhibited phosphorylation of EGFR suppressing
downstream signalling in colon carcinoma cells. It augments TRAIL‐induced apoptotic death
and inhibits cyclin D1, survivin expression and Wnt/beta‐catenin signalling pathway [91,
164] (Table 1).

Apigenin: Studies have shown that apigenin induces cell‐cycle arrest and causes apoptosis in
different cancer cells including colon cancer through modulation of various survival and death
effectors, such as PI3K, AKT, ERK, STAT3, JNK and Mcl‐1 [119] (Table 1).

Genistein inhibits the activation of NF‐κB and Akt signalling pathways, both of which are
known to maintain a homeostatic balance between cell survival and apoptosis; antagonizes
estrogen‐ and androgen‐mediated signalling pathways in the processes of carcinogenesis
[114]. It has antioxidant properties, being a potent inhibitor of angiogenesis and metastasis.
Genistein is a known inhibitor of protein‐tyrosine kinase (PTK), which may attenuate the
growth of cancer cells by inhibiting PTK‐mediated signalling mechanisms. Genistein also
inhibits topoisomerase I and II, 5α‐reductase and protein histidine kinase, all of which may
contribute to the anti‐proliferative or pro‐apoptotic effects [113]. It also down‐regulates mdm2
at both transcriptional and post‐translational levels [165] (Table 1).

5.2. Epigenetic mechanisms related to apoptosis, influenced by natural compounds

Several papers pointed the role of various natural compounds that target the epigenetic
mechanisms in order to modulate the biologic activities, including apoptosis [173]. Epigenetic
control mechanisms are reversible and natural compounds that target them may contribute to
the development of new and attractive therapeutic strategies. A review of some natural
compounds that target apoptosis through epigenetic mechanisms is presented below.

EGCG has a role in inhibiting histone deacetylases (HDACs) [174]. Site‐specific acetylation of
histones is essential to switch between permissive and repressive chromatin structures.
Chromatin remodelling allows the regulation of gene expression, and it takes place under the
action of enzymes responsible for acetylation (histone acetyl transferase, HAT) and deacety‐
lation (histone deacetyl transferase, HDAC) [175]. An increased HDAC activity is characteristic
to many cancers and is associated with alterations of several cellular mechanisms, including
apoptosis. Therefore, by targeting HDACs, it is possible to modulate several cell processes like
cell cycle, cell differentiation and apoptosis. Combined treatments of EGCG and sodium
butyrate (NaB), in physiologically achievable concentrations, were shown to promote apop‐
tosis and induce cell‐cycle arrest in RKO, HCT‐116 and HT‐29 colon cell lines [176]. Both EGCG
and NaB are epigenetic regulators, and treatment with these two compounds reduced both
the expression of survivin (which has anti‐apoptotic activity), as well as the expression of
enzymes involved in epigenetic regulation (HDAC and DNA methyltransferase- DNMT)
[176].

Modulation of Apoptosis in Colon Cancer Cells by Bioactive Compounds
http://dx.doi.org/10.5772/63382

67



HDAC activity is also inhibited by sulforaphane (SFN) and induces an increased histone
acetylation, mainly at p21 and Bax 2 promoters, events that lead to G2/M cell‐cycle arrest and
apoptosis [177]. Oral administration of SFN in mice increased p21 expression via HDAC
inhibition, while in APC‐knock‐out mice the same treatment leaded to specific increase of
acetylation in H3 and H4 with decrease of intestinal polips [178]. Moreover, SFN was found
to inhibit DNMTs (enzymes responsible for DNA methylation) in CaCo‐2 colon cancer cell line
[179]. Another epigenetic mechanism used by SFN to exert its activity is through miRNAs: in
NCM460 and NCM356 normal colon epithelial cells SFN upregulated 15 miRNAs, among
which several were involved in apoptosis (miR‐9, miR‐135b) [180].

Resveratrol activates type III HDAC inhibitors, sirtuin 1 (SIRT1) and p300 [181] which in turn
negatively modulates the expression of survivin. On the other hand, in colon cancer cells,
resveratrol inhibits the cell growth and induces apoptosis through miRNAs [182, 183].
Combined treatment of quercetin and resveratrol induced apoptosis in colorectal cancer cells
through downregulation of miR‐27a [184].

6. Combined therapy of colon cancer: current strategies and future
directions

Conventional therapeutic approaches, including chemotherapy, radiotherapy and surgery, are
limited for the treatment of advanced colon cancer, in prevention of the disease recurrence,
and are associated with a high risk of complications, highlighting the need to develop new
therapeutic strategies. The majority of CRC patients receive chemotherapy using multiple
agents that are currently approved for the treatment in the appropriate setting, but many
patients have tumours intrinsically resistant to them. However, it is a complex process to select
the optimal chemotherapy for each patient, and the difference between theory and practice is
still a problem. That's why new concepts and modern technologies are promoted by precision
medicine in order to achieve a personalized treatment for cancer patients.

6.1. RTCA: useful tool for screening biocompounds and drugs

Contrast data are available on the anti‐cancer effects of biocompounds in colon cancer, whether
they could influence the effects of oncolytic drugs against the cell growth and apoptosis of
human colon cancer cells, or which might be the proper concentrations of the compounds with
cytotoxic or cytostatic potential. Real‐time impedance data obtained by the xCELLigence
System (ACEA Biosciences) might be used to generate compound‐specific profiles which are
dependent on the biological mechanisms of action of each compound used. The actual kinetic
response of the cells within an assay prior or subsequent to certain manipulations provides
important information regarding the biological status of the cell, such as cell growth, cell arrest,
morphological changes and apoptosis [185]. Changes in a cell status, such as cell morphology,
cell adhesion or cell viability lead to a change in cell index (CI), which is a quantitative measure
of cell number present in a well. For example, the cytotoxicity versus proliferative capacity of
genistein, resveratrol or 5‐fluorouracil was assessed in LoVo colon cancer cell line in order to
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modulate the chemosensitivity of colon cancer cells to drug treatment, and overcome the
chemo‐resistance. The entire length of the assay was presented, allowing informed decisions
regarding the timing of certain manipulations or treatments, choice of the proper concentra‐
tions for further end‐point assays, such as flow‐cytometry techniques or molecular biology
approaches [186, 187].

6.2. Modulation of apoptosis by combined therapy

Many anti‐cancer drugs act during physiological pathways of apoptosis, leading to tumour
cell destruction. By combining natural compounds with anti‐cancer drugs, an increase of the
effects might be obtained, specifically in highly invasive cancer cells, while in non‐tumoral
cells the natural compounds could reduce the cytotoxic side effects [115] (Figure 2).

Figure 2. Available colon cancer therapeutic agents with disparate mechanisms of action.

A wide variety of currently available cancer therapeutical agents (Figure 2), with disparate
mechanisms of actions, lead to the same mode of cell death [188]:

a. 5‐Fluorouracil (5‐FU) that blocks the thymidylate synthase (TS), which is essential for
DNA synthesis;
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b. Capecitabine that blocks thymidylate synthase (orally administered prodrug converted
to 5‐FU)

c. Oxaliplatin that inhibits DNA replication and transcription by forming inter‐ and intra‐
strand DNA adducts/cross‐links;

d. Irinotecan that inhibits topoisomerase I, an enzyme that facilitates the uncoiling and
recoiling of DNA during replication;

e. Bevacizumab, a monoclonal antibody, which binds to vascular endothelial growth factor
(VEGF) ligand;

f. Cetuximab, a monoclonal antibody to epidermal growth factor receptor (EGFR) (chimer‐
ic), that blocks the ligand‐binding site;

g. Panitumumab, a monoclonal antibody to EGFR (fully humanized), that blocks the ligand‐
binding site [188].

Several anti‐cancer drugs act during physiological pathways of apoptosis, leading to tumour
cell destruction [23, 189]. The pattern and extent of the cell damage induced by chemothera‐
peutics, like fluoropyrimidines, in human cancer cells have been suggested to depend also on
the pathways downstream from drug‐target interactions that once triggered will initiate
programmed cell death (apoptosis) [190, 191]. 5‐Fluorouracil (5‐FU) is one of the widely used
chemotherapeutic drugs targeting various cancers, but its chemoresistance remains as a major
obstacle in clinical settings. Several groups reported the induction of apoptosis by 5‐fluorour‐
acil (5‐FU) in HT29 [192] or LoVo human colon cancer cell lines [186, 187]. The long exposure
of colon cells to 5‐FU treatments influences both pro‐ and anti‐apoptotic molecules like P53
and Bax, or Bcl‐2 and Bcl‐XL [193]. Several studies showed that 5‐FU inhibits DNA proliferation
in colon cancer cells by inhibiting the enzyme thymidylate synthase, leading to apoptosis, a
mechanism of active cell death characterized by rapid loss of plasma membrane integrity, DNA
fragmentation and altered expression of numerous genes [46, 52, 104] (Figure 2).

The biocompounds extracted from botanicals may be used as chemopreventive and thera‐
peutic agents for various human cancers, inclusive colon cancer [94]. The active biocompounds
might induce cancer‐selective cell death by increasing production of reactive oxygen species.
The cancer cells have increased levels of ROS accompanied by a highly active antioxidant
defense system; therefore, the tumour cells are unable to recover from additional oxidative
stress and die. It is accepted that mitochondria‐derived ROS play a critical role in their pro‐
death and chemopreventive responses. The natural biocompounds inhibit mitochondrial
electron transport chains causing ROS production, thus triggering apoptotic cell death [80].
By combining flavonoids with anti‐cancer drugs, it might be obtained an increase of the desired
effects, specifically in highly invasive cancer cells, while in non‐tumour cells the cytotoxic side
effects could be reduced [186]. In vitro, studies showed that LoVo colon cancer cells were
markedly sensitized to apoptosis by both 5‐FU and genistein compared to the 5‐FU treatment
alone. When time of incubation was increased, treatments with GST and/or 5‐FU had much
stronger effects on the induction of apoptosis in LoVo cells, evaluated by using annexin‐V/
FITC and PI double staining, followed by flow‐cytometry analysis [186]. Similar studies
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demonstrated the additive effect of GST to anti‐cancer drug treatment, and in reversing the
multi‐drug resistance [13, 14].

Experimental assays showed that resveratrol (RSV) induced higher levels of early and late
apoptosis compared to untreated or 5‐FU‐treated LoVo cells. When treatments were prolonged
to 72 h, stronger effects were observed both for RSV alone and combined treatments with 5‐
FU [187]. Flow‐cytometry analyses showed that treatments with 25 μM 5‐FU or 50 μM RSV
slightly increased the expression of the pro‐apoptotic molecules p53 and Bax. The combined
treatments of 50 μM RSV and 25 μM 5‐FU induced a higher increase of p53 expression
compared to the non‐treated cells. Also the increase of Bax expression was much higher for
the combined treatments compared to non‐treated cells or treated cells with 5‐FU alone. Both
RSV and 5‐FU treatments seemed to decrease Bcl‐2 expression, but the effect was stronger for
the combined treatments. Combined treatments induced a higher increase of pro‐apoptotic
antigen expression, both for P53 and Bax, compared to 5‐FU treatment [187].

Therefore, addition of flavonoids and other natural compounds might be an alternative
approach in order to obtain the same or a stronger anti‐tumour response, enhance the
chemosensitivity of tumours to anti‐cancer drugs, or diminish the undesirable side effects by
using lower concentrations [194, 195].

7. Conclusions

A big challenge for a successful treatment of colon cancer is the lack of eradication of the entire
tumour cell population and the consequent development of chemoresistance. Since many anti‐
cancer drugs act during physiological pathways of apoptosis, leading to tumour cell destruc‐
tion, elucidation of the mechanisms that govern the programmed cell death process seems to
be of great importance for carcinogenesis, tumour evasion, and to have practical implications
for anti‐cancer therapy. Many therapeutic drugs used in cancer treatment proved to induce
resistance in cancer cell killing, and their number are rapidly increasing, possibly through the
modulation of survival cell components such as proliferative or anti‐apoptotic proteins.
Contrast data are available on the anti‐cancer effects of natural compounds in colon cancer,
whether they could influence the effects of oncolytic drugs against the growth and apoptosis
of human colon cancer cells, or which might be the proper concentrations of compounds with
cytotoxic or cytostatic potential. From a large number of natural compounds investigated,
several have been shown to be promising, based on their anti‐cancer effects related to apop‐
tosis. A newly arising field involves therapeutic approaches in cancer in order to induce
tumour cells to undergo apoptosis and break the cancer cell resistance to apoptosis commands.
Therefore, manipulation of the mechanisms of programmed cell death process could be of
outstanding importance for malignant transformation, and alternative approaches might be
used to obtain a stronger anti‐tumour response, and/or diminish the undesirable side effects
by using lower concentrations of anti‐cancer drugs. Thus, new concepts and modern technol‐
ogies are promoted by precision medicine in order to achieve a personalized treatment for
cancer patients.
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Abstract

The  BRAF  mutant  colorectal  cancer  subgroup  is  a  small  population  with  unique
clinicopathological and molecular features. This subgroup has been associated with
particularly poor prognosis and advanced disease. The poor response of these patients
to available treatments has driven much of the effort in trialling combination targeted
treatments involving BRAF and MEK inhibitors. Most recently, an observed survival
benefit with intensive triplet chemotherapy agents would encourage its use as first-line
treatment in suitable candidates given that few of these patients proceed to second- or
third-line treatments.

Keywords: BRAF, colorectal cancer, dabrafenib, trametenib, FOLFOXIRI

1. Introduction

The BRAF mutant (MT) colorectal cancer (CRC) population is a small and unique subgroup
noted for its association with poor prognosis and survival. BRAF mutation occurs in approxi‐
mately 10% (range, 5–22%) [1, 2] of the unselected CRC population and consistently has inferior
median survival outcomes ranging from 8 to 14 months [3, 4]. Failure to achieve good surviv‐
al outcomes through standard doublet chemotherapy agents in this population has ignited
efforts to combine multiple target therapies, aiming for breakthroughs. In this chapter, the BRAF
gene and its signalling pathway are explored in detail. BRAF gene mutation frequency and its
impact on clinical presentation as well as its prognostic and predictive significance are also
discussed. Updates on the current and latest management strategies as well as novel investiga‐
tional treatments in this subgroup are also presented.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



2. BRAF and the RAS/RAF/MEK/ERK signalling pathway

V-raf murine sarcoma viral oncogene homologue (RAF) is one of the most intensively
researched mammalian effectors of RAS in the RAS/RAF/MEK/ERK signalling pathway
(Figure 1) [5, 6]. The RAF protein itself is made up of three conserved regions: CR1, CR2, and
CR3. CR1 and CR2 are situated in the N terminus. CR1 acts as the main binding domain for
RAS. CR2 is the regulatory domain. CR3 is situated at the C terminus and functions as the
catalytic kinase domain [7].

When GTP bound, RAS recruits RAF protein to the cell membrane and binds to it. This binding
process activates RAF kinase by the phosphorylation of two amino acids (T599 and S602 of
BRAF) situated in the activation segment of the kinase domain. RAF then phosphorylates its
downstream effectors MEK1, MEK2, ERK1, and ERK2, leading to the activation of cellular
proliferation, differentiation, and transcriptional regulation (Figure 1) [7].

Figure 1. RAS and PIK3CA signalling pathways.

B-RAF (BRAF) together with A-RAF and C-RAF are the members of the RAF kinase family [8].
These three RAF isoforms are homologous in sequence and substrate specificity but do differ
in their biological functions and regulations. Of these, BRAF remains the most potent activator
of MEK [9].

The BRAF gene is a proto-oncogene located on chromosome arm 7q34, composed of 18 exons.
There are more than 30 different BRAF mutations [10]. The most common activating mutation,
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BRAF V600E (p.Val600Glu/c.1799T>A), accounts for 90% of all activating BRAF mutations and
is found in exon 15 at nucleotide position 1799 [11]. The thymine-to-adenine transversion
within codon 600 leads to the substitution of valine by glutamate at the amino acid level. This
mutation occurs in the activating segment of the kinase domain, resulting in increased basal
kinase activity. Compared to wild-type (WT) BRAF, BRAF V600E demonstrates an almost 500-
fold increase in endogenous kinase activity [10, 12].

In solid tumours, the highest incidence of BRAF mutations is in malignant melanoma (27–70%),
CRC (5–22%), and serous ovarian cancer (~30%) and less (1–3%) in non-small cell lung
carcinoma (NSCLC) [13–15]. In colonic cell lines, the oncogenic effects of BRAF V600E include
cell proliferation and inhibition of apoptosis [16]. Although dependent on continued BRAF
activity for tumourigenic growth, BRAF MT cells did not require an upstream RAS function
for proliferation [17].

2.1. BRAF mutation detection methods

CRC BRAF mutations can be identified using first- and second-generation direct sequencing,
immunohistochemistry (IHC), and, potentially, circulating tumour cells (CTC).

Sanger sequencing is the earliest form of first-generation direct sequencing. Sanger sequencing
was developed in 1975 and relies on the chain-termination sequencing of amplified DNA by
polymerase chain reaction (PCR) and detection through electrophoresis. It requires approxi‐
mately 18 to 19 h to process and is also 10 times less sensitive than pyrosequencing. Sanger
sequencing method also cannot detect the changes in chromosomal copy number and trans‐
locations [18].

Next-generation sequencing (NGS) differs in technology using a specific reagent wash of
nucleotide triphosphates with synchronised optical detection and includes pyrosequencing,
allele-specific (AS) PCR, mass spectrometry, and real-time qPCR with melt-curve analysis [19].
NGS is the new gold standard test in BRAF mutation detection given its superior detection
and speed.

Pyrosequencing is referred to as sequencing by synthesis and relies on the release of pyro‐
phosphate (PPi) by DNA polymerase. The test detects light emitted when nucleotides are
added to the target DNA template by DNA polymerase releasing PPi via a chemiluminescence
reaction. It is a more rapid and sensitive test in detecting BRAF V600E mutations in addition
to other variants such as V600D, V600K, V600R, and K601E. It can provide the percentage of
DNA that harbours the BRAF V600E mutations. However, this method is limited by the length
of DNA template and is prone to error readings in homopolymer sequences (TTTTTTTT) [18].

AS-PCR enriches known mutations in samples to increase the sensitivity of detection and is
particularly useful in tissue with low tumour content. Mass spectrometry-based sequencing
relies on the analysis of matrix-assisted laser desorption/ionisation time-of-flight (MALDI-
TOF). This process is facilitated by the addition of mass-modified bases A, C, T, and G to the
primed and amplified mutational hotspots. It is this flight time difference of the generated
mass-modified complex that is measured by the mass spectrometer. Mass spectrometry-based
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sequencing is an even more sensitive test compared to pyrosequencing, with a detection ratio
of 1:10 and 1:8, respectively [18].

Melt-curve analysis involves detecting the melting temperature for WT BRAF at 61°C and the
V600E MT melting at 53°C. PCR methods, on the contrary, can perform as well and has
advantages in terms of reduced labour (1.25 vs 16 min), faster turnaround (4 min vs 10 h), and
lower cost ($2.6 vs $10.4). The sensitivity and specificity of real-time qPCR is reported to be
100% [19]. Table 1 details the comparisons among some of the available NGS techniques.

Method Sensitivity Accuracy Time Cost/1
mill bases
(USD)

Advantages/
disadvantages

Chain termination
(Sanger)

Low 99.9% 20 min–3 h 2400 Requires the time-consuming
step of PCR of plasmid cloning;
impractical for larger sequencing
projects

Pyrosequencing
(454)

Medium 99.9% 24 h 10 Homopolymer errors

Sequencing by
synthesis (Illumina)

High 99.9% 1–11 days 0.05–0.15 Expensive equipment;
requires high DNA
concentrations

Sequencing by
ligation

High 99.9% 1–2 weeks 0.13 Slower; issues sequencing
palindromic sequences

Ion semi
conductor

High 98% 2 h 1 Homopolymer errors

Single-molecule
real-time sequencing

High 87% 30 min–4 h 0.13–0.60 Expensive equipment;
moderate throughput

Table 1. Available NGS techniques in detecting BRAF V600E mutation [20, 21].

The IHC detection of BRAF V600E with a mutation-specific antibody (clone VE1) was first
described in metastatic melanoma and papillary thyroid carcinoma and is currently commer‐
cially available [22]. The advantage of IHC lies in the minimal amount of tissue needed and
the availability of this technique in most pathological laboratories. Most studies have reported
high sensitivities and specificities (98.8–100%) compared to PCR-based methods or sequencing
[23–25]. However, there is one study that has reported sensitivity and specificity of only 71%
and 74%, respectively [26]. The choice of positive control tissue and the amplification protocol
is regarded to be crucial in the successful detection of BRAF mutation by IHC [27].

Recently, examination of CTC in peripheral blood has been explored as a new non-invasive
means for detecting BRAF mutation in CRC [28]. Blood collected from 44 patients was enriched
for CTC using a size-based microsieve technology. By incorporating the high-resolution melt-
curve analysis technique, the concordance rates between CTC and tumour mutations were
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observed to be 90.9% (p=0.174) for BRAF mutation genotype status and 84.1% (p=0.000129) for
KRAS mutation genotype status.

2.2. BRAF mutation and its frequency in CRC

A meta-analysis of 10 studies reported BRAF mutations in 4.8% to 20.8% of CRC [74]. Table 2
further details the BRAF mutation rates and the corresponding detection methods in some
notable metastatic CRC (mCRC) trials.

CRC trials BRAF MT frequency Method

PRIME [29, 30] 8% Bidirectional Sanger sequencing

FIRE-3 [31] 10.5% pyrosequencing

CRYSTAL [4] 6% PCR clamping/melt-curve analysis

MAX [3] 10.6% High-resolution melting point/PCR

PICCOLO [32] 14.8% PCR/pyrosequencing

NORDIC-VII [33] 12% Wobble enhanced ARMS*/real-time PCR

AGITG/NCIC CO.17 [59] 3.2% (overall) and 4.8% (KRAS WT) PCR/sequencing

COIN [34] 8% MALDI-TOF (Sequenom)/Sanger sequencing

TRIBE [35] 7.5% Pyrosequencing

Table 2. BRAF mutation detection methods and reported frequencies in notable CRC trials.

Figure 2. Somatic mutation frequencies in CRC.
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Importantly, BRAF MT CRC is reported to be mutually exclusive to KRAS mutation [36]. BRAF
mutation coexists with PIK3CA mutations in 13% and PTEN mutations in 22% of CRC [37].
Figure 2 depicts the frequency of the different somatic mutations discovered in CRC pa‐
tients.Chan, E. My Cancer Genome. Molecular Profiling of Colorectal Cancer [Internet].
January 26, 2016 [Updated:January 26, 2016]. Available from: https://www.mycancerge‐
nome.org/content/disease/colorectal-cancer/ [Accessed: January 26, 2016].

3. BRAF mutation and its clinical significance in CRC

3.1. CRC tumourigenesis pathways

The two main separate pathways observed in CRC development and progression are the
chromosomal instability pathway (CIN), which accounts for 75% of the cases, and the micro‐
satellite instability (MSI) pathway in 25% of the cases. Two processes are observed to contribute
towards the MSI pathway: (1) germ-line mutations from Lynch syndrome and (2) sporadic
MLH1 methylation from the serrated methylated pathway (Figure 3) [38] [100].

Figure 3. CRC tumourigenesis pathways.

The CIN pathway involves a defect in replication, mitosis, or DNA repair leading to genetic
abnormalities, both structural and numeric, which are acquired sequentially. As a result,
oncogenes are activated or tumour suppressor gene function is lost, which contributes towards
malignant growth. This pathway is also often associated with aneuploidy by karyotyping. The
genetic changes found in CRC arising via the CIN pathway include APC mutations (90%),
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KRAS mutation (50%), TP53 mutations (70%), and allelic loss of 18q (80%) [39]. The CIN
pathway has been traditionally associated with CRC arising in adenomatous polyps.

The MSI pathway is a result of defective mismatch repair (MMR) and occurs in a subset of
CRC that arise from either adenomas or serrated polyps. It contributes towards tumour
progression via the accumulation of tiny insertions and deletions in the repetitive sequences
of microsatellites in coding genes, thereby retaining a near-diploid karyotype. This mechanism
of tumourigenesis is readily recognized through a test for MSI, which categorises each tumour
as MSI-high (MSI-H), MSI-low (MSI-L), or microsatellite stable (MSS), based on the proportion
of microsatellites mutated. MSI-H cases usually imply an acquired or inherited defect in DNA
repair.

In inherited cases of MSI-H CRC, germ-line mutation in one of the four genes that encode
proteins responsible for MMR (MLH1, MSH2, PMS2, and MSH6) is responsible for a familial
predisposition to cancer. This familial predisposition to CRC is known as Lynch syndrome
[40], and the CRC that arise in this condition develop in adenomas.

In sporadic cases of MSI-H CRC, the serrated methylated pathway is increasingly implicated.
Serrated polyps, not driven by CIN but by BRAF mutations, are observed to replace adenomas
as precursor lesions in CRC. MSI-H CRC occur due to the epigenetic inactivation of MLH1 by
promoter methylation, which prevents MLH1 protein expression, resulting in defective MMR
and producing MSI. This pathway is also closely associated with the widespread methylation
of CpG islands, causing the transcriptional silencing of tumour suppressor genes, known as
the CpG island methylator phenotype (CIMP) [38, 39].

3.2. BRAF testing to distinguish between sporadic versus germ-line MSI-H cases (Lynch
syndrome)

Approximately 12% of MSI-H cases are sporadic in nature and BRAF mutation is implicated
in nearly all (91%) of these cases [41, 42]. The methylation of MLH1 is found only in 1.6% of
germ-line Lynch syndrome cases [43], whereas it is typically found in sporadic tumour lacking
MLH1 expression [44]. Hence, BRAF mutation testing is recommended in MSI-H CRC as a
triage for Lynch syndrome. Only those lacking the BRAF mutation proceed with further
workup for Lynch syndrome, as CRC harbouring the BRAF mutation are, with few exceptions,
unlikely to have this condition.

MLH1 methylation testing is an alternative assay to distinguish sporadic from familial cases
of CRC. However, given that methylation testing is more technically challenging than BRAF
mutation testing, most would advocate BRAF testing as the more cost-effective assay to
distinguish sporadic from familial MSI-H CRC [44].

3.3. Clinicopathological and molecular features of BRAF MT CRC

BRAF mutation has been reported in multiple studies to be associated with several clinicopa‐
thological parameters in CRC patients. BRAF V600E mutation is reported to increase from 10%
in unselected patients to 37% in females ages >70 years [45]. BRAF mutations in the Western
population tend to be more common in females and to have a more proximal location in the
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colorectum [27, 46–52]. BRAF mutations are rarely found in the left-sided colon (4%) and rectal
cancers (2%) compared to the right-sided colon (22%; p<0.0001) [53]. BRAF mutation also varies
by pathology. Approximately 60% of BRAF MT tumours are poorly differentiated and only
up to 36% of them are well to moderately differentiated. Mucinous cancers tend to have a
higher rate of BRAF mutation (22–67%) compared to non-mucinous cancers (6–21%) [39, 54,
55].

The relationship between BRAF mutation and these clinicopathological features was con‐
firmed in a meta-analysis reported in 2014 [36]. Twenty-five studies of 11,955 CRC patients
were included in this analysis. The mutation rate was seen to vary with the highest reported
at 21.8% [2], the lowest being 5.0% [1], and the overall rate being 10.8%. Nine of the 25 studies
have shown that BRAF mutation was associated with advanced tumor-node-metastasis (TNM)
stage at diagnosis [11.6% in stage III/IV CRC vs 8.0% in stage I/II CRC; odds ratio (OR)=1.59;
95% confidence interval (CI)=1.16–2.17]. Thirteen of these studies showed that BRAF MT CRC
was more prevalent in poorly differentiated tumours than well to moderately differentiated
tumours. Of 766 patients with poorly differentiated tumours, 25.6% were BRAF MT, whereas
only 8% of 4257 patients with well to moderately differentiated tumours were BRAF MT
(OR=3.89; 95% CI=2.94–5.17). Six studies have also shown that more BRAF MT were detected
in the mucinous subgroup than in the non-mucinous subgroup (19.4% vs 8.1%; OR=2.99; 95%
CI=2.20–4.07). Twenty studies have also significantly demonstrated that proximal cancers
(21.6%) harbour more BRAF mutations than distal cancers (4.8%; OR=4.85; 95% CI=3.59–6.56)
[36].

Another study [56] reported a significantly increased rate of peritoneal (46% vs 24%; p<0.001)
and distant lymph node metastases (53% vs 38%; p=0.001) and a lower rate of lung metastases
(35% vs 49%; p=0.049) in BRAF MT CRC compared to BRAF WT tumours that might help to
explain their poor prognosis.

Clinicopathological features of BRAF V600E MT CRC patients Molecular features of BRAF V600E MT CRC

1. Age >70 years 1. More prevalent in MSI-H>MSS CRC

2. Female patients 2. More CIMP

3. Proximal right-sided tumours 3. More MLH-1 methylation

4. High-grade and poorly differentiated 4. Mutually exclusive to KRAS mutation

5. Mucinous>non-mucinous

6. More peritoneal and lymph node metastases

7. Less lung metastases

Table 3. Clinicopathological and molecular characteristics of BRAF V600E MT CRC

Relationships between BRAF MT and some molecular characteristics were also reported [36].
BRAF MT were significantly more prevalent in MSI-H CRC (38.9%) than MSS CRC (9.3%;
OR=8.18; 95% CI=5.08–13.17). As mentioned above, CIMP characterized by widespread
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aberrant DNA methylation at select CpG islands was implicated in a minority of CRC
tumourigenecity cases. Two studies were analysed for CIMP status and demonstrated a
positive relationship with BRAF MT CRC: 45.9% (CIMP) vs 9.1% (non-CIMP; (OR=16.44; 95%
CI=6.72–40.21). The methylation of the MLH1 promoter region is an underlying cause of
sporadic non-Lynch cases of MSI-H CRC. Three studies reported a relationship between BRAF
MT and MLH1 methylation status; 62.5% of MLH1 methylated CRC had BRAF mutations
compared to 9.2% of non-methylated CRC (OR=13.84; 95% CI=1.75–109.24). BRAF MT and
KRAS MT were found to be mutually exclusive in this meta-analysis.

Table 3 summarises the clinicopathological and molecular characteristics of BRAF MT CRC.

4. BRAF mutation and its prognostic and predictive significance

4.1. Prognostic role and nature of progression

Multiple studies have reported poorer median overall survival (OS) in the BRAF MT mCRC
subgroup. Regardless of treatment modality, median survival is generally reported to be
between 10 and 16 months shorter than the overall population. For instance, the COIN trial,
which studied 1630 patients for the effect of cetuximab and doublet chemotherapy FOLFOX
in mCRC patients, had reported a median OS of 8.8 months in BRAF MT patients versus 20.1
months in patients with (BRAF and RAS) WT [34]. The PRIME study had reported a median
OS of 10.5 months in the BRAF MT/RAS WT subgroup, contrasting to a median OS of 25.8
months in RAS WT group and 15.5 months in the RAS MT group. In this study, both (BRAF
and RAS) WT patients also had the longest median OS of 28.3 months [29]. The pooled analysis
of CRYSTAL and OPUS had also reported lower median OS in the BRAF MT group compared
to the BRAF WT group (9.9 vs 21.1 months in the chemotherapy arm and 14.1 vs 24.8 months
in the chemotherapy in combination with cetuximab arms) [57]. In 2013, the PLoS ONE meta-
analysis analysed 21 mCRC trials of 5229 patients treated with monoclonal antibodies [58].
Fourteen of these trials were retrospective; two trials were prospective and five trials were
randomised-controlled trials (RCTs). BRAF mutation was detected in 7.4%. Patients with BRAF
WT showed decreased risks of progression and death with an improved progression-free
survival [PFS; hazard ratio (HR)=0.38; 95% CI=0.29–0.51] and an improved OS (HR=0.35; 95%
CI=0.29–0.42) compared to BRAF MT. Compared to BRAF WT patients, the updated prognostic
analyses from the TRIBE study in 2014, which compared standard doublet chemotherapy to
triplet chemotherapy, also reported significantly shorter PFS and OS, in the BRAF MT group
in unresectable mCRC patients, independent of the treatment received [35]. Table 4
summarises the reported median OS in the BRAF MT CRC subgroup reported from various
phase III trials. It is also noted here that the BRAF mutation rates decrease with lines of therapy,
signifying the reducing likelihood of BRAF MT patients surviving long enough to receive
further lines of treatment.
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Study No. of
patients

Treatment
line/arm

BRAF
MT
rate

BRAF MT
median PFS
(months)

BRAF MT
median OS
(months)

KRAS WT
median PFS
(months)

KRAS WT
median OS
(months)

CRYSTAL (2011) [4] 1198 First line: FOLFIRI
vs cetuximab+
FOLFIRI

6% 5.6 vs 8.0
(HR=0.93;
p=0.87)

10.3 vs 14.1
(HR=0.91;
p=0.74)

8.8 vs 10.9
(HR=0.67;
p=0.001)

21.6 vs 25.1
(HR=0.83;
p=0.055)

PRIME (2013) [29,
30]

1183 First line: FOLFOX
vs panitumumab+
FOLFOX

8% 5.4 vs 6.1
(HR=0.58;
p=0.12)

9.2 vs 10.5
(HR=0.90;
p=0.76)

RAS/BRAF
WT 9.2 vs 10.8
(HR=0.68;
p<0.01)

RAS/BRAF
WT 20.9 vs
28.3 (HR=0.74;
p=0.02)

FIRE-3 (2013) [31] 400 First line: Avastin
+FOLFIRI vs
cetuximab+FOLFIRI

10.5% 6 vs 4.9
(HR=0.87;
p=0.65)

13.7 vs 12.3
(HR=0.87;
p=0.65)

RAS WT
10.2 vs 10.4
(HR=0.93;
p=0.54)

RAS WT
25.6 vs 33.1
(HR=0.70;
p=0.011)

COIN
(2011) [34]

1630 First line: FOLFOX/
XELOX vs cetuximab
+FOLFOX/XELOX

8% 5.6 vs 9.0
(RAS/BRAF
WT) p<0.0001

8.8 vs 14.4
(KRAS MT)
p<0.001

8.6 vs 8.6
(HR=0.96;
p=0.60)

17.9 vs 17.0
(HR=1.04;
p=0.67)

NORDIC-
VII (2012) [33]

566 First line: NORDIC
FLOX+cetuximab vs
FLOX alone vs
intermittent FLOX
+cetuximab

12% 5.1 vs 8.3
(BRAF WT)
p<0.001

9.5 vs 22
(BRAF WT)
p<0.001

8.7 vs 7.9 vs
7.5 (HR=1.07;
p=0.66)

22.0 vs 20.1
vs 21.4
(HR=1.08–1.14;
p=0.77–0.80)

CO.17
(2013) [59]

572 Chemorefractory:
cetuximab vs BSC

3.2% Median PFS
not reported
(HR=0.76;
p=0.69)

1.77 vs 2.97
(HR=0.84;
p=0.81)

Favours
cetuximab
(HR=0.4;
p<0.001)

9.7 vs 5.0
(HR=0.52;
p<0.0001)

MAX
(2011) [3]

471 First line: capecitabine
(C) vs capecitabine/
bevacizumab (CB) or
capecitabine/
bevacizumab/
mitomycin (CBM)

10.6% 2.5 vs 5.5
(HR=0.86;
p=0.71)

6.3 vs 9.2
(HR=0.67;
p=0.34)

5.9 vs 8.8
(HR=0.66;
p=0.006)

20 vs 19.8
(HR=0.86;
p=0.38)

PICCOLO
(2013) [32]

460 Second line: irinotecan
vs irinotecan/
panitumumab (IrPan)

14.8% Favours
irinotecan
(HR=1.40;
p=0.018)

Favours
irinotecan
(HR=1.84;
p=0.029)

Favours
IrPan (~6M)
(HR=0.78;
p=0.015)

10.5 vs 10.4
(HR=1.01;
p=0.91)

181
Peeters M, Oliner
KS, Price TJ,
Cervantes A, Sobrero
AF, Ducreux M, et al.

1015 Second line: FOLFIRI
vs panitumumab/
FOLFIRI

4.4% RAS WT
1.8 vs 2.5
(HR=0.69;
p=0.34)

RAS WT
5.7 vs 4.7
(HR=0.64;
p=0.20)

RAS WT
5.5 vs 6.9
(HR=0.68;
p=0.006)

RAS WT
15.4 vs 18.7
(HR=0.83;
p=0.15)
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AF, Ducreux M, et al.
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FOLFOXIRI
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(HR=0.56)

10.8 vs 19.1
(HR=0.55)
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11.3 vs 13.3
(HR=0.77)
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34.4 vs 41.7
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Table 4. Poorer survival in BRAF MT CRC and mutation frequencies in subsequent lines of treatment

The BRAF MT CRC patients of Eastern populations were also reported to share the same fate
as those in Western populations. A retrospective study [60] reported a BRAF mutation rate of
4.2% in 212 Chinese CRC patients. This study, which did not specifically examine the lines of
treatment administered, showed that BRAF MT was associated with advanced TNM (p<0.001),
more distant metastases (p=0.025), and worse OS (3-year OS: 16.7% in the BRAF MT subgroup
vs 73.2% in the BRAF WT subgroup; p<0.001). The BRAF mutation rate of 4.2% in the Chinese
population was found similar to the rates (1–7%) reported for Taiwanese and Japanese
populations [61–64].

BRAF MT is also associated with poor prognosis in other stages of CRC. A review in 2013 [65]
on seven studies that included stages I to IV CRC patients has concluded that BRAF mutation
served as an independent prognostic factor for reduced OS, disease-free survival (DFS), and
cancer-specific survival, especially in MSS CRC. One of the studies that included 911 stage II
to IV CRC patients demonstrated BRAF mutation to be associated with a poor 5-year OS
(BRAF MT vs WT, 47.5% vs 60.7%; p<0.01) [66]. Another study [47] looked at 1307 patients
with stage II to III CRC and reported reduced OS in BRAF MT group (HR=2.2; 95% CI=1.4–3.4;
p=0.0003).

To further analyse the impact of MSI status in the BRAF MT CRC patients, Samowitz et al. [66]
have shown that survival differs for stages II to IV CRC BRAF MT tumours with MSI compared
to MSS tumours. Poor prognosis was only demonstrated in MSS tumours (5YS: BRAF MT vs
WT, 16.7% vs 60.0%; log-rank p<0.01) from a multivariate analysis adjusted for age, stage, and
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tumour sites. MSI tumours were reported to have good prognosis regardless of BRAF MT
status, with 5YS 76.2% (with BRAF mutation) vs 75.0% (without BRAF mutation). Interestingly,
a recent retrospective Japanese study also studied the role of BRAF MT in MSI tumours [67].
They examined KRAS, BRAF, and MSI status in 813 patients with curatively resected, stage I
to III CRC. After adjusting for relevant variables, including MSI status, they reported that BRAF
MT were poor prognostic factors for DFS (HR=2.20; 95% CI=1.19–4.06) and OS (HR=2.30; 95%
CI=1.15–4.71) independent of MSI status. This small study, which excludes stage IV patients,
suggests that MSI-H tumours without BRAF mutation may have the best prognosis compared
to MSI-H tumours with BRAF mutation. MSS tumours with BRAF mutation would have the
worst prognosis.

In accordance with their aggressive nature, BRAF MT cancers have also been reported to have
poor PFS with sequential systemic treatments. A retrospective study on 1567 patients detected
a BRAF mutation rate of 8%. These BRAF MT patients had received a median of two later lines
of chemotherapy, with the median PFS for the first three lines of chemotherapy being 6.3, 2.5,
and 2.6 months, respectively [68]. Another smaller study had reported even shorter median
PFS (4.3 months) after first-line treatment in BRAF MT [69]. This observation highlights the
importance of considering early intensified treatment given the propensity for these patients
to not survive long enough for second- or third-line treatments.

Recently, other rare (<1%) subtypes of BRAF MT, which harbour mutations in codon 594 or
596, were reported to have markedly longer OS compared to BRAF V600E MT (median OS=62.0
vs 12.6 months; HR=0.36; 95% CI=0.20–0.64; p=0.002). These subtypes are noted to be MSS and
also differ in other molecular and clinical characteristics, being more frequently rectal in origin,
non-mucinous, and with no peritoneal spread [70].

4.2. Predictive role

Given that RAS MT are negative predictors of anti-epidermal growth factor receptor (EGFR)
therapies, the predictive role of BRAF MT for anti-EGFR agents has been of interest given the
relationship with RAS in the EGFR/RAS/RAF/MEK/ERK pathway. BRAF MT and its associated
resistance to anti-EGFR agents have been suggested by several retrospective analyses [71–73].

To date, the predictive role of BRAF MT on anti-EGFR agents remains unclear, in light of
differing conclusions from two separate meta-analyses [74, 75]. Pietrantonio et al. concluded
that BRAF MT might be a negative predictor for anti-EGFR agents, supporting the meta-
analysis by Yuan et al. [58]. This study included a pooled analysis of nine phase III trials and
one phase II trial and shown that cetuximab- or panitumumab-based therapy did not increase
the benefit of standard treatment versus best supportive care in RAS-WT/BRAF-MT CRC
patients. Overall, the addition of cetuximab or panitumumab did not significantly improve
the PFS (HR=0.88; p=0.33), OS (HR=0.91; p=0.63), and overall response rate [ORR; relative risk
(RR)=1.31; p=0.25] in this subgroup population [74]. However, another recent meta-analysis
reviewed seven RCTs for OS and eight RCTs for PFS and concluded on insufficient evidence
to justify the exclusion of anti-EGFR agents in the BRAF MT population [75]. Nevertheless,
these latest findings have supported the need for BRAF mutation assessment before the
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initiation of treatment to study and tailor the most effective strategies to the BRAF MT
population.

5. Treatment strategies

5.1. Triplet chemotherapy effect

BRAF MT has not been known to be a predictor of benefit from chemotherapy or anti-vascular
endothelial growth factor (VEGF) agents. The Italian TRIBE study [35] compared anti-VEGF
therapy, bevacizumab added to intensified triplet chemotherapy, fluorouracil, oxaliplatin, and
irinotecan (FOLFOXIRI), to standard first-line doublet chemotherapy with fluorouracil and
irinotecan (FOLFIRI) plus bevacizumab in 508 unresectable mCRC patients. The study
reported a higher response rate of 65% vs 53% with the triplet FOLFOXIRI and bevacizumab
arm. Reassuringly, there was no increase in fatal or serious adverse events.

The updated analyses of the same study reported a BRAF mutation rate of 7.5%. In the BRAF
MT group, there was a significant trend for better survival in the triplet arm compared to the
doublet arm (19.1 vs 10.8 months; HR=0.55). Significantly, this is the only regimen to have
resulted in a median OS of more than 15 months in the BRAF MT group compared to the more
often reported median of 4.4 to 14 months in most studies [29, 57]. It was proposed that
intensified triplet chemotherapy (FOLFOXIRI+bevaczicumab) is considered first line in the
BRAF MT group, who usually have aggressive cancers with limited ability to undergo a more
sequential approach to treat metastatic disease.

5.2. Maintenance treatment

A recent meta-analysis on five RCTs had failed to demonstrate a statistically significant OS
benefit (HR=0.93; 95% CI=0.85–1.02; p=0.12; I2=5%) with administering maintenance chemo‐
therapy versus complete treatment interruption after first-line therapy in unselected CRC [76].
The chemotherapy free interval in the group not using maintenance treatment was 3.9 months
(3.6–4.3 months). Nevertheless, the author had emphasized the importance of predictive
markers to guide the selection of patients who would benefit from the maintenance strategy.
Although not formally tested in the BRAF MT subgroup population, the maintenance strategy
might prove more favourable than the intermittent strategy given its known aggressive nature.
This is especially relevant given that the median reported PFS in BRAF MT as indicated
previously ranged from 4.3 to 6.3 months after first-line treatment [68, 69].

In terms of the choice for maintenance treatment, there is no current recommended standard.
However, practice trends could perhaps be extrapolated from the AIO KRK 0207 trial, which
confirmed the prognostic impact of mutation status [77]. In all patients (irrespective of BRAF
or RAS status), at a median follow-up of 27 months, the authors reported a time to failure of
strategy of 3.6, 6.2, and 4.6 months among all patients receiving no treatment, fluoropyrimidine
plus bevacizumab, or bevacizumab alone, respectively (p<0.001). However, in RAS/BRAF WT
patients, bevacizumab monotherapy was as effective as combination treatment (fluoropyra‐
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midine/bevacizumab) for maintenance. In contrast, in the RAS or BRAF MT subgroup, the
combination treatment was favoured, as single-agent bevacizumab was equivalent to no
maintenance at all.

6. Investigated treatments targeting EGFR/RAF/MEK

6.1. BRAF/MEK inhibitors

As mentioned above, RAS proteins normally activate BRAF along with A-RAF and C-RAF [78].
BRAF mutations lead to the constitutive activation of BRAF kinase activity, resulting in
phosphorylation and activation of the MEK kinases (MEK1 and MEK2). Once activated, MEK
kinases phosphorylate and activate ERK kinases, which phosphorylate a multitude of cellular
substrates involved in cell proliferation and survival (Figure 1).

RAF inhibitors, such as vemurafenib and dabrafenib, have produced response rates of 50 to
80% in melanomas that harbour the BRAF V600 mutations [79, 80]. This is disappointingly
contrasting to the response rate of only 5%, and median PFS of 2.1 months achieved in BRAF
MT CRC [81]. Previous observations have proposed that RAF inhibitor insensitivity in BRAF
MT CRC was driven by the feedback reactivation of the RAS/RAF/MEK/ERK signalling
cascade. In many BRAF MT CRC cell lines, EGFR-mediated activation of RAS and C-RAF was
observed to be the culprit [82, 83]. Solit et al. had also demonstrated the critical dependency
of BRAF MT colorectal cell lines and xenografts on MEK-ERK signalling, which renders them
highly sensitive to pharmacological MEK inhibition. Pharmacological MEK inhibition
completely abrogated tumour growth in BRAF MT xenografts, whereas RAS MT tumours were
only partially inhibited [84].

Many RAF inhibitor combinations were hence evaluated in clinical trials in recent years and
have shown promising results. A phase I to II clinical trial of combined RAF/MEK inhibition
with dabrafenib (150 mg BD) and trametenib (2 mg OD) in 43 BRAF MT CRC resistant to anti-
EGFR therapy produced partial responses in 12% and complete response in 2%. One patient
achieved a durable complete response exceeding 36 months. Additionally, 56% achieved stable
disease as the best confirmed response [85].

6.2. Dual and triplet targeting EGFR/BRAF/MEK inhibitors

The observations above have also led to a number of studies assessing the combined blockade
at other sites in the EGFR pathway in addition to RAF/MEK inhibition. It was observed that
the dual inhibition of anti-EGFR therapy in combination with RAF inhibition in resistant cell
lines might still produce a lower degree of mitogen-activated protein kinase (MAPK) pathway
inhibition in BRAF MT CRC compared to single-agent RAF inhibitors in BRAF MT melanoma
patients. Dabrafenib and panitumumab doublet was trialled with a response rate of (partial
and complete response) 2/20 (10%) and stabilised disease in 16/20 (80%) as the best overall
response [86]. Another study examined the combination of vemurafenib (BRAF-inhibitor) and
panitumumab in 15 patients. Two (13%) patients reported partial responses lasting 40 and 24
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weeks, respectively. Eight (53%) patients stable disease lasting more than 6 months [87]. A
phase II study studied dual inhibition with encorafenib (BRAF inhibitor) and cetuximab with
26 patients. Encorafenib and cetuximab doublet was reported to produce an overall RR
(complete and partial) of 23.1% with a median PFS of 3.7 months. The most common treatment-
related grade 3/4 adverse events associated with this doublet regimen were fatigue and
hypophosphatemia (8% each) [88].

Encouragingly, the triplet combination of EGFR/RAF/MEK inhibition in BRAF MT CRC
reported an improved response rate (26% complete and partial) in 35 patients compared to the
doublet inhibition. The triplet regimen had also stabilised disease in 57%. The most common
adverse events reported were diarrhoea (60% grade 1/2 and 9% grade 3) and dermatitis
acneiform (47% grade 1/2 and 9% grade 3) [86].

6.3. Acquired resistance to EGFR/RAF/MEK targeted therapies

Although trials have demonstrated early efficacies of combination targeted therapies in these
BRAF MT patients, attention was brought towards their eventual treatment resistance and
disease progression. A group in Harvard recently compared pretreatment and postprogres‐
sion BRAF MT CRC tumour biopsies by whole exome sequencing (WES) to examine the related
changes that could explain treatment resistance in these cases [89]. They have identified four
possible acquired molecular mechanisms that could lead to resistance to combination treat‐
ments with RAF/MEK and RAF/EGFR. These four mechanisms include (1) KRAS exon 2
mutation (G12D and G13D), (2) KRAS WT amplification [confirmed by fluorescence in situ
hybridisation (FISH) to be ~25-fold overexpression], (3) BRAF MT allele amplification, and (4)
MEK1 mutation. These alterations converge on the MAPK pathway reactivation and promote
resistance.

Interestingly, the group also discovered an ERK inhibitor that retained the ability to suppress
MAPK signalling and overcome each of these mechanisms identified [89]. In conjunction with
these findings, early-phase clinical trials are currently incorporating ERK inhibitors as
potential future treatment strategies for BRAF MT CRC.

6.4. Other possible EGFR/RAF targeted combination treatments

6.4.1. Vemurafenib/irinotecan/cetuximab combination

The phase I vemurafenib/irinotecan/cetuximab triplet study reported a RR of 35% (partial
response) in 18 mCRC patients with a median PFS of 7.7 months. The most common adverse
effects were fatigue (94%), diarrhoea (89%), nausea (83%), and rash (78%). Following this, a
U.S. cooperative group randomised phase II trial (NCT01787500) of irinotecan and cetuximab
±vemurafenib in BRAF-mutated mCRC (SWOG 1406) is now ongoing [90].
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7. Alternative target signalling pathways

Although our increasing understanding of the complexity of the EGFR/RAF pathway has led
to some advances in our understanding of possible mechanisms of resistance to BRAF
inhibition, additional complex interactions with related pathways are likely to be involved,
including the phosphatidylinositol 3-kinase (PI3K)/AKT pathway, mammalian target of
rapamycin (mTOR), and Wnt signalling.

7.1. PI3K/AKT and mTOR pathway

The PI3K/AKT pathway is an alternative resistance mechanism to BRAF inhibition in BRAF
MT CRC. Approximately 40% of CRC have been shown to have alterations in one of eight PI3K
pathway genes. These mutations are almost always mutually exclusive to each other [91]. In
addition, BRAF mutation co-exists with PIK3CA mutations in 13% and PTEN mutations in 22%
of CRC [37]. Compared to BRAF MT melanoma cell lines, BRAF MT CRC cell lines seemed to
also display a higher rate of PI3K/AKT pathway activation. These cell lines were reported to
be less sensitive to the BRAF inhibitor, vemurafenib [92].

Based on the above observations, the combination triplet inhibition treatment was studied with
encorafenib (BRAF inhibitor), cetuximab, and PI3K inhibitor (alpelisib) in 28 patients and
reported an overall RR of 32.1% with a median PFS of 4.3 months. The most common grade
3/4 adverse events reported were hyperglycemia (11%) and increased lipase (7%) [88].

Sustained PI3K/mTOR activity was demonstrated also by Corcoran et al. [82] in BRAF MT
CRC cell lines upon BRAF inhibition. Pleasingly, a potent growth-inhibitory effect was recently
observed in xenografts of BRAF MT CRC with the combined BRAF/PI3K/mTOR inhibition
[93].

7.2. Wnt/β-catenin pathway

A study by Lemieux et al. demonstrated the Wnt/β-catenin pathway (Figure 3) as a potential
novel target in MEK/ERK signalling involved in CRC tumourigenesis [94]. The Wnt/β-catenin
pathway is activated via the binding of Wnt1 protein to the G-protein coupled receptor,
Frizzled. After the activation by Wnt1, Dishevelled protein (Dsh) induces the dissociation of
the destruction complex that usually degrades β-catenin. Without the destruction complex,
β-catenin is accumulated in the cytoplasm and transported to the nucleus to act as a transcrip‐
tional coactivator of transcription factors as shown in Figure 4. The aforementioned destruc‐
tion complex comprises Axin (A), adenomatous polyposis coli (APC), and glycogen synthase
kinase 3 (GSK3β). In the absence of Wnt1 activation, the destruction complex phosphorylates
the downstream ubiquinating process. Here, the β-transducin repeat containing protein
(βTrCP) binds β-catenin, ubiquinating it and marks it for degradation by the proteasome.
Although there is conflicting literature with regards to the role of MAPK signalling in activat‐
ing Wnt/β-catenin pathway, this group found Wnt signalling induction in high-grade BRAF
MT tumours. Their data also show that the oncogenic activation of KRAS/BRAF/MEK
signalling stimulates the canonical Wnt/β-catenin pathway, which in turn promotes intestinal
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tumour growth and invasion. This has in turn sparked trial designs to incorporate Wnt
signalling as a treatment strategy.

Figure 4. Wnt/β-catenin pathway.

8. Other possible therapeutic mechanisms

Recently, a number of other early studies have reported additional potential mechanisms of
targeted treatment, which had shown promise in BRAF MT CRC xenografts or cell line studies.

8.1. Multi-targeted angiokinase inhibitor (dovitinib)

Dovitinib is a multi-target angiokinase inhibitor with activity against fibroblast growth factor
receptors (FGFRs), platelet-derived growth factor receptors (PDGFRs), and VEGF receptors,
which participate in tumour growth, survival, angiogenesis, and vascular development.
Although not effective in vitro, in vivo studies have shown the inhibition of BRAF MT xenografts
tumours with dovitinib. Lee et al. proposed that this observation is secondary to its angiogen‐
esis-suppressing effect and could be a novel approach to improve the outcome of CRC patients
in whom FGFR is overexpressed or amplified [95].

8.2. Proteasome inhibitor (carfilzomib)

A novel use of proteasome inhibitors (carfilzomib, bortezomib), known more for utility in
haematological malignancy, has shown promising preclinical results in BRAF MT CRC [96].
Zecchin et al. have observed increased sensitivity of BRAF MT CRC to carfilzomib, whereas
WT cells were significantly less affected (p<0.05). This response seemed to be independent of
the phosphatase and tensin homologue (PTEN) or retinoblastoma protein (RB1) expression
status in CRC. The mechanism of this activity was explained by the higher accumulation rate
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of ubiquitinated proteins in MT cells with respect to WT. It was speculated that this is
secondary to the non-oncogenic addiction of BRAF MT cells to the protein degradation
function of proteasome to counterbalance the proteotoxic stress induced by the MT protein.
Interestingly, carfilzomib was also found to have antagonistic effects with the RAF inhibitor,
vemurafenib, and was proposed as a possible alternative treatment to BRAF/MEK inhibition.

8.3. microRNA (miR-145)

miR-145, a short RNA molecule of microRNA gene, which was observed to have tumour
suppressor function, was found to be down-regulated in vemurafenib-resistant BRAF MT CRC
cell lines [97]. Peng et al. reported that the overexpression of miR-145 increased the sensitivity
of BRAF MT CRC cell lines both in vitro and in vivo and could be used as a potential therapeutic
target.

8.4. In situ cancer vaccine (Allostim)

AlloStim is an innovative design based on immunotherapy principles. It is derived from the
blood of normal blood donors and is intentionally mismatched to the recipient. CD4+ T cells
are initially separated from the blood and differentiated and expanded for 9 days in culture to
make an intermediary called T-Stim. AlloStim is made by incubating T-Stim cells for 4 h with
antibody-coated microbeads. The cells with the beads still attached are suspended in infusion
media and loaded into syringes. The syringes are shipped refrigerated to the point-of-care. A
phase I study was completed in May 2011 and a phase II/III study is due to recruit in 2016. It
involves an in situ (in the body) cancer vaccine step that combines killing a single metastatic
tumour (usually liver metastasis) lesion by the use of cryoablation to cause the release of
tumour-specific markers to the immune system and then injecting bioengineered allogeneic
immune cells (AlloStim) into the lesion as an adjuvant to modulate the immune response and
educate the immune system to kill other tumour cells wherever they reside in the body [98].

8.5. Apoptosis regulator (BCL-2/BCL-XL) inhibitor (Navitoclax)

Apoptosis regulator (BCL-2/BCL-XL) inhibitor (Navitoclax) was explored as a novel approach
in sensitising BRAF MT CRC to mTOR inhibition. The results showed that this combination
strategy leads to efficient apoptosis in specifically KRAS and BRAF MT but not WT CRC cells
[99]. These data showed promising results with the combination strategy of apoptosis
regulator inhibitors with mTOR inhibitors in BRAF MT CRC.

9. Ongoing trials for BRAF MT CRC

Many phase I/II trials are currently ongoing for BRAF MT mCRC. Most of them focus on the
RAS/RAF/MEK/ERK signalling pathway, trialling combination targeted treatments. Table 5
lists these available trials.
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Apoptosis regulator (BCL-2/BCL-XL) inhibitor (Navitoclax) was explored as a novel approach
in sensitising BRAF MT CRC to mTOR inhibition. The results showed that this combination
strategy leads to efficient apoptosis in specifically KRAS and BRAF MT but not WT CRC cells
[99]. These data showed promising results with the combination strategy of apoptosis
regulator inhibitors with mTOR inhibitors in BRAF MT CRC.

9. Ongoing trials for BRAF MT CRC

Many phase I/II trials are currently ongoing for BRAF MT mCRC. Most of them focus on the
RAS/RAF/MEK/ERK signalling pathway, trialling combination targeted treatments. Table 5
lists these available trials.
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Trial name/Reg Phase Trialed agents Status

NCT01543698 I/II RAF inhibitor (dabrafenib)+MEK inhibitor
(trametenib)+CDK4/6 inhibitor (LEE011)

Recruiting

NCT 01719380 IB/II RAF inhibitor (LGX818)+cetuximab+PI3K inhibitor
(BYL-719) vs LGX818+ BYL-719

Recruiting

NCT01902173 I/II Dabrafenib+trametenib: in stage IIIC+IV CRC Recruiting

NCT02034110 II Dabrafenib+trametenib: BRAF MT rare cancers Recruiting

NCT00265824 III Avastin±erlotinib: maintenance treatment
in unresectable CRC

Closed;
awaiting for
results

NCT02175654
(PREVIUM)

II Regorafenib: single-agent second-line
post-FOLFOXIRI+Avastin

Recruiting

NCT01750918 I/II Dabrafenib+trametenib+panitumumab Recruiting

NCT01787500 I Vemurafenib+cetuximab+irinotecan Recruiting

S1406 II Cetuximab+irinotecan±vemurafenib Recruiting

NCT01596140 I Vemurafenib+mTOR inhibitor
(everolimus/temsirolimus)

Recruiting

NCT02041481 I MEK inhibitor+FOLFOX: CRC failing
standard treatment

Recruiting

NCT02380443 IIB Allostim (in situ cancer vaccine): third-line
treatment in KRAS/BRAF MT CRC

Pending

NCT02278133 IB/II Wnt ligand inhibitor (WNT974), RAF inhibitor
and cetuximab

Recruiting

NCT01351103 I Wnt ligand inhibitor (LGK974) Recruiting

Table 5. Ongoing trials in BRAF MT CRC

10. Conclusion

The BRAF V600E MT CRC typically presents with right-sided proximal high-grade mucinous
tumours in older women and may arise from serrated polyps. Molecularly, they are associated
with more MLH1 methylation, MSI, and CIMP. This small subset of CRC, which generally
affects approximately 10% of CRC patients, remains a challenging group with poor response
to both anti-EGFR and standard doublet chemotherapy. This CRC subgroup is typically
aggressive, has short median PFS between sequential lines of treatments, and emphasises the
need to use effective treatments early. New evidence suggests that triplet chemotherapy with
FOLFOXIRI could be considered in suitable patients with or without bevacizumab as first-line
treatment. Many trials are currently studying the effective combinations of targeted treatments
involving BRAF and MEK inhibitors in this subgroup and ways to overcome resistance.
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Abstract

Colorectal cancer (CRC) is one of the leading causes of cancer death in the world. Many
risk factors have been identified in the development of colorectal cancer. It is necessary
to carry out activities related to risk factors in order to implement effective CRC early
diagnosis and screening programs and achieve positive outcomes. International screening
guidelines have been created and these are being implemented by individual countries
according to their own health policies. Colorectal cancer prevention and early training in
terms of disease identification, counseling against negative disease perceptions, and
changing false beliefs will reduce the fear of CRC and ensure the development of positive
health behaviors and acceptance of screening. Among recent developments in cancer
prevention, “cancer risk counseling” has become quite prominent. Individual-specific
colorectal cancer risk counseling programs are developed through the assessment of
individual risk factors by focusing on a genetic assessment and the development of a risk
management plan. This chapter will examine and define colorectal cancer prevention and
risk counseling strategies in relation with the relative literature.

Keywords: Colorectal cancer, prevention, cancer risk counseling, screening, clinical
guidelines

1. Introduction

Colorectal cancer (CRC) is one of the leading causes of cancer death in the world. Colorectal
cancer is a significant public health problem in many countries considering its incidence,
mortality rate, and treatment costs [1]. Among all cancer deaths, mortality due to CRC ranks
second in the world and accounts for 9–10% of all cancers deaths [2–4]. Colorectal cancer is the
second most common cancer worldwide [5]. The incidence of CRC in North America and highly
industrialized areas such as northwestern Europe and Australia is high, but is low in less
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developed regions such as Asia, Africa, and South America [2, 5, 6]. Lifetime risk of develop‐
ing CRC varies between 2.4 and 6%. Risk factors possessed by individuals may increase this rate
[2, 3]. It is necessary to carry out activities related to risk factors in order to implement effec‐
tive CRC early diagnosis and screening programs and achieve positive outcomes. Moreover,
implementing cost-effective screening programs decreases costs and increases the effective‐
ness of CRC screening [7, 8]. Many people do not know the risk factors for CRC; it is reported
that those who do know them should be encouraged and supported by professionals to apply
safeguard measures and effective interventions.  More than half  of CRC incidents can be
prevented by implementing protection strategies in accordance with risk factors [9, 10]. However,
to achieve this, negative behaviors must be changed to positive, and individuals should be
directed toward early diagnosis in accordance with their risk conditions and monitored [11, 12].
In the realization of primary and secondary prevention strategies, bespoke colon cancer risk
counseling is important for reducing morbidity and mortality [11–13].

2. Colorectal cancer prevention and risk counseling

2.1. Colorectal cancer prevention

2.1.1. Colorectal cancer risk factors

Advancing age, familial and genetic factors, environmental factors, and lifestyle/behavioral
factors affect the development of CRC [2, 6–8]. Colorectal cancer risk factors are divided into
two groups, those that can be changed and those that cannot [1, 6, 10].

Nonchangeable risk factors: These factors cannot be taken under control by the individual.
These include age, sex, genetics (personal or family history of CRC), chronic colon diseases
such as ulcerative colitis, inflammatory bowel disease or Crohn’s disease, and a history of
adenomatous polyps [6, 8, 10, 13].

Changeable risk factors: These are behavioral factors that can be altered or managed to help
reduce the risk of CRC. It is reported that more than half of all cancers are linked to risky health
behaviors. Changeable factors include but are not limited to smoking, moderate-to-heavy
levels of alcohol consumption, being overweight and obesity, unbalanced diet, excessive
consumption of red meat and/or processed meat products, physical inactivity, and/or
sedentary lifestyle [3, 4, 6, 8–10, 13–19]. Risk factors and their relative risk for CRC are shown
in Table 1. Colorectal cancer risk with relative risk above 1 indicates high risk, and less than
1 indicates low risk [10].

2.1.2. Colorectal cancer prevention strategies

The aim is to prevent cancer, precancerous lesions, and reduce the incidence of cancer-related
morbidity and mortality and cancer spread, or at least diagnose it at earlier stages. Cancer
prevention research, and the reduction of cancer morbidity and mortality, requires a three-
dimensional approach: primary, secondary, and tertiary prevention [4, 6, 11, 20].
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Factors increasing the risk Relative risk

Family history and genetics

One first-degree relative 2.2

More than one relative 4.0

Relative diagnosed before 45 3.9

Individual history

Crohn’s disease 2.6

Ulcerative colitis

Colon

Rectum

2.8

1.9

Diabetes 1.2

Behavioral risk factors

Excessive alcohol

consumption

1.6

Obesity 1,.2

Red meat consumption 1.2

Processed meat consumption 1.2

Smoking cigarette 1.2

Risk reducing factors

Physical activity (colon) 0.7

Consumption of dairy products 0.8

Fruit consumption 0.9

Vegetable consumption 0.9

Total dietary fiber consumption

(10 g/day)

0.9

Table 1. Colorectal cancer risk factors and relative risk.

2.1.2.1. Primary prevention strategies

Primary prevention includes reducing the effects of carcinogens by using chemopreventive
agents or removing environmental carcinogens. The goal of primary prevention is to prevent
cancer from starting by reducing individual risk. Primary prevention focuses on lifestyle
changes and risk factors related to chemoprevention. Primary prevention measures focus on
two areas: making lifestyle changes toward changing primary risk factors and chemopreven‐
tion (chemical protection) strategies [20, 21].

Colorectal Cancer Prevention and Risk Counseling
http://dx.doi.org/10.5772/63206

123



2.1.2.1.1. Lifestyle changes

Healthy body weight: Being overweight obesity increases the risk of CRC, independent of
physical activity. It is noted that abdominal obesity as measured by waist diameter is a more
important risk factor than general obesity for both women and men [8, 10]. Patient education
about ways to gain and maintain a healthy body weight is an important health professional
task. Most people know its importance but there is a need for the encouragement and support
of health professionals to implement effective interventions for individuals. Excess body fat
can be reduced by reducing caloric intake and increasing physical activity. Reducing daily
calorie intake by 50–100 calories can prevent gradual weight gain in adults, 500 calories/day
or more weight loss program is the first joint reduction target. Research has shown that up to
60 minutes a day of moderate to vigorous physical activity may be necessary to prevent weight
gain. For overweight people, daily physical activity up to 90 minutes of moderate intensity
can help in losing weight [21].

Healthy nutrition and diet: Positive dietary factors that reduce the risk of cancer include low-
fat diet (less than 24% of dietary fat content), high in fiber, high in omega 3, high fruits and
vegetables, citrus fruits, cruciferous vegetables, carotene and lycopene-rich foods, plant-based
diet, calcium, selenium, vitamin D, folic acid, omega 3 nutritional factors, and fatty acids.
Dietary factors that increase the risk of cancer include animal fat, saturated fat, red meat, burnt/
charred meat, trans fatty acids, and excessive alcohol consumption. Animal fats and con‐
sumption of excessive red meat and processed meat products increase the risk of high-calorie
diet and consumptionless fiber-rich foods [2, 6, 8, 15, 16]. An oil-poor fiber-rich diet, 20–35 g
of fiber daily for adults, and reducing total daily calories from fat by about 30%, with limited
consumption of red meat is said to help reduce the risk of CRC. Also, regular consumption of
fruits, vegetables, and calcium are recommended to reduce the risk for CRC for women and
men. Nutritional advice for cancer prevention includes plant-derived diet containing at least
five servings of fruits and vegetables every day, choosing whole grains instead of refined
carbohydrates, eating saturated fat, and restricting alcohol and excessive calorie intake [11, 17,
19, 21].

Physical activity: Physical inactivity is one of the behavioral risk factors most often associated
with CRC. Risk of CRC is lower for physically active people. Risk of CRC for very physically
active people is 25% lower than in most physically inactive people [10]. Being physically active
during both work and leisure time also reduces the risk. The American Cancer Society
recommends a minimum of 150 minutes of moderate intensity every week, and preferably
spread over the week, or 75 minutes of vigorous physical activity (or combination thereof) [10].

Avoidance of tobacco and alcohol: Smoking is more related to lung cancer but it also has quite
harmful effects on the colon and rectum. Cigarette smoking increases the risk of colorectal
adenoma [2, 6, 10, 17] and long-term use is associated with large polyps in the colon/rectum.
The numbers of polyps have been reported to increase in patients even after they quit smoking
10 years previously [8, 17]. It is stated that the relative risk of CRC development is 1.64 in
current smokers relative to nonsmokers [2], and 12% of all CRC deaths are related to tobacco
use [8, 17]. Age of smoking initiation, duration of smoking, and the amount of cigarettes
consumed per day increase the risk of CRC [18]. The difference in life risk of developing CRC
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in individuals who consume —two to four alcoholic beverages per day is greater than 23%
compared with those who consume less than one alcoholic beverage per day. Alcohol
consumption as a factor that plays a role in CRC is seen at an earlier age. The relative risk is
1.08 for alcohol intake of 25 g/day. Smoking together with alcohol consumption doubles the
risk of CRC [10, 17, 19].

2.1.2.1.2. Chemopreventive measures

The administration of drugs or natural compounds to prevent the development of CRC is
called chemoprevention. Colorectal cancer chemoprevention can be considered for advanced
adenomas greater than 1 cm with villous histology, and more than two adenomas independent
of the size of the adenoma and histology. Also, patients with a family history of cancer or cancer
in first-degree relatives benefit from chemoprevention. Some 10% of all CRC groups can benefit
from chemoprevention [22]. Research into chemoprevention of CRC is very active and
chemical measures are recommended to more people in the high-risk group [6, 18, 21, 22].
Results of studies on chemical measures vary. Nonsteroidal anti-inflammatory drugs
(NSAIDs) and aspirin have been determined to inhibit the enzyme cyclo-oxygenase (COX-1
and COX-2), which is involved in development of CRC. Regular aspirin or other NSAID use
in humans reduces CRC development by 30–50%. In the recent past, these agents were not
recommended for the general population (average risk), but today aspirin and other NSAIDs
are recommended for the average-risk group. However, aspirin and other NSAIDs have
adverse effects such as gastrointestinal bleeding and stroke, thus the benefit/risk balance of
these drugs has restricted their use. In addition, calcium, vitamin D, folic acid, hormone
replacement therapy, and the protection provided by statins need to be evaluated in further
studies [6, 18, 21, 22].

2.1.2.2. Secondary prevention strategies

Secondary prevention, which enables slow-growing lesions to be diagnosed at early stages,
includes early diagnosis and screening methods. Screening achieves better results because it
avoids the onset of new cases and enables treatment of tumors at an early stage, which provides
a better prognosis. Screening methods such as colonoscopy can identify abnormal cancerous
changes so cancer can be prevented from fully developing. Secondary prevention is often
associated with the removal of precancerous lesions or intraepithelial neoplasia (e.g., ductal
carcinoma in situ, adenoma, or hyperplasia). In this way, disease is caught at an early stage,
and the incidence of patients with advanced stage disease and mortality decreases [20, 23].
Polyps, especially adenomatous-type polyps, are known to be the precursor of CRC. The
estimated 5-year survival rate of localized tumor (limited to the bowel wall) is 90%, it is 68%
when the regional lymph node is involved, and 10% in the presence of distant metastases. CRC
screening is recommended for the entire population; some people have a higher risk of
developing CRC than others. The most important step is to assess the correct risk of developing
CRC, screening is most effective test for individuals [6, 21, 23–27].

Colorectal cancer screening tests are divided into two groups:
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• Stool tests: guaiac-based fecal occult blood test (gFOBT), fecal immunochemical test, stool
DNA test.

• Structural analysis: flexible sigmoidoscopy (FS), colonoscopy, double barium contrast
radiography, computed tomographic (CT) colonography, virtual colonoscopy, capsule
endoscopy.

Each test has different advantages and disadvantages and can be used alone or in combination
according to the request and the status of the individual [6]. Secondary prevention measures
“Who should be screened and how?” The answer to the questions of who and which test brings
clarity to the issue of how and how much will be applied at intervals, which is why CRC
screening recommendations/guidelines have been established in many countries [6, 11, 21].

2.1.2.3. Clinical guidelines on colorectal cancer prevention

The aim of screening is to detect a precancer condition in the healthy population, as well as
very early-stage malignancies that can be treated with a clearly curative intervention. In this
context, international clinical guidelines have been created by the following organizations:

• American Cancer Society (ACS), The US Multi-Society Task Force on Colorectal Cancer
(USMSTF), and American College of Radiology

• U.S. Preventive Services Task Force (USPSTF)

• National Comprehensive Cancer Network (NCCN)

• European Society for Medical Oncology (ESMO)

Screening tests and follow-up intervals are implemented and updated frequently by these
organizations, depending on study results and technical improvements. The recommenda‐
tions are not applied in the same way for the whole population; there are variations between
countries and appropriate tests are recommended based on individual risk situations [6, 11,
16, 21, 24–28]. Although all guidelines recommend starting routine screening for CRC and
adenomatous polyps in asymptomatic adults at age 50, there is less agreement as to the
screening method, frequency of screening, and at which age screening may be safely discon‐
tinued. The recommendations differ for the method, frequency, and age of screening com‐
mencement in high-risk patients.

American Cancer Society, the US Multi-Society Task Force on Colorectal Cancer, and
American College of Radiology (ACR) guidelines were published in 2008 [6, 21, 24]. These
guidelines recommend starting screening in asymptomatic men and women at age 50 years.
Any test that can detect adenomatous polyps can be used for screening adults at average risk.
Table 2 lists the tests and their recommended frequency of use. Individuals with family history
of CRC, polyps, or one of the hereditary CRC syndromes, or a personal history of CRC or
chronic inflammatory bowel disease are recommended to undergo colonoscopy at younger
ages and more frequently than individuals at average risk (Tables 3 and 4) [24, 28].
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Test Interval recommendations Training issues to facilitate decision-making advantage/disadvantage

Flexible
sigmoidoscopy

Every 5 years1,2

Every 10 years3

The optimal interval should
not be <10 years and may
even be extended to 20 years3

• Full or partial bowel preparation is required

• Sedation is not generally used, so there may be
some difficulties during the process

• The protective effect is limited to the examined
column section

• If results are positive, people are generally directed
to colonoscopy

• Low risk of bleeding, infection, and perforation

Colonoscopy Every 10 years1,2,3

The optimal interval should
not be <10 years and may
even be extended up to 20
years3

• Full bowel preparation is required

• Awareness under sedation used in most centers

• A business day may be needed for resting
before the preparation and after the process

• Transportation (car cannot be used after sedation)
and travel companion is required

• Biopsy can be taken during the procedure, polyps can
be removed

• Rare but potentially serious risk of perforation and
hemorrhage; risk increases with polypectomy

Double-contrast
colonography

Every 5 years1,2

Uncertain3

• Full bowel preparation is required

• The biopsy cannot be done during the procedure

• If one or more polyps >6 mm, colonoscopy will be
recommended; follow-up colonoscopy will require full bowel
preparation

• Sedation is generally not used, so there may be some
difficulties during the process

• Low-risk, rare perforations have been reported

Virtual
colonoscopy/
CT colonography

Every 5 years1

Uncertain2,3

• Full bowel preparation is required

• If one or more polyps > 6 mm, colonoscopy will be
recommended; if colonoscopy is not possible on the same day, full
bowel
preparation is needed before the colonoscopy

• Sedation is not used, so there may be some difficulties
during the process
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Test Interval recommendations Training issues to facilitate decision-making advantage/disadvantage

• Low-risk, rare perforations have been reported

• Extracolonic abnormalities can be identified and require
further evaluation

1American Cancer Society, USMSTF, American College of Radiology screening guide.
2National Comprehensive Cancer Network (NCCN).
3ESMO guidelines and European guidelines for quality assurance in colorectal cancer screening and diagnosis [6, 13,
21, 24–27].

Table 2. Average risk for colorectal cancer, tips for individuals in the group, follow-up frequency, and advantages and
disadvantages.

Test Recommendations
interval

Training issues to facilitate decision-making advantage/disadvantage

Guiac-based
FOBT

Annually1, 2

Annually3

The test interval
should not
exceed 2 years3

• Depending on the manufacturer’s recommendation, 2–3
stool samples collected at home are required to complete the test;
stool sample collected during a single examination at the clinic,
touching stool test is not acceptable and should not be used

• No risk of perforation of the intestine

• Can be done at home, increase the protection of privacy

• It is relatively cheap compared with other tests

• If results are positive, further evaluation with colonoscopy
is needed

• Avoid consumption aspirin, NSAIDs, vitamin C, red meat,
poultry, fish, and raw vegetables for 48 hours before the test

Fecal immuno-
chemical test

Annually1

Uncertain2

The test interval
should not exceed 3 years3

• If results are positive, further evaluation with colonoscopy
I needed

• Single tests are often ineffective

• The transportation of the material to the laboratory requires
specific instructions and appropriate protective material

• No risk of perforation

• Protection of privacy as can be done at home

Stool DNA test Uncertain1,2,3 • A test sample should be sufficient and should be packaged
in suitable preservative for transportation to the laboratory

• More expensive than other stool tests

• If the test result is positive, further evaluation with colonoscopy
is needed. If the test is negative, it is not clear, the test should be
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Test Recommendations
interval

Training issues to facilitate decision-making advantage/disadvantage

repeated at appropriate intervals

• No dietary restrictions

• Protection of privacy increased as can be done at home

• No risk of perforation

1American Cancer Society, USMSTF, American College of Radiology screening guide.
2National Comprehensive Cancer Network (NCCN).
3ESMO guidelines and European guidelines for quality assurance in colorectal cancer screening and diagnosis [6, 13,
21, 24–27].

Table 2. Moderate risk for colorectal cancer, tips for individuals in the group, follow-up frequency, advantages and
disadvantages (continued).

Risk category Starting year Recommendations/interval Comment

CRC or adenomatous
polyps in the first 60
years of first-degree
relative or two or more
first-degree relatives at any
age

40 years, or 10 years younger
than the age of the CRC
diagnosis in the youngest
relative CRC diagnosis1,2

40 years, or 5 years younger
than the age of cancer onset in
first-degree relatives3

Colonoscopy1,2

FOBT and colonoscopy3

Every 5 years1,2,3

Two adenomatous/CRC
polyps in first- or second-
degree relatives aged over
60 years

40 years1,2 or 5 years younger
than the age of disease onset in
first-degree relatives3

Screening frequency and
recommendations for moderate
risk individuals are applied1,2

Screening/follow-up procedure
will be determined by clinical
follow-up of patients3

Individuals can
now scan any
screening test but
should begin at
an early age

1American Cancer Society, USMSTF, American College of Radiology screening guide.
2National Comprehensive Cancer Network (NCCN).
3ESMO guidelines and European guidelines for quality assurance in colorectal cancer screening and diagnosis [6, 13,
21, 24–27].

Table 3. Recommendations and colorectal cancer screening tests for individuals in the increased-risk group.

Risk category Starting year Recommendations/interval Comment

Genetically
diagnosed with
FAP or without
evidence of

10 or 12 years old1,2

Starting at age 12–14 years
and continued lifelong in
mutation carriers3

Individual genetic anomaly
that carries genetic tests to
determine the annual FSA and
consulting requirements1,2

Sigmoidoscopy every 2 years3

If genetic testing is positive,
colectomy should be considered
Screening and monitoring
procedures following clinical cases
will be determined3
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Risk category Starting year Recommendations/interval Comment

genetic testing and
those suspected in
FAP

Once adenomas are detected, annual
colonoscopy should be carried out
until colectomy is planned3

For AFAP Starting at age 18–20 years
and continued lifelong in
mutation carriers. 3

Colonoscopy every 2 years3 After adenomas are detected,
colonoscopy should be carried out
annually3

Genetically or
clinically
diagnosed with
HNPCC
individuals, or
high-risk
individuals for
HNPCC

20–25 years of age or
their immediate family
members or 10 years
younger than
the age of the CRC diagnosis
in the
youngest relative1,2

Starting at age 20–25 or
5 years before the
youngest case in the family3

Colonoscopy every 1–2 years
and counseling on whether the
genetic testing is
necessary1,2Colonoscopy every
1–2 years.3 Upper limit is
not established.3

First-degree relatives of people with
known hereditary MMR gene
mutations should be offered genetic
testing for HNPCC. Family mutation
as yet unknown, but also those
having one of the first three criteria
of modified Bethesda should be
recommended
Screening and monitoring
procedures following clinical cases
will be determined3

1American Cancer Society, USMSTF, American College of Radiology screening guide.
2National Comprehensive Cancer Network (NCCN).
3ESMO guidelines and European guidelines for quality assurance in colorectal cancer screening and diagnosis [6, 13,
21, 24–27].

Table 4. Recommendations and colorectal cancer screening tests for individuals in the high-risk group.

US Preventive Services Task Force (USPSTF):

The US Preventive Services Task Force (USPSTF) recommends using high-sensitivity fecal
occult blood testing, sigmoidoscopy, or colonoscopy from the age 50 years and to continue
until the age of 75 years [28]. Higher risk individuals should begin screening at a younger age,
and likely more frequently. Whether individuals need to be screened beyond the age of 75
years must be decided on an individual basis. Recommended screening tests and intervals are
as follows:

• High-sensitivity fecal occult blood test (FOBT)—annual

• Flexible sigmoidoscopy—5 yearly (every 3 years with FOBT)

• Colonoscopy—every 10 years

Colonoscopy can be used for screening or as a follow-up diagnostic tool in symptomatic
patients, or when the results of another CRC screening test are unclear or abnormal [28].

The National Comprehensive Cancer Network (NCCN):

The National Comprehensive Cancer Network (NCCN) has released separate guidelines for
average- (Table 2), increased- (Table 3), and high-risk individuals (Table 4). For average
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Risk category Starting year Recommendations/interval Comment
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until colectomy is planned3
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of modified Bethesda should be
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Screening and monitoring
procedures following clinical cases
will be determined3

1American Cancer Society, USMSTF, American College of Radiology screening guide.
2National Comprehensive Cancer Network (NCCN).
3ESMO guidelines and European guidelines for quality assurance in colorectal cancer screening and diagnosis [6, 13,
21, 24–27].

Table 4. Recommendations and colorectal cancer screening tests for individuals in the high-risk group.
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patients, or when the results of another CRC screening test are unclear or abnormal [28].
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The National Comprehensive Cancer Network (NCCN) has released separate guidelines for
average- (Table 2), increased- (Table 3), and high-risk individuals (Table 4). For average
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individuals, the NNCN’s guidance is almost identical to that of the ACS, USMSTF, and ACR.
These guidelines make recommendations for each risk factor for individuals at high risk [27,
28].

European Society for Medical Oncology (ESMO):

According to all international guidelines, screening tests are stratified according to the
personal risk of disease. The CRC screening guidelines of ESMO are in parallel with the guiding
principles of the European guidelines. The ESMO recommendations for average-, increased-,
and high-risk individuals are shown in Tables 2–4, respectively. Guaiac (g) FOBT reduced
CRC mortality in average-risk populations by 15% in different age groups. To date, only FOBT
has been recommended for men and women aged 50–74 years. Fecal immunochemical testing
appears to be superior to gFOBT with respect to detection rates and positive predictive values
for adenomas and cancer. Flexible sigmoidoscopy has been demonstrated to reduce CRC and
mortality rates when conducted in organized screening programs. FS screening should be
discontinued in patients of average risk aged more than 74 years because of the increased
number of comorbidities in this population. There is no current evidence to support adding
in a one-off sigmoidoscopy to FOBT screening. There is limited efficacy of colonoscopy in
reducing CRC incidence and mortality. The optimal age for a single colonoscopy is circa 55
years but the age range for this test is 50–74 years. Newer screening techniques such as
computed tomography colonography, stool DNA testing, and capsule endoscopy are still
under evaluation and as such should not yet be relied upon to screen the average-risk
population [29, 30].

Colorectal cancer screening remains a subject of debate regarding to whom, with which
method, and at what frequency; however, its cost-effectiveness has been demonstrated and
this is key in influencing the decision to implement CRC screening programs [7, 31]. Policy‐
makers and health professionals who decide on which CRC screening strategy to recommend
or implement must be well informed. It is vital that resources are used efficiently when
planning or implementing nationwide CRC screening programs, and that a cost-effective
option for CRC screening is selected. According to the results of recent review studies, there
is a complexity which screening test is the most cost-effective and which screening test should
be chosen [7, 31].

Individuals are divided into categories according to their risk of CRC, and the type and
frequency of screening methods varies depending on the risk category [6, 21, 23–27]. The risk
of developing CRC for an individual is classified into three categories: moderate risk, increased
risk, and high risk; screening is recommended in accordance with the risk group of individuals
[6, 13]. Persons with known gene mutation or those with suspected gene mutations have a
very high risk of contracting the disease [6, 13, 21, 24–27].

2.1.2.3.1. Moderate/average-risk group

Everyone is under the lowest risk for CRC [21]. Personal and family history of colorectal polyps
or ulcerative colitis without CRC, chronic inflammatory bowel disease such as Crohn’s disease
without CRC, and all individuals aged 50 years and over are at average risk [6, 21, 24–27].
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Individuals at average risk are recommended for screening; the frequency of follow-up is
shown in Table 2.

2.1.2.3.2. Increased risk group

In this group, risk of CRC is growing twice according to the individuals in average risk.
Individuals with a history of adenomatous polyps are at significantly higher risk. A family
history of CRC or adenoma increases a person’s risk of developing CRC. If there is a family
history CRC or adenomas including first-degree relatives (mother, father, sibling, or child)
before the age of 60, the risk of developing CRC at any age (—three to four times the average
risk) significantly increases. Screening recommendations for high-risk individuals are shown
in Table 3.

2.1.2.3.3. High-risk group

The risk of CRC in individuals with a known genetic mutation is high. The most common
hereditary CRC syndrome, HNPCC, also known as Lynch syndrome, is an autosomal
dominant syndrome and accounts for 3–5% of all CRCs. Familial adenomatous polyposis,
which is characterized by multiple adenomatous colonic polyps, is an autosomal dominant
syndrome comprising 1% of all CRC cases. For the FAP, the average age of cancer diagnosed
is 39 years for FAP, but in the individuals with FAP 75% of adenomas occurred in 20 years.
Recommended screening and surveillance programs for high-risk individuals are shown in
Table 4 [6, 21, 24, 30].

2.1.2.4. Tertiary prevention strategies

Tertiary prevention is used in the treatment of specified diseases or prevention of complica‐
tions associated with the disease, is often used to treat one type of cancer and metastasis, or
involves treating patients at risk for development of a secondary primary cancer [20]. The
target of tertiary prevention in cancer patients is to reduce morbidity and mortality with the
optimal treatment. Primary and secondary prevention practices are recommended in devel‐
oping or less developed countries due to the fact that greater economic burden of tertiary
prevention [20].

2.2. Colon cancer risk counseling

Today, although advances in treatment and screening standards established successful tests
for CRC, it is not perceived as a curable and preventable disease. Many people do not know
that even simple measures can prevent CRC. Cancer can be prevented in some individual cases,
and it is very important to develop the perception in the community and belief that cancer can
be prevented and is curable. Determining the level of risk and interpretation, encouraging
preventive behaviors, and improving the early diagnosis and screening behaviors are impor‐
tant parts of early detection and screening programs. Prevention of colon cancer will be
successful with the health efforts of professionals to increase awareness of the disease, risk
assessments, counseling programs with appropriate recommendations, and diagnose the
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patients in an early stage [32, 33]. In studies conducted in recent years in the prevention of
cancer, “cancer risk counseling” concept stands out [32, 34]. Physicians and nurses who work
in primary healthcare services and oncology units have an important role and responsibilities
in implementing programs and changing behavior that encourages early screening and
diagnosis of cancer. Cancer risk counseling focuses on genetic assessment, assessment of
individual risk factors, and the development of a risk management plan [35]. At this point,
health professionals trained in CRC counseling can take control of their risk by reaching the
individuals at an early stage [11, 12, 32, 36, 37]. Cancer risk counseling should be done in a
second step in primary care with asymptomatic individuals at moderate risk and members of
the increased-risk and high-risk groups. For example, risk counseling to individuals who have
registered in family medicine and family health centers in the moderate-risk group is given
by public health nurses. Family of individuals with hereditary CRC and of patients are
counseled by doctors and nurses in clinical oncology for as long as treatment continues, or by
clinical staff of family cancer clinics/genetic private surveillance programs or outpatient clinics,
for those with chronic bowel disease if they are under follow-up [32, 36–38]. To conduct CRC
risk counseling, physicians and nurses must have the authority and knowledge on this subject.

This risk counseling process encompasses a comprehensive cancer risk assessment, and
determining genetic predisposition, information, guidance training and screening, genetic
counseling, and creation of a risk management plan that includes the monitoring and evalu‐
ation plan. To achieve effective results in risk counseling, giving individual-specific messages,
making an assessment of risk status together with the individual, and supporting the individ‐
ual in the decision-making process is essential. In addition, it is aimed to follow-up screening
participation of the individuals, and guide individuals who receive abnormal test results. Thus,
CRC risk counseling aims to reduce morbidity and mortality with an increase in screening
rates and to detect disease at an early stage [33, 35, 38].

Risk advisor staff who conduct risk counseling and risk assessments must have certain
characteristics. CRC staff have to have adequate current information about hardware, com‐
munication techniques, good training, and counseling skills. Also, a counseling room should
have adequate ventilation and lighting systems suitable for training and counseling. Colorectal
cancer risk counseling identifies risk factors for an individual that can and cannot be changed
(hazard identification/risk assessment); screening for risk factors proposition includes
monitoring of behavior change initiatives and behavioral changes [38].

2.2.1. Stages of colorectal cancer risk counseling

Colorectal cancer risk counseling includes individual education and counseling and is
implemented in three stages [32, 38]:

Stage 1: Application phase

Stage 2: Follow-up phase

Stage 3: Evaluation phase
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2.2.1.1. Application phase

The creation of awareness through risk assessment and transfer of disease-specific informa‐
tion/education consist of three parts. Before making giving detailed information, disease
awareness should be created for the individual, the individual’s attention should be directed
toward the subject and they should be allowed to ask questions [38]. At this stage, awareness
about factors that increase the risk of disease must be created, and behavioral changes must
be implemented in order to ensure appropriate counseling skills and evidence-based inter‐
ventions [14]. A wide range of communication media have been used in studies aiming to
increase awareness of CRC screening ranging from personal letters to TV advertisements.
While facilitating effective participation in CRC screening initiatives, such as reminders, mass
media and the media, group training, personal training, and assessments, are taken by
reducing structural barriers to healthcare professionals and include initiatives such as
feedback. The effectiveness of personal reminders, personal training, and counseling in
improving CRC screening has been proven [10, 25, 39–44].

Sections Initiatives/methods Tools

Application phase

Creating
awareness

Initiative: CRC risk factors, prevention, information
about early diagnosis
Method: Face-to-face interviews, telephone interviews,
video/slide show, introduce role models, motivational
interviewing, send letters

Banners, posters, models, TV and
newspaper advertisements, letters, mail/
invitation via e-mail, phone messages,
calendars, giveaway/inducers such as
promotion, promotional stands

Risk assessment Initiative: Determine the risk rating of the individual
Method: Face-to-face interviews, computer-aided risk
assessment models

Risk assessment tables, pedigree charts,
graphs, histograms, electronic health records

Disease-specific
information

Initiative: Provide adequate and appropriate
information about the disease
Method: Face to face interviews

Slides, posters, pamphlets, educational
videos, health beliefs scales, written
materials

Follow-up phase

Initiative: Maintain awareness, support positive
behavior, follow-up/surveillance of screening behavior
Method: Interview

Phone calls, text messages, e-mail,
reminders, call center awards

Evaluation phase

Initiative: Preventive screening behavior and
participation in evaluation, assessment test results
Method: Face-to-face interviews

Automated phone calls
Web-based assessment

Table 5. Colorectal cancer risk counseling can be applied in all stages of evidence-based initiatives.

Creating awareness: Various implications may be used in order to create awareness in the
individuals about the importance of their protective behaviors in the prevention of CRC and
their health. Evidence-based interventions recommended in the recent relevant studies are
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shown in Table 5 [10, 25, 39–44]. Due to purpose of encouraging individuals take action to
protective behaviors, it is important to give positive messages in materials (e.g., posters,
banners) that it is possible to protect against CRC [11, 36, 37]. Risk assessment is required for
each individual in order to determine the screening interval and proper test [21, 33].

Risk assessment: It is important to be able to receive adequate health history. The scope of
individual members in the counseling process assessment includes the following:

• demographic, socioeconomic, cultural characteristics, and medical history (previous/
existing diseases, especially chronic bowel disease, polyps),

• a detailed family history (especially first- and second-degree relatives),

• cognitive and psychosocial (cognitive capacity, CRC knowledge, risk perception, CRC-
related health beliefs and attitudes, perceptions, motivation, concerns, barriers, CRC
relevant experience, anxiety and fears, coping mechanisms and social support status,
decision-making and decision support systems),

• lifestyle behaviors (habits that increase the risk of CRC, dietary behaviors, physical activity
status, smoking and alcohol use, stress level, given the importance of such a negative
attitude and a healthy lifestyle),

• do not collect data on exposure to environmental risk factors and other characteristics.

Risk assessment tools for practical risk assessment (risk calculation tool, pedigram) can be
made using electronic health records [10, 25, 33, 35, 39, 45]. According to the data obtained, a
risk rating of the risk assessment is performed. The risk rating is how to determine whether
an individual is at risk and making orientation relative to the risk. The degree of risk of cancer
is important in guiding the individual screening tests [6, 11, 21]. In this regard, national/
international guidelines should be considered. Risk assessment, web-based tools, and mathe‐
matical models of interpretation of risk may make it easier to use directed individual protection
proposals. Graphical presentation of risk status (bar, pie, histogram) makes it easier to explain
and to understand the risk [6, 21, 33, 45]. Health behavior models have been developed for
people to understand why there are different health behaviors or practices they are going to
implement. While counseling individuals, health behavior models act as a “black box” to
determine factors that affect preventive behaviors and to change negative behaviors to
positive. These models are Health Belief Model, Transtheoretic Model, Health Promotion, and
Preventive Health Model [11, 12, 14, 38, 39].

The risk status of the individual is described in a way that can be understood. Words, tone of
voice, body images, and facial expressions of health personnel can affect the understanding
individual risk information. The level of education of the individual, age, cultural, and
linguistic differences should be taken into account. In addition, the cost of diagnosis and
treatment, transportation requirements, communication, and cultural characteristics are
important for the care of the patient’s decision. Particular circumstances of the individual (e.g.,
affected my social and personal values, and economic and environmental conditions) should
be considered. Individuals are given information regarding their assessment and risk diag‐
nostics; when interpreting cancer risks, results that will disrupt the motivation for the indi‐
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vidual’s protection behavior or descriptions that will cause anxiety/fear should be avoided [33,
45].

Sufficient disease-specific information: The aim is to address the lack of knowledge about the
disease and the individual CRC screening tests (fecal occult blood test, colonoscopy, double-
contrast bowel X-ray, sigmoidoscopy). Patients training sessions should include information
on colon and rectal anatomy of the digestive system, CRC generation, CRC signs and symp‐
toms, risk factors, the importance of disease prevention, prevention, healthy lifestyle behav‐
iors, early diagnosis and screening tests, the advantages and disadvantages of each test, and
information about CRC protection behavior information [11, 21, 32, 35, 38, 39, 45]. Taking
appropriate initiatives to scan an individual’s risk rating should be provided and monitored
(see Table 5). Encouragement of positive behavior aimed at reducing CRC risk and altering
health beliefs associated with the disease are very important. Therefore, the individual’s health
beliefs during counseling, motivation, and barriers to education in this direction may be
determined by a variety of scales [11, 21, 38]. Video display and printed materials in the
education department, presentations, and motivational interviewing techniques such as active
listening are available. There are no studies on the use of individual incentives that promote
screening (a small amount of money, coupons, gift certificates); therefore, there is insufficient
evidence to support this initiative alone. After the training, short appropriate tests should be
conducted in order to evaluate the effectiveness of the training; individuals who then wish to
undergo screening should be referred to the relevant departments and clinics [38].

2.2.1.2. Follow-up phase

Maintainance of awareness of the individual is intended to support the CRC protection
behavior. It will increase the importance of the disease and practical initiatives to ensure the
consistency of behavior covered in the training. The next follow-up face-to-face meeting in the
implementation phase can be done through methods such as e-mail or telephone (Table 5).
During these initiatives, any information that was given during training that was not clear can
be questioned. For example, healthy lifestyle behaviors and screening recommendations for
prevention of CRC can be repeated/reviewed, and information can be discussed about where
to go in the event of receiving negative test results. At this stage, the behavior of individuals
regarding disease protection is expected to show increased enthusiasm. All associated
individuals (family, friends, healthcare professionals) are encouraged to support positive and
protective behavior [11, 12, 21, 25, 35, 38].

2.2.1.3. Evaluation phase

At this stage, CRC protection behavior exhibited by the individual is evaluated. Changing an
individual’s behavior is not a goal that can be realized in a short time, it requires long-term
follow-up. In order to ensure continuity, to maintain positive behaviors and enable behavior
changes to occur, regular implementation of risk counseling (e.g., 3, 6, 12, 24 months) should
be carried out [34, 35, 39]. The evaluation phase, which allows for obtaining feedback from
individuals, is usually advised to be face to face. Reasons for an individual wishing to end the

Colorectal Cancer - From Pathogenesis to Treatment136



vidual’s protection behavior or descriptions that will cause anxiety/fear should be avoided [33,
45].

Sufficient disease-specific information: The aim is to address the lack of knowledge about the
disease and the individual CRC screening tests (fecal occult blood test, colonoscopy, double-
contrast bowel X-ray, sigmoidoscopy). Patients training sessions should include information
on colon and rectal anatomy of the digestive system, CRC generation, CRC signs and symp‐
toms, risk factors, the importance of disease prevention, prevention, healthy lifestyle behav‐
iors, early diagnosis and screening tests, the advantages and disadvantages of each test, and
information about CRC protection behavior information [11, 21, 32, 35, 38, 39, 45]. Taking
appropriate initiatives to scan an individual’s risk rating should be provided and monitored
(see Table 5). Encouragement of positive behavior aimed at reducing CRC risk and altering
health beliefs associated with the disease are very important. Therefore, the individual’s health
beliefs during counseling, motivation, and barriers to education in this direction may be
determined by a variety of scales [11, 21, 38]. Video display and printed materials in the
education department, presentations, and motivational interviewing techniques such as active
listening are available. There are no studies on the use of individual incentives that promote
screening (a small amount of money, coupons, gift certificates); therefore, there is insufficient
evidence to support this initiative alone. After the training, short appropriate tests should be
conducted in order to evaluate the effectiveness of the training; individuals who then wish to
undergo screening should be referred to the relevant departments and clinics [38].

2.2.1.2. Follow-up phase

Maintainance of awareness of the individual is intended to support the CRC protection
behavior. It will increase the importance of the disease and practical initiatives to ensure the
consistency of behavior covered in the training. The next follow-up face-to-face meeting in the
implementation phase can be done through methods such as e-mail or telephone (Table 5).
During these initiatives, any information that was given during training that was not clear can
be questioned. For example, healthy lifestyle behaviors and screening recommendations for
prevention of CRC can be repeated/reviewed, and information can be discussed about where
to go in the event of receiving negative test results. At this stage, the behavior of individuals
regarding disease protection is expected to show increased enthusiasm. All associated
individuals (family, friends, healthcare professionals) are encouraged to support positive and
protective behavior [11, 12, 21, 25, 35, 38].

2.2.1.3. Evaluation phase

At this stage, CRC protection behavior exhibited by the individual is evaluated. Changing an
individual’s behavior is not a goal that can be realized in a short time, it requires long-term
follow-up. In order to ensure continuity, to maintain positive behaviors and enable behavior
changes to occur, regular implementation of risk counseling (e.g., 3, 6, 12, 24 months) should
be carried out [34, 35, 39]. The evaluation phase, which allows for obtaining feedback from
individuals, is usually advised to be face to face. Reasons for an individual wishing to end the

Colorectal Cancer - From Pathogenesis to Treatment136

program should be taken to identify obstacles and need to reschedule procedures overcome
these barriers [11, 12, 21, 32, 35, 38, 41, 45].

3. Conclusions

Primary and secondary prevention practices in the management of CRC are to be carried out
together. Applying primary measures alone will not be enough, only having screening tests
will not prevent the disease occurrence. Primary healthcare physicians and nurses have an
important role in the implementation of risk counseling. Colorectal cancer risk counsellers are
required to have special knowledge and skills. Therefore, the staff who undertake counseling
are required to have received appropriate training. Colorectal cancer risk counseling is a
process that applies to all stages of implementation, including monitoring, evaluation stages,
and health services. Many initiatives and recommended methods for each stage of the process
have been demonstrated in research. Adequate training in CRC risk counseling practice of
health professionals, all relevant employees in surgery, oncology, and public health has been
estimated to reduce the incidence of CRC.

Author details

Serife Koc1*, Melek Nihal Esin2 and Aysun Ardic2

*Address all correspondence to: serife.koc@istanbul.edu.tr

1 Karamanoglu Mehmetbey University, Karaman School of Health, Karaman, Turkey

2 Istanbul University, Florence Nightingale Faculty of Nursing, Istanbul, Turkey

References

[1] Chan AD, Giovannucci ED. Primary prevention of colorectal cancer. Gastroenterology.
2010; 138: 2029–2043.

[2] Wilkes GM. Colon, rectal, and anal cancers. In: Yarbro CH, Wujcik D, Gobel BH, editors.
Cancer Nursing Principles and Practice. 7th ed. Sudbury, MA: Jones and Barlett
Publishers; 2011. pp. 1205–1257.

[3] Johnson CM, Wei C, Ensor JE, Smolenski DJ, Amos CI, Levin B. et al. Meta-analyses of
colorectal cancer risk factors. Cancer Causes Control. 2013; 24: 1207–1222.

[4] Tarraga LPJ, Albero JS, Rodriguez-Montes JA. Primary and secondary prevention of
colorectal cancer. Clinical Medicine Insights: Gastroenterology. 2014; 7: 33–46.

Colorectal Cancer Prevention and Risk Counseling
http://dx.doi.org/10.5772/63206

137



[5] Ferlay J, Soerjomataram I, Ervik M, Dikshit R, Eser S, Mathers C, Rebelo M, Parkin DM,
Forman D, Bray F. GLOBOCAN 2012 v1.0, Cancer Incidence and Mortality Worldwide:
IARC CancerBase No. 11 [Internet]. Lyon, France: International Agency for Research
on Cancer; 2013. Available from: http://globocan.iarc.fr [Accesssed: 2014/08/30].

[6] Erturk S. Colorectal cancers: Epidemiology, factors that play a role in the etiology,
screening and chemoprevention. In: Baykan A, Zorluoglu A, Gecim E, Terzi C, editors.
Colon and Rectum Cancers. Istanbul: Turkish Society of Colon and Rectal Surgery, Secil
Offset Printing and Packaging Industry Co.Ltd.; 2010. pp. 15-30. [in Turkish]

[7] Patel SS, Kilgore ML. Cost effectiveness of colorectal cancer screening strategies. Cancer
Control: Journal of the Moffitt Cancer Center. 2015; 22(2): 248–258.

[8] Oxentenko AS, Wei EK, Limburg PJ, Giovanucci E. Risk factors and prevention. In:
Couric K, editor. American Cancer Society's Complete Guide to Colorectal Cancer.
Atlanta: American Cancer Society; 2006. pp. 11–34.

[9] Glasper A. Can nurses help to promote earlier diagnosis of bowel cancer? British
Journal of Nursing. 2012; 21(1): 50–51.

[10] American Cancer Society (ACS). Colorectal Cancer Facts and Figures 2014-2016.
Atlanta: American Cancer Society, Inc.; 2014. Available from: http://
www.cancer.org/acs/groups/content/documents/document/acspc-042280.pdf [Ac‐
cesssed: 2015/10/30].

[11] Price AS. Primary and secondary prevention of colorectal cancer. Gastroenterology
Nursing. 2003; 26(2): 73–81.

[12] Myers ER. Decision counseling in cancer prevention and control. Health Psychology.
2005; 24(4): 71–77.

[13] Cavdar I. Colon Rectum and Anal Cancers. In: Can G, editor. Oncology Nursing.
Istanbul: Nobel Medical Publishers; 2015. pp. 707–717. [in Turkish]

[14] Simons VA, Flynn SP, Flocke SA. Practical behavior change counseling in primary care.
Primary Care: Clinics in Office Practice. 2007; 34(3): 611–622.

[15] Thomson CA, Chen Z. The role of diet, physical activity and body composition in cancer
prevention. In: Alberts DS, Hess LM, editors. Fundamentals of Cancer Prevention. 2nd
ed. Tucson: Springer; 2010. pp. 31–78. DOI: 10.1007/978-3-540-68986-7.

[16] James, WPT. The role of nutrition in cancer prevention. In: Miller AB, editor. Epide‐
miologic studies in cancer prevention and screening. New York: Springer; 2013; pp.
121–140.

[17] Bazensky I, Shoobridge-Moran C, Yoder LH. Colorectal cancer: an overview of the
epidemiology, risk factors, symptoms, and screening guidelines. Medsurg Nursing.
2007; 16(1): 46–51.

Colorectal Cancer - From Pathogenesis to Treatment138



[5] Ferlay J, Soerjomataram I, Ervik M, Dikshit R, Eser S, Mathers C, Rebelo M, Parkin DM,
Forman D, Bray F. GLOBOCAN 2012 v1.0, Cancer Incidence and Mortality Worldwide:
IARC CancerBase No. 11 [Internet]. Lyon, France: International Agency for Research
on Cancer; 2013. Available from: http://globocan.iarc.fr [Accesssed: 2014/08/30].

[6] Erturk S. Colorectal cancers: Epidemiology, factors that play a role in the etiology,
screening and chemoprevention. In: Baykan A, Zorluoglu A, Gecim E, Terzi C, editors.
Colon and Rectum Cancers. Istanbul: Turkish Society of Colon and Rectal Surgery, Secil
Offset Printing and Packaging Industry Co.Ltd.; 2010. pp. 15-30. [in Turkish]

[7] Patel SS, Kilgore ML. Cost effectiveness of colorectal cancer screening strategies. Cancer
Control: Journal of the Moffitt Cancer Center. 2015; 22(2): 248–258.

[8] Oxentenko AS, Wei EK, Limburg PJ, Giovanucci E. Risk factors and prevention. In:
Couric K, editor. American Cancer Society's Complete Guide to Colorectal Cancer.
Atlanta: American Cancer Society; 2006. pp. 11–34.

[9] Glasper A. Can nurses help to promote earlier diagnosis of bowel cancer? British
Journal of Nursing. 2012; 21(1): 50–51.

[10] American Cancer Society (ACS). Colorectal Cancer Facts and Figures 2014-2016.
Atlanta: American Cancer Society, Inc.; 2014. Available from: http://
www.cancer.org/acs/groups/content/documents/document/acspc-042280.pdf [Ac‐
cesssed: 2015/10/30].

[11] Price AS. Primary and secondary prevention of colorectal cancer. Gastroenterology
Nursing. 2003; 26(2): 73–81.

[12] Myers ER. Decision counseling in cancer prevention and control. Health Psychology.
2005; 24(4): 71–77.

[13] Cavdar I. Colon Rectum and Anal Cancers. In: Can G, editor. Oncology Nursing.
Istanbul: Nobel Medical Publishers; 2015. pp. 707–717. [in Turkish]

[14] Simons VA, Flynn SP, Flocke SA. Practical behavior change counseling in primary care.
Primary Care: Clinics in Office Practice. 2007; 34(3): 611–622.

[15] Thomson CA, Chen Z. The role of diet, physical activity and body composition in cancer
prevention. In: Alberts DS, Hess LM, editors. Fundamentals of Cancer Prevention. 2nd
ed. Tucson: Springer; 2010. pp. 31–78. DOI: 10.1007/978-3-540-68986-7.

[16] James, WPT. The role of nutrition in cancer prevention. In: Miller AB, editor. Epide‐
miologic studies in cancer prevention and screening. New York: Springer; 2013; pp.
121–140.

[17] Bazensky I, Shoobridge-Moran C, Yoder LH. Colorectal cancer: an overview of the
epidemiology, risk factors, symptoms, and screening guidelines. Medsurg Nursing.
2007; 16(1): 46–51.

Colorectal Cancer - From Pathogenesis to Treatment138

[18] Kahler CJ, Rex D, Imperiale TF. Screening for Colorectal Cancer, Social Follow-up and
Primary Prevention: An Overview of Current Literature. Gastroenterology Turkish
pressure. 2008; 3 (4): 193–217. [in Turkish]

[19] Keith JN, Jackson SC. Environmental factors and colorectal cancer. In: Kim KE, editor.
Early Detection and Prevention of Colorectal Cancer. New Jersey: Slack Incorporated;
2009. pp. 49–71.

[20] Alberts DS, Hess LM. Introduction to cancer prevention. In: Alberts DS, Hess LM,
editors. Fundamentals of Cancer Prevention. 2nd ed. Tucson: Springer; 2010. pp. 1–12.
DOI: 10.1007/978-3-540-68986-7.

[21] Mahon SM. Prevention and screening of gastrointestinal cancers. Seminars in Oncology
Nursing. 2009; 25(1): 15–31.

[22] Lance P. Chemical prevention for colorectal cancer: There is a long way to go although
some progress. Gastroenterology Turkish pressure. 2008; 3(2): 98–106. [in Turkish]

[23] Patel SG, Ahnen DJ. Screening for colon polyps and cancer. In: Miller AB, editor.
Epidemiologic Studies in Cancer Prevention and Screening. New York: Springer; 2013;
pp. 169–182.

[24] Levin B, Lieberman BA, McFarland B, Andrews KS, Brooks D, Bond J. et al. Screening
and surveillance for the early detection of colorectal cancer and adenomatous polyps,
2008: a joint guideline from the American Cancer Society, the US Multi-Society Task
Force on Colorectal Cancer, and the American College of Radiology. Gastroenterology.
2008; 134(5): 1570–1595.

[25] European Commission. European guidelines for quality assurance in colorectal cancer
screening and diagnosis. [Internet]. First ed., Luxemburg: Publication Office of the
European Union; 2010. DOI: 10.2772/15379. Available from: http://www.kolorek‐
tum.cz/file/guidelines [Accessed: 2016/01/03].

[26] Lionis C, Petelos E. Early detection of colorectal cancer and population screening tests.
In: Ettarh R, editor. Colorectal Cancer—From Prevention to Patient Care. Rijeka:
InTech; 2012. pp. 45–66. Available from: http://www.intechopen.com/books/colorectal-
cancer-from-prevention-to-patientcare/early-detection-of-colorectal-cancer-and-
population-screening-tests [Accessed: 2015/12/30].

[27] NCCN Guidelines Version 2.2014, Colorectal Cancer Screening. Available from: http://
www.nccn.org [Accessed: 2015/10/04].

[28] Cabebe EC. Colorectal cancer guidelines: colorectal cancer screening. In: Espat NJ,
editor. [Internet]. 2015. Available from: http://emedicine.medscape.com/article/
2500006-overview#a1 [Accessed: 2016/02/25].

[29] Labianca R, Nordlinger B, Beretta GD, Mosconi S, Mandalà M, Cervantes A, Arnold D.
Early colon cancer: ESMO clinical practice guidelines for diagnosis, treatment and
follow up. Annals of Oncology. 2013; 24(6): 64–72.

Colorectal Cancer Prevention and Risk Counseling
http://dx.doi.org/10.5772/63206

139



[30] Balmaña J, Balaguer F, Cervantes A, Arnold D. Familial risk-colorectal cancer: ESMO
Clinical Practice Guidelines. Annals of Oncology. 2013; 24(6): 73–80.

[31] Lansdorp-Vogelaar I, Knudsen AB, Brenner H. Cost-effectiveness of colorectal cancer
screening. Epidemiologic Reviews. 2011; 33(1): 88–100.

[32] Koc S, Esin MN. Screening behaviors, health beliefs, and related factors of first-degree
relatives of colorectal cancer patients with ongoing treatment in Turkey. Cancer
Nursing. 2014; 37(6): E51–60.

[33] Mahon SM. Screening and detection for asymptomatic individuals. In: Yarbro CH,
Wujcik D, Gobel BH, editors. Cancer Nursing Principles and Practice. 7th ed. Sudbury,
MA: Jones and Barlett Publishers; 2011. pp. 115–134.

[34] Glanz K, Steffen AD, Taglialatela LA. Effects of colon cancer risk counseling for first
degree relatives. Cancer Epidemiology, Biomarkers and Prevention. 2007; 16(7): 1485–
1491.

[35] MacDonald DJ. The oncology nurse’s role in cancer risk assessment and counseling.
Seminars in Oncology Nursing. 1997; 13(2): 123–128.

[36] Greenwald B. Health fairs: an avenue for colon health promotion in the community.
Gastroenterology Nursing. 2003; 26(5): 191–194.

[37] Greenwald B. How to market colorectal cancer screening awareness and colonoscopy
services. Gastroenterology Nursing. 2005; 28(5): 435–437.

[38] Koc S. The effect of colorectal cancer risk counseling on the promoting of primary and
secondary preventive behaviors of the individuals at risk. [thesis] Istanbul: Istanbul
University; 2014. [in Turkish]

[39] Gimeno Garcia AZ, Hernandez Alvarez Buylla N, Nicolas-Perez D, Quintero E. Public
awareness of colorectal cancer screening: knowledge, attitudes, and interventions for
increasing screening uptake. ISRN Oncology. 2014; 2014: 1–19.

[40] Rawl SM, Menon U, Burness A, Breslau ES. Interventions to promote colorectal cancer
26 screening: an integrative review. Nursing Outlook. 2012; 60(4): 172–181.

[41] Sabatino SA, Lawrence B, Elder R, Mercer SL, Wilson KM, DeVinney B, et al. Effec‐
tiveness of interventions to increase screening for breast, cervical, and colorectal
cancers: nine updated systematic reviews for the guide to community preventive
services. American Journal of Preventive Medicine. 2012; 43(1): 97–118.

[42] Brouwers CM, Vito C, Bahirathan L, Carol A, Carroll JC, Cotterchio M, et al. Effective
interventions to facilitate the uptake of breast, cervical and colorectal cancer screening:
an implementation guideline. Implementation Science. 2011a; 6(112): 1–8.

[43] Brouwers CM, Vito C, Bahirathan L, Carol A, Carroll JC, Cotterchio M, et al. What
implementation interventions increase cancer screening rates? A systematic review.
Implementation Science. 2011b; 6(111): 1–17.

Colorectal Cancer - From Pathogenesis to Treatment140



[30] Balmaña J, Balaguer F, Cervantes A, Arnold D. Familial risk-colorectal cancer: ESMO
Clinical Practice Guidelines. Annals of Oncology. 2013; 24(6): 73–80.

[31] Lansdorp-Vogelaar I, Knudsen AB, Brenner H. Cost-effectiveness of colorectal cancer
screening. Epidemiologic Reviews. 2011; 33(1): 88–100.

[32] Koc S, Esin MN. Screening behaviors, health beliefs, and related factors of first-degree
relatives of colorectal cancer patients with ongoing treatment in Turkey. Cancer
Nursing. 2014; 37(6): E51–60.

[33] Mahon SM. Screening and detection for asymptomatic individuals. In: Yarbro CH,
Wujcik D, Gobel BH, editors. Cancer Nursing Principles and Practice. 7th ed. Sudbury,
MA: Jones and Barlett Publishers; 2011. pp. 115–134.

[34] Glanz K, Steffen AD, Taglialatela LA. Effects of colon cancer risk counseling for first
degree relatives. Cancer Epidemiology, Biomarkers and Prevention. 2007; 16(7): 1485–
1491.

[35] MacDonald DJ. The oncology nurse’s role in cancer risk assessment and counseling.
Seminars in Oncology Nursing. 1997; 13(2): 123–128.

[36] Greenwald B. Health fairs: an avenue for colon health promotion in the community.
Gastroenterology Nursing. 2003; 26(5): 191–194.

[37] Greenwald B. How to market colorectal cancer screening awareness and colonoscopy
services. Gastroenterology Nursing. 2005; 28(5): 435–437.

[38] Koc S. The effect of colorectal cancer risk counseling on the promoting of primary and
secondary preventive behaviors of the individuals at risk. [thesis] Istanbul: Istanbul
University; 2014. [in Turkish]

[39] Gimeno Garcia AZ, Hernandez Alvarez Buylla N, Nicolas-Perez D, Quintero E. Public
awareness of colorectal cancer screening: knowledge, attitudes, and interventions for
increasing screening uptake. ISRN Oncology. 2014; 2014: 1–19.

[40] Rawl SM, Menon U, Burness A, Breslau ES. Interventions to promote colorectal cancer
26 screening: an integrative review. Nursing Outlook. 2012; 60(4): 172–181.

[41] Sabatino SA, Lawrence B, Elder R, Mercer SL, Wilson KM, DeVinney B, et al. Effec‐
tiveness of interventions to increase screening for breast, cervical, and colorectal
cancers: nine updated systematic reviews for the guide to community preventive
services. American Journal of Preventive Medicine. 2012; 43(1): 97–118.

[42] Brouwers CM, Vito C, Bahirathan L, Carol A, Carroll JC, Cotterchio M, et al. Effective
interventions to facilitate the uptake of breast, cervical and colorectal cancer screening:
an implementation guideline. Implementation Science. 2011a; 6(112): 1–8.

[43] Brouwers CM, Vito C, Bahirathan L, Carol A, Carroll JC, Cotterchio M, et al. What
implementation interventions increase cancer screening rates? A systematic review.
Implementation Science. 2011b; 6(111): 1–17.

Colorectal Cancer - From Pathogenesis to Treatment140

[44] Holden DJ, Jonas DE, Porterfield DS, Reuland D, Harris R. Systematic review: enhanc‐
ing the use and quality of colorectal cancer screening. Annals of Internal Medicine.
2010; 152(10): 668–676.

[45] National Cancer Institute. Cancer Genetics Risk Assessment and Counseling-for health
professionals. [Internet]. Bethesda, MD: National Cancer Institute; 2015. Available
from: http://www.cancer.gov/about-cancer/causes-prevention/genetics/risk-assess‐
ment-pdq#link/_323_toc [Accessed: 2015/12/30].

Colorectal Cancer Prevention and Risk Counseling
http://dx.doi.org/10.5772/63206

141





Chapter 6

Imaging of Colonic and Rectal Cancer

Radu I Badea, Cosmin N Caraiani and Diana I Florian

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62307

Abstract

Colorectal  cancer  is  one  of  the  most  common cancers  worldwide.  Thus,  its  early
detection through screening and diagnostic techniques is the key in managing this
condition. For this to be possible, it is necessary to know the risk factors and to choose
the appropriate screening and diagnostic techniques for each case. Imaging also plays
a key role in treatment planning by assessing both local and distance extension of the
disease.

The aim of this chapter is to make an overview of the currently available imaging
techniques for diagnosis of colorectal cancer (ultrasound, computed tomography—
CT,  magnetic  resonance imaging—MRI,  and positron emission tomography—PET/
CT), focusing on specific and technical elements, benefits, costs, and limitations of each
technique.

Keywords: colon, rectum, imaging, ultrasonography, CT, MRI

1. General

1.1. Epidemiology

Colorectal cancer (CRC) is a major human health issue. Globally, it ranks third in incidence
after lung and breast cancers. In developed areas such as North America, Australia, New
Zealand and Western Europe, it appears even more frequently, being ranked the second [1,
2]. In terms of etiology, it is divided into two categories: genetic and non-genetic. The non-
genetic (“sporadic”) category is the most common one (~70–80%), its known cause being the
malignant transformation of the adenomatous polyps. This phenomenon occurs over years,
related to an unstable lifestyle. An improper diet (low in fruit and vegetables and high in red
meat and saturated fat), consumption of toxic products (alcohol and tobacco), obesity,
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sedentarism, as well as the presence of inflammatory bowel diseases (ulcerative colitis and
Crohn’s disease) are all considered as being predisposing factors [3, 4]. In recent years, a
decrease in the mortality from colorectal neoplasia and an increase in the survival by up to 5
years has been reported. These are due to the evolution of early detection techniques through
screening, as well as to the improved therapeutic procedures. Even if in this disease the
prognosis is better than in other cancers, the main concern regards its management which
should be directed toward prevention and early diagnosis.

1.2. Techniques used for early detection

Screening methods used are in full development. They are classified into biological assays (for
the detection of occult stool blood, DNA, RNA, and feces protein) and colorectal exploration
techniques. Among the biological assays, the one used for the detection of occult blood in the
stool is the most widely used because of its accessibility, low-cost, and proven effectiveness in
reducing the CRC incidence and mortality (by ~15–33%) [4]. The assay for the detection of
DNA, RNA, and some proteins in plasma and feces represents another biological category.
Due to the variability of literature data related to their diagnosis value as well as their high
cost, their usefulness on a large scale is still reduced [4]. The genetic syndromes with increased
risk of CRC (the familial adenomatous polyposis and the hereditary non-polyposis colorectal
cancer—Lynch syndrome) can be diagnosed through different genetic assays.

In the category of the colorectal exploration tests, optical colonoscopy is the method of choice.
This technique is used as a screening assay at different time intervals depending on the
probability of disease occurrence. One of its major advantages is the possibility of polyps
biopsy/resection (in spite of the high cost and low acceptance by the population!) [4].

Other colorectal exploration assays include imaging methods. The techniques used are the
double-contrast irrigoscopy and the CT virtual colonoscopy (CT colonography). It is currently
recommended to replace the double-contrast irrigoscopy with the CT virtual colonoscopy
because of a lower discomfort and a better tolerance, as well as its increasing affordability [5,
6]. There are studies that are showing an increased sensitivity (96%) of the CT virtual colono‐
scopy, similar to the optical colonoscopy, but the values vary depending on the lesion size [6].

1.3. Criteria to be included in the screening programs

The population at an average risk of developing CRC is represented by subjects older than 50
years old, without other associated risk factors. They can be followed up annually for the
detection of occult stool blood, as well as by flexible sigmoidoscopy (only for the left colon,
technique that does not require special preparation). The combination of the two assays may
be carried out every 5 years. Other availabilities are double-contrast irrigoscopy and virtual
colonoscopy done every 5 years, or optical colonoscopy, every 10 years [5–7].

The population with increased risk of developing CRC is represented by subjects with personal
or familial history of CRC or adenomatous polyps, those with genetic syndromes, or patients
with chronic inflammatory diseases. Each of them can benefit from a customized screening
program. The screening program must begin at the age of 40, or 10 years earlier than the age
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of the youngest relative affected by the disease. The American College of Physicians recom‐
mends the use of the optical colonoscopy as a screening method for the high risk population
group, noting that the choice of the tests must be carried out according to the risk/benefit ratio,
affordability, and the patient’s preferences. In addition, it is recommended to cease the
screening in patients over 75 years old or those with a life expectancy of less than 10 years [7].

2. Imaging in colorectal cancer

This category contains a series of diagnostic procedures, the main purpose being that of
providing information in the form of images. Every method has specific physical principles,
technology, benefits, costs, and limitations. For this reason, each method should be discussed
separately.

2.1. Transabdominal ultrasonography (ultrasound)

The ultrasound examination of the digestive tract is a challenge for the performing physician.
This is because of the sinuosity of the bowel loops that makes it difficult to perform a full
examination using a transducer with a small surface, as well as because of the high air content
of the digestive tract, source of sonographic artifacts. It should also be kept in mind that the
ultrasound appearance of the digestive structures varies from one time of the examination to
another because of the intestinal peristalsis. The ultrasound examination of the digestive tract
highly depends on the experience and patience of the examiner, to a much higher extent than
the exploration of parenchymal organs. Ultrasonography is the imaging technique with the
best space and time resolution in the assessment of the digestive wall, higher than computer-
assisted tomography or magnetic resonance imaging. Depending on the frequency of the
transducer, we can identify three layers of the wall (when using the convex probe) or five layers
(when using the linear probe). Thus, the difficulties of examining the whole digestive tract are
offset by a more accurate appreciation of the details.

Ultrasonography is, on many occasions, the first method of choice for patients with abdominal
pain, bowel movements impairments, or other symptoms in the abdominal area [8]. It is a very
accessible method, non-irradiating and painless, easily accepted by the patient, and widely
available. Also, in many cases, it provides very useful information for patient diagnosis,
allowing the exclusion of other diseases with similar symptoms to the CRC. The examining
physician must be familiar with the ultrasound appearance of the colon cancer, which is that
of a parietal hypoechoic thickening with loss of normal stratification [9]. The extent of the
affected colonic wall is variable. Also, the tumor formation can be eccentric, circumferential,
or semicircumferential. The colonic lumen can be stenosed [Figure 1]. At palpation with the
transducer, the modified region may show an increased stiffness. The pericolic fat has, if
invaded by tumor, an “infiltrated” (hyperechogenic) appearance. Peritumoral adenopathies
can also be highlighted, with malignant aspect—being hypoechogenic and round [9]. The
anorectal administration of contrast fluid (water enema) known as hydrosonography will
increase the performance of ultrasonography in diagnosing colon cancer [10] [Figure 2]. A
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study on 145 patients showed a sensitivity of 79.06% and a specificity of 92.15% for ultrasound
in the diagnosis of colon cancer [11], performances which can be improved by the use of
hydrosonography. Studies demonstrate that using water enema, the accuracy of the ultra‐
sound in the T staging of the colon cancer increases to 88% and the tumoral infiltration of the
lymph nodes can be predicted in approximately 70% of cases.

Figure 1. Transabdominal ultrasonography. Appearance of colon cancer.

Figure 2. Transabdominal ultrasonography. Appearance of polypoid tumor. The ultrasonographic image is optimized
by hydrosonography (anorectal administration of water).

Asserting the existence of a colonic tumor does not represent a complete diagnosis. We also
need to know if the pathological process in the colon is a candidate for a treatment with curative
purpose or the disease is in an advanced stage and the patient can only receive palliative
treatment. The main reason for which we consider incurable a colon tumor process is the
presence of distant metastases. Most often, colon cancer leads to liver metastases [12]. Even if
the imaging method recommended for the staging of the colon cancer is computed tomogra‐
phy, ultrasound still plays an important role because it is the first imaging technique currently
used. Ultrasound examination improved by the intravenous administration of contrast agents
has a complementary role to computed tomography in the characterization of small, hypo‐
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vascular liver lesions, difficult to be characterized by the means of computed tomography. The
ultrasound appearance of the hepatic metastases from colorectal tumors is variable. They are
most commonly hypoechoic, but they can also be iso- or hyperechoic [Figure 3]. They are, in
most of the cases, surrounded by a hypoechoic halo. The presence of the halo around a focal
liver lesion makes it very likely that the lesion is malignant [13]. Sensitivity of ultrasound in
the diagnosis of liver metastases is, according to various studies, between 53 and 72%. It is
much improved, reaching values of 80–90%, after the administration of an intravenous contrast
agent [14, 15]. After the administration of ultrasound contrast media, most of CRC liver
metastases will have a hypovascular appearance. In the arterial phase of the examination, they
will show peripheral enhancement like a “halo”. Later, during portal/venous phases, this
peripheral enhancement will wash out, remaining hypoechoic compared to the liver paren‐
chyma. The portal and especially the late phase will be very important in liver metastases
diagnosis; in these phases, they appear like “black spots” on the hyperechoic and shiny
background of the normal surrounding parenchyma that captured avidly the contrast agent
[Figure 4].

Figure 3. Transabdominal ultrasonography (gray scale). Appearance of liver metastases.

Figure 4. Transabdominal ultrasonography with i.v. contrast agent (CEUS). Liver metastases. Peripheral enhancement
after contrast administration in the arterial phase (a) and wash-out in the late phase (b).
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During abdominal ultrasound in patients with colon tumors, the retroperitoneum must also
be assessed. The area between the inferior vena cava and the aorta is the location of metastases
in 1–2% of patients with colon cancer. The assessment of this area can be difficult in overweight
patients and those with overlap of gas-distended bowel loops. The presence of ascites in a
patient with colon tumor raises the suspicion of peritoneal carcinomatosis. The carcinomatosis
nodules will be sought mainly in the interhepatophrenic area, at the level of peritoneal recesses,
and in the rectovesical space. Searching small-sized carcinoma nodules also requires the
assessment of the anterior peritoneum using the high-frequency linear probe [16] [Figure 5].

Figure 5. Peritoneal carcinomatosis. Examination was performed with high frequency probe. (a) gray scale ultrasonog‐
raphy and (b) color Doppler ultrasonography).

2.2. Transrectal ultrasonography

This is strictly a staging procedure. The rectal ultrasound exploration is only possible through
endocavitary approach. The transperineal approach may be used in case of stenosing or
prolapsing low rectal tumors in the anal canal, or if the patient shows intolerance to endoca‐
vitary procedure. In women, the rectum exploration can be achieved also by endovaginal
examination [17]. The preferred ultrasound approach is transrectal, because of the visualiza‐
tion of the five parietal layers and the surrounding organs in the pelvis. From a technical
standpoint, the ultrasound device must be equipped with a mechanic and rotating transducer
with the frequency between 5–10 MHz. Attached to it there is a rubber bag filled with water
(~30–60 ml) (dedicated transducer). In this way, the region to be assessed can be explored more
accurately, the ultrasound beam being perpendicular to the rectal wall [18]. Alternatively, the
endocavitary transducer for general use can be utilised (adapted equipment). In this case, the
ultrasound waves are emitted at an angle of 135 degrees to the plane of the rod, and the
obtained information is indicative. However, because of the multidirectional orientation of the
examination plan, this equipment can be used to explore larger rectal tumors and even those
located in the upper rectum.

There are several ultrasound procedures useful in the diagnosis of rectal tumors. Among them,
the ultrasound in “gray scale” allows the analysis of morphological features (the affected
parietal layers) [Figure 6]. Doppler ultrasonography and contrast-enhanced ultrasonography
(CEUS) provide information about tumor microcirculation by analyzing specific parameters
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[19–21] [Figure 7]. 3D ultrasound assesses the position of the tumor mass, and it provides the
performance of measurements in the three space dimensions using a special transducer [22]
[Figure 8]. Sonoelastography is a newly emerging technique and its principle is based on the
analysis of the target tissue response (in our case, the tumor tissue) when compressed. Thus,
this technique provides information about the degree of the tumor stiffness and surrounding
tumoral adenopathies [Figure 9, Figure 10].

Figure 6. Rectal tumor (a and b). Endorectal gray scale appearance (asterisk).

Figure 7. Rectal tumor investigated with Doppler ultrasound (a) and with CEUS (b). The contrast examination is per‐
formed after radiotherapy. Note the partial response to the treatment.

Figure 8. Rectal tumor—multidirectional tridimensional appearance.
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Figure 9. Rectal tumor. Gray scale ultrasound (a) and sonoelastographic examination (b). To be noticed the perirectal
fat invasion.

Figure 10. Neoplastic perirectal lymphadenopathies (a and b). Sonoelastographic appearance (real-time elastography,
color, contact elastography). The marked rigidity of perirectal adenopathies, characteristic of malignancy, is noticed.

The examination takes place after a previous preparation of the patient by an evacuation
enema. The patient is positioned in the left lateral decubitus, and the transducer is inserted
into the rectum. To optimize the ultrasound image, water can be introduced previously,
intrarectally (200–300 ml), but this applies only to patients with sphincter continence and to
the compliant ones [22]. Transrectal ultrasound enables the visualization, tracking and
assessment of tumor extension to the rectal wall and adjacent organs. The ultrasonographic
appearance of rectal infiltrative tumors consists in the presence of circumferential or focal
parietal thickening, along with the loss of parietal stratification. Proliferative tumors appear
as endoluminal hypoechogenic masses. At the Doppler investigation, they have a disorganized
vascularization. At the sonoelastography examination, the tumors are rigid. The staging of
rectal cancer through transrectal ultrasound can only be performed locally (T and N stage)
because of the reduced field of view of the method. The assessment of tumor invasion in the
rectal wall is possible by ultrasound, with an overall diagnosis accuracy of approximately 80–
95% [23]. However, the diagnostic performance of the method varies depending on the T stage,
being higher for the diagnosis of the rectal tumors in early stages (T1 and T2). This is mainly
because of the increased spatial resolution, enabling the differentiation of the rectal wall layers
[24]. For the diagnosis of advanced stages, the MRI is preferred because it allows a better
visualization of the mesorectum fascia, the peritoneum, and the surrounding organs [25].
Because of the reduced field of view of the transrectal ultrasound, the assessment of the tumoral
attaint of the mesorectal fascia is difficult [23]. The tumoral invasion within lymph nodes is
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another decisive element in determining the therapeutic protocol in patients with rectal cancer.
The dimensional and morphological criteria are not sufficient to establish lymph node
malignancy. The latest studies show that transrectal ultrasound sensitivity is similar to that of
MRI (75.8% versus 77%) for lymph nodes assessment [24, 26].

Among the technical limitations of endocavitary ultrasound is the presence of a tumoral
stenosis, which does not allow the transducer to pass the obstacle, thus the tumor cannot be
properly assessed. Other limitations are related to post-surgery and post-radiation changes of
the rectal wall. The use of the universal endocavitary transducer and the transperineal or
transvaginal approach may represent alternative techniques that can provide additional
information. Another drawback is differentiating the post-surgery/radiation appearance from
a possible tumor residue, or a relapse, and the differentiation of stage T2 from stage T3 can be
difficult in some cases because of local inflammatory or fibrotic changes.

2.3. Computer tomography

Abdominal CT (including CT virtual colonoscopy) is one of the imaging options in the
diagnosis of colon tumors, allowing their detection, characterization, and staging. Discovering
a colon tumor under CT can be accidental or in the context of some complications (intestinal
obstruction, invagination, perforation, or fistulization) [27]. In terms of the examining techni‐
que, it is recommended to perform a luminal distension, with oral contrast, water or air, along
with the intravenous administration of the iodinated contrast agent. Currently, it is preferred
to replace the oral contrast agent with water, allowing a better individualization of bleeding
and tumor iodophilia [27]. A typical CT appearance of a colorectal tumor is that of a polypoid
mass [Figure 11] with possible areas of necrosis and air inclusions. Another presentation of
CRC is that of an irregular focal or circumferential parietal thickening, associated with
endoluminal narrowing or colon stenosis [Figure 12]. The local extracolonic invasion is
assessed by the infiltration of the pericolonic fat [Figure 13]. After the administration of the
iodinated contrast agent, both the adenomatous polyps and the adenocarcinomas show
iodophilia. In the case of a tumoral occlusion, the colon appears dilated upstream of the stenosis
and the transition zone is easily viewed using multiplanar reconstructions. The tumoral
perforation is more common in the cecum area, and it is detected by the presence of pneumo‐
peritoneum and the infiltration of pericolonic fat [27]. Local staging (stage “T”) of the CRC via

Figure 11. Water enema CT performed to a 50-year-old female patient with suspicion of adenomatous polyps. (a) Axial
and (b) coronal images show a polypoid T2 lesion, located on the lateral wall of the descending colon.
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CT is difficult because of the impossibility of differentiating its early stages. Erasing the (fatty)
cleavage plane between the colon and the surrounding structures (retroperitoneum, anterior
abdominal wall, liver, spleen, pancreas, or stomach) suggests their tumoral invasion and it
grades the tumor in stage T4 [28].

Figure 12. Contrast enhanced abdominal CT performed for suspicion of intestinal occlusion. (a) Axial image (portal
phase) shows a voluminous iodophilic sigmoid tumor that obstructs the lumen and seems to invade the peritoneum,
associated with a thin layer of perilesional fluid. (b) Coronal image shows perilesional fat stranding and the tendency
to invagination.

The value of the method for tumoral staging is centered by its ability to identify the local
invasion, the lymph nodes, and parenchymal metastases, firstly in the liver, but also peritoneal,
in the lungs and within bones. The size of the lymph nodes is not a good indicator of malig‐
nancy because tumor foci may exist in the case of small ones too. However, the alteration of
lymph nodes may be suspected in CT when there are associated morphological signs. Thus,
the presence of an irregular border, a central necrosis, as well as calcifications or a tendency
to conglomerate, may all be suggestive of tumoral lymph node invasion [29]. On the other
hand, primary tumor location is closely related to the impairment of certain lymph node
stations [27].

The most commonly affected organ by distal dissemination of CRC is the liver. The CT
appearance of CRC liver metastases is that of hypodense and hypovascular liver masses as
compared with the adjacent healthy liver parenchyma [Figure 13]. Sometimes the hepatic
metastases reveal the peripheral ring iodophilia during the arterial phase. They may also have
a cystic or calcified character; this being often seen in the mucinous colon cancer [27, 29]. CT
examination cannot differentiate small liver metastases from benign focal liver lesions. The
association of the hepatic steatosis (often seen after chemotherapy) also hinders the diagnosis
of liver metastases [30]. However, the abdominal CT with intravenous iodinated contrast,
during portal phase, represents the imaging technique of choice for the detection of liver
metastases, with high diagnostic accuracy (95%) [5]. The distal dissemination of the (lower)
rectal cancer can take place only in the lungs without affecting the liver because of the venous
drainage of the rectum (in the inferior vena cava). The chest CT can detect lung metastases that
have a unique nodular appearance, sometimes cavitary or calcified. Lymphangitic carcino‐
matosis associated with pleural effusion is another form of pulmonary metastasis [29, 30].
Peritoneal dissemination is identifiable by the presence of peritoneal thickening and of the
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tumoral deposits in the omentum, associated with intra-abdominal fluid collections. Bone
metastases are rare, and they have a lytic or mixed appearance (lytic and sclerotic) [30]. Brain
metastases from colorectal cancer do not have a specific CT appearance, and they cannot be
distinguished in imaging from those with other origin [30].

Figure 13. Abdominal CT scan of a 60-year-old male with colon cancer. Axial image (portal phase) shows a tumoral
thickening of the colonic wall associated with pericolonic fat stranding, some extra-luminal gas bubbles (tumor perfo‐
ration) and liver metastases (in segments I and VI).

2.3.1. CT virtual colonoscopy

CT virtual colonoscopy is a minimally invasive imaging technique that allows the assessment
of both colon and rectum, and also of the extracolonic organs. Its use as a screening method in
CRC is much discussed in the literature. Studies about the sensitivity and specificity of this
method are varied but the highest values of sensitivity were obtained for the detection of
polyps with sizes over 10 mm (95%) [5, 6]. Despite some controversy, CT virtual colonoscopy
is useful in elderly subjects with comorbidities, in case of an incomplete optical colonoscopy
or if the patient refuses it [5, 6]. Another indication is the evaluation of the entire colon for the
exclusion of a synchronous cancer. In addition, a balance of the disease extension can be
performed if the examination is made using intravenous contrast agent [5, 31]. The most
important contraindications are the acute colic disease (diverticulitis, inflammatory bowel
disease in acute stages), presence of intestinal perforation, recent post-polypectomy or
immediately after surgery [31, 32]. It is necessary to prepare the colon 24 hours before the
examination. This is possible through a diet low in fiber and administration of sodium
phosphate, magnesium citrate, or polyethylene glycol. The administration of oral barium or
iodine contrast agents allows the “tagging” of the residual stool deposits and the differentiation
from colonic polyps. Another method of preparation consists of the use of an oral hyperos‐
molar contrast agent, thereby achieving an increase in patient compliance [33, 34]. The next
step in performing a virtual colonoscopy is the luminal distension by air or by carbon dioxide,
under pressure control through a rectal tube. In practice, the carbon dioxide is preferred
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because of an increased tolerance of the patient and its absorption in the colon mucosa [31,
34]. The acquired images are analyzed in at least two positions (supination and pronation,
sometimes lateral decubitus), which allows the differentiation of the colon polyps from
residual stool deposits [34]. The interpretation is done by analyzing the 2D and 3D images,
along with virtual endoluminal navigation. There is also a software (Computer Aided
Detection—CAD) that automatically detects the lesions in the colon. This facilitates lesion
detection but it should not exclude the primary analysis of 2D and 3D images [34]. Lesion
characterization and classification is possible using the reporting system according to the
model “CT Colonography Reporting and Data System (C-RADS)” [35]. This system allows the
location, the morphological (sessile, flat, or pedicle tumor), and dimensional analysis of the
detected lesion. C0 suggests an inadequate examination and C1 represents the normal
appearance of the colon. C2 lesions represent their indeterminate character and they refer to
identification of less than three polyps with the diameter between 6 and 9 mm. C3 lesions are
represented by either a polyp over 10 mm, or more than three polyps ranging in size from 6
to 9 mm. C4 lesions describe the presence of a colonic tumor mass, with luminal narrowing or
the invasion of adjacent organs [32, 35]. The main disadvantages of this method are irradiation
(currently decreasing!) and the impossibility to perform biopsy or to treat the detected lesions.
There is also a great variability among examiners in image interpretation because of different
levels of experience [33].

2.3.2. Water enema CT

Water enema CT is applicable in the case of an inconclusive or impossible optical colonoscopy
[36]. The method involves luminal distension of the colon by water enema for about 3 minutes.
Water is introduced through an endorectal tube connected to a bag with a volume of approx‐
imately 2 L. Initially, images are acquired without the intravenous administration of contrast
agent, followed by a post-contrast acquisition. At the end of the examination, the colonic
content is discharged by simply lowering the enema bag. Image interpretation is possible in
the axial plane with the reconstruction in all three space dimensions [28]. Luminal distension
of the colon with water provides a good contrast between the colonic wall and its luminal
content. The tumor-free colonic wall is thin, regular, with a thickness below 3 mm and an
enhancement in portal phase [28, 36]. A colorectal tumor may appear as an endoluminal
polypoid lesion or as a semi- or circumferential irregular parietal thickening, with heteroge‐
neous iodophilia [28]. Some studies show a high accuracy of the method in differentiating the
T1-2 tumors from the T3-4 ones. A study performed on a group of 53 patients reveals that the
deep parietal invasion (T3-T4) is suggested by the irregular appearance of the outer (peritoneal)
tumor margin associated with an angular transition area to the healthy colon [37]. Besides the
loco-regional staging (T), the water enema CT allows the overall assessment of the distal
colorectal tumor dissemination, with the simultaneous detection of the liver metastases and
peritoneal carcinomatosis [37]. Finally, water enema CT is an imaging technique useful in the
CRC diagnosis, staging, and characterization because it is cheap, accessible, and easy to
perform. In addition, it is easily accepted by patients and it requires no previous colon
preparation [28, 37].
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2.4. Colon imaging through magnetic resonance

The situation in which we may incidentally detect a colon tumor upon acquiring MRI scans of
the abdomen for other purposes is rare. The MRI appearance of the colic tumor is non-specific.
Generally, there is a thickening of the colonic wall, with loss of stratification and a slight
hypersignal on T2 sequence with fat suppression. The pericolic fat infiltration and the presence
of perilesional adenopathies are important additional signs, which may direct the diagnosis
toward a colonic tumoral pathology. From a practical standpoint, however, the radiologist
must refer toward gastroenterology and colonscopy every patient without known enteral
pathology, with suspect thickening of the colon wall. The preferred imaging technique for the
staging of colon tumors is computed tomography. Computed tomography has the advantage
that allows, on a single imaging examination, to assess both the abdominal and thoracic
cavities, including bones and lungs. However, there are situations where the physician can
request abdominal MRI for staging an initial colon cancer.

2.5. MRI imaging of the rectum

Because of the critically important information it offers, pelvic MRI examination is mandatory
in staging rectal tumors. The sequences to be achieved primarily are the high resolution (HR)
T2 weighted images, in all three planes. The examination shall be completed with diffusion
sequences. The injection of the intravenous contrast agent is not needed in the local staging of
rectal cancer. On the HR T2 sequences, a rectal tumor will appear slightly in hypersignal
reported to parietal muscles, and respectively in hyposignal reported to perirectal fat. Because
of the existing contrast between the tumor, on the one hand, and the perirectal fat, on the other
hand, we do not recommend using the fat suppression. Fat suppression will lead to the
underestimation of the perirectal extension of the tumoral process. Most of the times the rectal
lumen will also have a content in hypersignal in the plane of the tumor because of mucin
secretion. In tumoral stages T1 and T2, tumor growth is limited to the rectal wall [Figure 14].
In tumoral stage T1, the tumoral growth does not exceed the submucosa, and in stage T2 it

Figure 14. Pelvis MRI, T2 weighted images, axial section. Rectal tumor prominent in rectal lumen. Note that the tumor
does not surpass the thin line in hyposignal representing the muscular layer and the perirectal fat is homogeneous. The
appearance suggests a T2 stage tumor.
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does not exceed the muscularis layer. The MRI examination is not accurate in differentiating
tumor stages T1 and T2, but it is very good in determining the existence or absence of the
tumoral invasion of the perirectal fat (it can thus differentiate tumors limited to the rectal wall,
stages T1 and T2, from the ones extending outside the wall). MRI has a great accuracy in
determining the depth of the perirectal invasion [38]. Most of rectal tumors (approximately
80%) will be in T3 stage when imaging diagnosis is performed [Figure 15]. Because the depth
of the perirectal invasion is an important independent prognostic factor for the survival and
chances of curing a rectal tumor, the layering of T3 stage according to the depth of the invasion
was necessary (Table 1). Thus it is considered that a depth of the perirectal invasion higher
than 5mm will lead to a decrease in the survival expectancy at 5 years, from 85 to 54% [39].
The invasion of adjacent organs or structures (bladder, prostate, or seminal vesicles, uterus or
ovaries, vagina, peritoneum recesses, the levator ani muscles or the pelvic wall) is considered
T4 stage [Figure 16]. Apart from a correct local staging, the MRI examination must provide
information related to the relationship between the tumor and certain surrounding structures.
One of these structures is the mesorectal fascia. A mesorectal fascia without tumoral invasion
will allow the total excision of the mesorectum, as this surgical procedure leads to the smallest
chance of tumor recurrence. To consider mesorectal fascia as invaded, it is necessary that the
tumor exceed it,or that tumoral tissue exists less than 1 mm away from the fascia (the tumoral
tissue can be represented either by a direct extension of the tumoral mass, by tumoral deposits
within the mesorectum, or by the presence of metastatic lymph nodes). Establishing the
invasion or the relationship the tumor has with the mesorectal fascia is one of the advantages
of magnetic resonance imaging as compared with transrectal ultrasound. The peritoneum
recess is reflected on the upper side of the urinary bladder and on the anterior wall of the upper
rectum to form the rectovesical recess. Its invasion is difficult to reveal and it requires knowl‐
edge of the normal anatomy. Tumors that will invade the peritoneum will be staged as T4a.
Also, MRI examination is superior to transrectal ultrasound in establishing the existence of
peritoneal invasion. Furthermore, the existence of invasion of the anal sphincter should be
established before surgery because it has great significance in the preoperative planning. It is
considered that in the cases of tumoral extension to the rear side of the pubis-rectal muscles,

Figure 15. Pelvis MRI, T2 weighted images, axial section. Circumferential rectal tumor, extending into all wall layers
and invading the perirectal fat, in right lateral and posterior area.
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the surgery with the preservation of the anal sphincter is not feasible. In the case of tumors
with sphincter infiltration its extension and the interested structures should be carefully
specified on the imaging report because, according to this extension, we will be able to
determine whether it is possible or not to perform recto-anal reconstruction procedures or if
the patient will be a candidate for the rectum amputation.

Tumoral mass
Tx Determination of tumor extension cannot

be assessed on the performed examination
T1 Tumor has not spread deeper than the submucosa
T2 Tumor invades muscularis propria, but does not extend into the perirectal fat
T3 Tumor grows through the muscularis propria in mesorectum
T3a Tumor extends to a depth less than 5 mm beyond the muscularis propria
T3b Tumor extends 5–10 mm from muscularis propria
T3c Tumor extends more than 10 mm from muscularis propria
T4a Tumor invades visceral peritoneum
T4b Tumor invades organs and structures near the rectum
Adenopathies
Nx Lymph node staging cannot be assessed on the performed examination
N0 No obvious metastatic adenopathies
N1a Tumor invades one lymph node
N1b Tumor invades two or three lymph nodes
N1c Tumoral deposits in the subserosa, mesentery,

non-peritonealized pericolic,
or perirectal tissues without lymph node metastasis

N2a Metastasis in four up to 6 lymph nodes
N2b Metastasis in seven or more lymph nodes
M0 No distant metastasis (other than in regional lymph nodes)
M1a Distant metastasis confined to one organ
M1b Distant metastasis in more organs or peritoneal carcinomatosis

Table 1. TNM classification adapted from American Joint Committee on Cancer. AJCC Cancer Staging Manual. 7th
edition. New York, NY: Springer, 2010.

Lymph nodes that must be assessed during the staging of a rectal tumor belong to the following
groups: mesorectum, superior rectal, inferior mesenteric, internal and external iliac, retroper‐
itoneal, and inguinal areas. The most commonly affected lymph nodes are the ones located at
mesorectal level, inside the mesorectal fascia. However, it is also important to mention if we
consider that lymph nodes located outside the mesorectal fascia are affected by tumoral
metastases—they will have to be surgically excised to avoid relapse, or the preoperative
radiation therapy should be done on a broader field. If transrectal ultrasound is considered to
have roughly similar performances to MRI in revealing the existence of mesorectal lymph
nodes, MRI will certainly be better in diagnosing the presence of lymph nodes located outside
the mesorectal fascia. MRI is still limited in revealing the malignant or benign character of the
detected lymph nodes. Thus, if we use the classic criterion linked to the size of the lymph nodes,
using a limit of 5 mm to differentiate the benign lymph nodes from the malignant ones, we
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will have a sensitivity of 68% and a specificity of 78% for the diagnosis of malignancy [40]. The
accuracy of this criterion in the differential diagnosis of benign/malignant perirectal adeno‐
pathies is more limited as, between 30 and 50% of the metastatic adenopathies have diameters
of less than 5 mm [41]. An irregular outline of lymph nodes, associated with non-homogeneity
of the signal inside them, would be considered as being a key indicator of malignancy [40].

Figure 16. Pelvis MRI, T2 weighted images, coronal section. Rectal tumor with invasion of the perirectal space. Inferior
and on the right side the tumor determines the invasion of the levator ani muscles.

2.6. Positron emission tomography (PET-CT)

It is considered that PET-CT does not bring additional information compared with thoraco-
abdomino-pelvic CT in the initial staging of colon cancer [42, 43]. There are two situations
where PET-CT is recommended in patients with colorectal tumors: (a) patients in which the
values of the carcinoembryonic antigen are growing during oncological monitoring and the
conventional imaging cannot detect the location of the tumoral recurrence and (b) patients
with single liver metastasis, candidates for liver resections. It is considered that, in these
patients, performing PET-CT before surgery leads to a decrease in the number of useless
laparotomies [44, 45]. It is believed that chemotherapy decreases the sensitivity of PET-CT for
diagnosing the colorectal cancer metastases. For this reason, in patients which are potential
candidates for liver metastasectomy, we prefer to perform the PET-CT examination before
starting chemotherapy to detect other possible tumoral locations.

3. Protocols for the imaging examination of the patient with colon cancer

Most of the times colon tumors are identified through colonoscopy, and imaging helps staging
these tumors. If the tumor is located in the colon, the initial staging will be done through
abdominal ultrasound and thoraco-abdomino-pelvic CT. In most cases, this will be sufficient
for an accurate staging and the images will be later used as reference for the post-treatment
examinations. In case lesions detected are considered as being indeterminate, with non-specific
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computer-tomographic and ultrasound appearance, it will be necessary to complete with other
imaging examinations or sampling via an intraoperative biopsy or percutaneous punctures.
The imaging techniques that can be used in this situation are contrast enhanced ultrasound
(CEUS), magnetic resonance imaging (MRI) or PET-CT. The rectal tumors will benefit from
the high-resolution pelvic MRI or transrectal ultrasound for their initial staging. There are
situations in which we will find colon tumor formations incidentally in the course of imaging
explorations performed for other purposes or for non-specific symptoms. In these cases, we
should be advised first of all on the imaging appearance of such tumors. Then, we shall refer
to colonoscopy for the confirmation of the existence of a tumoral process.

The staging of the tumor will be made in the same manner as in the case of the tumors
diagnosed through colonoscopy. The imaging monitoring of the patients treated for colonic
tumors is made through computerized tomography every 6 months. Because of the difficulties
in the detection and diagnosis of small liver metastases through computed tomography, our
work team recommends to complete the investigations with a liver ultrasound. The images
will be permanently correlated with those obtained prior to the treatment, and the lesions with
undetermined appearance will benefit from additional diagnostic investigations, similar to
those described in the initial staging of the colon tumors. In the patients with tumors found in
a later stage, which cannot benefit from curative treatments, it is recommended that the
monitoring by thoraco-abdomino-pelvic computer-tomography be made even more often
(every 3 months) to evaluate the efficiency of the administered chemotherapy. If, after a series
of examinations, the disease evolution is clear, an early change of the chemotherapy scheme
can lead to an increased life expectancy.

The patients with operated rectal tumors, especially those who have received neoadjuvant
radiotherapy, may receive the recommendation to undergo the pelvic MRI periodically,
complementary to the thoraco-abdomino-pelvic computed tomography. This is because MRI
is more accurate, compared with the computed tomography, in the differentiation of the
tumoral relapses in the pelvic area from the post-irradiation fibrosis.
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Abstract

Endoscopic submucosal dissection (ESD) was first implemented in early gastric cancer
allowing for en-bloc resection of the lesions. With the experience came the expertise to
introduce ESD for early colon cancer (ECC). ESD demonstrates several advantages in
comparison  with  the  endoscopic  mucosa  resection.  It  allows  accurate  histological
assessment of the depth of invasion, minimizes the risk of local recurrence and helps in
the determination of  additional  therapy.  Indications for ESD are placed only after
adequate endoscopic morphological classification of the lesions excluding higher risk
of nodal metastases.  This chapter provides an overview of the application of ESD
techniques  in  ESD for  ECC and provides  assessment  on  its  technical  aspects  and
complications. In order to decrease the rate of complications a standard protocol for the
ESD should be adopted. The protocol includes recommendations for patient selection,
bowel and patient preparation, appropriate equipment (knives, endoscopes, and power
devices). The chapter will review the current ESD techniques and oncological results.
ESD could have great impact on the treatment of early colon cancer. Its role is already
proven in rectal localizations and despite the challenges it should be adopted for the
colon. Safe strategy for ESD is the cornerstone in decreasing complications,  which
includes suitable resection of specialized ESD devices.

Keywords: Early colon cancer, endoscopic submucosal dissection, minimally invasive
treatment
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1. Introduction

The endoscopic treatment method for gastrointestinal neoplastic lesion has developed in
recent  years.  Another  modality  to  the existing techniques is  the endoscopic  submucosal
dissection which is a novel method which broadens the possibilities for endoscopic treat‐
ment of neoplastic lesion. First introduced in Japan for early gastric cancer, now the method
has advanced and is also applied for early colon cancer. After gaining initial experience the
ESD can be used safely on condition that the indications are strictly followed and the technical
issues and associated complications are recognized. The chapter will review the current ESD
techniques and oncological results. ESD could have great impact on the treatment of early
colon cancer. Its role is already proven in rectal localizations and despite the challenges it
should be adopted for  the colon.  Safe strategy for ESD is  the cornerstone in decreasing
complications, which includes suitable resection of specialized ESD devices.

2. Indications for colonic ESD

The indications for ESD are object of debate. The Colon ESD standardization Implementation
Working Group has proposed a draft of “Criteria of Indications for Colorectal ESD). They
include large-sized (more than 20 mm in diameter) lesion, which are unsuitable for snare
endoscopic mucosal resection, non-granular types of laterally spreading tumours, lesion with
type VI pit pattern, cancer with less than 1000 μm submucosal infiltration, large depressed-
type lesions, large elevated lesion, suspected of cancer [1]. Additional indications for ESD
include sporadic tumours in IBD, local residual carcinoma after endoscopic piecemeal
resection, mucosal lesion with fibrosis, adenoma with non-lifting sign.

The diagnostic process includes chromo-endoscopy, magnified endoscopy, NBI-enhanced
magnified endoscopy or EUS. The histological confirmation of diagnosis is not required
because the adequate chromo-endoscopic evaluation is confirmed to be sufficient. Biopsy is
not always required. The occurring submucosal fibrosis may increases the difficulty of the
procedure and the associated risk [2].

3. Muscle retracting sign

Other useful criteria which may help the selection of patients suitable for ESD is the muscle
retracting (MR) sign. The MR sign is described as retraction of muscularis propria with
submucosal fibrosis. ESD of lesions with positive MR sign is more difficult, which poses as a
threat for a safe procedure [2]. Usually in such cases ESD is aborted. The sign is not universally
exhibited by all larger lesions with protruding areas, despite the morphological similarities.
The conclusion is that MR sign may serve as indication for difficult ESD with risk of resection
failure. Therefore it may indicate patients for surgical resection to avoid adverse events and
complications of the ESD.

Colorectal Cancer - From Pathogenesis to Treatment166



1. Introduction

The endoscopic treatment method for gastrointestinal neoplastic lesion has developed in
recent  years.  Another  modality  to  the existing techniques is  the endoscopic  submucosal
dissection which is a novel method which broadens the possibilities for endoscopic treat‐
ment of neoplastic lesion. First introduced in Japan for early gastric cancer, now the method
has advanced and is also applied for early colon cancer. After gaining initial experience the
ESD can be used safely on condition that the indications are strictly followed and the technical
issues and associated complications are recognized. The chapter will review the current ESD
techniques and oncological results. ESD could have great impact on the treatment of early
colon cancer. Its role is already proven in rectal localizations and despite the challenges it
should be adopted for  the colon.  Safe strategy for ESD is  the cornerstone in decreasing
complications, which includes suitable resection of specialized ESD devices.

2. Indications for colonic ESD

The indications for ESD are object of debate. The Colon ESD standardization Implementation
Working Group has proposed a draft of “Criteria of Indications for Colorectal ESD). They
include large-sized (more than 20 mm in diameter) lesion, which are unsuitable for snare
endoscopic mucosal resection, non-granular types of laterally spreading tumours, lesion with
type VI pit pattern, cancer with less than 1000 μm submucosal infiltration, large depressed-
type lesions, large elevated lesion, suspected of cancer [1]. Additional indications for ESD
include sporadic tumours in IBD, local residual carcinoma after endoscopic piecemeal
resection, mucosal lesion with fibrosis, adenoma with non-lifting sign.

The diagnostic process includes chromo-endoscopy, magnified endoscopy, NBI-enhanced
magnified endoscopy or EUS. The histological confirmation of diagnosis is not required
because the adequate chromo-endoscopic evaluation is confirmed to be sufficient. Biopsy is
not always required. The occurring submucosal fibrosis may increases the difficulty of the
procedure and the associated risk [2].

3. Muscle retracting sign

Other useful criteria which may help the selection of patients suitable for ESD is the muscle
retracting (MR) sign. The MR sign is described as retraction of muscularis propria with
submucosal fibrosis. ESD of lesions with positive MR sign is more difficult, which poses as a
threat for a safe procedure [2]. Usually in such cases ESD is aborted. The sign is not universally
exhibited by all larger lesions with protruding areas, despite the morphological similarities.
The conclusion is that MR sign may serve as indication for difficult ESD with risk of resection
failure. Therefore it may indicate patients for surgical resection to avoid adverse events and
complications of the ESD.
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4. CO2 insufflation

The ESD is performed after insufflation of the colon lumen with CO 2, which has been proven
to be effective [3]. It decreases the risk of pneumoperitoneum in cases of perforation and further
complications, related to the ESD.

5. Treatment devices

ESD is technically dependent method and various devices have been introduced. Most of them
have been developed in Japan [1, 4–21] (Figure 1). The devices can be divided in two more
general categories: needle-knife type and grasping type.

Figure 1. Devices used for colonic endoscopic submucosal dssection: A: Flush Knife (Fujifilm Medical, Tokyo, Japan);
B: Flush Knife Ball Tip (Fujifilm Medical, Tokyo, Japan); C: DualKnife (Olympus Medical Systems Co., Tokyo, Japan);
D: B-Knife (Zeon Medical, Tokyo, Japan); E: Splash needle (Pentax Co., Tokyo, Japan); F: Hook Knife (Olympus Medi‐
cal Systems Co., Tokyo, Japan); G: IT Knife 2 (Olympus Medical Systems Co., Tokyo, Japan); H: Clutch Cutter (Fuji‐
film, Tokyo, Japan); I: SB knife Jr (Sumitomo Bakelite); J: Hemostat-Y forceps (PENTAX Medical, Germany).

The needle-type knife device has two modifications – uncovered and covered type. The Flush
Knife (Fujifilm Medical, Tokyo, Japan), the DualKnife (OlympusMedical Systems Co., Tokyo,
Japan), the B-Knife (Zeon Medical, Tokyo, Japan), and the Splash needle (Pentax Co., Tokyo,
Japan) belong to the obtuse, short tipped types [22–24]. As suggested by their name, the Flush
Knife and the Splash needle also have the capability to inject substances in the submucosa.
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This option is very helpful, because it obviates the need to change the injection and the cutting
device during the procedure [23, 25]. Having a ball-disk at the tip, the Dual Knife is able to
hook the submucosa, separate it from the muscularis propria. In contrast to the monopolar
devices, the BKnife is a bipolar knife and therefore it may reduce the risk of complications. The
HookKnife is usually used in cases of poor submucosal elevation [26]. Because of the special
tip, the submucosa can be hooked and separated from muscularis propria and be safely cut
[30]. On the other hand, the DualKnife and the Flush Knife are short tipped and may cause
perforation of the thin wall of the colon in the presence of folds. The Flush Knife has two
modifications – with needle tip and ball tip. Another product of Olympus Medical Systems
Co. is the insulated-tipped knife 2 (IT Knife 2). Its efficacy is reported to be high when used
for gastric lesion [27]. The procedure time is reported to be shortened because of the faster
dissection time due to the longer blade. It also enables coagulation of small vessels. However,
it is difficult to manipulate with this device and the long blade may also cause long perfora‐
tions. A new device was later introduced, called IT knife nano. Its blade is smaller than of the
IT Knife 2 and is targeted for submucosal dissection of the colon.

Author YearCountry Number of cases Main device Generator

Tamegai et al. 2007 Japan 71 Hook Knife

Hurlstone et al. 2007 UK 42 Flex knife, IT knife –

Fujishiro et al. 2007 Japan 200 Flex knife, Hook Knife, electrosurgical knife ICC-2(X) or VI0300D

Zhou et al. 2009 China 74 Needle-knife, IT knife, Hook Knife ICC-200

Isomoto et al. 2009 Japan 292 Flex knife, Hash knife, Hook Knife ICC-200 or VI0300D

Saito et al. 2009 Japan 405 Bipolar needle knife (B-knife), IT knife –

Iizuka et al. 2009 Japan 38 Flex knife ICC-200 or VI0300D

Hotta et al. 2010 Japan 120 Flex knife, Flush Knife, Hook Knife ICC-200 or VI0300D

Niimi et al. 2010 Japan 310 Flex knife, Hook Knife, electrosurgical knife ICC-200 or VI0300D

Yoshida et al. 2010 Japan 250 Flush Knife VI0300D

Toyonaga et al. 2010 Japan 512 Flex knife, Flush Knife –

Matsumoto et al. 2010 Japan 203 Flex knife, Hook Knife, Dual Knife –

Uraoka et al. 2011 Japan 202 B-Knife, Dual Knife, IT knife, mucoscctome –

Shono et al. 2011 Japan 137 Flush Knife, Hook Knife, precutting knife –

Kim et al. 2011 Korea 108 Flex knife, Hook Knife VI0300D

Lee et al. 2011 Korea 499 Flex knife, Hook Knife VI0300D

Probst et al. 2012 Germany 76 Hook Knife, IT knife, triangle knife VI0300D

Okamoto et al. 2013 Japan 30 Dual Knife, mucosectome-2 VI0300D

Nawata et al. 2014 Japan 150 SB knife Jr, IT knife nano –

Table 1. List of most commonly used devices and generators.
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The grasping type devices have two major representatives – Clutch Cutter device (Fujifilm,
Tokyo, Japan) and SB knife Jr (Sumitomo Bakelite) [21, 28]. The cutting method involves use
of grasping type scissor forceps. It avoids fixing the knife to the target, although their use is
associated with higher risk of perforation and bleeding after unexpected bowel movement [28].
Another useful device is the Hemostat-Y forceps (H-S2518; Pentax Co., Tokyo, Japan), which
is used in bipolar mode to control visible bleeding and minimize the risk of any burning effect
on the muscle layer. Some authors describe the use of double-balloon colonoscope in cases of
difficult lesion location or to avoid paradoxical movement [29]. The procedure requires
electrosurgical device. On Table 1 are presented the most commonly used generators.

6. Practical aspects of the ESD

The bowel preparation is essential for a successful ESD. Any feces and liquid should be cleared
from the colon. If any still remains in the lumen, ESD should not be initiated. The feces do not
only prevent adequate dissection, but also pose as a serious treat in case of perforation.

A single channel general lower gastrointestinal endoscope is used for the procedure. Some
centres have adopted the use of upper gastrointestinal endoscope. It is slimmer and can be
used in retroflexed position [4]. The tip of the endoscope can be fitted with a transparent cap
(Olympus Medical Systems Co., Tokyo, Japan).

ESD starts with submucosal injection. It is crucial to maintain adequate elevation during the
procedure. Different solutions have been used. Some centres use in their practice two solutions:
Glyceol (10% glycerin and 5% fructose; Chugai Pharmaceutical Co., Ltd., Tokyo, Japan) mixed
with a small amount of Indigo Carmine and epinephrine, and 0.4% sodium hyaluronate
solution (MucoUp; Seikagaku Corp, Tokyo, Japan) [30]. First, small amount of Glyceol is
injected in the submucosal layer to confirm the appropriate localization and then MucoUp is
injected until proper elevation is achieved. The final step is to inject small amout of Glyceol to
flush the residual MucoUp [31]. Repeated submucosal injections are required during the
procedure to maintain adequate submucosal elevation [29].

7. Sedation

ESD is usually a long procedure and can continue for more than 2.5 hours. Additionally, the
abdominal discomfort caused by gas insufflation causes restlessness. Restlessness due to
abdominal fullness and pain occurs frequently in cases with an operation time exceeding 2.5
h. Several medicaments are used for sedation. Some authors report use of midazolam and
pentazocine with monitoring by automatic blood pressure monitor. They observed restless‐
ness in 15 out of these 22 cases (68.1%) despite conscious sedation when the procedure lasted
more than 2.5 hours. When the procedure lasted less than 2.5 h, restlessness was observed in
only 10 out of 83 cases (12.0%) [32]. Carbon dioxide insufflations have also been reported to
be effective for the prevention of abdominal fullness [33]. Another option is the use of propofol
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for conscious sedation which could be used for longer procedure without restlessness and
discomfort [10].

8. Technique of ESD

The process of ESD is divided in several consecutive steps which are presented on Figure 2.
After adequate elevation of the mucosa has been achieved, the process is initiated. The first
step is mucosal incision and simultaneous incision to the deep submucosa layer. The lifting
solution is injected at the proximal end of the lesion and mucosal incision is made. Sometimes
the insertion of the endoscopic tip into the submucosal layer may become difficult and in these
cases trimming of the mucosa is performed. To clear space for dissection after the trimming
the submucosal layer near the mucosa is precisely cut. One of the practices for the mucosal
incision is to circumvent the tumour. In cases where partial circumferential incision is
performed the proximal side of the lesion is incised after the submucosal injection. Various
endocut modes are recommended for the incision, which depend on the generator used. The
described techniques for incision have their advantages and disadvantages. The circumferen‐
tial incision may lead to undesired leakage of lifting liquid and loss of submucosal elevation.
When injected at the distal side the tumour takes perpendicular to the endoscope position,
which may hamper the dissection. The remaining uncut mucosa at the distal side pulls the
tumour upward and also changes the position of the tumour. These situations are observed
for tumours larger than 50 mm. When the incision is partially circumferential the elevation of
the mucosa is easily maintained, because the uncut residual mucosa prevents liquid leakage.
On the other hand after the partial resection of the tumour, the residual mucosa may become
difficult for resection. Therefore each approach has its advantages and disadvantages. The
specific type of incision should be chosen according to the tumour characteristics such as size,

Figure 2. Steps of endoscopic submucosal dissection for early stage colon cancer: A: electrocautery marking around the
lesion; B: injection of solution underneath the lesion; C: incision around the lesion; D: lifting and removal of the lesion;
E: extraction of the tumor; F: meticulous hemostasis.

Colorectal Cancer - From Pathogenesis to Treatment170



for conscious sedation which could be used for longer procedure without restlessness and
discomfort [10].

8. Technique of ESD

The process of ESD is divided in several consecutive steps which are presented on Figure 2.
After adequate elevation of the mucosa has been achieved, the process is initiated. The first
step is mucosal incision and simultaneous incision to the deep submucosa layer. The lifting
solution is injected at the proximal end of the lesion and mucosal incision is made. Sometimes
the insertion of the endoscopic tip into the submucosal layer may become difficult and in these
cases trimming of the mucosa is performed. To clear space for dissection after the trimming
the submucosal layer near the mucosa is precisely cut. One of the practices for the mucosal
incision is to circumvent the tumour. In cases where partial circumferential incision is
performed the proximal side of the lesion is incised after the submucosal injection. Various
endocut modes are recommended for the incision, which depend on the generator used. The
described techniques for incision have their advantages and disadvantages. The circumferen‐
tial incision may lead to undesired leakage of lifting liquid and loss of submucosal elevation.
When injected at the distal side the tumour takes perpendicular to the endoscope position,
which may hamper the dissection. The remaining uncut mucosa at the distal side pulls the
tumour upward and also changes the position of the tumour. These situations are observed
for tumours larger than 50 mm. When the incision is partially circumferential the elevation of
the mucosa is easily maintained, because the uncut residual mucosa prevents liquid leakage.
On the other hand after the partial resection of the tumour, the residual mucosa may become
difficult for resection. Therefore each approach has its advantages and disadvantages. The
specific type of incision should be chosen according to the tumour characteristics such as size,

Figure 2. Steps of endoscopic submucosal dissection for early stage colon cancer: A: electrocautery marking around the
lesion; B: injection of solution underneath the lesion; C: incision around the lesion; D: lifting and removal of the lesion;
E: extraction of the tumor; F: meticulous hemostasis.

Colorectal Cancer - From Pathogenesis to Treatment170

location, types of knives. During the submucosal dissection, the endoscopist can easily
recognize the advantages of ESD. Structures such as vessels, fibrosis, etc. are clearly visible.
Hemorrhage is controlled by precoagulation of the blood vessels. The thinner vessels are
coagulated by cutting devices. The thicker ones can be dealt with forceps. Unlike for adenom‐
atous lesion, in cases of early colon cancer the cutting line should be near the mucosal layer in
order to achieve R0 resection. This step should be carried out with precision due to the higher
perforation risk. The ESD is only finalized after careful inspection for any bleeding vessels. If
any are found these are coagulated.

9. Complications

ESD in the colon is technically challenging procedure due to the anatomical characteristic of
the colon. The latter is a long luminal organ with many folds, which impede the manipula‐
tion of the endoscope. The thin walls are easier to penetrate in comparison to the gastric wall.
The insuflated gas during longer procedures may cause paradoxical movement of the
endoscope. This situation occurs specifically in tumour, located above the sigmoid colon. It
is difficult to find specific studies only on colon ESD. Therefore the presented data will cover
also outcomes of colorectal ESD, bearing in mind that the rectal manipulations are easier due
to the length of this segment. The rate of perforation of ESD is dramatically high when
compared with that observed for endoscopic mucosal resection (EMR) [34–36] and has been
reported to be 1.4–10.4%. According to several clinical studies the predicting factors for
perforation are large lesions (>30 mm), fibrosis, colonic location and less experience with ESD
[12, 22, 37, 38]. (Table 2).

The use of knife coagulation is considered the most common cause of perforation [39]. As
described in the previous section, the obtuse knives such as DualKnife and the Flush Knife can
easily cause perforation. In contrast the Hook Knife is able to hook up the mucosa, separate it
from the submucosal layer and cut it safely. Other reasons for perforation include snare
resection, coagulation by special haemostatic forceps with soft coagulation, endoscopic
clipping onto coagulated submucosa [39]. The complications following ESD for colon tumour
can be severe and even fatal in case of peritonitis. Alarming symptoms for perforation are
abdominal tympanism, emphysema, and abdominal pain and muscle resistance. Most of the
perforation cases are treated conservatively without emergency surgery. Although the closure
of the mucus defect is practiced in several centres in Japan, this practice is currently considered
impractical and technically challenging with the available devices, e.g. hemo-clips. Endoscopic
clipping is possible for small perforation [40, 41]. The abdominal distention can be treated by
decompression of the peritoneum via 20 Fr needle [10]. A new closure device which consists
of clip with a loop may come in handy [42]. In some cases the perforation is not detected during
endoscopy and only later on computed tomography. The possible explanation is that micro‐
perforations occur during ESD on deep injection by the needle. Those cases are not clinically
significant and can be safely treated by conservative measures, such as stopping of oral intake.
Another specific case of perforation is the delayed perforation. It accounts to 0.3% to 0.7% of
the perforations [4, 5, 43] and is considered to be related to excessive coagulation in the
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muscularis propria. Usually delayed perforations are large in size and therefore require
emergency surgery [4, 5, 43]. Bleeding after ESD is another common complication. The usual
practice is to cut any vessel below 2 mm in diameter with a knife in coagulation mode. For
vessels larger than 2 mm in diameter, a special haemostatic forceps should be used in soft
coagulation mode. These forceps have the ability to gently catch the vessel and lift it upwards
from muscularis propria. The surrounding mucosa around the vessel is also resected with the
forceps. Removal of the coagulated vessel and the surrounding submucosa ensures safer and
easier submucosal dissection. In cases when bleeding cannot be stopped by the knife the
haemostatic forceps can be used as well with SOFT coagulation mode. The rate of postoperative
haemorrhage in ESD is reported to be 0–12.0% (Table 1) [4, 5, 8–10, 22, 23, 25, 26, 44]. Most
cases of postoperative haemorrhage are treated only by endoscopic clipping and withholding
oral intake without emergency surgery or blood transfusion.

Author Year Country Number of cases Post-ESD perforation rate Bleeding rate

Tamegai et al. 2007 Japan 71 – 1.4%

Hurlstone et al. 2007 UK 42 2.4% 9.5%

Fujishiro et al. 2007 Japan 200 6.0% 0.5%

Zhou et al. 2009 China 74 8.1% 1.4%

Isomoto et al. 2009 Japan 292 7.9% 0.7%

Saito et al. 2009 Japan 405 3.5% 1.0%

Iizuka et al. 2009 Japan 38 7.9% –

Hotta et al. 2010 Japan 120 7.5% –

Niimi et al. 2010 Japan 310 4.8% 1.6%

Yoshida et al. 2010 Japan 250 6.0% 2.4%

Toyonaga et al. 2010 Japan 512 1.8% 1.6%

Matsumoto et al. 2010 Japan 203 6.9% –

Uraoka et al. 2011 Japan 202 2.5% 0.5%

Shono et al. 2011 Japan 137 3.6% 3.6%

Kim et al. 2011 Korea 108 20.4% –

Lee et al. 2011 Korea 499 7.4% –

Probst et al. 2012 Germany 76 1.3% 7.9%

Okamoto et al. 2013 Japan 30 0.0% 0.0%

Nawata et al. 2014 Japan 150 0.0% 0.0%

Table 2. Rate of complications after colorectal ESD from single center studies.

Another common effect after ESD is local inflammation to a certain degree. C-reactive protein
level may rise to 5,82 ± 12.10 mg/L 2 days after the procedure in cases with perforation and
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1.27 ± 2.00 mg/L in cases without perforation [45]. Fever and abdominal pain were also reported
without perforation. A rare complication was acute colon obstruction after ESD of a colonic
tumour located at the cecal base [46].

10. Clinical Studies on Colorectal ESD

Several large series on colorectal ESD have been published from Asian centres. However, most
of the data are retrospective, and direct prospective comparative data on ESD versus EMR or
surgery are not available. The Japan Society for Cancer of the Colon and Rectum conducted a
multi-centre, observational study for all patients treated by conventional endoscopic resection
and ESD for colorectal neoplasms exceeding 20 mm in size from October 2007 to December
2010 [9]. A total of 816 lesions were treated by ESD and the short-term outcomes were as
follows. The mean lesion size was about 40 mm in diameter. En bloc resection was achieved in
more than 90% of the cases, regardless of lesion size, with a perforation rate of 2.0% and delayed
bleeding rate of 2.2%. None of the perforation cases needed emergency surgery as most

Author Year Country Number of cases En bloc resection rate Complete en bloc resection rate

Tamegai et al. 2007 Japan 71 98.6% 95.8%

Hurlstone et al. 2007 UK 42 78.6% 73.8%

Fujishiro et al. 2007 Japan 200 91.5% 70.5%

Zhou et al. 2009 China 74 93.2% 89.2%

Isomoto et al. 2009 Japan 292 90.1% 79.8%

Saito et al. 2009 Japan 405 86.9% –

Iizuka et al. 2009 Japan 38 60.5% 57.9%

Hotta et al. 2010 Japan 120 93.3% 51.0%

Niimi et al. 2010 Japan 310 90.3% 74.5%

Yoshida et al. 2010 Japan 250 86.8% 81.2%

Toyonaga et al. 2010 Japan 512 98.2%

Matsumoto et al. 2010 Japan 203 – 85.7%

Uraoka et al. 2011 Japan 202 90.6% –

Shono et al. 2011 Japan 137 89.1% 85.4%

Kim et al. 2011 Korea 108 – 78.7%

Lee et al. 2011 Korea 499 95.0% –

Probst et al. 2012 Germany 76 81.6% 69.7%

Okamoto et al. 2013 Japan 30 100.0% –

Nawata et al. 2014 Japan 150 98.7% 97.3%

Table 3. Rate of en-bloc resections and complete en-bloc resections after colorectal ESD from single center studies.
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iatrogenic perforations is very small, and can be successfully closed with endoscopic clip
placement alone followed by intravenous antibacterial therapy (nothing per os).

A recent systematic review reported resection rates of 90.5% (61–98.2%) for endoscopic en bloc
resection and of 76.9% (58–95.6%) for histologically confirmed complete resection, with
associated local recurrence rates of 1.9% (0–11%) (Table 3) [30]. In addition, there are several
studies with >500 ESD procedures, including large single centre series [47, 48], multi-centre
surveys [49, 50], and a prospective multi-centre study [51]. These series confirm the high “en
bloc” resection rates (up to 88.8% histologically confirmed complete resections) and the
reported complication rates (perforation 4.8–5.4%, delayed perforation 0.4–0.7%, bleeding 1.5–
1.7%). It was also demonstrated that ESD is feasible not only for the resection of adenoma or
superficial cancers, but is also curative for submucosal invasive cancer. Thus, submucosal
invasion limited to the upper 1,000 inlinegraphic m of the submucosal layer (sm1) is sufficiently
treated with local resection if the tumour has a G1/G2 differentiation and no lymphatic or
vascular invasion (L0, V0) [52–55]. When compared to EMR, data on ESD consistently show a
higher en bloc resection rate/lower recurrence rate. Thus, in an analysis of 26 studies on EMR,
en bloc resection for relatively smaller target lesions was possible in only 42.6% (19.2–91.8%)
and recurrence rates were 17% (4.8–31.4%) for lesions resected in a piecemeal fashion [9]. In
addition, several retrospective case series [35, 56–58], a matched case control analysis [59], and
a meta-analysis [60] were published on the comparative analysis of EMR versus ESD. All these
reports show a higher efficacy of ESD for the resection of larger sessile or flat lesions, resulting
in a lower recurrence rate. When analysing risk factors for adenoma recurrence after EMR,
associations were reported with size and morphology of the lesions (higher risk of incomplete
resection for serrated adenoma/flat adenoma), piecemeal resection, and number of fragments
[61–65]. Data on complications after EMR/ESD show similar bleeding rates (EMR 0–11.1%;
ESD 0.5–9.5%), but the perforation rate is higher for ESD (1.3–20%) than for EMR (0–5.8%).
However, the vast majority of perforations occurring during ESD are small and easily treated
during the procedure, and thus the actual need for emergency surgery does not differ for EMR
versus ESD [14, 18, 49, 66–68]. ESD is technically demanding and does require long procedure
times. Thus, a recent study comparing 1,029 cases of conventional EMR with 816 ESD proce‐
dures showed a significantly higher procedure time for ESD (96 min) than for EMR (18 min).
Procedure times increased with the size of the lesion, although for very large lesions a
comparison to laparoscopic surgery would be more appropriate [66, 67]. Comparative data
are available for ESD versus surgery, but again without a formal head-to-head study. Two
smaller retrospective studies found no significant difference for efficacy (including procedure
time) and safety between ESD versus transanal endoscopic microsurgery (TEM) for the
treatment of early rectal cancer [69, 70]. A recently published systematic review and meta-
analysis of 11 ESD and 10 TEM studies showed higher en bloc resection rates and a reduced
need for additional surgery for TEM, while recurrence rates were significantly lower after ESD
and no difference in the overall complication rate was observed [71]. Finally, a comparative
retrospective study from the National Cancer Centre Tokyo found that ESD is equally effective
as laparoscopic surgery for the treatment of early colorectal cancer, with significantly lower
complication rates and shorter procedure times [72]. Indeed, the accompanying editorial called
for an initiative to disseminate ESD for optimal treatment of early colorectal cancer [73]. While
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treated with local resection if the tumour has a G1/G2 differentiation and no lymphatic or
vascular invasion (L0, V0) [52–55]. When compared to EMR, data on ESD consistently show a
higher en bloc resection rate/lower recurrence rate. Thus, in an analysis of 26 studies on EMR,
en bloc resection for relatively smaller target lesions was possible in only 42.6% (19.2–91.8%)
and recurrence rates were 17% (4.8–31.4%) for lesions resected in a piecemeal fashion [9]. In
addition, several retrospective case series [35, 56–58], a matched case control analysis [59], and
a meta-analysis [60] were published on the comparative analysis of EMR versus ESD. All these
reports show a higher efficacy of ESD for the resection of larger sessile or flat lesions, resulting
in a lower recurrence rate. When analysing risk factors for adenoma recurrence after EMR,
associations were reported with size and morphology of the lesions (higher risk of incomplete
resection for serrated adenoma/flat adenoma), piecemeal resection, and number of fragments
[61–65]. Data on complications after EMR/ESD show similar bleeding rates (EMR 0–11.1%;
ESD 0.5–9.5%), but the perforation rate is higher for ESD (1.3–20%) than for EMR (0–5.8%).
However, the vast majority of perforations occurring during ESD are small and easily treated
during the procedure, and thus the actual need for emergency surgery does not differ for EMR
versus ESD [14, 18, 49, 66–68]. ESD is technically demanding and does require long procedure
times. Thus, a recent study comparing 1,029 cases of conventional EMR with 816 ESD proce‐
dures showed a significantly higher procedure time for ESD (96 min) than for EMR (18 min).
Procedure times increased with the size of the lesion, although for very large lesions a
comparison to laparoscopic surgery would be more appropriate [66, 67]. Comparative data
are available for ESD versus surgery, but again without a formal head-to-head study. Two
smaller retrospective studies found no significant difference for efficacy (including procedure
time) and safety between ESD versus transanal endoscopic microsurgery (TEM) for the
treatment of early rectal cancer [69, 70]. A recently published systematic review and meta-
analysis of 11 ESD and 10 TEM studies showed higher en bloc resection rates and a reduced
need for additional surgery for TEM, while recurrence rates were significantly lower after ESD
and no difference in the overall complication rate was observed [71]. Finally, a comparative
retrospective study from the National Cancer Centre Tokyo found that ESD is equally effective
as laparoscopic surgery for the treatment of early colorectal cancer, with significantly lower
complication rates and shorter procedure times [72]. Indeed, the accompanying editorial called
for an initiative to disseminate ESD for optimal treatment of early colorectal cancer [73]. While
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larger studies on colorectal ESD are almost exclusively from Asia, data on colorectal ESD from
Western countries is mostly limited to the distal colon [9, 19, 74–77](Table 1). Taken together,
there are considerable advantages of ESD over EMR for the resection of larger sessile or flat
lesions, in particular high enbloc resection rates and low recurrence rates. The major problem
of ESD is the technical challenge and the relatively long procedure time. Compared with
surgery, ESD shows similar performance as TEM for rectal lesions, while a clear advantage –
both for clinical outcome and procedure time – was observed in a single comparative study
for ESD versus laparoscopic surgery for the treatment of T1 colorectal carcinoma. Nevertheless,
there still is a need for prospective comparative trials to better define the role of ESD in
comparison to EMR or surgery.

11. Conclusion

ESD is an attractive endoscopic treatment modality for larger sessile or flat adenomas/
superficial or slightly submucosal invasive colorectal cancers. ESD is a reliable method for
achieving en bloc resection of relatively large colorectal superficial neoplasms, with superior
curability. Still, ESD is associated with technical difficulties and complications, including
perforation. Therefore patients should be selected for ESD only according to strict criteria,
including tumour characteristics. The prerequisite for ESD is proper diagnosis, established by
magnifying endoscopy, endoscopic ultrasound, etc. While colorectal ESD has recently become
a standard procedure in major Asian endoscopy centres, propagation of ESD in Western
countries will critically depend on opportunities for specialized training and probably also on
technical developments to facilitate ESD and reduce procedure times.
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Abstract

Inflammatory bowel disease (IBD) with its two entities, ulcerative colitis and Crohn’s
disease, is at increased risk of developing colorectal cancer (CRC). Risk factors for CRC
are represented by the duration of the disease, extent of disease, the association of
primary sclerosing cholangitis, family history, and early age at onset. In inflammatory
bowel  disease,  colonic  carcinogenesis  appears  on  an  inflamed colon,  being  deter‐
mined by different genetic alterations. The main element of the process of carcinogen‐
esis is the dysplasia, which is a neoplastic intraepithelial transformation, limited to the
basal  membrane  surrounding  the  glands  around  which  it  appears.  The  stages  of
carcinogenesis process start with dysplasia of varying degrees as follows: indefinite
dysplasia, low-grade dysplasia, high-grade dysplasia, and finally invasive adenocarci‐
noma.

Endoscopic surveillance in IBD is absolutely necessary for early detection of dysplas‐
tic  lesions.  The endoscopic  surveillance  process  begins  after  7–10 years  of  disease
progression, performed every 1 or 2 years, depending on the severity of the disease.

General principles of endoscopic surveillance involve the use of modern diagnostic
methods (high definition, chromoendoscopy, indigo carmine with high definition, high-
definition narrow band imaging).

The current standard-of-care (colonoscopy plus randomized biopsies) to detect
dysplasia in IBD patients is inadequate. Guidelines now support to use of chromoen‐
doscopy with targeted biopsy in the detection of dysplasia and/or colorectal cancer in
patients with IBD.

Chemopreventive drugs involve the administration of therapeutic agents such as 5-
ASA derivatives, ursodeoxycholic acid and folic acid, and possibly statins.

As for future goals, understanding the mechanisms of colonic carcinogenesis in IBD can
identify patients at high risk for developing CRC and thus chemoprevention can be

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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initiated. The discovery of new therapeutic agents plays an important role in chemo‐
prevention and represents a significant desideratum among researchers.

Keywords: colorectal cancer, inflammatory bowel disease, carcinogenesis, colono‐
scopic surveillance, chromoendoscopy, high-definition narrow band imaging

1. Introduction

Inflammatory bowel diseases with its two separate entities (ulcerative colitis and Crohn’s
disease) are conditions considered at high risk for developing colorectal cancer. Because
inflammatory bowel diseases are relatively rare in the general population, only about 1% of
colorectal cancers are attributed to them. Meta-analyzes showed that the risk is 2% at 10 years,
8% at 20 years, and 18% at 30 years after onset [1]. Absolute cumulative frequencies of
colorectal cancer to Crohn’s disease and ulcerative colitis are almost identical 7% for the first
to 8% for the second, after 20 years of evolution [2]. Most knowledge about the pathogenesis
of colorectal cancer come from studies on sporadic cancers or those associated with in‐
creased risk of hereditary disease (familial adenomatous polyposis or non-polyposis colorec‐
tal cancer), this data being then extrapolated for inflammatory bowel diseases.

Eaden et al. [3] reviewed 116 studies involving 55,000 patients with ulcerative colitis. One
thousand seven hundred of these patients developed colorectal cancer, having an incidence
of 2% after 10 years of evolution, and of 8% after 20 years finally increasing to 18% after 30
years.

2. Risk factors for colorectal cancer in inflammatory bowel disease

In ulcerative colitis, onset of colorectal cancer is correlated with many factors. Thus, the
duration of the disease is recognized as one of the leading risk factors for developing colorectal
cancer in ulcerative colitis. Neoplastic risk occurs after 8 years of evolution and increases
exponentially after 20 years [1].

A systematic colonoscopy surveillance can detect early dysplastic lesions, and the systematic
use of 5-ASA therapy can lower the risk of developing colorectal cancer in patients with IBD.
The reduced incidence of prophylactic colectomy for dysplastic lesions determines a high risk
for colorectal cancer. This information is an argument for preventive colonoscopy surveillance
of patients with IBD and surgical prophylaxis in case of dysplasia [4, 5].

Younger age at onset is in the opinion of some authors, an independent risk factor for colorectal
cancer. Younger patients have a potentially greater lifespan and therefore higher risks, which
may reflect the longer duration of the disease [1, 4–6]. The association of PSC increases the risk
of colorectal cancer. Its incidence in patients with ulcerative colitis is 2–5% [1]. In 1992, Broome
et al. reported an increased risk of colorectal cancer in patients with ulcerative colitis associ‐
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ating PSC. Subsequent studies have shown that the cumulative risk of colorectal cancer is
higher in patients with combination of cholangitis and ulcerative colitis compared with the
ones only known for ulcerative colitis, that is, 9% after 10 years compared to 2, 31% after 20
years compared to 5, and 50% after 25 years to 10% [7].

The extent of the disease is also an important risk factor for the risk of developing colorectal
cancer. Pancolitis presents the highest risk of malignancy [1]. The extension of inflammatory
areas is an independent risk factor involved in the carcinogenesis and Crohn’s disease.

A family history of colon cancer cancer is associated with an increased risk of colorectal −2 or
3 times higher, in the general population, which remains increased in patients with ulcerative
colitis. A case–control study conducted on 297 patients at the Mayo Clinic found that a family
history of sporadic colorectal cancer represents an independent risk factor for malignancy in
patients with ulcerative colitis [7].

An interesting finding is that patients with asymptomatic disease (therapeutically controlled)
have higher risks of malignancy compared with fulminant forms of ulcerative colitis that often
require colectomy before the onset of dysplasia. In centers where a large number of colectomies
are performed, the incidence of colorectal cancer (CRC) is significantly lower because the
procedure eliminates the risk [1].

In Crohn’s disease, the risk factors involved in carcinogenesis are areas of stenosis, inflamma‐
tory extension areas, younger age at onset and age >45 years at diagnosis. Risk factors specific
to patients with inflammatory bowel disease [8]:

• Coexisting primary sclerosing cholangitis

• Increasing cumulative extent of colonic inflammatory lesions

• Increasing duration of inflammatory bowel disease

• Active chronic inflammation endoscopically assessed

• Active chronic inflammation histologically assessed

• Anatomical abnormalities such as:

• Foreshortened colon

• Strictures

• Pseudo polyps

• Personal history of flat dysplasia.

The severity of inflammatory colonic lesion correlates with the risk of colorectal cancer in
patients with IBD. There is a correlation between the degree of inflammation and the risk of
dysplastic lesions and indirectly with the colorectal cancer incidence. Various studies have
shown the relationship between the risk of colorectal cancer in patients with IBD and the degree
of inflammation, extent of lesions and coexistence of other sites of inflammation [9]. Involved
in the colonic carcinogenesis in patients with IBD are, besides inflammation areas of various
degrees, also genetic and immunological factors.
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3. Molecular and genetic markers

Pathogenesis of sporadic colon cancer and colitis-associated colon cancer [8].

Involved in the appearance of colorectal cancer associated with inflammatory bowel disease,
are, on the one hand the chromosomal instability caused by abnormal chromosome separation
(CRS) aneuploidy and loss of genetic material, and on the other hand, the microsatellite
instability (MSI) mechanisms found in sporadic carcinogenesis. The trigger element for
chromosomal instability is represented by impairing the function of APC associated with the
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induction of K-ras oncogene and inactivation of tumor suppressor gene on CRS 18q in DCC
and DPC4 region. Adenoma–carcinoma transformation is a direct result of the loss of p53 gene
function [1, 6, 8].

Microsatellite instability, which is absent on normal mucosa, is described as an early event in
non-dysplastic mucosa in patients with ulcerative colitis.

It is important to understand what mechanisms and factors can contribute to dysplastic lesions
and colorectal cancer in IBD. Inflammation and genetic mutations play a major role. The
supervision and therapeutic intervention in these disorders depends on understanding of
these pathological processes. Thus, some genes associated with inflammation such as cyclo‐
oxygenase-2, nitric oxide synthase-2, and 1–8 interferon inducible genes are increased in
inflamed colonic mucosa and remain elevated in colonic neoplasms [10, 11].

Genetic changes, responsible for colorectal cancer in inflammatory bowel disease, are similar
to those involved in sporadic colon cancer [8].

Oxidative stress and its role in cell destruction in inflamed tissue may also play an important
role in the pathogenesis of colorectal cancer in IBD [12].

Figures 1 and 2 depict some pathology aspects of colon mucosa with inflammatory changes.
The inflammatory context is suggested by an abundant lymphoplasmocitary infiltrate and
polimorphonucleated within the mucosal corion.

Figure 1. Inflammatory aspect of colonic mucosa. Modified cytoarchitectonics. Epithelial pseudostratification of the
glandular tissue.
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Figure 2. Inflammatory aspect of colonic mucosa. Nuclear pleomorphism. Mucus depletion, with a decreased number
of secretory cells within normal glands.

4. Prevention of colorectal cancer in inflammatory bowel disease

4.1. Endoscopic surveillance in IBD

Endoscopic surveillance in IBD is designed to detect dysplastic lesions that can be treated
surgically. As dysplastic lesions are difficult to recognize via endoscopic examination, their
detection requires colectomy that prevents colorectal cancer (CRC). This fact is also determined
by the risk of developing synchronous or metachronous cancer in IBD [13].

Colonoscopy surveillance reduces the risk of death from CRC in patients with long-term
evolution of inflammatory disease. Given the cost–benefit ratio, this surveillance is especially
recommended in patients with evolving active disease of over 7–10 years. The first colonoscopy
screening program will be carried out in a remission period of the disease to avoid difficulties
in identifying dysplasia in areas of increased inflammatory activity (Figures 3 and 4). The entire
colonic mucosa will be examined and four biopsies will be taken from 10 to 10 cm. Any
suspicious lesions will be biopsied. If the initial biopsy does not describe dysplastic foci, the
colonoscopy is recommended to be repeated after 2 years or annually if the disease has more
than 20 years of evolution when the risk of cancer increases exponentially. This interval is
reduced to 6 months, 1-year maximum if the pathology result of the lesions comes back as
indefinite dysplasia. The most controversial attitude is regarding mild dysplasia. In the case
of dysplastic lesions associated with IBD, there are opinions saying that endoscopic resection
can be done if the pathological examination of the fragments collected from the base of the
polyp and also from the colon are negative for dysplasia [14]. The marking of the polypectomy
site is recommended, and the colonoscopy should be repeated after 3–6 months. The confir‐
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mation of unifocal or multifocal dysplasia by a second expert requires that a colectomy should
be performed. High-grade dysplasia is an absolute indication for colectomy.

Figure 3. Ulcerative colitis with areas of low grade dysplasia.

Figure 4. Ulcerative colitis with high grade dysplasia.

There is an evolution of the inflammatory lesions that either do not have dysplastic lesions or
evolve from indefinite dysplasia to low-grade dysplasia, high-grade dysplasia, and finally
carcinoma.
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Dysplasia, detected at colonoscopic examination, represents an indication for colectomy.
When low-grade dysplasia is detected, it is considered that the risk of developing colorectal
cancer is nine times higher than in normal individuals and there is a 12 times higher risk of
developing other advanced dysplastic lesions.

In patients with low-grade dysplasia, when colectomy is performed immediately, it was noted
that 19% of the cases had high-grade dysplasia and 29–54% were at risk of developing
advanced neoplasia in the following 5 years. High-grade dysplasia has a risk of 43% of
combination with synchronous malignancy [14].

Dysplastic lesions are lesions that precede colorectal cancer development. Flat dysplasia can
be discovered through microscopic examination of biopsy fragments, collected through
random biopsies, sometimes from apparently normal mucosa. Often, flat dysplasia can be
discovered with superior detection techniques such as chromoendoscopy, high-definition, and
high magnification endoscopy [15–18].

Treatment for patients with dysplastic lesions and IBD depends on the degree of dysplasia.
Patients presenting with multifocal flat low-grade dysplasia lesions or repetitive flat low-grade
dysplasia should be advised to undertake prophylactic proctocolectomy.

Dysplasia-associated lesion or mass (DALM) is a specific endoscopic feature found in patients
with ulcerative colitis. DALM is associated in a proportion of 40% with colorectal cancer; this

Figure 5. Polipoid lesions in a patient suffering from Crohn’s disease.
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association is enhanced by the presence of high-grade dysplasia lesions. DALM is an indication
of proctocolectomy regardless of the degree of dysplasia.

Polypoid lesions identified in patients with IBD are not always malignant and can be treated
with endoscopic polypectomy, especially if the polyps are adenomatous [19] (Figure 5).

Dysplastic lesions detected in biopsy samples from patients with IBD usually occur in areas
of inflammation and can be polypoid, ulcerated lesions, or plague-like lesions (DALM). (Figure
6 describes various instances of lesions in a patient with IBD).

Figure 6. High grade dysplasia in a patient with Crohn’s disease.

Although prophylactic proctocolectomy ensures the elimination of the risk of colon cancer
(42% of cases in patients with high-grade dysplasia and 19% of cases in patients with low-
grade dysplasia), there are practitioners who opt for a lifelong schedule of surveillance. They
choose periodic examination at 6 months to 1 year by endoscopically investigating the entire
colon, harvesting biopsy fragments and using preventive treatment with anti-inflammatory
drugs and potentially chemopreventive agents. There are some major limitations to this
attitude, namely the possibility of omission of malignant or dysplastic lesions during colono‐
scopy, especially if the number of biopsies is insufficient. Also, the lack of compliance of
patients to colonoscopy surveillance programs is also an important risk factor for malignant
lesions.

Colorectal Cancer and Inflammatory Bowel Disease
http://dx.doi.org/10.5772/63408

193



Guidelines from the Crohn’s and Colitis Foundation of America (CCFA) and from European
Crohn’s and Colitis Organization (ECCO) mention the same methods for Crohn’s colitis
surveillance and ulcerative colitis as well due to the similar risk of developing colorectal.
Colonoscopic screening is performed during remission of the disease, every 1 or 2 years, after
8–10 years of evolution. Screening interval may decrease with increasing duration of disease
progression. Patients with proctosigmoiditis, who have a lower risk of malignancy compared
to the general population, will be monitored using standard colorectal cancer prevention
measures.

Patients with PSC, who have an increased risk of malignancy, should be monitored annually.
Biopsy samples are collected from 10 to 10 cm (2–4 random biopsy specimens) and from suspect
areas. In addition, in ulcerative colitis, biopsies are harvested from every 5 cm from the rectum
and sigmoid, because the risk of developing colorectal cancer is higher in these regions. The
degree of detection of dysplastic lesions is higher if a greater number of randomized biopsies
are taken (90% if 33 and 95% if 56 random biopsies were taken) [20, 21].

4.2. New methods for early detection of dysplasia

To increase the rate of detection of dysplastic lesions, targeted biopsy represents an alternative.
Guidelines now support the use of chromoendoscopy with targeted biopsy in the detection of
dysplasia and/or colorectal cancer in patients with inflammatory bowel disease (IBD).
Chromoendoscopy can see injuries that are not visible in the white light of standard endoscopy.
Two substances are used, namely methylene blue and indigo carmine. High-magnification
chromoendoscopy increases the detection of dysplastic lesions 3–4.5 times over [22–26].

Because of these arguments chromoendoscopy is used for routine surveillance of patients with
IBD. With this method, the majority of dysplastic lesions can be discovered in patients with
IBD during surveillance colonoscopy. Using only conventional colonoscopy is obviously
insufficient in detecting dysplastic lesions [27–30].

Confocal laser endomicroscopy (CLE) is a modern technique for visualization of the histology
of colonic mucosa in real time, being extremely useful for diagnosing intraepithelial neoplasia.
With concomitant use of chromoendoscopic and CLE evaluation, the detection rate of dys‐
plastic lesions was increased by 4.75 times compared to classical colonoscopy [21, 28–30].

Confocal chromoscopic endomicroscopy is superior to chromoscopy alone for the detection of
intraepithelial neoplasia. Difficulties are caused by the high cost of exploration and biopsy
interpretation difficulty that often requires an experienced pathologist.

The use of narrow band imaging (NBI) is not superior to conventional colonoscopy in detecting
dysplastic lesions [31, 32].

Although many lesions can be identified by NBI, unfortunately equal numbers of dysplastic
lesions can be missed by both conventional colonoscopy and this method. More studies are
needed to clarify these issues.

We again underline that chromoendoscopy with targeted biopsy is indicated by all current
guidelines for detecting dysplastic lesions in IBD.
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8–10 years of evolution. Screening interval may decrease with increasing duration of disease
progression. Patients with proctosigmoiditis, who have a lower risk of malignancy compared
to the general population, will be monitored using standard colorectal cancer prevention
measures.

Patients with PSC, who have an increased risk of malignancy, should be monitored annually.
Biopsy samples are collected from 10 to 10 cm (2–4 random biopsy specimens) and from suspect
areas. In addition, in ulcerative colitis, biopsies are harvested from every 5 cm from the rectum
and sigmoid, because the risk of developing colorectal cancer is higher in these regions. The
degree of detection of dysplastic lesions is higher if a greater number of randomized biopsies
are taken (90% if 33 and 95% if 56 random biopsies were taken) [20, 21].

4.2. New methods for early detection of dysplasia

To increase the rate of detection of dysplastic lesions, targeted biopsy represents an alternative.
Guidelines now support the use of chromoendoscopy with targeted biopsy in the detection of
dysplasia and/or colorectal cancer in patients with inflammatory bowel disease (IBD).
Chromoendoscopy can see injuries that are not visible in the white light of standard endoscopy.
Two substances are used, namely methylene blue and indigo carmine. High-magnification
chromoendoscopy increases the detection of dysplastic lesions 3–4.5 times over [22–26].

Because of these arguments chromoendoscopy is used for routine surveillance of patients with
IBD. With this method, the majority of dysplastic lesions can be discovered in patients with
IBD during surveillance colonoscopy. Using only conventional colonoscopy is obviously
insufficient in detecting dysplastic lesions [27–30].

Confocal laser endomicroscopy (CLE) is a modern technique for visualization of the histology
of colonic mucosa in real time, being extremely useful for diagnosing intraepithelial neoplasia.
With concomitant use of chromoendoscopic and CLE evaluation, the detection rate of dys‐
plastic lesions was increased by 4.75 times compared to classical colonoscopy [21, 28–30].

Confocal chromoscopic endomicroscopy is superior to chromoscopy alone for the detection of
intraepithelial neoplasia. Difficulties are caused by the high cost of exploration and biopsy
interpretation difficulty that often requires an experienced pathologist.

The use of narrow band imaging (NBI) is not superior to conventional colonoscopy in detecting
dysplastic lesions [31, 32].

Although many lesions can be identified by NBI, unfortunately equal numbers of dysplastic
lesions can be missed by both conventional colonoscopy and this method. More studies are
needed to clarify these issues.

We again underline that chromoendoscopy with targeted biopsy is indicated by all current
guidelines for detecting dysplastic lesions in IBD.
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4.3. Chemoprevention

Surveillance colonoscopy does not prevent colorectal cancer but allows early detection of
dysplastic lesions and surgical therapeutic intervention.

Treatment of inflammatory lesions of IBD with specific anti-inflammatory therapy represents
an important method of primary chemoprevention of colorectal cancer [33–36].

4.3.1. Aminosalicylates and other anti-inflammatory agents

IBD anti-inflammatory treatment in addition to relieving symptoms and improving lesions
can prevent dysplastic lesions and colorectal cancer. Although studies are contradictory, most
authors recommend administration of anti-inflammatory therapy for colorectal cancer
prevention [37].

5-aminosalicylic acid preparations (5-ASA) are the main anti-inflammatory drugs used for the
treatment of digestive tract inflammation in patients with IBD. Aminosalicylates inhibit
cyclooxygenase and 5-lipoxygenase, thus inhibiting the synthesis of leukotriene B4, throm‐
boxane A2 and prostaglandins and thus intervene in the immune response, reducing the
production of antibodies and phagocytic activity. The administration of 5-ASA preparations
reduces the risk of colorectal cancer, especially at higher doses of 2 g per day.

Mesalazine is effective in preventing colorectal cancer in IBD, proven experimentally on colon
cancer cell lines [38].

4.3.2. Ursodeoxycholic acid

Ursodeoxycholic acid (UDCA) used for treating PSC has a preventive effect in colorectal cancer
by decreasing the concentration of biliary acids in the colon and through its antioxidant
properties. On the other hand, it is unclear whether ursodeoxycholic acid is effective in
preventing colorectal cancer in patients with IBD without the association of primary sclerosing
cholangitis. In IBD forms associated with PSC, UDCA can reduce mortality and prevent the
evolution of dysplastic lesions [39].

Further studies are necessary to establish the dose of UDCA to be used for secondary chemo‐
prevention.

4.3.3. Folic acid

There are numerous studies showing that as in sporadic CRC, folic acid supplementation
would decrease the risk of CRC in patients with IBD. Although there is no consensus in this
regard, given that it is a cheap drug, that offers long-term safety, folic acid is recommended in
patients with IBD as chemopreventive purposes. The mechanism of action is possibly related
to the process of maintenance of DNA methylation and maintenance of DNA precursors level.
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4.3.4. Statins

There is little data on the protective effect of statins on the development of CRC. It seems that
the protective effect is lower in sporadic colorectal cancer and more expressed in colorectal
cancer associated with inflammatory bowel disease. Experimental studies on mice show the
protective effect of statins in reducing colorectal Dysplasia by inhibiting DNA destruction.
Also in experimental models simvastatin significantly reduced tumor development by
inducing apoptosis and inhibiting angiogenesis [40, 41].

These experiments provide important arguments that statins could be a potential chemopre‐
ventive and therapeutic agent effective in CRC associated with IBD. Extensive studies over
long periods of time are needed to bring new arguments and insights on these aspects.
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Abstract

The minimally invasive techniques in surgical practice have been well introduced and
widely  accepted  for  certain  procedures,  including  surgery  for  colon  cancer.  The
advantages of the laparoscopic approach in terms of early and late postoperative results
and  the  oncological  safety  have  been  established  by  numerous  reports,  including
randomized controlled trials. The application of laparoscopic colon surgery for cancer
has been adopted in various institutions. This chapter reviews the available literature
data regarding the use of minimally invasive surgery for colon cancer, including early
and late surgical and oncological results and new trends. Retrospective and prospec‐
tive trials published in the last 20 years are reviewed to address the issues. Technolog‐
ical advantages such as intracorproreal anastomosis, single incision, and natural orifice
surgery are commented in the chapter.

Keywords: minimally invasive surgery, laparoscopy, colon cancer, hemicolectomy,
colectomy, sigma resection

1. Introduction

The mainstay of treatment of colon cancer is the multidisciplinary approach. The advances of
medical technology in various areas have led to improvement of cancer staging, surgical
technique, medical oncology, and cancer biology. The logical consequence led to better treatment
options. It was well stated in the article by Dinu et al. that a multidisciplinary team consisting
of oncologists, surgeons, radiologists, physicists, and pathologists should provide the patient
with a specific elaborate protocol of treatment, given the generally accepted treatment guide‐
lines that are based on the efficacy of the multimodal treatment [1].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Reference Procedure  Conversion to
open surgery, %
(number of total) 

Operating time, min  Length of hospital
stay, days 

Postoperative
morbidity, %
(number of total) 

HALS  LAC  HALS  LAC  HALS  LAC  HALS  LAC 
HALS
Study
Group♦

[3]  

All  14%
(3/22)  

22%
(4/18)  

152 ± 66  141 ± 54  7 (2–12) 
 

6 (2–10) 
 

5%
(1/22)  

22%
(4/18)  

Hassan♦

[6]  
All  15%

(16/109) 
 

11%
(17/149) 
 

277 ± 96*  211 ± 108* 
 

6 ± 3*  5 ± 3*  20%
(18/109) 
 

17%
(11/149) 
 

Segmental colectomy  

Targarona
[10]  

Left and right
colectomy  

7%
(2/27)  

7%
(2/27)  

140 ± 56
(70–300)  

152 ± 34
(109–240) 
 

6.5 ± 3.7 
 

7.2 ± 3.9 
 

26%
(7/27)  

22%
(6/27)  

Chang
[14]  

Sigmoidectomy/
left colectomy  

0%
(0/66)*  

13%
(11/85)*  

189 ± 40
(120–290) 
 

205 ± 60
(90–380)  

5.2 ± 3.0
(3–22)  

5.0 ± 2.4
(2–17)  

21%
(11/66)  

16%
(14/85)  

Yano [16]  Low anterior
resection  

0%
(0/5)  

12.5%
(1/8)  

211 ± 48*  311 ± 78*  –  –  –  –  

Lee [18]  Sigmoidectomy
diverticulitis  

4.8%
(1/21)  

14%
(3/21)  

171 ± 34*  197 ± 42*  6.7 ± 2.1 
 

7.5 ± 8.2 
 

24%
(5/21)  

19%
(4/21)  

Anderson
[24]  

Sigmoidectomy
diverticulitis  

6.1%
(6/98)  

23.5%
(4/17)  

142 ± 46.5 
 

153 ± 40.4 
 

5.0 ± 3.0 
 

5.1 ± 3.3 
 

14.6%
(14/98)*  

29.4%
(5/17)*  

Ringley♦

[26]  
Left and right
colectomy  

–  –  120
(78–181)*  

156
(74–300)*  

4 (2–11) 
 

4 (2–14) 
 

–  –  

Tjandra♦

[28]  
Ultralow anterior
resection  

0%
(0/32)  

0%
(0/31)  

170 ± 20*  188 ± 16*  5.9 ± 0.8 
 

5.8 ± 1.2 
 

22%
(7/32)  

26%
(8/31)  

Total (procto)colectomy  

Nakajima
[29]  

Total
(procto-)colectomy 
 

0%
(0/12)  

9.1%
(1/11)  

217 ± 63*  281 ± 62*  7.6 ± 2.7 
 

8.1 ± 2.4 
 

33%
(4/12)  

45%
(5/11)  

Rivadeneira
[30]  

Proctocolectomy  10%
(1/10)  

0%
(0/13)  

265 ± 57
(210–
390)*  

311 ± 40
(240–
400)*  

6.1 ± 3.3
(3–13)  

7.2 ± 3.9
(4–17)  

40%
(4/10)  

31%
(4/13)  

Boushey♦

[31]  
Total (procto-)
colectomy  

2%
(1/45)*  

7%
(6/85)*  

TAC:
240 ± 49
TPC:
297 ± 52  

271 ± 60
315 ± 70  

TAC: 6
(3–34)
TPC:
5 (4–14) 
 

5 (4–25)
5 (3–24) 
 

TAC:
24%
(4/17)
TPC:
32%
(9/28)  

35%
(18/52)
24%
(8/33)  

Polle [32]  Total restorative
proctocolectomy  

0%
(0/30)  

0%
(0/35)  

231 ± 60
(149–400) 
 

297 ± 38.5
(235–375) 
 

11.8 ± 5.7
(5–31)  

Table 1. Characteristics of HALS and LAC in several studies included in the metaanalysis on hand-assisted and
laparoscopic assisted approach in colorectal surgery by Aalbers et al. [33].
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(2/27)  

7%
(2/27)  

140 ± 56
(70–300)  

152 ± 34
(109–240) 
 

6.5 ± 3.7 
 

7.2 ± 3.9 
 

26%
(7/27)  

22%
(6/27)  

Chang
[14]  

Sigmoidectomy/
left colectomy  

0%
(0/66)*  

13%
(11/85)*  

189 ± 40
(120–290) 
 

205 ± 60
(90–380)  

5.2 ± 3.0
(3–22)  

5.0 ± 2.4
(2–17)  

21%
(11/66)  

16%
(14/85)  

Yano [16]  Low anterior
resection  

0%
(0/5)  

12.5%
(1/8)  

211 ± 48*  311 ± 78*  –  –  –  –  

Lee [18]  Sigmoidectomy
diverticulitis  

4.8%
(1/21)  

14%
(3/21)  

171 ± 34*  197 ± 42*  6.7 ± 2.1 
 

7.5 ± 8.2 
 

24%
(5/21)  

19%
(4/21)  

Anderson
[24]  

Sigmoidectomy
diverticulitis  

6.1%
(6/98)  

23.5%
(4/17)  

142 ± 46.5 
 

153 ± 40.4 
 

5.0 ± 3.0 
 

5.1 ± 3.3 
 

14.6%
(14/98)*  

29.4%
(5/17)*  

Ringley♦

[26]  
Left and right
colectomy  

–  –  120
(78–181)*  

156
(74–300)*  

4 (2–11) 
 

4 (2–14) 
 

–  –  

Tjandra♦

[28]  
Ultralow anterior
resection  

0%
(0/32)  

0%
(0/31)  

170 ± 20*  188 ± 16*  5.9 ± 0.8 
 

5.8 ± 1.2 
 

22%
(7/32)  

26%
(8/31)  

Total (procto)colectomy  

Nakajima
[29]  

Total
(procto-)colectomy 
 

0%
(0/12)  

9.1%
(1/11)  

217 ± 63*  281 ± 62*  7.6 ± 2.7 
 

8.1 ± 2.4 
 

33%
(4/12)  

45%
(5/11)  

Rivadeneira
[30]  

Proctocolectomy  10%
(1/10)  

0%
(0/13)  

265 ± 57
(210–
390)*  

311 ± 40
(240–
400)*  

6.1 ± 3.3
(3–13)  

7.2 ± 3.9
(4–17)  

40%
(4/10)  

31%
(4/13)  

Boushey♦

[31]  
Total (procto-)
colectomy  

2%
(1/45)*  

7%
(6/85)*  

TAC:
240 ± 49
TPC:
297 ± 52  

271 ± 60
315 ± 70  

TAC: 6
(3–34)
TPC:
5 (4–14) 
 

5 (4–25)
5 (3–24) 
 

TAC:
24%
(4/17)
TPC:
32%
(9/28)  

35%
(18/52)
24%
(8/33)  

Polle [32]  Total restorative
proctocolectomy  

0%
(0/30)  

0%
(0/35)  

231 ± 60
(149–400) 
 

297 ± 38.5
(235–375) 
 

11.8 ± 5.7
(5–31)  

Table 1. Characteristics of HALS and LAC in several studies included in the metaanalysis on hand-assisted and
laparoscopic assisted approach in colorectal surgery by Aalbers et al. [33].
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Laparoscopic approach is used with increased frequency for many surgical procedures. The
laparoscopic colectomy follows the principles of open oncological surgery – low ligation of the
blood vessels at their origin and no-touch isolation [2]. Usually the anastomosis for right-colon
tumors is performed extracorporally, and thus minimal laparotomy is required. The laparo‐
scopic technique decreases length of hospital stay and pain and allows sooner restoration of
food intake. Laparoscopy can be safely used if the following criteria are absent: severe
adhesions, advanced tumor (e.g., T4),and/ or complicated colon cancer. The similarity between
oncological results and the defined short-term clinical advantages of laparoscopic and open
surgery for colon cancer have been proven in various multicenter studies. [14]. The patients
with previous abdominal surgery (PAS) are at risk due to severe adhesions. The laparoscopic
adhesiolysis is more technically challenging and time consuming. The study of Zanghi et al.
reviews that matter and concludes that laparoscopic adhesiolysis increases the risk of bowel
injury [7]. PAS is not universally accepted as contraindication for laparoscopic surgery,
although it complicates the procedure as a whole. Law et al. reported patients with PAS who
did not develop short-term postoperative complications such as ileus, prolonged hospital stay,
or conversion rate after colorectal surgery [4]. In contrast, Yamamoto et al. described relatively
higher rates of intraoperative intestinal injury and postoperative complications, including
ileus and delayed time to diet in patients with a history of abdominal surgery [5] (Table 1).

2. Laparoscopy for colon cancer

2.1. Patients

In results from a single-center study from Tajima et al., patients were compared according to
their age, gender, and tumor location between the hand-assisted laparoscopy (HALS) and CL
groups [8] (Table 2). Less bleeding during surgery, faster postoperative recovery, and shorter
stay are some of numerous advantages of laparoscopic resection of colon. After all, there are
doubts of the radical curative effect of complete tumor resection, lymph node dissection, and
puncture implantation metastasis by laparoscopic surgery. However, the most important
indicator for the radical curative effect of laparoscopic surgery is the number of dissected
lymph nodes. CRM is significant for the assessing of the prognosis of colorectal cancer surgery.
The long-term survival rate of colorectal cancer patients undergoing laparoscopic surgery
compared to open surgery procedures is also analyzed. No statistical difference in 3- or 5-year
OS and 3-or 5-year DFS between the two procedures was reported (P>0.05) [8].

Surgical time of colorectal cancer laparoscopic surgery is longer compared to open surgery,
and laparoscopic surgery requires a more skilful surgeon. The surgeons undergo rigorous
training and development for a period of time, which improves the surgical procedure [9].
Also the nonneoplasm technique is important, which is the same as the open surgery is. The
previously used method for the quality assessment with digital score may cause deviation.
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Surgical methods HALS, % (n) CL, % (n) P-value

Right hemicolectomy 26.5 (26) 24.6 (28) 0.743

Transverse colectomy 2.0 (2) 7.0 (8) 0.088

Left hemicolectomy 8.2 (8) 7.0 (8) 0.753

Anterior resection 27.6 (27) 33.3 (38) 0.363

Table 2. Comparison of stage I/II/III patients (n = 145) who underwent HALS (n = 63) or CL (n = 82).

2.2. Hand-Assisted Laparoscopic Surgery

Over the last years, minimally invasive laparoscopic surgery is being used more and more.
Additional bowel resection for stage I rectal cancer, radical resection of stage II or III rectal
cancer, and palliative surgery in patients with stage IV rectal cancer are among the indications
of laparoscopic surgery. Traditional laparotomy for rectal cancer makes it difficult to visualize
certain areas, including the pelvic floor, the ventral part of the bladder, and the posterior to
apical regions of the prostate.

The traditional laparoscopic approach has been well established. In some cases a hybrid
approach is required, e.g., rectal cancer surgery. The traditional laparotomy may reveal certain
anatomical areas. On the other hand, the laparoscope provides magnified view of the struc‐
tures and allows for safer approach. Laparoscopy-assisted colorectal surgery (LACS) is used
in Japan and several drawbacks are reported – is more time consuming and requires specific
experience and technical equipment, which makes it more challenging. In Europe and the
United States, the so-called hybrid-hand assisted laparoscopic surgery (HALS) is more
widespread, which allows for direct vision. The advantages of HALS include direct safe
palpation and grasping with the hand, shorter operative time, and shorter learning-curve.

2.3. Outcomes

2.3.1. Short-term benefits of laparoscopic surgery

Laparoscopic procedures have several short-term benefits that are well described in all reports
on the topic of minimally invasive procedures. Those include earlier restoration of bowel
function, oral food intake, smaller incision, and less operative trauma (therefore less need for
analgesia) and were proven in various randomized control trials. In the case of cancer surgery,
the laparoscopic approach allows for faster recovery, which may influence the oncological
results by sooner initiation of systemic therapy. The hospital stay is shorter in comparison to
open surgery. In elderly and comorbid patients, the laparoscopic surgery may lead to cardio‐
vascular and pulmonary complications, although the mortality and morbidity rates are lower
than in open surgery.

2.3.2. Long-term outcomes

Oncological outcomes of LS and OS for colorectal cancer patients were similar in most
randomized studies. The random trial conducted by Lacy et al. [11] showed excellent long-
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term oncologic outcomes following LS, when compared with OS in patients with curable colon
cancer. This study had a median follow-up of 95 months, but there was only one difference
between the two techniques including the higher survival rate of patients with stage III colon
cancer.

Figure 1. Overall survival (OS) of stage III colon cancer patients. LG, laparoscopic surgery group; OG, open surgery
group [11].

The oncologic outcomes after performing LS instead of OS are still being analyzed when
treating colorectal cancer patients. Recurrences and disease-free and overall survivals follow‐
ing LS compared to OS for stage III colorectal cancer patients are shown on Figure 1 [11].

The long-term results are similar for laparoscopy and open surgery. On the contrary, a study
made by Lacy et al. [11] has noted some oncological benefits for stage III colon cancer, including
better local recurrence rates and higher rates of long-term and overall survival. For stage I and
II, there were no significant oncological differences. Those results could be explained by
patient’s immunity response, dissemination of cancer cells, and earlier start of systemic
treatment. The rates of local and distant metastases are found to be lower after laparoscopic
surgery [12]. Despite that peritoneal carcinomatosis rates remain the same. The local recurrence
rate of right colon cancer is relatively higher in compared to the left localization, although this
is not confirmed by randomized studies [13].

3. New trends

3.1. SILS

The increasing patients’ interest in cosmetic results has led to the more frequent use of single-
incision surgery, even for colon cancer. The ultimate goal of “scarless surgery” could be
achieved only when oncological results are proven to be equivalent to standard laparoscopic
surgery. SILS ports are placed at the umbilicus or in case of rectal cancer at the planned site of
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a stoma. SILS reduces the abdominal incision trauma, provides better cosmesis, and report‐
edly, shorter hospital stay. SILS approach is successfully applied in laparoscopic colorectal
procedures. For last few years, there are more data about this approach, which confirmed
benefits of and interests in this technique. The SILS technique is administered to patients and
the achieved results are promising. The development of SILS went from simple surgical
procedures to the first colorectal resections in 2008. The first sigmoidectomy for benign disease
was performed by Bucher et al. [17]. This approach was also used for anterior rectal resection,
proctocolectomy, and total proctocolectomy. Lu C-C et al. as well as some other authors
suggested that SILS could be applied both for benign and malignant cases [17, 20, 22, 23].

The operative time compared to conventional laparoscopic surgery is varying, and according
to some retrospective studies the difference is not statistically significant. The operative time
yet is longer, regardless of the procedure according to a study by Kwag et al [20]. The difference
of operative times could be explained also by the fact that this techniques is not that widely
used and the learning curve is steeper. Other criteria such as pain are reported to be more
severe after SILS [20], although other authors report decrease of pain [22, 23].

4. NOTES

The first human colorectal natural orifice endoscopic surgery (NOTES) procedure was initiated
with the reports of Bernhardt et al. [19] and Palanivelu et al. [25], who performed appendec‐
tomy in 2008. Performance of more complex procedures was limited by the instrumentation.
In addition the colorectal procedures require restoration of continuity, which is a major
limitation for NOTES. The hybrid NOTES procedures such as trans- anal total mesocolic
excision (TEM) broaden the possibilities for this technique (Figure 2).

Figure 2. Schematic of retroperitoneal dissection with the transluminal transanal endoscopic operation device (A) and
intraoperative view of the retroperitoneal approach at the sacral promontory (B) [24].

SILS evolved starting with cadavers and swines [25]. Sylla et al. [15] reported successful total
mesorectum excision (TME) with laparoscopic assistance in a human. Two cases of laparos‐
copically assisted transanal TME were reported by Dumont et al. [21]. The clinical and
oncological advantages are yet to be analyzed [2, 27–29].
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Alternative technique is the mini-laparoscopy-assisted natural orifice surgery (MA-NOS),
which includes additional laparoscopic ports less than 5mm and main port inserted in the
natural orifice. The largest port is placed in the natural orifice. Lacy et al. [27] has pioneered
this technique and presented a case of total colectomy. The authors suggest that the lack of
dedicated NOTES instruments requires laparoscopic assistance.

5. Summary

Laparoscopic colon resection for cancer can be performed safely and accurately with many
short-term benefits to the patients while resulting in at least equivalent long-term results as
open surgery procedures. Other potential benefits may include better preservation of cell-
mediated immune function and reduced tumor cell proliferation. The scientific confirmation
of the efficacy of laparoscopic surgery is needed to implement it further in the practice and
accept it as a worldwide standard. The available level 1 data support safety, patient-related
benefits, and oncological similarity. Innovative approaches are being tested, including less
abdominal wall trauma. Mastering the laparoscopic approach still has a steep learning curve,
although the even more available laparoscopic courses will diminish that issue.
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Abstract

The immune system is able to act against cancer cells and consequently these cells have
developed a range of responses to evade or suppress the immune systems anticancer
responses. The concept of cancer immunotherapy is based on techniques developed to
restore or boost the ability of the immune system to recognize and target tumor cells. It
is known that colon cancer does initiate an immune response and that this type of cancer
initiates pathways and responses to evade or suppress the immune system. This chapter
will discuss some of the dominant therapies being developed to treat colon cancer based
on the concept of cancer immunotherapy. Cancer vaccines are based on the concept of
providing  the  immune  system  with  antigen  targets  derived  from  tumor-specific
molecules,  while  monoclonal  antibodies  involve  the  development  of  antibodies
specifically  targeting  proteins  expressed  on  the  surface  of  tumor  cells.  Antibody-
based  immunotherapy  has  further  applications  in  the  use  of  bispecific  antibodies
(BsAb), which are synthetic antibodies designed to be able to recognize two different
antigens  or  epitopes  and in  this  way can increase  the  immunoresponse and limit
immune evasion observed in mono-targeted therapy. Immune checkpoint inhibitors
target proteins that are responsible for keeping immune responses in check. Tumor cells
overexpress these proteins in order to evade the immune response. Blocking these
proteins  will  lead to  an increased immune response against  these  cells.  Cytokine-
based  immunotherapies  involve  the  use  of  the  immune  systems’  own  molecular
messengers that are responsible for a robust immune response, to boost the antitumor
response of the immune system. Oncolytic viral therapy is based on the use of viruses
that  selectively  infect  and replicate  in  cancer  and associated endothelial  cells  and
subsequently kills these cells. Adoptive immunotherapy involves the use of immune
cells from the patient to be cultured and altered in the laboratory and then reintro‐
duced  to  boost  the  immune  response.  This  is  normally  performed  with  T  cells.
Immunotherapy may be the next logical step in the development of an effective therapy
for colon cancer and other cancers. The combination of these therapies with tradition‐
al chemotherapy or radiotherapy has shown promise in cancer treatment.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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1. Introduction: immunotherapy

Tumor-associated antigens (TAAs) are antigens that can elicit a specific immune response.
Immune cells and immune-related components such as macrophages, neutrophils, comple‐
ment components,  γδ T cells,  natural  killer  (NK) cells,  NKT cells,  and certain cytokines
(interleukin (IL)-12, interferon gamma (IFN-γ)) and cells of the adaptive immune system,
including B lymphocytes, helper T cells (Th cells), and cytotoxic T lymphocytes (CTLs), are all
active against cancer cells [1]. TAAs are presented to the cells of the adaptive immune system
by cells such as dendritic cells (DCs) or other antigen-presenting cells (APCs). These antigens
are processed and presented by major histocompatibility complex (MHC) class I and class II
molecules leading to the activation of antigen-specific lymphocytes, resulting in antibody
production [1].

Colon cancer evades the immune system through the shift from Th1 to Th2 immune responses
[2] loss/downregulation of human leukocyte antigen (HLA) class I antigen processing and
presentation [3], defective DC function [4, 5], T-cell loss of signaling molecules [6, 7], escaping
death receptors, HLA G expression, alterations in transforming growth factor (TGF) beta
signaling [8], Increased vascular endothelial growth factor (VEGF) expression, impaired NK
activity, regulatory T-cell downregulation [9], and complement decay accelerating factor CD55
[2]. A shift is known to occur in the white blood cell composition with elevated numbers of
CD8 T cells in the initial stages, but an overall reduction in the numbers of circulating immune-
related cells. At the same time the levels of cytokines such as IFN-γ and tumor necrosis factor-
α (TNFα) are reduced during vascular invasion [10]. Antitumor T cells can be inhibited through
NO production by the enzyme arginase [11].

Immunotherapy can be divided into two main categories: passive and active immunotherapy.
Passive immunotherapy makes use of in vitro produced immunologic effectors that are capable
of influencing tumor cell growth. This includes monoclonal antibody (mAb) therapy and
adaptive transfer of antigen-specific effector cells. Active immunotherapy aims at inducing or
boosting immune effector cells [1].

2. Cancer vaccines

Cancer vaccines are active immunotherapeutic approaches that are intended to activate and
expand tumor-specific T cells to induce an antitumor response. Conventional vaccines are
preventative in nature, but current cancer vaccines activate the immune system to destroy
tumors once present. A range of tumor antigens have been identified. These include T-cell
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epitope peptides, defined carbohydrates of glycoproteins and glycolipids, antibody-based
anti-idiotype vaccines, plasmid DNA and recombinant viral vector vaccines, allogeneic or
autologous whole tumor cell vaccines, DC-based vaccines, oncolysates, or autologous heat-
shock protein (HSP)-peptide complex vaccines. An ideal prophylactic cancer vaccine would
be affordable, stable, and safe. It would induce effective immunity rapidly and require few
immunizations (ideally one) to induce protection [12]. This section aims to address advances
made in developing vaccines against colon cancer. This will include vaccines that are currently
in use and vaccines still undergoing clinical trials. It will report on the safety, side effects, and
efficacy of these vaccines.

Colon cancers express multiple immunogenic proteins, all of which may serve as targets for
the development of T-cell-mediated adaptive immune responses [10]. It is also known that
colorectal cancers do activate the immune system, leading to the attenuation of metastasis and
increasing the survival of patients [10]. In order to evade the immune response, colorectal
cancer suppresses the immune response or displays only weak immunogenicity. Additionally,
studies have shown that restoration or supplementation of the immune function toward these
tumors is possible [10, 13, 14]. Peptides used to inoculate a patient suffering from colon cancer
will be degraded and the resulting fragments will be endocytosed by APCs. These cells will
then present the antigen to the T cells. CTLs or CD8+ T cells induce apoptosis in tumor cells
through the release of granzymes and perforins and through the Fas death receptor pathway.
Type 1 CD4+ T cells and T-helper cells secrete cytokines leading to the recruitment of CTLs,
macrophages, and NK cells. These secrete cytokines that activate cytotoxic pathways [11]
(Figure 1). It is also known that colorectal cancers do activate the immune system, leading to
the attenuation of metastasis and an increase in the survival rate and time of patients [10]. The
effectiveness of peptide vaccines can be enhanced by altering the amino acid sequence of the
peptide to enhance the interaction with the T-cell receptor (TCR), to improve binding to MHC,
and finally to improve biostability and reduce degradation by proteases [11].

2.1. Evasion of the immune system by altered ligand expression

One mechanism utilized by cancer cells to evade the immune system involves the expression
of FasL. This ligand binds to the Fas receptor present on CTL, leading to the CTL to undergo
apoptosis. The expression of FasL leads to the increased resistance to Fas-induced apoptosis.
Altered peptide ligands (APLs) are analogs of immunogenic peptides which are ligands for
TCRs. These altered ligands bind the TCR, but does not lead to lysis of the tumor cell [11].
Regulatory T cells can inhibit antitumor immunity by upregulating cell membrane molecules
that lead to the inhibition of effector T-cell activation and function. Cancer cells have defective
antigen presentation allowing them to avoid recognition by the immune system. This is
accomplished by reduced expression of MHC I, antigen-processing machinery, or Tumor-
associated antigens themselves [11].

2.2. Tumor-associated antigens (TAAs)

Defined TAA epitopes can be used to vaccinate cancer patients. The peptide fragments are
presented by the two MHC proteins, MHC classes I and II (HLA I and II) to the TCRs. MHC
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class I presents the vaccine-derived peptide to naive CTLs. Primed CTLs recognize the tumor
antigen on the surface of the tumor and send out a death signal to the tumor. Helper T cells
are generated by MHC class II proteins [11] (Figure 1). However, there are not many specific
peptides that can be targeted as cancer specific. In order to increase uptake and presentation
of the antigens by APCs, an adjuvant is added [1]. Another strategy is to inject the DNA
sequences coding for specific TAAs to be taken up. The target ill be transcribed into mRNA,
translated into a protein, and processed into peptides by APCs. This can be done by using
viruses engineered to express TAAs. However, the immune system may preferentially react
to the viral antigens rather than the TAAs, leading to the attenuation of the antitumor immune
response [1]. The earliest example of the therapeutic use of tumor antigens was in the form of
crude tumor lysates being administered to patients. These lysates are still used as a means to
prime DCs, facilitating peptide presentation [11]. This is because the ideal source of TAAs is
all the TAAs the tumor itself expresses. By incubating DCs with dead tumor cell lysate, these
antigens will all be presented by MHC class I (cross-presentation) and MHC class II pathways.
This will result in a diversified immune response involving CTLs as well as CD4+ T-helper
cells [1].

The use of tumor lysates has largely been superseded by the use of synthetic peptides. These
have certain advantages over tumor lysates. They provide a higher amount of specific antigen
and allow for modification of the target peptide. It is also easy to monitor the immune response
to vaccination with a single peptide as only one CTL type requires evaluation [11]. Tumor-
specific antigens (TSAs) are mutated or virus-derived epitopes and contain unique immuno‐
genic neo-antigens that can be recognized by the immune system. These include N-RAS and
p53 [1].

Figure 1. Antitumor effect of peptide vaccine therapy: following introduction of peptide vaccine to the bloodstream, it
is processed and presented by the APC leading to the activation of CD4+ helper T cells and CD8+ cytotoxic T cells.
Interaction between MHC I molecules on APC and TCR during antigen presentation facilitated by CD8 molecule leads
to the generation of tumor-specific CTLs capable of lysing tumor cells.
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Peptides Mechanism Study details References

Tyrosine kinase receptor
ephrin type-A receptor 2
(EphA2-derived peptide)

EphaA2 EphA2-specific CTL High level of immunity against colorectal
cancer in murine model

[15]

RNF43-721 Phase 1 clinical trial [16]

ABT-737 Inhibition of antiapoptotic Bcl-2
family

Sensitized cancer cells in mouse colon cancer
model

[17]

Epitopes of HER2, MVF,
GMP, and n-MDP

Multiple targets Phase 1 clinical trial [18]

Endoglin Inhibition of angiogenesis Inhibition of tumor growth in mouse model [19]

CEA CEA691 Induction of tumor-specific
CTLs

Increase in survival rate in colon carcinoma
mouse model

[20]

OX40L – TNF family
protein

Inhibition of tumor growth in mouse model [21]

Mucin 1: MUC1 a cell
surface-associated protein

Stimulation of antigen-specific CTL,
abundant secretion of IFN-γ.
Tumor burden was significantly reduced in
colon
cancer mouse model

[22]

Heat-shock protein Gp96 Induction of tumor-specific
CTLs

Two-year overall survival and disease-free
survival were significantly improved

SART3-tumor-rejection
antigen

Induction of tumor-specific
CTLs

Increased cellular immune responses to the
tumor. No improved clinical outcome 

[23, 24]

Lck-derived peptides Induction of tumor-specific
CTLs

[24]

Survivin-2B Induction of
HLA-A24-restricted cytotoxic T
cells resulting in
high toxicity against HLA-A24-
positive survivin-2B-positive
cancer in vitro 

Increased proportion of peptide-specific
CTL. No significantly improved clinical
outcome

[25]

βHCG CTP37-DT
(Avicine)

Phase II trials showed improved patient
survival

[26]

CDX 1307 Fusion between βHCG and an
antibody against the mannose
receptor

Phase I trial. Inoculation leads to DC
activation as well as cytotoxic T-cell activity
against tumor cells

[27]

p53 (SLP) p53-specific CD4+ Th cell SLP is
a p53 synthetic long peptide

Antitumor response against p53-
overexpressing tumors. The p53-SLP vaccine
induces p53-specific T-cell responses

[10]
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Peptides Mechanism Study details References

EGFR2 gefitinib or
erlotinib 

EGFR mutations enhance
tyrosine kinase activity in
response to EGF, increasing the
efficacy of anti-EGFR

In a phase I trial, the vaccine elicited
antibody response
phase II cancer

[28]

Gastrin: G17DT
(gastroimmune)

Antigastrin-17 immunogen,
raising antibodies that blockade
gastrin-stimulated tumor
growth 

Phase II trials showed gastroimmune
combined with irinotecan chemotherapy
increased patient survival

[29]

Examples of peptide-based vaccine targets, their mechanism, as well as the current results of any trials performed
using the vaccines to treat colon cancer.

Table 1. Peptide targets and mechanism of action.

Discussed below are examples of peptide-based vaccines and their targets that have been used
to treat colon cancer. More examples are listed in Table 1. Beta human chorionic gonadotropin
(βHCG) is not produced by normal colorectal cells. The increase in the expression of this
antigen in colon cancer cells leads to an increase in tumor invasiveness, higher metastatic
incidence and promotion of tumor growth, neovascularization, and immune system suppres‐
sion. This makes it an attractive target for the development of an antibody-based vaccine [10].
Carcinoembryonic antigen (CEA) is an oncofetal antigen that can serve as a target for vaccine
development. It is found overexpressed on the surface of colon cancer cells, with very low
levels of expression on normal cells. Unfortunately this protein is normally expressed during
fetal development and is therefore tolerated by the immune system. This led to the creation of
an artificial CEA. CeaVac is based on anti-idiotypic antibodies and mimics CEA [10]. Another
oncofetal protein 5T4 is a leucine-rich membrane glycoprotein. Once again it is nearly absent
in normal tissues but is overexpressed in colon cancer cells and developing cells. Its presence
is associated with poor survival. The drug TroVax uses 5T4 with a pox virus vector and a
modified vaccinia virus. Preclinical trials in mouse models resulted in a 90% reduction of tumor
burden [10].

Onyvax-105 is another anti-idiotype antibody mimicking the glycosylphosphatidylinositol-
anchored protein CD55. CD55 regulates complement activation protecting cells against
complement attack thereby enhancing tumor cell survival. The gastric acid–stimulating
hormone gastrin is a hormone the precursors of which are overexpressed in colon cancer,
where they act as growth factors. This leads to increases in angiogenesis and cell proliferation.
Vaccines raised against this protein would therefore result in inhibition of cell growth,
proliferation, and metastasis [10]. Onartuzumab is a mAb that targets human growth factor
receptor (HGFR). It is a monovalent HGF antagonist antibody against MET Proto-Oncogene,
Receptor Tyrosine Kinase that benefits patients who overexpress HGFR [30].

The FANG TM vaccine consists of tumor cells from the patient and a plasmid expressing
granulocyte-macrophage colony-stimulating factor (GM-CSF) and bifunctional short hairpin
RNAfurin (bi-shRNAfurin). The growth and production of DCs are induced by GM-CSF. The
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enzyme furin transforms precursor proteins into active proteins and the presence of bi-shRNAi
furin inhibits the production of active proteins. This particularly inhibits the production of
TGF β1 and 2 (TGFβ). Overexpression of TGFβ is associated with cancer progression and
immune suppression by inhibiting GM-CSF and the consequent production of dendritic and
other APCs. The vaccine therefore prevents the overexpression of TGFβ and leads to immune
cell activation and the inhibition of cancer cell proliferation [30]. The vaccine was manufac‐
tured using GM-CSF and IL-13 to generate DCs from monocytes. The DCs were loaded with
6HLA-A*0201-binding peptides derived, among others, from CEA, MAGE-2 (melanoma
antigen overexpressed in gastrointestinal cancer), and HER2/neu [10, 30].

TroVax is an attenuated strain of vaccinia virus that encodes the 5T4 protein. This protein is
an oncofetal antigen and is a transmembrane glycoprotein. It is highly expressed in colon
cancers and is virtually absent in normal tissue. The receptor is thought to play a role in
metastasis and the expression level increases with the advancement of the stage of the cancer.
This vaccine is able to induce an effective immune response, as it results in the formation of
antibodies for both the 5T4 antigen and the viral particle [31].

2.3. Heat-shock proteins (HSPs)

HSPs are widely expressed in tumors, where they promote cancer progression. HSP 72 and
glucose-regulated protein 96 (gp96) are two of these proteins that are highly expressed in colon
cancer [32]. These proteins are thought to play a role in cell growth and signal transduction
and expression of these proteins is higher in tumors undergoing metastasis. This makes them
useful as diagnostic and prognostic markers. However, this expression is not related to patient
survival [32].

HSPs enhance antigen-specific tumor immunity as they play an important role in the presen‐
tation of antigens to CD8+ T cells through the MHC I pathway. This is because of the roles HSP
70s play as chaperones and in the transport of peptides to the heterodimeric transporters
associated with antigen processing [33]. Similarly gp96 is a major chaperone involved in the
lumen of the endoplasmic reticulum (ER), where it facilitates the folding of the MHC Iβ-2
microglobulin-peptide complexes in the ER [34].

Vaccines based on HSPs have been tested in animal trials and been found to be highly effective
in the treatment of cancers [32, 35]. The function of the HSP in transporting and presenting
other peptides as surface antigens has led many researchers to propose that HSPs can be used
to create a HSP target protein fusion. This booster strategy would therefore enhance the ability
of the target protein to be used as an antigen by T cells [36]. Two of these proteins that can be
coupled to HSPs to improve their immunogenicity and usefulness as a cancer vaccine are
alpha-fetoprotein (AFP) in hepatocellular carcinoma and CD44 in colonic carcinomas [32].

3. Targeted therapy: monoclonal antibodies

Recently, a new class of targeted agents have been identified, which bind to the ligand or the
extracellular domain of a receptor. This results in alteration of intracellular signal transduction
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pathways which will affect cell proliferation, dedifferentiation, inhibition of apoptosis, and
stimulation of neoangiogenesis [37]. This section will look into VEGF-targeted drugs (e.g.,
ramucirumab (Cyramza®) and bevacizumab (Avastin®)), EGFR-targeted drugs (e.g., cetuxi‐
mab (Erbitux®) and panitumumab (Vectibix®)), and others such as those that target kinases
[37].

3.1. Bevacizumab and ramucirumab

VEGF is a potent angiogenic factor and functions by binding to one of three VEGF receptors
located on endothelial cells and angioblasts. The VEGF receptor-2 is overexpressed on up to
50% of colorectal cancer cell surfaces. VEGF-A and other proangiogenic factors promote the
degradation of the extracellular matrix. This enables proliferation and migration of endothelial
cells [37]. The ligands of the VEGF family include VEGF-A, VEGF-B, VEGF-C, VEGF-D, and
VEGF-E; and the receptors are VEGFR-1, R-2, and R-3. In colon cancer the ligand that is most
abundant is VEGF-A [38]. Sustained angiogenesis is a hallmark of cancer; and targeted
inhibition of blood vessel development is an established strategy for antitumor therapy [38].
Anti-VEGF therapies have been associated with a survival benefit across multiple malignan‐
cies including colon cancer [38].

Bevacizumab is a humanized mAb against VEGF and it acts by preventing ligand binding by
binding to VEGF. This prevents downstream intracellular signal transduction; however, the
response to bevacizumab appears to be independent of VEGF expression or high microvessel
density (MVD) [37]. MVD assessment is a good predictor of metastasis, with selective anti‐
bodies, such as endoglin, distinguishing between tumor neovascularization and preexisting
vessels. VEGF expression is highest in patients with metastatic tumors and the level is
associated with cancer stage [38]. Bevacizumab is typically used in combination with other
chemotherapeutic agents, and it is also indicated in improving the delivery of chemotherapy
by changing tumor vasculature and decreasing the elevated interstitial pressure in tumors.
The combination of therapies results in improved survival [38].

Ramucirumab is a fully humanized IgG1 mAb targeting the extracellular domain of VEGF
receptor 2 (VEGFR2). Large-scale trials have indicated that ramucirumab shows promising
antitumor effects and is well tolerated. The origin of this antibody was through the use of a
large phage display library with tailored in vitro selection methods to identify a high-affinity
antibody [39]. Measurement of VEGFA and soluble VEGFR1/2 during phase I trials of the
antibody indicated that there is an increase in the expression of VEGF as well as a decrease in
VEGFR1/2 levels. These changes were not dose related, which suggests that the receptor was
saturated [39]. Phase I trial results were promising and phase II trials resulted in a high
percentage of patients presenting with progression free survival at 6 months. Phase III trials
showed an increase in overall patient survival [39]. Adverse reactions to ramucirumab
included hypertension, vascular thrombotic events, and proteinuria [40].

Aflibercept is a recombinant fusion protein consisting of the second immunoglobulin (Ig)
domain of VEGFR-1 and the third Ig domain of VEGFR-2, fused to human IgG1. It exhibits
affinity for VEGF-A, VEGF-B, and PlGF. The antibody displayed effective activity against colon
cancers with improvements in the primary endpoint of overall survival and overall response
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rate, as well as displaying a high degree of tolerability in patients [40]. VEGFR-1 also plays a
role in colon cancer and inhibiting its signaling could also play a role in cancer treatment. An
antibody developed to target this receptor named IMC-18F1 has been developed. This is a
high-affinity human VEGFR-1-neutralizing antibody that specifically binds the extracellular
domain of VEGFR-1. It exhibits antiangiogenic and antiproliferative activity [40].

3.2. Panitumumab and cetuximab

The epidermal growth factor receptor (EGFR) is a target for the therapeutic monoclonal
antibodies panitumumab and cetuximab the treatment of metastatic colorectal cancer.
Panitumumab is a fully human Ig G2 mAb that binds the EGFR extracellular domain with high
affinity and inhibits ligand-induced EGFR tyrosine phosphorylation, tumor cell activation,
and tumor cell proliferation (Figure 2). Cetuximab is a chimeric human-mouse IgG1 mAb [41].
Cetuximab and panitumumab are both Food and Drug Administration (FDA) approved for
advanced colorectal cancer therapy, and both have clear benefits for colon cancer treatment of
most patients. The exception is those patients that carry KRAS mutations at codons 12 and 13
[42]. KRAS mutations occur in approximately 35–40% of colorectal tumors, and KRAS is a
member of the rat sarcoma virus (Ras) gene family of oncogenes and is involved in integrating
the signaling cascades controlling gene transcription, including many EGFR-mediated
pathways [41]. The ligands of the EGFR transmembrane tyrosine kinase receptor include EGF,
TGFα, epiregulin, amphiregulin, β-cellulin, and heparin. EGFR activates downstream signal‐
ing pathways such as the Ras/Raf/mitogen-activated protein kinase (MAPK) pathway, the
phosphatidylinositol 3-kinase (PI3K)/AKT pathway, and the signal transducer and activator
of transcription (STAT) pathway. These downstream pathways activate cellular survival,
proliferation, invasion, metastasis, and angiogenesis. Abnormal activation of the EGFR
signaling network due to excessive overexpression is common in colon cancer (Figure 2). EGFR
is composed of an extracellular ligand-binding domain, a hydrophobic transmembrane region,
and an intracellular domain with tyrosine kinase activity [41, 43].

Cetuximab competes with EGFR ligands, such as EGF or TGFα, with a high affinity
(Kd = 1 × 10−10 M). This results in the inhibition of cell cycle progression and arrest of cell cycle
in G1 phase, inhibition of angiogenesis, inhibition of metastasis by reduction of production of
matrix metalloproteinase, inhibition of apoptosis, and potentiation of antitumor activities of
chemotherapy and radiotherapy [43]. Panitumumab treatment results in improved clinical
outcomes in patients with chemotherapy-refractory colon cancer [41]. Panitumumab also has
a high affinity for EGFR (Kd = 5 × 10−11 M) and acts to arrest cell cycle progression and block
cancer growth; however, it is an IgG2 and does not act through antibody-dependent cell
cytotoxicity [43].

Using a single type of mAb to block a single transduction pathway may only have a limited
effect, as tumors can shift to other alternate pathways. One solution is to combine monoclonal
antibodies to block two signaling transduction pathways [44]. Use of multiple monoclonal
antibodies has other advantages including limited overlapping toxicity and few to no phar‐
macokinetic interactions between antibodies. However, some studies indicate that certain
combinations such as bevacizumab with cetuximab or panitumumab lead to shorter survival
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and increased toxicity in advanced colorectal cancer compared to therapy with a single
antibody [44]. The addition of panitumumab to chemotherapy improves clinical outcomes
among patients with wild-type KRAS [41]. Other biomarkers that affect the efficacy of
panitumumab include mutations in the BRAF and PIK3CA genes [41]. An important side effect
of panitumumab treatment is the occurrence of skin toxicity; however, occurrences of skin
toxicity correlate with favorable outcomes for patients [41, 43].

Figure 2. Mechanism of action of anti-EGFR mAbs. The binding of these mAbs on EGFR prevents the dimerization and
the activation of EGFR.

4. Immune checkpoint inhibitors

During the progression of tumor development, the cancer cells undergo changes to escape
immune surveillance. In order to accomplish this, a large enough number of the tumor cells
must escape in order for there to be an equilibrium between tumor growth and tumor killing
[1]. Normally, tumor-infiltrating lymphocytes (TIL) would control the progression of cancers;
however, cancer cells can evade this response using a process known as T-cell exhaustion. This
occurs due to the expression of inhibitory receptors. Blocking these receptors through the use
of inhibitory molecules or monoclonal antibodies is known as immune checkpoint inhibition
[45]. The immune system depends on multiple checkpoints to avoid overactivation in healthy
cells. These inhibitory molecules expressed by the cancer cells take advantage of these
checkpoints to escape detection by the immune system. They will often express molecules that
serve as “immune checkpoints,” by so doing; a message is sent to the immune system that an
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immune response is not necessary. Drugs are being developed to block immune checkpoint
molecules from binding to their molecular partners, thus allowing the body to elicit an immune
response and therefore attack cancer cells. An analysis of the expression patterns in colon
cancers revealed a large overexpression of immune checkpoint-related proteins [46].

The programmed death-1 (PD-1) checkpoint is blocked in most cancers and blocking the
pathway with antibodies to reactivate this checkpoint is a viable cancer therapy [47]. Recent
insights indicate that blockade of the PD-1 checkpoint exists in many cancer patients and a
repertoire of tumor-specific or tumor-selective T cells can be reactivated to achieve tumor
therapy [48, 49]. Blocking the PD-1 pathway with antibodies results in durable tumor regres‐
sion. Programmed death-ligand 1 (PD-L1) is a transmembrane receptor that plays a role in
suppressing the immune system by suppressing the proliferation of CD8+ T cells and to lower
the level of antigen particles by regulating apoptosis. PD-1, expressed on T cells, B cells, and
other immune effector cells, interacts with this receptor, resulting in a negative signal to the T
cell. Expression of PD-L1 in tumor biopsies shows that this pathway acts to block antitumor
immune responses [46]. PD-1 has two ligands, PD-L1 and PD-L2. Tumor cells expressing PD-
L1 are associated with poor outcomes for patients. Targeting these ligands prevent T-cell
exhaustion and promotes T-cell recognition of tumors [45]. PD-L1 also binds to the co-
stimulatory molecule CD80, implying that CD80 has the potential to facilitate antitumor
immunity by inhibiting the PD-1 suppressive pathway [47].

Figure 3. Immune checkpoint interactions and antibody-based inhibition on T cells. CTLA-4 inhibition can be per‐
formed by inhibiting CD28 co-stimulation (through binding with its ligands CD80 or CD86) that is required to com‐
plete T-cell activation. The PD-1/PD-L1 pathway can be inhibited by targeting its inhibitory role. Here it interacts with
PD-L1 on the tumor cell. Inhibiting this interaction results in a more robust targeted antitumor immune response.

Ipilimumab is a mAb that targets CTLA-4 (cytotoxic T-lymphocyte-associated protein 4),
which normally negatively regulates the activity of T cells. This antibody was the first
checkpoint-blocking antibody to be approved by the US FDA for cancer treatment; CTLA-4 is
a member of the Ig superfamily of receptors, which also includes PD-1, TIM-3 (T-cell Ig and
mucin domain-containing protein 3), BTLA (B and T-lymphocyte attenuator), and VISTA (V
domain Ig suppressor of T-cell activation). Use of this drug enhances the antitumor activity of
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CD8 T cells and inhibits the suppressive function of Tregs [45]. This was followed by a second
antibody, pembrolizumab, which targets the programmed death 1 (PD-1; CD279) molecule
[50] (Figure 3). Trials of these antibody therapies have only shown modest clinical benefits,
and this may indicate that tumors use multiple and nonoverlapping immunosuppressive
mechanisms to evade the immune response [45]. Multiple studies indicate that effective
therapy involves the targeting of multiple immunosuppressive pathways [51].

Tumor cells can also evade the immune system through the production of extracellular
adenosine by CD73 which is expressed on lymphocytes and endothelial and epithelial cells.
CD73 performs an endothelial cell barrier function, protecting cells from ischemia and
regulating immune responses. This receptor is overexpressed in many types of cancer, with
high CD73 expression being associated with poor outcomes for patients due to increases in
tumor immune escape and metastasis [45]. Blocking CD73 can induce potent antitumor
immune responses. Additionally the inhibition of molecular pathway components upstream
of CD73 such as CD39 also has similar therapeutic effects. This treatment can also be used to
supplement immune checkpoint therapies that make use of anti-CTLA-4 and anti-PD-1 mAbs,
to increase the effectiveness of such therapies [45].

Another strategy to target immune checkpoints is the use of small molecule drugs that target
critical survival pathways. These include Gleevec and ibrutinib, both of which are tyrosine
kinase inhibitors. Ibrutinib is a covalent inhibitor of BTK (Bruton’s tyrosine kinase), a key
enzyme in B-cell receptor signaling [49].

Controlling the immune response to cancer cells through the use of anti-inflammatory drugs
to control the inflammatory components reduces the risk of developing certain types of cancer.
Aspirin is able to reduce the incidence of colon cancer and slow down tumor progression.
Cyclooxygenase (Cox) enzymes 1 and 2 are the targets of aspirin. These enzymes are overex‐
pressed in tumor cells. Immunosuppressive drugs such as cyclosporine A (CsA) and tacroli‐
mus (FK506) inhibit the calcium/calmodulin-dependent phosphatase calcineurin, which acts
upon members of the nuclear factor of activated T cells (NFAT) [52]. These transcription factors
are important for cytokine production by T cells and are required for the normal function of
B cells, DCs, and mast cells. Expression of NFAT family members leads to tumor suppression
[53]. Treatment of tumor cells with CsA is capable of inducing necroptosis and a mild G0/G1
cell cycle arrest [52].

5. Cytokines

Cytokines are signaling proteins produced by white blood cells that help control the growth
and activity of immune system cells. The two types of cytokines that are used in the treatment
of cancer are IFNs and ILs. Cytokines stimulate a broad-based immune response as opposed
to generating a targeted response to a specific antigen [54]. Tumors secrete factors to recruit
inflammatory cells and/or activate stromal cells. Inflammation plays a major role in tumor
promotion and progression. The soluble factors that drive inflammation are cytokines and
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chemokines produced by tumor cells themselves and by the cells recruited to the tumor
microenvironment [55].

Several cytokines are capable of activating and recruiting specific immune cells that can
enhance antitumor immunity; these include IL-2, IL-12, IL-15, TNFα, and GM-CSF. These
cytokines can be used as single-agent therapies or in combination with other immunothera‐
peutic strategies. GM-CSF immunization leads to APC recruitment. Tumors activate Stat3 and
Braf, which leads to the release of IL-10, inhibiting the tumoricidal activity of NK cells. Stat3
activation in DCs leads to these cells becoming tolerogenic DC [11].

Additionally, TNFα, hepatocyte growth factor, PDGF, and FGF19 activate Wnt/β-catenin
signaling in tumor cells. This is the oncogenic pathway activated in the majority of colon
cancers. This pathway results in β-catenin accumulation in the cytoplasm, which activates cell
growth and differentiation pathways. IL-1β is a potent activator of Wnt signaling in colon
cancer cells leading to increased survival of colon cancer cells [55].

Oncogenic signaling through the Wnt and NF-kB pathways is activated through TNFα.
Pharmacological inhibition of TNFα by neutralizing TNFα antibodies has been used to treat
both irritable bowel disorders and colon cancer. Results from trials using enbrel or remicade
suggest that these neutralizing antibodies have activity against colon cancer cells. TNFα
signaling initiates NF-kB signaling. NF-kB is continuously expressed in certain tumors, leading
to enhanced survival by protecting the tumor cells from apoptosis. Treatment with the
TNFα antagonist, etanercept led to inhibition of Wnt/β-catenin6 signaling as seen by the ,
reduced expression of active β-catenin [55].

5.1. Interleukins 1β, IL-6, and IL-1

The proinflammatory cytokine IL-1β is produced by activated macrophages. In turn, IL-1β
induces the expression of TNFα, IL-6, IL-8, IL-17, Cox-2, and PGE2, promoters of tumor cell
growth. Inducing the expression of IL-1β leads to increased incidence of cancer in wild-type
mice. The IL-1β signaling pathway functions through the receptors IL-1RI and IL-1RII to
induce NF-kB activity. The pathway involves the two adaptor proteins, MyD88 and IRAK.
Macrophages are stimulated to release IL-1β and activate NF-kB and Wnt pathways, but
IL-1β signaling requires STAT1. The silencing of STAT1 expression leads to decreased IL-1β
release and prevented cancer cell growth [55].

IL-6 is secreted by stimulated monocytes, fibroblasts, and endothelial cells, macrophages, T
cells, and B lymphocytes. Macrophages are stimulated by colon cancer cells to produce IL-6
and activate STAT3 in tumor cells. Inhibition of IL-6 signaling interferes with the growth of
tumor cells and protects them from apoptosis. Research indicates that decreasing the expres‐
sion or inhibiting the activity of STAT3 may have adverse effects on tumor promotion.
Targeting STAT3 will affect the expression of β-catenin and the co-expression of STAT3 and
β-catenin is associated with poor survival of colon cancer patients [55].

A subset of T-helper cells produces the cytokines IL-17, IL-22, and TNFα (Th17 cells). Paneth
cells also produce IL-17. Th17 cells require IL-6, TGFβ, IL-1β, and IL-23, while IFN-γ and IL-4
negatively regulate differentiation of Th17 cells. IL-17 induces IL-6 and STAT3, promoting the
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survival of cancer cells. This cytokine may also have an anticancer function by enhancing
antitumor immunity [55].

5.2. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)

TRAIL (also known as Apo2L) activates the apoptotic cascade. Tumor cells can evade this
apoptosis signal through the action of β-catenin. TRAIL’s role in tumor surveillance has been
confirmed in knockdown experiments and is a promising candidate to be used in cancer
therapy, because it selectively kills cancer cells while leaving normal cells unharmed [55].

Sorafenib a Raf kinase inhibitor sensitized A TRAIL –resistant colon cancer line to TRAIL-
induced apoptosis by preventing NF-kB-dependent expression of the antiapoptotic genes,
IAP2 and MCl-1.

6. Oncolytic virus (OV) therapy

Over a century ago, researchers observed that viral infection both in human and animal models
results in the expression of targets that can be recognized by T cells and/or antibodies.
Subsequently, vaccination has been used to treat an array of diseases such as hepatitis B virus
and human papillomavirus 15 which can cause liver and cervical cancer respectively. Vacci‐
nation against infections is used to induce neutralizing antibodies that act prophylactically.
However, with regard to cancer vaccination, cancer vaccine candidates should induce and
expand immune responses that can cause disruption of biological pathways that support
cancer growth.

The concept of cancer immunotherapy is based on the ability of the immune system to
recognize cancer cells and affect their growth and replication. Researchers have observed that
cancer regression would occur spontaneously in patients after viral infection [56, 57]. For
example, studies conducted by Lindeman and Klein 1967 showed that oncolysis of tumor cells
by influenza virus increased immunogenicity of tumor cell antigens. The recent advances in
successful sequencing of the cancer genome together with insights into how tumors evade the
immune system have led cancer research to evolve from searching for a gene that causes
individual cancer to one that blocks or disrupts biological pathways that support cancer
growth [58, 59]. As a result, cancer vaccines are now being designed with the aim to boost the
immune system to protect itself from carcinogenesis and progression of cancer. In 2010, the
FDA approved Provenge which is a therapeutic vaccine for cancer [60]. It is designed to treat
advances in prostate cancer and has shown to increase the survival rate. The success of
Provenge resulted in stimulating the interest in the development of other therapeutic cancer
vaccines.

In recent years, OV has been shown to be effective in treating cancer in both preclinical models
and clinical trials. Toda and coworkers showed that genetically modified oncolytic HSV G207
is a potential cancer vaccine for induction of specific antitumor immunity in CT26 colon cancer
cells [64, 61, 62]. This type of immunotherapy is largely dependent on the network of the host
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immune system to fight cancer by (i) boosting the patient’s immune system, (ii) decreasing
cancer-induced immunosuppression, and (iii) increasing the immunogenicity of the tumor
itself [63, 64]; OVs can be RNA- or DNA-based virus derived from human or animals.

Figure 4. Immunogenic cell death of cancer cells induced by oncolytic viruses. An oncolytic virus selectively replicates
in tumor cells, leading to induction of the death of these cells, presenting destruction signals on the cell surface and
consequent release of danger signals from necrotic cells. Apoptotic bodies are engulfed by APC, and TAAs are proc‐
essed and presented along with MHC complex and co-stimulatory molecules. The released DAMPs (and PAMPs) acti‐
vate and mature DCs, and TAAs are cross-presented to naive T cells. This process can be further enhanced at different
steps by other immunomodulatory agents (in a combination strategy). The resulting cytotoxic immune response
against tumor and associated stromal cells, involving CD4+ and CD8+ T cells, may help in complete eradication of tu‐
mor mass. Additional immunotherapies targeting DCs, T cells, and the immunosuppressive TME can further enhance
this antitumor immune response.

OV selectively infects and replicates in cancer and associated endothelial cells and subse‐
quently kills these abnormal cells without harming the normal cells. The selectivity of OV can
be an inherited feature of the virus or due to genetic engineering [56, 65]. OV therapy has
multiple antitumoral activities including direct effect by cytotoxic cytokines released upon
infection by tumor residents or infiltrating immune cells [66, 67]. The lysis-dependent cytore‐
ductive activity activates innate immune receptors when immunogenic cell debris is taken up
and cross presented by APCs (Figure 4).

OVs also directly affect various signaling pathways which are implicated in cancer such as
Ras, Wnt, anti-apoptosis, and EGFR [66, 68, 69]. The altered signaling pathway creates a
favorable environment for OV replication resulting in Cells infected with these viruses
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showing sustained proliferation, resisting cell death, evading growth suppressors and
escaping immune surveillance. Cancer cells also show increased genomic instability and DNA
damage stress, which is favorable to OV replication [70–72]. Genetic manipulation of OV
enables these viruses to be (i) safe for use as a vaccine, (ii) highly selective for specific cancer
type, and (iii) altering virus tropism. In comparison with current regimes for cancer treatment,
OVs are advantageous because (i) they have a low chance for generation of resistance because
they use multiple ways to exert cytotoxicity and (ii) virus dose in a tumor increases with time
due to in situ virus replication whereas in the classical drug Pharmacokinetics, dose decreases
with time [71, 73].

The major drawbacks in the use of OV include nonimmune human serum, development of
anti-OV antibodies resulting from the use of human virus, and appropriate delivery into the
tumor. Various delivery mechanisms have been explored to enable delivery of OV to tumor
cells. For an example, cell carriers such as neural stem cells and myeloid-derived suppressor
cells have been used to deliver OV to specific tumor cells. The cells protect the virus from anti-
OV antibody neutralization, thereby facilitating virus deliver [71, 73]. In using OV to treat
colon cancer, ONYX-015 has advanced to phase II clinical trials and is used in combination
with chemotherapy [74, 75]. Recently, adenovirus 5 (PSE-EA1 and E deleted) has been
approved to treat prostate cancer in China giving hope to development of OV as an alternative
cancer treatment.

7. Bispecific antibody

Antibody-based therapy has been explored in treating a range of diseases and is promising to
be a success with the FDA having approved more than 13 monoclonal antibodies for treatment
of cancer (see Section 2). Furthermore, over 100 antibodies are at different stages of clinical
trials. Medical researchers have explored the properties of antibodies which are (i) highly
specific in binding their targets and (ii) are nontoxic for medical application using technologies
such as hybridoma and phage display for antigen targeting [76–79]. Also, new technologies
have been employed to manipulate antibodies for wide application. For example, the conven‐
tional antibody which is made up of two identical pairs of heavy and light chain linked together
by disulfide bonds is monospecific and bivalent. Using a hybridoma technology, a fusion can
be created between two hybridoma resulting in quadromas with two different heavy and light
chains as a result of random pairing, thus forming molecules that do not occur in nature (Figure
5A). Antibodies produced by these methods have an ability to bind different species but could
also be nonfunctional [77, 79, 80].

Conventional antibodies posed various challenges to therapeutic application due to inade‐
quate exposure to the tumor as a result of their size (150 kDa) and impaired interactions with
the immune system. Using enzyme-based antibody digestion, full antibodies may be truncated
into Fc and Fab regions (Figure 5A). The Fab region which has the antigen-binding domain of
the antibody is then used for therapeutic application. The drawback in using the Fab region
of the antibody is its reduced half-life due to renal clearance [81, 82]. In addressing these
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challenges, bispecific antibodies (BsAb) were developed in 1961 [83]. Just as their name implies,
this class of antibodies binds two different antigens or two different epitopes on the same
region.

Figure 5. (A) Different forms of bispecific antibody. Trifunctional antibodies consist of two heavy and two light chains
from two different antibodies. This results in an antibody with binding sites for two different antigens as well as an Fc
region made up of two heavy chains forming a third binding site. A diabody consists of scFvs with very short linker
peptides that force the closely positioned variable regions to fold together, forcing the scFvs to dimerize. Chemically
coupled Fabs consist of the antigen-binding regions of two different monoclonal antibodies linked by a chemical
means. Bispecific T-cell antigens are fusion proteins of two scFvs from four separate genes. (B) Development of bispe‐
cific compounds. Bispecific compounds enable simultaneous inhibition of two cell surface receptors, simultaneous
blocking of two ligands, cross-linking of two receptors, and/or the recruitment of T cells to the proximity of tumor cells
(redirected immune cell killing).

BsAb represent a class of antibodies that are yet to be fully explored in the treatment of cancer
and other diseases. BsAb have a greater potential therapeutic efficiency than mono-targeted
therapy, since they allow simultaneous engagements of two targets and limit potential escape
pathways [84–86]. Numerous studies have shown that there is evidence of cross talk between
receptor tyrosine kinases such as MET, VEGFR, and IGFR-IR which are known to promote
cancer progression and drug resistance. And patients with colon cancer are known not to
respond to anti-EGFR drugs with resistance emerging after initial usage [87, 88]. Engelman et
al. showed that MET amplification leads to gefitinib resistance by activating the ERBB3
pathway, showing the complexity of tumor signaling pathways and a need to treat patients
with drugs that target multiple targets [89].

In the use of BsAb, T cells are targeted because of their high cytotoxic retention, abundance in
bloodstream, surveillance function, and proven ability to control malignant diseases [90, 91].
During cancer progression, cancer cells escape immune recognition by interfering with antigen
presentation or T-cell activation or differentiation. In using the bispecific antibody, most
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targeted antigens for tumor therapy are differentiation antigens such as CD19, CD33, CEA,
EpCAM Epithelial cell adhesion molecule, PMSA Prostate-specific membrane antigen , and
EGF receptors. In most cases these antigens are overexpressed in cancer cells compared to the
normal cells.

Blinatumomab is an example of a bispecific antibody that has shown great promise clinically
in cancer patients. Blinatumomab is a 55 kDa-fusion protein comprised of two single-chain
antibodies to CD19 and CD3, recombinantly joined by a flexible, non-glycosylated five-amino
acid non-immunogenic linker that affords a very short distance between arms [92, 93].
Blinatumomab has high affinity for CD19 which is important in sustaining the malignant B-
cell phenotype via mechanisms of proliferation, cell survival, and self-renewal [94, 95]. It draws
malignant B cells in close proximity to CD3-positive T cells without regard to TCR specificity
or reliance on MHC class I molecules on the surface of APCs for activation. The nonspecific
binding of the polyclonal T-cell population prevents resistances to T-cell-based therapies as a
result of downregulation of MHC molecules. CD19 and CD3 binding results in T-cell activa‐
tion, marked by upregulation of T-cell activation markers CD25, CD69, CD2, IFN-γ, TNFα,
and IL-2, IL-6, and IL-10 [96]. Cell lysis is mediated by secretion of perforin and various
granzymes stored in the secretory vesicles of cytotoxic T cells [97]. In vitro data suggest that
efficacy of blinatumomab is not compromised or dependent upon T cells, which may be limited
in number in heavily pretreated patients [98]. Also blinatumomab-activated T cells appear to
effectively induce serial target cell killing [92, 93].

8. Adoptive immunotherapy

In the wake of cancer treatment challenges or therapies, adoptive immunotherapy is one of
the novel strategies being researched for cancer treatment. This concept was presented five
decades ago [99–101] and is based on the transfer of ex vivo expanded antitumor CD8 T cells
into affected patients (Figure 6). Delorme and Alexander [101] showed that the transfer of
immune lymphocytes could inhibit the growth rate of carcinogen-induced sarcoma.

The immune system is responsible for the prevention of tumors or elimination of pathogens
that can cause inflammation or an inflammatory environment for tumorigenesis or destroy
tumor cells expressing TSAs or molecules induced by stress [102, 103]. Therefore, tumor
development and progression are largely dependent on the patient’s immune system to
effectively inhibit cancer growth using its network of immune cell types. Each and every cell
type has a specific function in inhibiting tumor growth (Figure 7). Consequently, the success
of adoptive immunotheraphy depends on approaches which will target different immune
subsets.

Adoptive immunotherapies have explored the use of infiltrating T cells (CD8+ effector T cells
and CD8+ effector memory cells), NK cells, and IL-2 for cancer-targeted therapies. The T cells
are able to destroy tumor cells using cytotoxic granules containing perforin and granzymes
and by using cell surface receptor such as TNF-related apoptosis-inducing ligand [104, 105].
Studies using mice have shown that adoptive transfer of T cells successfully induces antitumor
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response. Also, only a small number is required to mediate effective regression of tumor and
survival [106–108]. Genetic modification of T cells has been successfully used to broaden their
effective application by pairing with antigen receptors that recognize a range of different
TAAs. Genetic engineering has also been employed to alter T cells so that they are able to avoid
or be resistant to immune invasion strategies used by tumors such as the production of
cytokines. Another modification of T cells involves attaching stimulatory signals for their
activation [109, 110].

NK cells target and kill diseased cells using various mechanisms such as perforins and
granzyme. The use of NK cells was first explored by Rosenberg et al. [111]. Lymphokine-
activated killer cells were co-administered with IL-2 and resulted in a positive response in
people with metastatic cancer [111]. Another combination of chemotherapy with transfer of
allogeneic NK cells resulted in disease remission [112]. It is anticipated that a hybrid of T and
NK cell will have great potential in the treatment of cancer using adoptive immunotherapy.
However we are still a long way from the development of such a model treatment that can be
developed for clinical trials and introduced into clinical practice.

Figure 6. Different techniques used in adoptive immunotherapy. Adoptive immunotherapy with functional T cells can
be performed in numerous ways. Exhaustion of antigen-specific T cells which can be a major problem in the practical
application of this therapy can be solved through reprogramming clonally expanded antigen-specific CD8+ T cells and
then redirecting their redifferentiation into CD8+ T cells possessing antigen-specific killing activity. T cells can be isolat‐
ed from the patient. Isolated peptide antigens could be used to stimulate T cells that are already present in the patient's
tumor or be used to prime tumor-specific T cells. If the T-cell populations generated are specific for the patient's tumor,
they could be expanded and adoptively transferred if they are of human origin. T cells can be genetically engineered to
recognize TAAs. TCRs from T cells that show a good antitumor response can be cloned and inserted into retroviruses,
which are used to infect autologous T cells from the patient. Chimeric antigen receptors (CARs) can be generated
through genetic engineering and then cloned into a retroviral vector and used to infect T cells from the patient. TCRs
can also be isolated from humanized mice that express human MHC molecules and can be immunized with the tumor
antigen of interest. Mouse T cells can then be isolated, and their TCR genes are cloned into recombinant vectors that
can be used to genetically engineer autologous T cells from the patient.
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9. Conclusion

The final goal of immunotherapeutic strategies to treat colon cancer would be the development
of tumor-specific therapies that can be used in conjunction with standard chemotherapies with
little side effects. The use of various combinations of different antibodies and OVs with
synergistic antitumor activity and reduced toxicity will aim to achieve durable tumor eradi‐
cation. One of the main obstacles is the identification of tumor-specific and essential tumor
antigens. These antigens may differ with different tumors. In terms of checkpoint inhibition,
it is important to establish the correct level of inhibition each patient requires to minimize
toxicity. Another important goal is the identification and development of biomarkers to serve
as prognostic markers for the monitoring of the individual patients response to immunother‐
apy, allowing for the identification of those patients who are most likely to benefit from these
treatments. These goals require extensive further studies to refine immunotherapeutic
strategies and combinatorial approaches.
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Figure 7. White blood cell types and mechanisms of response against tumors. The diagram illustrates all of the differ‐
ent immune-related cell types including T cells, NK, macrophages, eosinophils, and neutrophils that are able to re‐
spond against cancer cells. The method of response against the tumor cells is also indicated. In some cases these cell
types can cooperate to produce additional responses.
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Abstract

Over the past decade, the role of surgery in stage IV colorectal cancer (CRC) has evolved,
yet the optimal surgical management of the primary tumor in patients with metastatic
CRC that is not amenable to curative resection is unknown. A high rate of surgical
resection  of  the  primary  tumor  has  been  reported  in  patients  with  unresectable
metastatic disease. Resection of the primary tumor in patients with metastatic CRC is
often performed to deal with presenting primary tumor symptoms and or to prevent
future primary tumor complications. Nevertheless, with access to novel agents and their
efficacy in the primary tumor as well as lack of major complications related to an intact
primary  tumor,  surgery  is  less  commonly  performed  today.  Although  the  data
regarding survival  advantages  of  resection of  the  primary tumor are  inconsistent,
overall the evidence suggests potential survival benefit of removal of the primary tumor
in patients with both symptomatic and asymptomatic primary tumors even with access
to  more  effective  combination  chemotherapy.  However,  the  published  literature
favoring surgery mostly comprises retrospective observational studies. Consequently,
the survival benefit related to surgery has been attributed to selection bias, and in the
absence of randomized controlled trial no definite conclusion can be drawn. Current‐
ly, two randomized controlled trials are enrolling patients to answer this important
question in the management of metastatic CRC.

Keywords: Primary tumor resection, stage IV colorectal cancer, palliative surgery,
survival, metastatic colorectal cancer, primary tumor, colon cancer, rectal cancer,
symptomatic tumor, chemotherapy
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1. Introduction

The role of surgery in stage IV colorectal cancer (CRC) has evolved over the past two decades.
Surgery has become an important treatment component in the management of patients with
metastatic CRC [1–3]. Between 30 and 38% of patients diagnosed with stage IV CRC will undergo
one or more major surgical procedures [4]. The known 5-year survival rate after liver and lung
metastasectomy has been reported to be 25 to 51% and 30 to 73%, respectively [5]. Although
administration of systemic therapy in patients with stage IV CRC may convert unresectable into
resectable disease, in a majority of patients, the metastatic disease is not resectable. For most
patients with advanced CRC, systemic chemotherapy is the primary treatment and the focus of
management is on how best to palliate the symptoms and to prolong survival (Figure 1) [1].
With the availability of several novel agents and increasing use of liver-directed therapies, the
median overall survival of patients with metastatic CRC has improved from 6 months with best
supportive care alone to 30 months with the use of combination therapy [6].

Figure 1. Framework of management of patients with stage IV CRC. Most patients are primarily treated with chemo‐
therapy, nevertheless, a selected group of patients can be cured with primary tumor resection and metastasectomy.
Currently, the role of resection of primary tumor in patients with unresectable metastatic disease is not well defined
(Adapted with permission from Ahmed et al. [1]).
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metastasectomy has been reported to be 25 to 51% and 30 to 73%, respectively [5]. Although
administration of systemic therapy in patients with stage IV CRC may convert unresectable into
resectable disease, in a majority of patients, the metastatic disease is not resectable. For most
patients with advanced CRC, systemic chemotherapy is the primary treatment and the focus of
management is on how best to palliate the symptoms and to prolong survival (Figure 1) [1].
With the availability of several novel agents and increasing use of liver-directed therapies, the
median overall survival of patients with metastatic CRC has improved from 6 months with best
supportive care alone to 30 months with the use of combination therapy [6].

Figure 1. Framework of management of patients with stage IV CRC. Most patients are primarily treated with chemo‐
therapy, nevertheless, a selected group of patients can be cured with primary tumor resection and metastasectomy.
Currently, the role of resection of primary tumor in patients with unresectable metastatic disease is not well defined
(Adapted with permission from Ahmed et al. [1]).
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Even though enormous progress has been made in the treatment of patients with CRC within
the past three decades, the optimal management of patients with metastatic disease not
amenable to curative therapy who present without severe primary tumor-related symptoms
has remained controversial. Resection of the primary tumor in patients with metastatic CRC
is often performed to deal with presenting primary tumor symptoms and/or to prevent future
primary tumor complications. Potential advantages of resection of the primary tumor in stage
IV CRC are prevention of obstruction and major bleeding, better pain control, and potential
reduction in serious adverse effects related to novel targeted therapy such as bleeding and
perforation. Conversely, the newer generation chemotherapy in combination with targeted
therapy has been associated with response rate of 40–60% [7]. Complications following
resection of the primary tumor in patients with advanced CRC can delay or prevent initiation
of systemic therapy and thereby precludes benefit associated with it. There is no evidence that
response rates of the primary tumor are inferior to that of the metastases.

Recent data suggest that resection of the primary tumor in patients with stage IV CRC has been
associated with a lower mortality risk [8]. Nevertheless, most studies failed to adjust for
important prognostic variables such as performance status. In this chapter we will review the
evidence regarding the benefit of resection of the primary tumor, limitations of the current
evidence and future directions.

2. Argument for surgery

Resection of the primary tumor by lowering the tumor burden may maximize the benefit of
chemotherapy and increase the potential for surgery with a curative intent. Evidence from
other solid tumors such as renal cell cancer supports resection of the primary tumor in patients
with metastatic disease. Two well-designed randomized trials demonstrated significant
survival benefit for patients with metastatic renal cancer undergoing nephrectomy prior to
systemic therapy. For example, Flanigan et al. reported median overall survival times of 11.1
compared with 8.1 months and Mickisch et al. of 17 versus 7 months in favor of nephrectomy
[9, 10]. Surgical resection of the primary tumor in metastatic CRC may prevent complications
caused by the primary tumor that may subsequently require emergency interventions which
are associated with increased peri-operative mortality and unfavorable long-term outcome.
Stillwell and others have shown that patients who were initially treated with chemotherapy
were 7.3 times more likely to have a complication from the primary tumor and, when operated
for such complications, were more likely to have a poor postoperative outcome [11–13].

3. Argument against surgery

Over the past decade, several highly active systemic agents, both cytotoxic and biologic, have
become available for the treatment of patients with metastatic CRC. As a result, the median
survival of patients with stage IV CRC has increased from 9 to 12 months with fluorouracil
alone to up to 24 to 30 months with sequential modern cytotoxic and biologic treatments [1].
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There remains concern of primary tumor–related complications during systemic therapy
particularly with a risk of perforation when combining anti-VEGF (vascular endothelial
growth factor) therapy to cytotoxic agents [14]. Recent studies, however, have demonstrated
that combination chemotherapy and biological agents can be safely administered in patients
with metastatic CRC with an in situ primary tumor [12, 15, 16]. A recent phase II trial utilizing
bevacizumab containing regimen reported 14% primary tumor complications rate [17]. The
author concluded that the survival is not compromised by leaving the primary colon tumor
intact.

4. Evidence from the literature

The evidence regarding benefit of primary tumor resection, in patients with stage IV CRC and
unresectable metastatic lesions is not conclusive. The published literature about survival
advantages of removal of primary tumor is inconsistent; while some suggest benefit of surgery
[8], others have failed to demonstrate survival benefit of non-curative resection of the primary
tumor [18, 19].

Cirrochi and others performed a systematic review of seven non-randomized eligible studies
involving 1086 patients. Of 1086 patients, 722 (66.4%) underwent primary tumor resection, and
364 (33.6%) were managed with chemotherapy alone [18]. The author concluded that resection
of the primary tumor in asymptomatic patients with metastatic CRC was not associated with
a consistent improvement in overall survival. Furthermore, primary tumor resection did not
significantly reduce the risk of complications from the primary tumor. Another review by
Scheer and others that specifically focused on complication rates of the primary tumor did not
support surgery. Based upon the data on 850 patients from 7 papers published from 1999 to
2006 when first-line chemotherapy was administered in patients with unresectable stage IV
CRC, obstruction and intestinal hemorrhage were observed in 13.9% and 3% of the patients,
respectively. On the other hand, when upfront surgery of the primary tumor was performed,
complications rates were 18.8–47%. Of note, two of 7 studies in this review did not have a
surgical intervention group [19].

Our research group conducted a systematic review and meta-analysis of the current literature
[8]. Of total of 3379 reports, 15 retrospective observational studies were selected with patients
population of 12456 (Table 1) [12, 13, 20–31]. Six studies were exclusively done in minimally
symptomatic patients and 10 studies met the criteria of using new generation anti-cancer
therapy. All included studies were retrospective observational studies. No study met the
criteria for good quality study using ‘validity scoring for observational study’ for any outcome
of interest. Overall, 26% patients had rectal tumor, 21.9% in the resection group compared with
31% in the control. For the primary outcome “overall survival” 9 of 15 studies were of low
quality and remaining 6 were fair quality. Among 12,456 patients, 8620 (69%) underwent
surgery with a median overall survival of the 15.2 months (range: 10–30.7) compared with 11.4
months (range: 3–22) of the non-resection group. Quantitative meta-analysis utilizing the data
of all 15 studies revealed that the primary tumor resection was associated with a significant
improvement in survival compared with no surgery with a hazard ratio (HR) of 0.69 (95%
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confidence interval [CI]: 0.61–0.79). Nine studies reported surgical mortality rate. Mean 30 days
post-operative mortality rate in the intervention group was 4.9% (95% CI: 0–9.7%). Only seven
studies reported non-fatal surgical complications including anastomic leak, surgical wound
infection and other complications. The mean surgical morbidity rate was 25.9% (95% CI: 20.1–
31.6). Mean primary tumor complications rate & non-surgical procedures rate in the control
group were 29.7% (95% CI: 18.5–41.0) and 27.6% (95 CI: 15.4–39.9), respectively. No study
provided quality of life data. In a sub-group analysis involving studies during the period of
modern chemotherapy, the median overall survival of group with surgery was 18.7 months
(range: 11–30.7) compared with 12.85 months (range: 5.8–22) in the control group. The HR for
survival of the subgroup treated with irinotecan and or oxaliplatin based chemotherapy was
in 0.68 (95% CI: 0.56-0.83) favoring the surgical intervention compared with HR of 0.73 (95%
CI: 0.59–0.90) of the group treated with older regimen. Likewise, in a separate sub-group
analysis of studies restricted to minimally symptomatic tumor from the primary tumor, the
median overall survival of group with surgery was 18.5 months (range: 14.5–23) versus 13.15
months (range: 5.8–22) in the control group. The HR for survival of minimal symptomatic
patients was 0.67 (95% CI: 0.48–0.94) favoring the intervention group compared with HR of
0.75 (95% CI: 0.67–0.84) of symptomatic patients. A substantial low quality studies, publica‐
tions bias and selected reporting were the major limitations of the review. Consequently, the
survival benefit related to surgery has been attributed to selection bias and selection of younger
and healthier patients with good performance status.

To address some of the limitations reported in the literature our research group conducted a
cohort study to evaluate survival benefit of surgery (Table 2) [32]. The study population was
comprised of adult patients with histologically documented adenocarcinoma of colon and
rectum, intact primary tumor and evidence of metastases, diagnosed between the period of
1992 and 2005, in the Canadian province of Saskatchewan. In this large population based cohort
study individual medical records were reviewed to retrieve information about important
prognostic variables including performance status. A total 1378 eligible patients with median
age of 70 years were identified. Five hundred and forty four (39.5%) patients were sympto‐
matic. Nine hundred and forty four (68.5%) patients underwent resection of the primary
tumor. Of 1378 patients, 29.5% had rectal or recto-sigmoid tumor (rectal, 20.1%, recto-sigmoid,
9.4%). Among 1378 patients, 42.3% received chemotherapy and 45.1% received 2nd generation
(irinotecan and/or oxaliplatin based) therapy. Patients who underwent primary tumor
resection and received chemotherapy had median overall survival of 18.3 months (95%CI:
16.6–20) compared with 8.4 months (95% CI: 7.1–9.7) if they were treated with chemotherapy
alone (p<0.0001). In a subgroup of patients who were treated with second generation chemo‐
therapy, median survival of patients who underwent surgical resection of primary tumor was
24.6 months (95% CI: 20.2–29.0) versus 11.0 months (95% CI: 7.8–14.3) if they did not have
surgery. Due to imbalance between the two groups with respect to important prognostic
variables such as chemotherapy, metastasectomy, and performance status a Cox proportional
multivariate analysis was performed. The analysis revealed that resection of the primary tumor
was independently correlated with better survival after adjustment for important clinical and
pathological variables. For example, use of chemotherapy (HR 0.47, 95% CI: 0.41–0.54),
primary tumor resection (HR 0.49, 95% CI: 0.41–0.58), second line chemotherapy (0.47, 95% CI:
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0.45-0.64), and metastasectomy (HR 0.54, 95% CI: 0.45-0.64) were correlated with superior
survival whereas older age, poor performance status, low albumin, elevated bilirubin, elevated
alkaline phosphatase, anemia, leukocytosis, colonic primary, and grade 3 tumor were corre‐
lated with inferior survival. The tests for interactions between the surgical resection of primary
tumor and second line therapy or more than 2 metastatic sites, were significant suggesting
greater benefit of surgery in patients who received further line of therapies or who had limited
metastases. Since patients who undergo metastasectomy have potential to achieve long term
survival, a secondary analysis, after excluding patients who underwent metastasectomy was
performed. In the secondary analysis, surgical resection of primary tumor significantly
correlated with better survival (adjusted HR of 0.43; 95% CI: 0.41–0.52).

Study and year
of publication

Study design Study
duration

N Patients Co-interventions Outcomes

Aslam et al. 2010 [26] Retrospective multi-
centers
observational study

1998–2007 T: 647 I: 366
C: 281

Minimally
symptomatic

Chemotherapy I:
63%, C: 36%

Median OS 14.5 (I) vs. 5.8
(C) months (p<0.05);
post-operative mortality (I) 7%

Benoist et al. 2005 [12] Retrospective single
institutional case–
control study

1997–2002 T: 59 I: 32 C: 27 Asymptomatic or
minimally
symptomatic

Chemotherapy I: 94%,
C: 100%; metastasectomy I:
16%, C: 22%

Median OS 22 (I) vs. 23
(C) months (p=NS);
post-operative mortality (I) 0%

Chan et al. 2010 [27] Retrospective
population
based study

2000–2002 T: 411 I: 286 C:
125

Symptomatic &
asymptomatic

Chemotherapy I: 61%,
C: 58%; metastesectomy I:
10%, C: 0%

Median OS 14 (1) vs. 6 (C) months
(p=<0.05)

Evans et al. 2009 [28] Retrospective single
institutional
observational study

1999–2006 T: 97 I: 45 C: 52 Symptomatic &
asymptomatic

Chemotherapy I: NP, C: 42% Median OS 11 (I) vs. 7 (C)
months (p=NS), post-operative
mortality (I) 16%

Galizia G et al. 2008 [24] Retrospective single
institutional
observational study

1995–2005 T: 65 I: 42 C: 23 Asymptomatic or
minimally
symptomatic

Chemotherapy I: 100%,
C: 100%; metastasectomy I:
12%, C: 4%

Median OS 15.2 (I) vs. 12.3
(C) months (p=0.003);
post-operative mortality (I) 0%

Karoui M et al. 2011 [21]Retrospective multi-
centers
observational study

1998–2007 T: 208 I: 123 C:
85

Symptomatic &
asymptomatic

Chemotherapy I: 100%,
C: 99%; metastasectomy I:
23%, C: 29%

Median OS 30.7 (I) vs. 21.9 (C)
months (p=0.004)

Konyalian et al. 2007
[29]

Retrospective single
institutional cohort
study

1991–2002 T: 109 I: 62 C: 47 Symptomatic &
asymptomatic

Chemotherapy I: 71%,C: 60%; Median OS 12.5 (I) vs. 4.6 (C)
months (p<0.05); post-operative
mortality (I) 5%

Michel et al. 2004 [30] Retrospective single
institutional
observational study

1996–1999 T: 54 I: 31 C: 23 Asymptomatic or
minimally
symptomatic

Chemotherapy I: 97%,C:
100%; metastesectomy I: NP,
C: 9%

Median OS 21 (I) vs. 14 (C)
months (p=NS); post-operative
mortality (I) 0%

Ruo et al. 2003 [13] Single institutional
retrospective
observational study

1996–1999 T: 230 I: 127 C:
130

Asymptomatic or
minimally
symptomatic

Chemotherapy I: NP, C: 83% Median OS 16 (I) vs. 9 (C) months
(p=<0.05); post-operative
mortality (I) 2%

Scoggins et al.1999 [22] Single institutional
retrospective
observational study

1985–1997 T:89 I:66 C:23 Symptomatic &
asymptomatic

NP Median OS 14.5 (I) vs. 16.6 (C)
months (p=NS)

Seo et al. 2010 [31] Single institutional
retrospective
observational study

2001–2008 T:277 I:144 C:83 Asymptomatic or
minimally
symptomatic

Chemotherapy I: 100%, C:
100%;

Median OS 22 (I) vs. 14 (C)
months (p=NS); post-operative
mortality (I) 0%

Tebutt et al. 2003 [23] Single institutional
retrospective
observational study

1990–2000 T:362 I:208 C:82 Symptomatic &
asymptomatic

Chemotherapy I: 100%, C:
100%; metastasectomy I: 2%,
C: 1%

Median OS 14 (I) vs. 8.2 (C)
months (p=NS)

Temple et al. 2004 [25] Population based study
using SEERS &
Medicare data

1991–1999 T:9011 I:6464 C:
2542

65 years or older
symptomatic &
asymptomatic

Chemotherapy I: 47%, C:
31%; metastasectomy I: 5.2%,
C: 1.3%

Median OS 10 (I) vs. 3 (C) months
(p<0.05); post-operative mortality
(I) 9%

Venderbosch et al. 2011
(CAIRO) [20]

Retrospective multi-
centers cohort of a RCT

2003–2004
(recruited
period)

T:399 I:258 C:
141

Symptomatic &
asymptomatic

100% chemotherapy in both
groups

Median OS 16.7 (I) vs. 11.4 (C)
months

Venderbosch et al. 2011
(CAIRO 2) [20]

Retrospective multi-
centers cohort of a RCT

2005–2006
(recruited
period)

T:488 I:289 C:
159

Symptomatic &
asymptomatic

100% chemotherapy in both
groups

Median OS 20.7 (I) vs. 13.4 (C)
months

C=control group; I=intervention group; N=number; NP=not provided; NS=not significant; OS=overall survival;
RCT=randomized controlled trial; T=total.

Table 1. Summary of studies that evaluated benefit of resection of primary tumor and were included in a systematic
review and meta-analysis.
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Study & year
of publication

Study design Study
duration

N Patients Co-interventions Outcomes*

Ahmed et al.
2013 [32]

Retrospective
Population
based cohort study

1992–2005 T: 1378 I:
944 C: 434

Symptomatic &
asymptomatic

Chemotherapy I: 50%, C: 20%
metastasectomy I: 19.4%,
C: 3.5%

Median OS 18.3 (I) vs. 8.4 (C)
months (p<0.001); post-operative
mortality (I) 6.6%

Ahmed et al.
2015 [33]

Retrospective
Population
based cohort study

1992–2005 T: 834 I: 521
C: 313

Asymptomatic or
minimally
symptomatic

Chemotherapy I: 53%, C:
28%; metastasectomy I:
20.5%, C: 2.9%

Median OS 19.7 (I) vs. 8.4 (C)
months (p<0.001); post-operative
mortality (I) 4.8%

Ahmed et al.
2015–2016 [34]

Retrospective
Population based
cohort study

2006–2010 T:569 I:313
C:256

Symptomatic &
asymptomatic

Chemotherapy I: 64%, C: 50%;
metastasectomy I: 26%, C: 3%

Median OS 27 (I) vs. 14 (C)
months(p<0.001); post-operative
mortality (I) 5%

C=control group; I=intervention group; N=number; OS= overall survival; T=total.

Table 2. Summary of three population based cohort studies that used individual patients’ data and evaluated survival
benefit of surgery of primary tumor by controlling the important prognostic variables in stage IV CRC

Our study suggests that resection of the primary tumor in patients with stage IV CRC improves
survival, independent of age, performance status, co-morbid illness and chemotherapy.
Nevertheless, the study was inclusive of symptomatic patients who tend to get benefit from
palliative resection of the primary tumor, we therefore conducted a sub-group analysis
involving a cohort of patients with asymptomatic or minimally symptomatic primary tumor
to confirm survival benefit of surgery (Table 2) [33]. A total of 834 patients with median age
of 70 years were identified. Among them, 521 (63%) patients underwent surgery and 43.3%
received chemotherapy. Patients who underwent surgery had median overall survival of 19.7
months (95% CI: 16.9–22.6) compared with 8.4 months (95% CI: 6.9–10.0) if they did not have
surgery (p<0.0001). The study once more confirmed the survival benefit of surgery after
adjustment of other important prognostic variables in a multivariate analysis. Among various
prognostic variables, 5FU-based chemotherapy (HR 0.43; 95% CI: 0.36–0.53), surgery of
primary tumor (HR 0.47; 0.39–0.57), metastasectomy (HR 0.48; 0.38–0.62), and 2nd line chemo‐
therapy (HR 0.72; 0.58–0.92) were correlated with superior survival. Test for interaction
between ≥1 metastatic sites and surgery was significant suggesting a larger benefit of surgery
in patients with stage IVA disease.

4.1. Benefit of surgery in patients treated with combination chemotherapy and biologics

Our data revealed the potential benefit of resection of the primary tumor regardless of
underlying symptoms and that patients with asymptomatic or minimally symptomatic
primary tumor who underwent surgery had similar survival benefit with overall 53% reduc‐
tion in mortality after adjustment for older age, comorbid illness, poor performance status,
disease burden, chemotherapy, and metastasectomy. Of note, a larger benefit of surgery was
noted in patients with stage IVA disease. However, only about 43% of patients were treated
with systemic therapy. Among the treated patients about 45% received irinotecan- or oxali‐
platin-based (FOLFIRI or FOLFOX) chemotherapy. Moreover, less than 5% received a
biological agent. It is not known if similar benefit can be achieved with the use of more effective
systemic therapy. Our research group undertook a study to validate our findings in a cohort
of patients with stage IV CRC who were diagnosed during the period of modern systemic
therapy. A cohort of 569 patients with stage 4 CRC diagnosed during 2006–2010 in the province
of Saskatchewan was evaluated (Table 2) [34]. Their median age was 69 years (59–95), 57.3%
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Variables  HR (95% confidence interval)

Use of any chemotherapy 

 Yes 0.33 (0.26–0.43)

 No 1

Metastasectomy 

 Yes 0.43 (0.31–0.58)

 No 1

Surgical resection of primary tumor 

 Yes 0.44 (0.35–0.56)

 No 1

Second-line treatment 

 Yes 0.50 (0.35–0.70)

 No 1

Third-line treatment 

 Yes 0.58 (0.41–0.83)

 No 1

Serum alkaline phosphatase >120 U/l 

 Yes 1.50 (1.20–1.78)

 No 1

Grade III tumors 

 Yes 1.33 (1.10–1.62)

 No 1

Leukocytosis 

 Yes 1.32 (1.05–1.66)

 No 1

Stage IVb CRC 

 Yes 1.31 (1.10–1.56)

 No

ECOG performance status >1 

 Yes 1.30 (1.04–1.57)

 No 1

HR=hazard ratio; ECOG=Eastern Cooperative Oncology Group.

Table 3. Prognostic variables that correlate with survival in stage IV CRC in a multivariate analysis [34])
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received chemotherapy, 91.4% received FOLFIRI or FOLFOX and 67% received a biologic
agent. Median overall survival (OS) of patients who underwent surgical resection of primary
tumor and received chemotherapy was 27 months compared with 14 months of the non-
resection group (p<0.0001). Median OS of patients who received all active agents and had
surgery was 39 months (95% CI: 25.1–52.9). Patients with asymptomatic primary tumor who
underwent surgery and received systemic therapy had a median OS of 34 months (95% CI:
26.6–43.4) compared with median OS of 14 months (95% CI: 11.1–17.0) if they did not have
surgery (p<0.001). Median duration of hospital stay of was 9 days (interquartile range: 7–13).
Overall, 30 days mortality rate of the group who underwent surgery was 5.4%. Fifteen of 171
(8.8%) patients with symptomatic disease compared with 2 (1.4%) of 142 patients with
asymptomatic or minimally symptomatic disease died within 30 days of surgery (p=0.003).
Post-operative complications rates were not mutually exclusive and were as followed: post-
operative wound infection, 7.3%, non-wound infection, 4.8%, anastomotic leak, 2.2%, wound
dehiscence, 1.9%, bleeding, 1.6%, and pulmonary embolism, 1.8%.

On multivariate analysis, surgery of primary tumor, HR: 0.44 (95% CI: 0.35–0.56), use of
chemotherapy, HR: 0.33 (95% CI: 0.26–0.43), metastasectomy, HR: 0.43 (95% CI: 0.31–0.58),
second line therapy, HR: 0.50 (95% CI: 0.35–0.70), and third line therapy, HR: 0.58 (95% CI:
0.41–0.83) were correlated with superior survival (Table 3). After adjustment for other
prognostic variables, only the interaction between surgical resection of primary tumor and
subsequent line of therapy was significant suggesting a differential benefit of removal of
primary tumor in patients who received other lines of therapies. In a subgroup of 345 patients
with asymptomatic or relatively asymptomatic primary tumors, surgery was significantly
correlated with better survival with HR 0.32 (95% CI: 0.22–0.45).

Other studies also supports potential advantage of resection of primary tumor in patients who
are treated with modern chemotherapy regimens. A retrospective analysis of CAIRO study
that compared combination versus sequential chemotherapy demonstrated a significantly
better median OS of 16.7 months in patients who underwent resection of primary tumor
compared with 11.4 months with no surgery (HR 0.61, 95% CI:49–0.76) [20]. Likewise, a pool
analysis of four French phase 3 trials involving 850 patients indicated survival benefit of
surgery [35]. More than two third of patients were treated with FOLFIRI or FOLFOX and about
12% received bevacizumab.

Since the publication of our meta-analysis, the resection of the primary tumor has become one
of the key issues in the management of stage 4 CRC. Several recent studies have addressed
this question in patients with symptomatic or minimally symptomatic tumors [36–39]. Ishihara
and others retrospectively evaluated 1982 patients with stage 4 CRC from 1997 to 2007 [36].
Among the whole patient population, primary tumor resection significantly improved
survival (HR: 0.46, 95% CI 0.32–0.66). However, primary tumor resection did not significantly
improve survival in patients treated in the first 5 years of the study, patients aged >65 years,
female patients, patients with right-sided colon cancer, and patients without nodal involve‐
ment. Gresham et al. [37] evaluated 517 patients with stage 4 CRC. Among them, 378 (73%)
patients underwent palliative resection of their primary tumor. Palliative resection was
associated with a longer median OS (17.9 vs. 7.9 months) and more favorable adjusted HR for
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death (0.56, 95 % CI: 0.40–0.78). In a propensity score-matched analysis, prognosis was also
more favorable in the resected group (p = 0.0017). Tarantino and others used the Surveillance,
Epidemiology, and End Results (SEER) database from 1998 to 2009 and identified 37,793
patients with stage IV CRC. Of those, 23,004 (60.9%) underwent palliative primary tumor
resection. The primary cancer resection was associated with a significantly improved OS (HR:
0.40, 95% CI: 0.39–0.42) and cancer-specific survival (HR: 0.39, 95% CI: 0.38–0.40) [38]. Yun and
others assessed 416 patients with asymptomatic unresectable stage IV CRC from year 2000 to
2008 [39]. Among 416 patients, 218 (52.4%) underwent palliative resection of the primary
tumor. Their data revealed that palliative resection was not associated with a significant
increase in survival compared with non-resection. Clancy and others performed an updated
meta-analysis of 21 eligible studies involving a total of 44,226 patients [40]. Resection of the
primary tumor in patients with unresectable metastases compared with chemotherapy alone
was associated with a lower mortality risk (odd ratio [OR] 0.28; 95% CI: 0.165–0.474; P<0.001),
translating into a difference in mean survival of 6.4 months in favor of resection (95% CI: 5.025–
7.858). Patients who underwent resection of the primary tumor were more likely to have liver
metastasis only (OR 1.551; 95% CI: 1.247–1.929), were less likely to have ≥2 metastasis (OR
0.653; 95% CI: 0.508–0.839), and were less likely to have rectal cancer (OR 0.495; 95% CI: 0.390–
0.629).

5. Time trend in surgery of the primary tumor

In spite of uncertain survival benefit, a high rate of surgical resection has been reported in
patients with unresectable metastatic disease. Nevertheless, with access to novel agents and
their efficacy in the primary tumor as well as lack of major complications related to an intact
primary tumor, surgery is less commonly performed [16, 17, 41]. Hu and others performed a
retrospective cohort study using data from the National Cancer Institute's Surveillance,
Epidemiology, and End Results CRC registry involving 64,157 patients diagnosed with stage
IV colon or rectal cancer from January, 1988, through December, 2010. Of the 64,157 patients,
43,273 (67.4%) had undergone primary tumor resection [42]. The annual rate of primary tumor
resection significantly decreased from 74.5% in 1988 to 57.4% in 2010, and a significant annual
percentage change occurred between 1998–2001 and 2001–2010 (−0.41% vs −2.39%). Among
various prognostic variables age younger than 50 years, female sex, being married, higher
tumor grade, and presence of colon tumors were correlated with primary tumor resection.

6. Mechanisms of potential survival advantages of surgery

The underlying mechanism of potential survival benefit related to the removal of primary
tumor is mostly hypothetical. It is well recognized that surgical resection of primary tumor
with or without debulking of metastatic lesions, in some malignant diseases such as ovarian
and renal cell cancer, has been associated with better survival [43, 10]. Non-curative resection
of the primary tumor in patients with advanced cancer may prevent local tumor complications
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and improve disease control by simply reducing the tumor bulk. The host-tumor interaction
plays an important role in cancer progression [44]. It is plausible that the primary tumor may
secrete cytokines that promote tumor growth and reduce response to cytotoxic agents [46].
Turner and others examined the effect of primary tumor resection on systemic inflammation
and survival in patients with stage IV CRC using the neutrophil-lymphocyte ratio (NLR) as a
biomarker of systemic inflammation [46]. The reversal of an elevated NLR following the
primary tumor resection was associated with significantly improved OS (hazard ratio, 0.53).

Hence, resection of the primary tumor by affecting the tumor-host relationship may slow the
cancer progression. Furthermore, removal of primary tumor may restore the host immune
system and may improve response to systemic therapy [47].

7. Limitations of the published literature

Most studies obtained data retrospectively. Many studies failed to provide baseline prognostic
information of resection and non-resection groups while others showed significant imbalance
in baseline characteristics of the two groups and did not make adjustment for that. Only few
studies provided detail information about the use and type of chemotherapy in each group.
In addition, to our knowledge no study have adjusted for BRAF mutation which has been
reported in about 5-11% stage IV CRC and is an important prognostic marker [48]. Although
our cohort studies were good quality studies, imbalance of several known and unknown
prognostic variables between the two groups suggests bias [32–34]

8. Future directions

At least two randomized clinical trials are currently evaluating the survival benefit of removal
of primary tumor in patients with metastatic CRC [49, 50]. The SYNCHRNOUS trial is a
multicenter German study comparing resection of the primary tumor and systemic therapy to
systemic therapy alone in patients with metastatic colon cancer which is not amenable to
curative therapy [49]. The investigators estimated that resection of the primary tumor will
prolong survival from 20 to 26 months. In addition to survival, the study is evaluating short-
and long-term safety of both treatment strategies, subsequent curative procedures, and
patients' quality of life. In this trial, 694 patients (347 per group) will be enrolled to test the
hypothesis that removal of the primary tumor has been associated with superior survival.

The CAIRO trial is a multicenter Dutch trial which is evaluating benefit of resection of the
primary tumor in patients with synchronous unresectable metastatic CRC [50]. Patients with
synchronous metastatic colon cancer with asymptomatic or minimally symptomatic primary
tumor will be randomized to systemic treatment or resection of the primary tumor followed
by systemic treatment. Unlike SYNCHRONOUS, trial patients with colon or rectal cancer are
included in this study. A total of 360 patients will be enrolled to detect a difference in median
overall survival of 13 compared with 19 months.
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9. Conclusions

Although evidence suggests possible survival benefits with surgery despite the availability
of effective chemotherapeutic agents, due to a lack of prospective clinical trials, no firm con‐
clusions can be drawn with respect to whether surgical resection of the primary tumor
should be routinely offered to all patients with newly diagnosed metastatic CRC. Currently,
two randomized controlled trials are evaluating this important question in the management
of metastatic CRC. If the magnitude of survival benefits is confirmed in future randomized
clinical trials, surgical resection of the primary tumor could potentially be a more cost effec‐
tive intervention compared with novel systemic therapy in the management of stage IV
CRC.
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Abstract

Colon cancer is one of the leading malignant diseases in the Western world, leading to
significant morbidity and has significant predilection for liver metastases. Synchronous
metastases account for approximately 15–25% of the newly discovered liver lesions. The
only curative treatment for colon cancer liver metastases (CLM) remains surgery. Several
strategies  have  been developed for  the  treatment  of  synchronous  CLM,  including
simultaneous resection, two-stage liver surgery, and liver-first approach. The timing of
surgery is not universally determined. Even more reports support the simultaneous
resection strategy with results showing similar morbidity, length of hospital stay, and
perioperative mortality comparable to staged resection. In conclusion, SCLM patients can
successfully be treated with simultaneous approach or stages,  both having similar
perioperative and long-term outcomes. With the advance of liver surgery techniques,
minor and major liver surgeries can be performed safely with low morbidity and mortality
as part of either a simultaneous or a staged operative strategy.

Keywords: colon cancer, simultaneous resection, hepatectomy, liver metastases, adju‐
vant therapy

1. Introduction

Colon cancer remains one of the leading causes of cancer-related death in the Western world.
The most common site for metastases from colon cancer is the liver [1]. According to studies,
liver metastases develop in almost half of the colon cancer patients. Approximately 15–25% of
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them are synchronous metastases. Surgical therapy for liver metastases remains the only
potentially curative therapy for patients with colon liver metastases (CLMs) [1, 2]. The resec‐
tion of synchronous CLMs, also known as SCLMs, appears to have survival rates similar to those
of metachronous metastases [3]. The most appropriate moment for surgery in SCLM and primary
tumor is not completely determined. The most common approach is resection of the primary
tumor and consequent liver resection after 2–4 months later [4–7]. The advocates of this approach
consider the probability of increased morbidity associated with the simultaneous procedure.
This issue has been addressed in many studies comparing the simultaneous and staged approach.
The results show similar morbidity, length of hospital stay, and perioperative mortality between
the two [8–11]. Moreover, since a second laparotomy can be avoided by the simultaneous removal
of the primary tumor and liver metastasis of colon may be preferred, it allows sooner comple‐
tion of surgery, thereby permitting faster initiation of adjuvant therapy. However, there is no
consensus on when to perform surgical resection of liver metastases and primary colon for
patients with SCLM.

This chapter is aimed to present the efficacy and safety of simultaneous resections for syn‐
chronous colon cancer liver metastases.

2. Definition of resectability

As we know, the criteria defining when to perform the resection have significantly changed
in recent years. Older criteria include patients with less than four unilobular metastases,
resection margins over 1 cm and lack of extrahepatic disease. The main consideration for
resectability is the ability to complete curative (R0) resection with adequate liver remnant.
Modern definitions of resectability of liver metastatic disease criteria were presented by the
Consensus Conference on the Multidisciplinary Treatment of Liver Metastases of colorectal
cancer in 2012 [12].

The preoperative staging is aimed at the determination of surgical resectability. With the
improved accuracy of combined computed tomography, positron emission tomography, liver
contrast-enhanced magnetic resonance imaging and high-resolution CT, the ability to detect
small-volume disease has been significantly enhanced [13]. Patients with positive celiac
and/or paraaortic lymph nodes may not benefit from liver resection [14]. Although positive
retropancreatic lymph nodes are suggestive of poor prognosis, the survival is proven to be
better in patients with positive celiac lymph nodes and therefore these patients may benefit
from liver surgery especially when they are subjected to perioperative chemotherapy [15].
Considering the individual characteristics of each case, all patients must be referred to
specialized centers with multidisciplinary team to determine the proper timing of resection
for primary tumor and SCLM [1].

3. Perioperative results

The specialization of general surgeons in hepatobiliary surgery training, development of
hepatobiliary techniques, and up-to-date anesthetic and intensive care management has made
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hepatic resection safer [16]. Nowadays, the major liver resections are showing minimal
morbidity and mortality [11, 17]. According to a meta-analysis, patients undergoing staged
resection had more postoperative complications, which are attributed to the need of two or
more laparotomies. More incisions result in a greater risk of wound complications [2]. Staged
resections are preferred to synchronous colonic resection and hepatic resections in some
centers. A perceived increase in perioperative risk with simultaneous resection has tradition‐
ally provided the rationale for performing the resection in stages. On theory, the staged
resection must have the advantage of better perioperative outcomes. The supporting evidence
states that staged resection has significantly lower morbidity and mortality, and thus leads to
better long-term results [5, 18–20]. On the other hand, more and more reports emerge in
support of simultaneous resection without significant change of mortality and morbidity rates
[21, 22]. Chua et al. [11] analyzed retrospectively 96 patients with synchronous colorectal
cancer and liver metastases. These patients have been subjected to synchronous or staged
resection. The analysis of postoperative results demonstrates that the two groups did not differ
significantly in terms of postoperative complications and both lacked operative mortality.

Simultaneous and staged resections for SCLM have comparable morbidity and mortality and
close long-term oncologic outcomes. In a study on this topic, the overall morbidity and
mortality were 19.6 and 3.0%, respectively. Perioperative outcomes show no difference in
patients treated with a staged or simultaneous approach.

Morbidity and mortality rate is similar between patients with major or minor liver resection
and does not depend on the operative strategy. In a study by Martin et al. on patients with
SCRLM, the reported morbidity and mortality were similar in the groups of staged and
simultaneous approach [23]. Another study by Brouqet et al. had similar findings but it should
be noted that the results were not stratified for major or minor liver resection [46]. According
to the study by Reddy et al. [25], the major liver resection is associated with an increase of
morbidity and mortality, although minor liver resection has similar perioperative results with
the staged approach.

In conclusion, the safety of staged and simultaneous approach for minor and major hepatec‐
tomy is equal. The two strategies have similar operative time and no difference in blood loss.
Analysis shows that patients with the staged resection have longer recovery period in the
hospital and these with simultaneous resection have lower morbidity rate. A meta-analysis by
Chen et al. on 14 studies compares concomitant resection to staged resection in patients with
resectable synchronous hepatic metastases. The study includes 2204 patients who were
divided into two groups—with simultaneous resection and with staged resection. In analysis,
attention to quality of life (QoL) was turned. There are indicators for QoL such as operative
time, intraoperative blood loss, and hospital stay. Postoperative morbidity rate is lower in
groups of patients with simultaneous resection of the primary tumor and the synchronous
liver metastases. And with other study on this topic is improved that simultaneous resection
can play a role in better outcome [27]. After searching and analyzing the literature, there is
review that deserved attention. It shows that results for patients with simultaneous and
delayed resections are similar, and this meta-analysis is in agreement with studies [28]. Fukami
et al. reported a series of 158 patients, 63 patients with synchronous colorectal liver metastases.
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Of those with synchronous colorectal liver metastases, 41 patients (65%) underwent synchro‐
nous resection, and 22 (35%) underwent delayed resection. They noticed shorter total postop‐
erative hospital stay in the synchronous resection group [29].

Synchronous Staged

Benefit Risk Benefit Risk

Reduced complications
due to single operation

Increased infectious liver
complications due to bacterial
contamination from intestinal resection

Increased morbidity
associated with multiple
procedures

Reduced length of
hospital stay

Risk of complications from unresected
primary

Reduced
complications from
unresected primary

Risk of hepatotoxicity from
chemotherapy given
between colorectal and
hepatic resections

Increased anastomotic complications
due to impaired liver function

Extent of hepatic resection limited
due to concomitant intestinal resection

Larger hepatic
resections may be
performed without
increased morbidity

No delay in initiating
systemic treatment

Chemotherapy-associated
hepatotoxicity may limit extent of liver
resection

Risk of complications
following colorectal
resection may delay
chemotherapy prior to liver
resection

Opportunity to observe
tumor response to
neoadjuvant
chemotherapy

No opportunity to assess tumor response
if resection precedes systemic therapy

Table 1. Potential risks and benefits of synchronous versus staged resection [34].

A new challenge for the surgeon is the laparoscopic simultaneous resection of synchronous
colorectal metastases and the primary tumor. The studies have discussed the technical
feasibility and short-come outcomes of the procedure. Tranchart et al. reported a preliminary
series questioning the feasibility of combined laparoscopic resection of colorectal cancer (CRC)
and synchronous colorectal liver metastases (SCRLM). The aim of this study was to compare
the short- and long-term outcomes for matched patients undergoing combined resections. A
total number of 89 patients were matched in the analysis. There was no difference in global
operative time, blood loss, and transfusion rates between the two groups. A conversion was
required in 7% of the laparoscopic procedures. Morbidity rates were similar in the two groups
(p = 1.0). Their conclusion is that in patients without severe comorbidities presenting with one,
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small (≤3 cm), CRLM resectable by a wedge resection or a left lateral sectionectomy, combined
laparoscopic resection of CRC and SCRLM allows similar short- and long-term outcomes
compared with the open approach [30]. Another international large study was published by
Feretti et al., comparing the duration of the intervention, blood loss, transfusion rate, conver‐
sion rate, resection margin, specific and overall morbidity, perioperative mortality, length of
hospital stay, and survival. Univariate and multivariate analyses were performed examining
postoperative morbidity in all cohorts of patients. The combined data show that in experienced
centers, simultaneous laparoscopic approach is technically feasible, safe, and associated with
good oncological outcomes [31]. Miyamoto et al. reported earlier 13 patients who underwent
simultaneous laparoscopic colectomy and hepatic resection. The primary sites were right colon
in four, left colon in six, and rectum in three. The liver procedures included 14 partial resections
or three left lateral hepatectomies. The results of the study conclude that the combined
approach is feasible and safe in selected patients with primary CRC and synchronous liver
metastases [32]. Other authors such as Muangkaew et al., Miyamoto et al., and Inoue et al.
confirm that the feasibility of simultaneous laparoscopic colectomy and hepatectomy for
primary colorectal cancer with synchronous liver metastases appears feasible with low
morbidity and favorable outcomes [27, 33, 51] (Table 1).

4. Long-term oncological results

One of the studies is aimed at the long-term oncologic outcomes in patients with sCLM
submitted to resection of both the primary CRC and CRLM. Results show that 57% of patients
experienced a recurrence. Other conclusion is that operative strategy for sCLM had no
connection with long-term outcomes. In a much smaller, single institution cohort, Brouqet et
al. had similarly reported comparable overall survival among patients treated with the classic,
simultaneous, or liver-first approach [46]. Rather than operative strategy, tumor-specific
factors were associated with long-term oncologic success. These data serve to underline the
importance of biology and not technique in the prognosis of patients with SCLM [23].

While the presence of synchronous metastases has been demonstrated to be a negative
prognostic factor, it is not a contraindication to hepatectomy if a hepatic resection with curative
intent can be achieved. The reported 5-year survival rates after liver resection for patients with
SCLM range from 20 to 40%. Although some authors reported poorer prognosis for simulta‐
neous resections compared with staged resections [5, 18], more recent studies demonstrated
that the strategy to simultaneously resect the primary tumor and the synchronous metastases
yielded no difference in survival compared to staged liver resection [8–10, 21, 35, 36]. None‐
theless, some authors argued that a waiting period of 2–6 months is necessary between the
resection of primary tumor and liver resection, to make for subclinical metastases to become
evident, in order to enable a better clearance of the tumor [19]. According to the “cascade”
theory, in which cancer cells must first form metastases in the liver and then cells from these
metastases migrate to the lungs, subsequently disseminated in an arterial pattern, dissemina‐
tion of cancer cells toward the lungs may occur during the period between the resection of the
primary tumor and the resection of the synchronous liver metastases [37].
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At Zhongshan Hospital, Shanghai performed an analysis in 154 patients with consecutive
synchronous colorectal liver metastasis who underwent simultaneous resection. The study for
10 years shows that this approach to simultaneous resection is safe and has significantly better
outcomes in short and long term [38].

Tranchart et al. presented a propensity score-matching analysis of 142 patients who underwent
combined laparoscopic resection of CRC and SCRLM, which were compared to a database of
241 patients treated by open during the same period. The 3-year-old overall survival in the
laparoscopy and open groups was similar [30]. Another study by Ferreti et al. reported large
international multicenter series of laparoscopic simultaneous resection of CRC and SCRLM.
The results showed that overall 1-, 3-, and 5-year survival were 98.8, 82.1, and 71.9%, respec‐
tively [28]. Fukami et al. [29] compared two groups of simultaneous resection and delayed
resection of SCRLM and found similar survival rate between the two groups (p = 0.054).
Another study published by Wang et al. reports that there are no significant differences in
postoperative complication rate and long-term survival between curative simultaneous and
staged resection [39].

There is effective adjuvant therapies for colorectal cancer and simultaneous resection provides
sooner completion of surgical therapy and earlier initiation of adjuvant therapy in patients
with high risk of additional microscopic disease, which is of advantage to the patients [1].

5. Strategies in the treatment of synchronous colon cancer liver metastases

The most discussed topic for surgeons is the management of sCLM and how to balance
between operative timing and strategy. The situation is complicated because of efficacious
systemic chemotherapy regimens, targeted biological agents, and adjunctive strategies (e.g.,
ablative therapies) [1]. Regardless of the information, surgeons need to answer three important
questions, summed up by Castellanos et al. in their review [2]:

1. Should the primary and metastatic lesions be resected at the same time?

2. If surgical resection is staged, should the primary or metastatic lesion be resected first?

3. What is the role of perioperative chemotherapy with surgical resection?

Simultaneous resections for primary tumor and liver metastases have technical and oncolog‐
ical specifics. According to standard guidelines, treatment plan is decided by regular tumor
board plus hepatobiliary surgeon. Simultaneous resection is the choice for right colon primary
cancers and smaller and fewer metastases. In patients with synchronous metastases, operation
is done only when safe and good resection margins can be achieved. Simultaneous resection
could be done independently of location of the primary cancer and the extent of liver metastasis
without fatal postoperation complications [1]. Four prognostic factors were identified in a
study by Capussoti et al., which have no effect on survival in the staged resections: more than
three liver metastases, T4-primary colorectal tumor, liver metastases infiltrating surrounding
structures, and male sex. The optimal timing of surgery should be based on patient’s charac‐
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teristics such as the extent of disease, comorbidities, body habitus, and surgical experience [40].
Simultaneous resections for patients with peritoneal carcinomatosis are not advised [41].

While there is an abundance of evidence demonstrating the benefit of hepatectomy for CLM,
there is only limited evidence available to empirically guide the timing of resection for sCLMs.
The conventional paradigm has been to first resect the primary tumor, and then perform a
hepatectomy. This approach is suggested to avoid complications associated with a major
combined surgery. Another argument in favor of this approach is related to the tumor biology
—the time windows between surgeries allow the aggressive disease to manifest and thus spare
the patient the risk of major liver surgery. This has been supported by observations that staged
resection does not result in increased risk of unresectability due to growth of CLM, but rather
to appearance of new liver and/or extrahepatic disease. The time window between the staged
resections provides the option for systemic treatment, which may decrease the risk of new
metastatic lesions and thus improve overall survival. On the other hand, staged resection for
SCRLM may result in increased hospitalization, additional cost, as well as increased pain,
stress for patients subjected to staged approach instead of one single procedure [1, 2].
Considering the increasing number of studies showing decreased morbidity associated with
simultaneous approach for SCRLM, it could be used in selected patients. The evidence for
similar short-term and long-term outcomes after simultaneous or delayed resection is growing,
even for major liver resection [1]. On the other hand, other groups of authors suggest that
perioperative mortality is significantly higher for simultaneous resection, especially after
major liver resections [1]. A multicenter retrospective analysis of 1004 patients with SCRLM
treated between 1982 and 2011 demonstrates no difference in postoperative complications or
a 90-day postoperative mortality between staged and simultaneous approaches for SCRLM [1].
The authors defined the major liver resection as resection of more than three segments. This
procedure was more frequently performed in a staged strategy (39%) versus simultaneous
approach. A meta-analysis by Slesser et al. compares the outcomes of simultaneous and staged
resections for SCRLM of 3159 patients from studies from 1991 to 2010. They found no
significant difference in operative blood loss, duration of operation, postoperative
complications, overall survival, and disease-free survival. The total number of 1778 (56.3%)
patients underwent delayed resection and had significantly larger liver metastases with
increased bilobar distribution, and most of those patients underwent major liver resection [42].
Yin et al. presented a meta-analysis of studies including 2880 patients. The findings were
similar although significantly lower incidence of postoperative complications was noted in the
simultaneous resection group. This meta-analysis recommended the following criteria for the
selection of patients for simultaneous approach: metastases in less than four liver segments,
age <70 years, and exclusion of severe comorbidities [34].

This analysis confirmed that treatment strategy can change because of the clinical condition
of the patient, surgeon, or on the recommendation of a multidisciplinary committee [2].

New retrospective analysis about mortality and morbidity after hepatectomy, colorectal
resection, and synchronous resection for colorectal cancer in 43,408 patients shows reliable
results that morbidity after synchronous hepatic and colorectal resections is variable and risk
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is similar. Comparison of outcomes leads to conclusion that there is potential benefit for
synchronous resections with minor hepatectomy [44].

The timing of the procedure has also been questioned by Feng et al. in a meta-analysis. Their
conclusion is balanced and gives no clear advantage to the simultaneous approach in com‐
parison to the delayed approach. According to the authors, the number of liver metastases was
the major confounding factor for postoperative morbidity, especially in staged resections.
Without baseline imbalances, simultaneous resection took no statistical significant advantage
in safety and efficacy [43].

Over the past years with establishing of laparoscopic technology, there are studies about
laparoscopic approach in the simultaneous resection of colorectal primary tumor and liver
metastases. Results of studies show that there are 142 patients with laparoscopic liver resection
for synchronous colorectal liver metastases. In conclusion, from these data, this approach is
safe and offers good outcomes from an oncological view of point [44].

6. The role of perioperative chemotherapy

Despite the improvements in surgical approaches of liver resection, recurrence of disease has
been reported in up to two-thirds of patients, with half of these occurring in the remnant liver.
In patients with SCRLM who appear resectable on diagnosis, the National Comprehensive
Cancer Network guidelines recommend simultaneous resection followed by adjuvant therapy
(FOLFOX or CapeOx (capecitabine, oxaliplatin)) or neoadjuvant therapy for 2–3 months before
surgery. The recommendations for neoadjuvant chemotherapy are toward FOLFIRI, FOLFOX,
or CapeOx with or without bevacizumab. The KRAS status of the tumor defines whether
panitumumab or cetuximab will be combined with FOLFOX or FOLFIRI [1, 2].

7. Conclusion

The role of surgery for synchronous colorectal liver metastases is well established. The
remaining issue addresses the timing of the procedure. The choice between staged or simul‐
taneous resection of SCRLM is a matter of careful selection of patients, based on tumor
characteristics—extent of disease, degree of liver involvement, and patient’s factors—per‐
formance status, age, and comorbidities. The sequence of actions considering systemic therapy
and surgery is also open to discussion. Some authors reported poorer short-term results for
synchronous resections compared with staged resections [5]. Conversely, more recent studies
have shown that simultaneous colorectal and liver surgery are feasible and safe [8, 9]. Resection
of synchronous colorectal cancer liver metastases is a safe and effective procedure compared
to minor hepatic resection alone.

In conclusion, SCRLM patients may benefit from both approaches, which are supported by
the short-term and long-term outcomes reported in various studies. Both minor and major
liver surgeries are feasible with comparable morbidity and mortality for staged and simulta‐
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of synchronous colorectal cancer liver metastases is a safe and effective procedure compared
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In conclusion, SCRLM patients may benefit from both approaches, which are supported by
the short-term and long-term outcomes reported in various studies. Both minor and major
liver surgeries are feasible with comparable morbidity and mortality for staged and simulta‐
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neous surgery. Despite the promising results, major liver surgery should be approached with
caution as a simultaneous procedure with primary tumor resection. Laparoscopic simultane‐
ous resections also present a feasible option with similar short-term and long-term outcomes.
The key to the selection of strategy might be found in the tumor biology because survival in
patients with SCRLM is more or less independent of the surgical strategy.
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Abstract

Worldwide, more than 1 million people develop colorectal cancer (CRC) annually. CRC
is a major health problem in the Western world and the second most common cause of
cancer mortality.  To improve performance,  the role of  chemotherapy for CRC has
increased dramatically over the last decade. The vast majority of CRC patients now
receive  chemotherapy  with  multiple  agents  that  are  currently  approved  for  the
treatment in the appropriate setting [1]. However, it is a complex process to select the
optimal chemotherapy for each patient and practice evidence gap is still a problem.
Some  guidelines  for  the  treatment  of  CRC  have  been  developed  to  promote  the
standardization of CRC treatment. Postoperative, or “adjuvant,” systemic therapy has
become standard for stage III colon cancer. Adjuvant therapy should also be strongly
considered in stage II patients. It is generally recommended for any medically fit patient
with stage II cancer with unfavorable factors. The hypothesis that the antitumor activity
of the combination agent, including oxaliplatin, irinotecan, bevacizumab, cetuximab in
metastatic cure rates, would result in increased adjuvant proved to be often wrong.
Although new drug development takes years, targeted drug use can occur more quickly
with advanced tests and will be a focus of future work. In addition, efforts will focus
on identifying biomarkers that predict response to systemic therapy so that tailored
therapy can be initiated. The future of oncology will come with the better understand‐
ing of the biology and genetics of the tumor and its host. This will help to develop
tailored approach to the patients, including more specific systemic therapy, aimed at
molecular targets of the malignant tumor, thus reducing the negative effects. At that
time, the treatment of oncological diseases will experience a new era, comparable to the
introduction of antibiotics.

Keywords: Chemotherapy, Adjuvant treatment, Colon cancer
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1. Introduction

Colorectal cancer develops in more than 1 million people every year. This is a major health
problem and a second of frequency cause of mortality by cancer. The mortality from CRC has
decreased by almost 35% for 17 years and the reasons are early diagnosis, new screening programs
and treatment principles. Surgery is the basic of the initial treatment, but the next step on treatment
in most of patients with CRC is adjuvant chemotherapy. Adjuvant chemotherapy decreases the
risk  of  following  metastatic  dissemination.  This  systemic  treatment  aims  eradication  of
disseminated microscopic tumor cells, control of development of the primary tumor and the
tumor extension. The histologic stage of the tumor at the time of resection determined the 5-
year survival rate of CRC patients. The most important factor for survival in patients with CRC
and without metastatic disease is the stage of the tumor. The stage of the tumor responds to
depth of the tumor penetration through the intestinal wall (T) and the number of lymph nodes
with invasion (N). 14% decrease of overall survival is because of systemic treatment. Because
of this it is considered to start adjuvant chemotherapy as soon as possible.

Oral fluoropyrimidines, oxaliplatin, and irinotecan added to 5-FU chemotherapy (CT) led to
good results about progression-free survival (PFS), response rate, and overall survival (OS) in
patients with metastatic colorectal cancer. This statement is subject to the clinical trial about
the adjuvant setting of non-metastatic disease in patients with stage III tumors. The adjuvant
CT regimens used often in oncology are shown in Table 1.

Name Protocol

5FU/LV
(bolus)

Mayo clinic regimen

LV5FU2 LV 200 mg/m2, 5FU 400 mg/m2 bolus followed by 5FU 600 mg/m2 22-h infusion, given every 14 days for
12 cycles

Capacetabine Capacetabine 1250 mg/m2 twice daily for 14 days every 3 weeks

FLOX 5FU 500 mg/m2 bolus every week for 6 weeks, LV 500 mg/m2 every week for 6 weeks of 8 week cycle,
for 3 cycles + oxaliplatin 85 mg/m2 on week 1, 3, 5 of each cycle

mFOLFOX6 LV 400 mg/m2 IV on day 1, 5 FU 400 mg/m2 IV bolus on day 1 followed by 2400 mg/m2 by continuous
infusion over 46 h (day 1 and 2); oxaliplatin 85 mg/m2 IV day 1;every 14 days for 12 cycles

FOLFOX4 LV5FU2 + oxaliplatin 85 mg/m2 on day 1 (with LV)

Abbreviations: 5FU = 5 fluorouracil; IV = intravenous; LV = leucovorin

Table 1. Different regimens used for adjuvant chemotherapy in colorectal cancer.

In patients with stage II colon cancer surgery alone is usually curative but in 20–30% of them
there is tumor recurrence and metastatic disease. The chemotherapy has side effects in patients
and some of them change survival rate. The studies found markers for prediction of return the
disease. This marker is useful in stage II colorectal cancer. The studies about adjuvant therapy

Colorectal Cancer - From Pathogenesis to Treatment272



1. Introduction

Colorectal cancer develops in more than 1 million people every year. This is a major health
problem and a second of frequency cause of mortality by cancer. The mortality from CRC has
decreased by almost 35% for 17 years and the reasons are early diagnosis, new screening programs
and treatment principles. Surgery is the basic of the initial treatment, but the next step on treatment
in most of patients with CRC is adjuvant chemotherapy. Adjuvant chemotherapy decreases the
risk  of  following  metastatic  dissemination.  This  systemic  treatment  aims  eradication  of
disseminated microscopic tumor cells, control of development of the primary tumor and the
tumor extension. The histologic stage of the tumor at the time of resection determined the 5-
year survival rate of CRC patients. The most important factor for survival in patients with CRC
and without metastatic disease is the stage of the tumor. The stage of the tumor responds to
depth of the tumor penetration through the intestinal wall (T) and the number of lymph nodes
with invasion (N). 14% decrease of overall survival is because of systemic treatment. Because
of this it is considered to start adjuvant chemotherapy as soon as possible.

Oral fluoropyrimidines, oxaliplatin, and irinotecan added to 5-FU chemotherapy (CT) led to
good results about progression-free survival (PFS), response rate, and overall survival (OS) in
patients with metastatic colorectal cancer. This statement is subject to the clinical trial about
the adjuvant setting of non-metastatic disease in patients with stage III tumors. The adjuvant
CT regimens used often in oncology are shown in Table 1.

Name Protocol

5FU/LV
(bolus)

Mayo clinic regimen

LV5FU2 LV 200 mg/m2, 5FU 400 mg/m2 bolus followed by 5FU 600 mg/m2 22-h infusion, given every 14 days for
12 cycles

Capacetabine Capacetabine 1250 mg/m2 twice daily for 14 days every 3 weeks

FLOX 5FU 500 mg/m2 bolus every week for 6 weeks, LV 500 mg/m2 every week for 6 weeks of 8 week cycle,
for 3 cycles + oxaliplatin 85 mg/m2 on week 1, 3, 5 of each cycle

mFOLFOX6 LV 400 mg/m2 IV on day 1, 5 FU 400 mg/m2 IV bolus on day 1 followed by 2400 mg/m2 by continuous
infusion over 46 h (day 1 and 2); oxaliplatin 85 mg/m2 IV day 1;every 14 days for 12 cycles

FOLFOX4 LV5FU2 + oxaliplatin 85 mg/m2 on day 1 (with LV)

Abbreviations: 5FU = 5 fluorouracil; IV = intravenous; LV = leucovorin

Table 1. Different regimens used for adjuvant chemotherapy in colorectal cancer.

In patients with stage II colon cancer surgery alone is usually curative but in 20–30% of them
there is tumor recurrence and metastatic disease. The chemotherapy has side effects in patients
and some of them change survival rate. The studies found markers for prediction of return the
disease. This marker is useful in stage II colorectal cancer. The studies about adjuvant therapy
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and stage of the tumor show that cytotoxic therapy has more in stage II of CRC. In the future,
should be handled with the direction to find more specific markers for precise selection [1].

Data for colon cancer genesis and metastasis in lymph node show that CXC chemokine
receptor type 7 (CXCR7) had role in these processes. The study about this in group of 34
patients at age between 34 and 79 years with malignant colon pathology and second group of
18 patients with normal colon tissue. CXCR7 levels were higher in group with colon tumors,
20 cause of this group was presented with lymph node metastases. There are an evidence for
involvement of the upregulated CXCR7 expression in colon cancer and lymph node metastasis
[10].

MSI is a change in the length of DNA microsatellites caused by insertion or deletion of repeated
units (1–5 nucleotides), due to defects in mismatch repair genes or methylation of their
promoters. Tumors with MSI are proximal, poorly differentiated, and mucinous. This tumors
show marked lymphocyte infiltration. Colon cancers with high-frequency of MSI have clinical
and pathological differences from microsatellite-stable tumors; thus colon cancer patients
stage II or III with microsatellite-stable tumors or tumors exhibiting high-frequency microsa‐
tellite instability have favorable outcome. Therefore MSI is a predictor for decreased benefit
of Fluorouracil-based adjuvant chemotherapy. MMR protein deficiency and MSI can cause by
silencing or mutation of mismatch repair (MMR) genes [2]. This condition occurs in patients
with Lynch syndrome and is a rare cause for hereditary colon cancer: 2–4% of all cases. Somatic
mutation can found in 19% of CRC and 52% of sporadic colon cancer has silencing of MMR
genes. There are three groups in sporadic CRC—microsatellite stable (MSS), low-frequency
MSI (MSI-L), and high-frequency MSI (MSI-H). MSI-H is frequently found in stage II disease.
This confirms a data about the decreased use from 5FU adjuvant chemotherapy in patients
with colon cancer stage II disease.

In contrast to this, it was shown in recent studies of more than 2000 patients. This study proved
that MSI-H status was prognostic but not predictive of benefit or detrimental impact of
adjuvant chemotherapy [3]. Tests for discovery MSI in colorectal cancer for ≤70 years:

1. immunohistochemical tests for MMR protein producing;

2. for changes in the length of repetitive DNA elements in tumor tissue due to insertion or
deletion [4, 5].

Starting a development of several multigenes such as Oncotype DX with purpose to identify
which patient would have a great help from adjuvant CT. In this trial patient’s chance of
recurrence was classified in three groups—low, intermediate and high. Recurrence score was
calculated by the evaluation of a panel of 12 genes—7 recurrences cancer-related and 5
reference genes [1, 8]. The statistical analysis clarifies that recurrence DFS and OS score of
recurrence of disease correlated with disease relapse. Relapse of disease depends of TNM
staging, MSI, number of histologically examined lymph nodes and tumor grade.

That result of multigene analysis could not predict a help for patient of adjuvant CT.

Adjuvant Treatment in Colon Cancer
http://dx.doi.org/10.5772/64101

273



2. Treatment guidelines for adjuvant chemotherapy

2.1. 5 FU

The value of adjuvant CT in patients with stage III colon cancer is first reported in 1990 by
Moertel and colleagues (Dukes C, TxN+M0). Comparing between adjuvant 5-FU/levamisole
chemotherapy for 1 year, levamisole alone and without chemotherapy showed an increase in
OS and PFS in patients receiving first model of chemotherapy. 5FU is a pyrimidine analog,
inhibitor of enzyme thymidylate synthase (TS) (involved in de novo synthesis of thymidine)
and is involved in the process of incorporation of nucleotides into RNA and DNA, leading to
inhibition of DNA synthesis and function. Continuous infusion of 5FU is 100–1000 times lower
than the concentrations if injected i.v. bolus. In second way 5FU reaches a maximum plasma
and bone marrow concentration [7, 9].

There is information that the expression of E2F1, which control the transcription of genes
encoding proteins engaged in DNA synthesis including TS. A study examined the relationship
between E2F1 and TS expression in patients with colon cancer and the effect of 5 FU. It showed
that the combined E2F1/TS immunophenotype could be a potential indicator for sensitivity of
patients on adjuvant chemotherapy with 5FU [11].

Over 85% of the drug is inactivated in metabolic processes by the enzyme dihydropyrimidine
dehydrogenase (DPD). DPD synthesize by the liver. Some mutations in DPD can found in
approximately 2% of the general population. This can cause serious life-threatening toxicity
in patients. Leucovorin (LV, folic acid) intensifies the antitumor activity of 5FU. Treatment
without LV is still a reasonable option.

Figure 1. Comparison between CIMP negative and CIMP positive in relation to the effects of chemotherapy [12].
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Rodrigo Jover and all explored effect of 5FU chemotherapy in patients with CRC. Their study
included group of patients with CpG island methylator phenotype (CIMP) colorectal cancer
and analyze a response of patients with this mutation. CIMP status was determined by analysis
of the CACNAG1, SOCS1, RUNX3, NEUROG1, and MLH1 promoters. Tumors were CIMP
positive when they had 3 promoters methylated. Result of study shows that patients with
CIMP positive colorectal cancer do not have a benefit from adjuvant chemotherapy with 5-
fluorouracil regarding to survival time [12] Figure 1.

Analysis of the data from several trials in which patients randomly received only tumor
resection or tumor resection and adjuvant 5FU/LV, showed that benefit of adjuvant CT was
observed in stage III patients [1]. These patients have higher risk because of the metastatic
regional node.

In patients with stage T3 or T4 resectable rectal cancer treatment is with preoperative radio‐
therapy with or without simultaneous chemotherapy. In randomized study in patients with
rectal cancer after surgery they start adjuvant chemotherapy or are on dispensary and
monitored. Radiotherapy including 45 Gy to the posterior pelvis in 25 fractions of 18 Gy over
5 weeks and the courses of chemotherapy had fluorouracil and folinic acid. For preoperative
chemotherapy, two courses were given (during weeks 1 and 5 of radiotherapy). Adjuvant
chemotherapy was given in four cycles, every 3 weeks. Conclusion of this study can show that
adjuvant fluorouracil-based chemotherapy after preoperative radiotherapy (with or without
chemotherapy) does not affect disease-free survival or overall survival [13].

5FU/LV plus oxaliplatin as adjuvant treatment is used in stage II colorectal cancer. The study
on group of elderly patients show no importance DPS or OS benefit even in this causes with
high risk characteristics—T4 tumors, bowel obstruction, venous invasion etc. 5FU/LV stay the
preferred adjuvant chemotherapy regimen.

5-Fluorouracil (5FU)-based chemotherapy (CT) remains the mainstay treatment of CRC and
activates executioner caspases in target cells. Executioner caspases are key proteins involved
in cell disassembly during apoptosis. Their activation also has a role in tissue regeneration and
repopulation by stimulating signal transduction and cell proliferation. A study about this
proteins and 5FU-based chemotherapy shows that patients with low levels of active caspase-3
had an increased disease-free survival time. Lower serum levels of active caspase-3 were found
in patients with metastasized CRC. This indicates that low levels of active caspase-3 may be a
new predictor of CT responsiveness. Inhibition of caspase-3 may be a marker for improve
patient outcomes following CT in advanced CRC [14].

2.2. Oral fluoropyrimidines

Two oral prodrugs of 5FU—capecitabine and Uracil/tegafur (UFT) showed efficacy in the
metastatic setting, as compared to 5FU/LV bolus regimens. Capecitabine is oral administration,
rapidly absorbed with peak blood levels after 1.5 h [1]. Capecitabine is contraindicated in
patients with severe renal impairment (creatinine clearance below 30 mL/min).
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Adjuvant therapy for patients with resected stage III colon cancer includes i.v. bolus regimen
of 5FU/LV, and oral capecitabine is unsuitable. Taking a capecitabine has rarely occurring
symptoms of diarrhea, stomatitis, nausea, alopecia, neutropenia, and febrile neutropenia [6].

3. Combination adjuvant therapies

The benefits of adjuvant chemotherapy by combinations with drugs—oxaliplatin, irinotecan,
bevacizumab, or cetuximab in the metastatic disease—were not confirmed. Oxaliplatin is a
third-generation platinum compound and reported that its safety administration with
evidence for clinical activity, because ability to develop a covalent adducts with cellular DNA.
Study for oxaliplatin examined platinum in the body for 8–75 months after treatment with
cisplatin and oxaliplatin, because of time to excretion. Therapeutic index of oxaliplatin is
limited. Adverse reactions from this treatment are symptoms in the peripheral nerves, the
hematopoietic and the gastrointestinal system.

In the adjuvant chemotherapy the addition of oxaliplatin can improve patient outcomes. The
MOSAIC trial explores 2246 patients with stage II or III CRC. They take LV/5FU2 or FOLFOX-4
(LV/5FU2 + oxaliplatin).

The results are summarized in Table 2.

FOLFOX (%) 5FULV2 (%) P value

5-year DPS (sage II + III) 73.3 67.4 0.003

6-year OS (stage II + III) 78.5 76.0 0.046

6-years OS (stage III only) 72.9 68.7 0.023

6-years OS (stage II only) 85 83.3 0.65

Grade 3-4 neutropenia 41 5

Grade 3-4 diarrhea 11 7

Grade 3 neuropathy 12 0

Unfortunately the side effects are more frequent.

Table 2. The FOLFOX regimen has significantly better oncological results compared to 5FULV2.

In conclusion, FOLFOX-4 is more toxic than separately LV/5FU2. The mortality in the first 60
days has close rate [2].

Multicenter AGEO Study assessed the efficacy of adjuvant chemotherapy with fluoropyrimi‐
dine with and without oxaliplatin. And results support other conclusion that there is a benefit
from the combined application of fluoropyrimidine and oxaliplatin in patients with colon
cancer stage III with deficient mismatch repair (dMMR).

The NSABP C-07 and the MOSAIC trials had a similar purpose, but used different plans to
treatment. In one of trials used FLOX regimen—oxaliplatin was given on weeks 1, 3, and 5
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plus weekly and bolus 5FU/LV on weeks 1 through 6. This is 8 weeks cycle. The results
compared with standard use of 5FU/LV. More than 2000 patients received FLOX or 5FU/LV
treatment. All of patients were classified into two groups—stage II patients (29%) and stage
III patients (71%). The research is for 34 months. Results of this study showed benefit in the
short 7-year term, but then in long term, there was no difference in the results between the two
groups.

The MOSAIC and NSABP C-07 trials make research for oxaliplatin but with different doses.
Their small positive results improved a benefit of oxaliplatin to chemotherapy in patients with
stage II disease. But this is not enough to justify given outcomes and the risk of neurotoxicity.

Phase III of trial, which aim was to comparing capecitabine plus oxaliplatin (XELOX) with
bolus 5FU/LV as adjuvant therapy for stage III colon cancer proved that XELOX had an
improved 3-year DFS rate compared with 5FU/LV. Patients with XELOX had less frequently
diarrhea or alopecia but occurred more vomiting, neurosensory toxicity, and hand–foot
syndrome. All trials showed that FOLFOX, FLOX and XELOX could all be with equal value
when they used in the adjuvant setting [3].

Irinotecan is a semisynthetic analog of camptothecin, first isolated from the Chinese/Tibetan
ornamental tree Camptotheca acuminata. It is a chemotherapy agent that causes S-phase-
specific cell killing by poisoning the enzyme topoisomerase I in the cell [4].

PETACC-3 investigators also investigate how add of irinotecan to adjuvant LV/5FU2 would
improve status of patients with colon cancer. They observed that patients with irinotecan to
LV/5FU2 had an increased frequency of adverse reaction and neutropenia. In conclusion of
this trial, irinotecan in combination with LV/5FU2 as adjuvant therapy did not show benefits
in patients with stage III colon cancer [5]. Using irinotecan in the adjuvant setting in stage II
and III patients did not support with data. Analysis of PETACC-3 trial could not justify the
expected benefit from administration of irinotecan to LV/5FU2. Bevacizumab is a recombinant,
humanized monoclonal antibody against the vascular endothelial growth factor (VEGF),
inhibitor of VEGF function in vascular endothelial cells and thereby inhibits the tumor
neoangiogenesis, upon which solid tumors depend on growth and metastasis [3, 6]. Bevaci‐
zumab demonstrated positive impact added to standard CT in the metastatic disease.

Cetuximab is a monoclonal antibody which upon binding to the transmembrane epidermal
growth factor receptor (EGFR). EGFR controls many important tumor cell functions including
tumor growth, neoangiogenesis, inhibition of the apoptotic response to chemotherapy, and
radiotherapy. Cetuximab realize inhibition and degradation [3].

There are reports from last years about drug screening system, which is based on nanoim‐
printing 3-dimensional (3D) culture. It is use to predict effectiveness of new chemotherapeutic
drugs. Also with this system can find the most effective agent for colon cancer. A research in
this area examines the benefit from treatment with regorafenib on a mouse model in vivo.
Result from this study was based on new nanoimprinting 3D culture and it shows that
regorafenib is on track to be the most effective drug. In study were compared this agent and
5 FU and in conclusion regorafenib may be the most effective adjuvant therapy for colon cancer
in the future [15].
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4. Adjuvant therapy for resectable metastatic disease

Patients with metastatic disease who are subjected to liver or lung resection is first submitted
to active systemic chemotherapy. The therapy should not be more than 6 months.

Regimens recommended that resectable metastatic disease and non-metastatic disease had a
similar adjuvant setting.

5. Adjuvant CT for elderly patients

Colon cancer in most of the cases is diagnosed in patients >70 years in USA. The purpose and
aim of oncology is to give patients aged >75 years longer life than they expected. Adjuvant
therapy gave a survival advantage in younger and older patients. There is a discussion about
safety and efficacy of the treatment in elderly and younger patients, but analysis showed that
there are certain toxicity rates and similar advantage for survival. The most of data about
adjuvant therapy is from trial on elderly patients and without new therapeutic agents such as
oxaliplatin [3].

The study which purpose is to show benefits from adjuvant chemotherapy for patients ≥75
years of age with resected stage III colon cancer (CC) presented that adjuvant chemotherapy
does not show the expected result. Oxaliplatin offers small incremental. The use of adjuvant
chemotherapy after the age of 75 years should be assessed individually [16].

The results of a study indicate that patients aged >75 years represent nearly 20% of all cases
with lymph node-positive colon cancer although the majority of recommendations limit
colorectal cancer screening to individuals aged u years. Older age was associated with much
lower rates of adjuvant chemotherapy administration, whereas the survival benefits of such
treatment remain comparable to those of younger patients with stage III colon cancer. This
statement is established on large population-based study. There are a lot of trials and data for
adjuvant chemotherapy, but optimal and efficient strategy is not established. More research
needed to understand which benefit is bigger from administration of adjuvant treatment after
surgical resection.

6. Recommendation in summary

1. Application of target treatment (bevacizumab, cetuximab or panitumumab) to standard
CT is not confirmed in the adjuvant setting.

2. Patients with stage I disease require observation without any adjuvant treatment.
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3. Patients with low-risk stage II disease have some treatment options: capecitabine or 5-FU/
leucovorin regimen, observation without adjuvant treatment or enrollment in a clinical
trial.

4. Patients with high-risk stage II disease and poor prognostic features (T4 tumors, lympho‐
vascular invasion, Nx lymph node status, poor differentiation bowel obstruction, positive
resection margins) are considered for more aggressive adjuvant approach like 5-FU/
leucovorin, capecitabine, FOLFOX, capecitabine/oxaliplatin, FLOX. This group of patients
needs an observation like alternative, but there is a certain risk of disease relapse. This
risk is higher without adjuvant treatment. Patients with stage III disease can receive
surgical treatment followed by 6 months of adjuvant treatment with FOLFOX, capecita‐
bine/oxaliplatin, FLOX, 5-FU/leucovorine or capecitabine only (in patients contraindicat‐
ed for oxaliplatin-based chemotherapy) [6].
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Abstract

Minimally invasive surgery for colon cancer, if compared with open surgery, has shown
similar oncologic outcomes, and it has become the standard management for malignant
colonic  disease.  Its  benefits  appear  yet  in  early post-operative period such as  less
postoperative pain, earlier recovery of gastrointestinal functions and shorter hospital
stay. Robotic surgery was born in the attempt to overcome the intrinsic limitations of
laparoscopic technique. It offers the possibility to have a tridimensional magnified view
of surgical field and to use wristed instrument to perform an accurate dissection and
lymphadenectomy. It provides the possibility to rotate at 360 degrees the instruments,
facilitating considerably the performance of intracorporeal ileo-colic anastomosis in right
colectomy. We want to illustrate the feasibility and technique to carry out right and left
colectomy in a robotic-assisted way and its advantages with respect to laparoscopic
surgery.

Keywords: robot-assisted, surgery, laparoscopy, colon, cancer

1. Introduction

Colon cancer has always been a hot topic, and a revolution has come about in its surgical
management in the past 20 years with the introduction of laparoscopic surgery. This progress
has culminated with the advent of robotic surgery.

Robotic surgery came about in an attempt to overcome the limitations of laparoscopy mainly
because of long rigid instruments, poor ergonomics, and two-dimensional visualization [1–3].

Robotic system was introduced in the surgical field more than 25 years ago [4].
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Laparoscopic and robotic surgeries have walked along a parallel path. When Semm reported
the first laparoscopic appendectomy in 1983, the “Arthrobot” was first applied in orthopedic
operations, which marked the beginning of robotic surgery [5].

Robotic technology applied to surgical procedures has had a rapid growth since then. PUMA
(Programmable Universal Machine for Assembly), SARP (Surgeon-Assistant Robot for
Prostatectomy) systems, PROBOT (Prostate robot), VRobot (Urology robot), and SPUD
(Surgeon Programmable Urological Device) have been introduced and applied in urologic
surgery [6–9].

The first robotic device approved by the US Food and Drug Administration (FDA) in 1994 was
the AESOP (Automated Endoscopic System for Optimal Positioning) system followed by the
ZEUS system (Computer Motion Inc.) in 1998 [10].

The ZEUS robotic system consisted of two separate components: a surgeon control center and
three robotic arms attached to the operating table that provided four degrees of freedom and
were able to hold various instruments, telemanipulated with joysticks at distance from the
surgical console [11].

In 1998, this system was the one used for the first abdominal robotic procedure for fallopian
tube anastomosis at Cleveland Clinic [12].

In 2001, Jacques Marescaux used the ZEUS system to perform the transatlantic robot-assisted
cholecystectomy known as “Operation Lindbergh”, between New York and Strasburg giving
a great demonstration of telepresence surgery [13].

In 2001, 10 years after the first laparoscopic colectomy, Weber described the first robot-assisted
colectomy [14].

The first fully robotic system that was approved by FDA in 2000 for its application in laparo‐
scopic surgery was the da Vinci™ Surgical System.

It derives its name from military medical research and was initially developed in a project
funded by the Pentagon’s Defense Advanced Research Projects Agency with the aim of
allowing remote operations on wounded soldiers [15].

This system was developed by Intuitive Surgical (Mountain View, CA). Later, Intuitive
Surgical introduced the da Vinci S system, the da Vinci Si system, and the da Vinci Xi system
in 2006, 2009, and 2014, respectively [16].

The da Vinci Si system consists of a remote surgeon’s console, a patient cart, and a vision cart.

The console is composed of a stereo viewer, which provides a three-dimensional visualization
of the operative field with 10× magnification, a touchpad, which allows for arms and control
selection, and joysticks to control the instrument arms remotely. The footswitch panel is located
at the base of the console and is composed of two groups of footswitches. The three switches
on the left control the functions of the system such as camera control, master clutch, and arm
swap. The four pedals on the right side of the footswitch panel are used for power supply.

The four arms of the column hold the robotic instruments.
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They are wrapped in sterile drapes for operations and have clutch buttons used to vary arm
joint angulation to adjust the instrument arms even during the procedure.

EndoWrist instruments are installed onto the instrument arms after the system is docked to
ports that are inserted into the patient’s abdominal wall. Most instruments offer seven degrees
of freedom and 90° of articulation in the wrist.

The system provides for tremor filtration and scaled motion, translating larger movements of
the surgeon’s hands into finer motions of the instruments.

The vision cart includes a 24-inch touch screen monitor and provides shelves for optional
surgical equipment such as insufflators and electrosurgical generators [16–18].

2. Right colectomy

This procedure is carried out in a three-arm technique.

The patient is placed in the supine position under general anesthesia with the arms alongside
the body and in a mild reverse Trendelenburg position with a left tilt. This position allows the
surgeon to expose the patient’s right and transverse colon by moving the small bowel aside
under gravity. Final positioning is adjusted according to the operative field exposure before
robot docking.

Pneumoperitoneum is induced with a supraumbilical incision and the pressure is maintained
between 12 and 15 mmHg.

A 12-mm port for the air sealer is positioned on the left midclavicular line, on transverse
umbilical line. A 30° laparoscope is used in this procedure.

Once the 12-mm port for the laparoscope and the camera is inserted in the supraumbilical
incision, the other port is placed under vision.

A total of four ports (three robotic ports and one assistant port) are set.

We usually place an 8-mm port for instrument arm 1 on the axillary line, 2 cm below the left
costal margin, and another suprapubic 8 mm port for instrument arm 2. An assistant 10–12
mm port is placed on the left of the camera port.

The surgical cart is positioned cranial to the patient’s head.

The bipolar vessel sealer, used to coagulate and dissect tissues, and the fenestrated grasper are
mounted on arms 1 and 2.

The bed-assistant surgeon introduces a laparoscopic grasper used to give tension and facilitate
the dissection.

The ileocolic vessels are identified, and the peritoneum is opened just below their prominence.
Ileocolic vessels are divided, and the dissection is continued in an avascular plane under the
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right colon flexure to expose the duodenum between Gerota’s fascia posteriorly and Toldt’s
fascia anteriorly.

Right colic vessels (if present), right colic veins, and the right branch of the middle colic artery
are dissected with a bipolar vessel sealer. Parietal peritoneum is incised, and the dissection is
carried out in a craniocaudal way till the cecum is reached. Once the specimen is totally
mobilized, the transverse colon is resected with a mechanical stapler. In the case of
intracorporeal anastomosis, the ileum is approximated to the transverse colon, and one sero-
serosal stitch of suspension is positioned between the ileal loop and the transverse colon where
the isoperistaltic side-to-side anastomosis is confectioned (Figure 1).

Figure 1. Suspension stitch between the ileal loop and the transverse colon.

Monopolar scissors are mounted on arm 1 and used to create enterotomies.

The surgeon-assistant introduces the larger part of the cartridge inside the colostomy and then
the smaller part into the ileum (Figure 2). Intracorporeal latero-lateral isoperistaltic
anastomosis is done. The enterotomies are then closed with a two-layer suture: the first layer
of continuous suture and a second layer of interrupted sero-serosal suture with Vicryl 3/0
(Figure 3). A surgical specimen is extracted through the McBurney incision in the right iliac
fossa.
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Figure 2. Insertion of the mechanical cartridge into the enterotomies.

Figure 3. Closure of the enterotomies with a double layer manual suture with Vicryl 3/0.
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3. Left colectomy

The patient is placed in a lithomy position with the left arm adducted.

A mild Trendelenburg position and a right tilt are set to expose the operative field. A 12-mmHg
pneumoperitoneum is induced through a supraumbilical incision, and the 12-mm port for the
camera is placed.

The other three 8-mm robotic ports are positioned under the vision, one on the right midcla‐
vicular line 2 cm below the right costal margin and the other in the midline under the xiphoid
process. Two 10 mm trocars for the bed-assistant surgeon are added. A total of five ports are
positioned. The robotic cart is on the patient’s left side. The bipolar vessel sealer is mounted
on arm 1. Arm 2 hosts the double fenestrated forceps. The dissection begins from the inferior
mesenteric vein that is dissected by a bipolar vessel sealer once it is identified at the level of
the inferior border of the pancreas.

The gastrocolic, splenocolic, and coloepiploic ligaments are dissected (Figure 4).

Figure 4. Division of the splenocolic ligament with electothermal bipolar vessel sealer.

The root of the transverse mesocolon is exposed by the assistant and dissected by bipolar
electrocautery to expose the pancreas and allow for a full mobilization of the splenic flexure.

Then, the parietal peritoneum is incised, and the dissection is made on the avascular plane
between the two folds of Toldt’s fascia.
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The assistant pulls up the dissected inferior mesenteric vein with a grasper, and the arch of
the inferior mesenteric artery is lifted up.

Once the artery is identified, it is divided between the clips placed by the assistant.

A careful locoregional lymphadenectomy is carried out by preserving the paraaortic nerves
and the superior hypogastric plexus.

The colon is resected at the level of the promontory with a mechanical stapler (Figure 5).

The anastomosis is fashioned according to the Knight & Griffen technique.

During this step, the robot is usually undocked.

The surgical specimen is extracted through a minilaparotomy in the left iliac fossa. The
descending colon is extracted through the protected incision and transected proximally. The
anvil of a circular stapler is inserted into the colon stump and fixed by a manual purse-string
suture. The colon is then reintroduced into the abdomen and the minilaparotomy is closed. A
laparoscopy is carried out to perform the transanal end-to-end mechanical colorectal anasto‐
mosis.

Sometimes, we did not undock the robot, and once the colon is reintroduced into the abdomen,
robotic instruments are used to perform the end-to-end anastomosis (Figure 6).

Figure 5. Section of the sigmoid colon at the level of the promontory with the mechanical cartridge.
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Figure 6. Confection of the end-to-end anastomosis without undocking the robotic system.

4. Advantages

Findings from the literature show how robot-assisted right and left hemicolectomies are
comparable to conventional laparoscopic procedures in terms of short-term post-operative
outcomes [18].

Patients undergoing robotic procedures typically return to normal activity faster and experi‐
ence very low mortality and morbidity events [19–25].

The indications for robotic colectomy are well described and include benign conditions, such
as inflammatory bowel disease, volvulus, diverticular disease, arteriovenous malformations,
ischemic colitis, and polyps not amenable to endoscopic removal [26]. There are also emergent
indications such as nearly obstructing lesions, ischemic colitis, and hemorrhage [27, 28].

Patients with contraindications for pneumoperitoneum, with an advanced disease invading
adjacent organ and tumor greater than 8 cm in diameter, are contraindicated for robotic
colectomy [26].

Colorectal robotic surgery also seems to be feasible for malignant disease comparable results
in terms of oncologic radicality and surgical accuracy and in terms of short-term outcomes
with respect to standard laparoscopy [18].
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In a study of 50 consecutive right colectomies for cancer, D’Annibale et al. did not notice any
statistically significant difference between laparoscopic and robotic groups in pathologic
parameters and lymph node harvest. They concluded that robotic right colectomy was safe
and provided adequate oncologic resection with acceptable short-term results [29].

However, if laparoscopic and robotic colectomies could be compared in terms of post-
operative course and oncological outcomes, the robotic system offers several undoubtable
technical advantages in performing colon surgery.

Robotic surgery allows an enhanced stabilized three-dimensional stereoscopic vision of the
operative field and depth perception beyond the standard two-dimensional laparoscopic
monitor [29, 30].

The da Vinci Si system provides hand stabilization, eliminating surgeon tremor and allowing
for the refinement of scaled movements [29, 30]. This gives the surgeon the possibility to obtain
greater precision in the surgical field.

In addition, the surgeon can work in a more ergonomic position compared with laparoscopic
procedures that sometimes require maintaining a difficult posture even in long-lasting
procedures [3, 20].

This improved surgical dexterity makes the switch to an intracorporeal anastomosis easier,
which may lead to a higher adoption rate for intracorporeal anastomosis for right colectomies.

The potential benefits of intracorporeal anastomosis have been described in several studies
and were known from laparoscopy.

Hanna et al. [31] recently concluded that intracorporeal anastomosis in laparoscopic right
hemicolectomy is associated with similar post-operative and non-inferior oncologic outcomes
compared with extracorporeal anastomosis, but it offers several advantages including freedom
of specimen extraction sites, smaller incisions, and a lower risk of conversion to open resection
especially in morbidly obese patients.

Hellan et al. [32] have found similar outcomes with intracorporeal and extracorporeal anas‐
tomosis but shorter incisions with intracorporeal anastomosis. Grams et al. [33] have reported
an earlier return of bowel function, shorter length of hospital stay, and fewer complications.

Better outcomes are achieved when an intracorporeal anastomosis is performed. This is
probably because of less traction and tension applied to the colon and the mesentery during
an intracorporeal anastomosis as well as because of less trauma to the incision, which may
result in less post-operative ileus and fewer complications [31, 34].

Another advantage in performing an intracorporeal anastomosis is the possibility to choose
where to make the incision for extraction. In fact, keeping the extraction site far from the
midline results in decreased risk of incisional hernia [35, 36].

The three-dimensional vision also provides advantages in mobilizing the left colic flexure with
an accurate identification of the flexure borders and its relation to the spleen, while a gentle
traction on the spleen is granted by the robotic arm, avoiding the risk of splenic rupture or
laceration [14, 27, 36–38, 42].
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Authors (years) Patients (n) OT (min) HLN (n) IC (%) CR (%) HS (days) PC (%) MR (%)

Rawling et al. [23] LRC: 15 169.2 13.3 5.5 13.3

RRC: 17 189.9 0 5.2 11.7

Park et al. [19] LRC: 35 130 30.8 0 0 8.3 17.1 0

RRC: 35 195 29.9 0 0 7.9 20 0

Deutsch et al. [20] LRC: 47 214.4 18.7 0 6.3 42.55 2.12

RRC: 18 219.2 21.1 11.1 4.3 33.33 0

Halabi et al. [21] LRC: 53413 6 0.04 0.51

RRC: 670 6 0 0

Casillas et al. [22] LRC: 110 79 24 0 9.90 29 35 1

RRC: 52 143 28 0 4.17 19 17 0

LRC, laparoscopic right colectomy; RRC, robotic right colectomy; OT, operative time; IC, intraoperative complications;
HLN, harvested lymph node; CR, conversion rate; HS, hospital stay; PC, post-operative complications; MR, mortality
rate.

Table 1. Robotic right colectomy data review.

Authors (years) Patients (n) OT (min) HLN(n) IC (%) CR (%) HS (days) PC (%) MR (%)

Rawling et al. [23] LLC: 27 199.4 0 0 6.6 15.38

RLC: 30 225.2 7.7 15.38 6 23.07

Deutsch et al. [20] LLC: 45 254.7 30 0 4.2 17.7 0

RLC: 61 289.7 10 3.33 4.1 18.03 0

Casillas et al. [22] LLC: 68 188 14 0 5.88 32 12 0

RLC: 82 14 0 5.88 32 12 0

Halabi et al. [21] LLC: 62235 6 0.04 0.51

RLC: 1473 6 0 0

Lim et al. [24] LLC: 34 217.6 16.5 6.2 10.3 0

RLC: 146 252.5 12 5.5 5.9 0

LLC, laparoscopic left colectomy; RLC, robotic left colectomy; OT, operative time; IC, intraoperative complications;
HLN, harvested lymph node; CR, conversion rate; HS, hospital stay; PC, post-operative complications; MR, mortality
rate.

Table 2. Robotic left colectomy review data.

The improved dexterity of the instruments favors precise tissue dissection and facilitates
lymph node dissection.

Some authors have also reported lower conversion rates for laparoscopic colonic resections
[16, 35, 36, 43], ranging from 0 to 4%, compared with 16.7–25%.
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In our experience of 42 robotic colectomies, conversion was needed in three patients (7.1%).
Two patients, who underwent right colectomy, required conversion to open surgery, one for
excessive visceral obesity and the other for adhesions because of previous abdominal surgery.
The mean number of lymph nodes in right colectomies (34 cases) and left colectomies (8 cases)
was 17.7 and 13.9, respectively. Leak rate and 30-day mortality were 0%.

We recently conducted a retrospective analysis to compare operative measures and post-
operative outcomes between laparoscopic 3D and robotic colectomy for cancer.

There were no differences between robotic colonic resections and 3D laparoscopic ones in
terms of the number of lymph nodes removed and post-operative outcomes, but we found
intracorporeal anastomosis easier to perform in robotic right colectomies than in the laparo‐
scopic ones. In left colectomies, we observed that the robotic technique provided better
outcomes, with earlier solid food intake registered in patients [39] (Tables 1 and 2).

5. Limitations

The high cost of robotic surgery because of the purchase and maintenance of the equipment
is the main limitation to the widespread diffusion of this technology [39]. We estimated a cost
of €4,950 for robotic procedures versus €1,950 needed for laparoscopic ones [36]. The cost factor
can be prohibitive to the availability of robotic technology restricting it only to bigger centers.

Moreover, a higher number of complications have been observed in the low volume centers
when compared with medium- and high-volume centers and surgeons [40].

Furthermore, robotic procedures are associated with a significantly longer operating time.
Most of the authors have reported that the docking time was the main cause of longer operating
time [3, 18, 41, 44].

There are also some practical and technical disadvantages. The major technical drawback of
robotic surgery is the lower tensile feedback. The surgeon must rely on visual clues through
the monitor to guide the instrumentation and ensure that appropriate and safe manipulation
is preserved by trying to estimate the tension placed on tissues by da Vinci’s powerful robotic
arms [3, 38]. Performing robotic surgery requires two equally experienced surgeons, one
working from the console and the other one staying at the operating table. The risk of system
malfunction, inability to reposition the patient once the robot is docked, external and internal
collision of the bulky robotic arms, and limited access to the patient by the anesthesia team
when the tower is placed have also been observed [3, 20].

6. Conclusions

As was the case with laparoscopy, robotic technology will certainly undergo substantial
development in the near future. It has proven to be safe and feasible also in the case of cancer
and comparable to laparoscopy, but it still presents some drawbacks.
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However, the real benefit to the patient must be carefully proven before this technology can
become widely accepted in clinical practice.
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Abstract

Colorectal cancer (CRC) remains one of the most common malignancies and the second
leading cause of cancer‐related death worldwide; treatment algorithms include surgery,
chemotherapy and targeted therapies.  Immunotherapy has recently emerged as an
effective treatment approach in several types of cancer, including non–small cell lung
cancer, melanoma and kidney cancer. In CRC, novel immune‐checkpoint inhibitors such
as anti‐CTLA4 and PD1/PDL1 monoclonal antibodies have shown limited efficacy,
although ongoing trials in mismatch repair‐deficient CRC have shown significant and
promising results. Here, we review the role of immune‐microenvironment in colorectal
cancer and current clinical data about therapeutic activity of immunotherapy in the
treatment of CRC.

Keywords: colorectal cancer, immunotherapy, drug development, checkpoint inhibi‐
tion, mismatch repair

1. Introduction

Colorectal cancer (CRC) is the fourth most common cancer and the second leading cause of
cancer‐related death worldwide. Surgery, chemotherapy, radiation therapy and targeted agents
including anti‐angiogenic and anti‐epidermal growth factor receptor (EGFR) therapies form
the backbone of treatment for CRC in various stages. Unfortunately, when diagnosed at advanced
stage, CRC is still inevitably fatal. More than 50% of patients diagnosed with CRC eventually
develop metastases, and almost 90% of these patients have unresectable disease [1–3]. In some
patients with metastatic disease, metastectomy is still possible and can result in a cure in
appropriately selected patients [2, 3]. The almost totality of metastatic CRC patients eventual‐
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ly develops resistance to all available standard therapies leading to cancer progression and death
[4].

As we will discuss here, immunotherapy and immunomodulatory drugs may represent future
therapeutic options to be included in the therapeutic armamentarium in the treatment of CRC.
The importance of inflammation in CRC is partially supported by the evidence that patients
with inflammatory bowel diseases, i.e., patients with ulcerative colitis and Crohn's disease are
at increased risk for developing CRC [5]. It is assumed that chronic inflammation is a significant
contributor to cancer development. This is supported by the fact that colon cancer risk increases
with longer duration of colitis, greater anatomic extent of colitis, the concomitant presence of
other inflammatory manifestations like primary sclerosing cholangitis [6] and the fact that
certain drugs used to treat inflammation, such as 5‐aminosalicylates and steroids, may prevent
the development of CRC in this clinical setting [7]. It may be thus possible that by shaping the
immune composition of the CRC microenvironment through novel immunotherapies, this
may ultimately lead to a therapeutic effect in CRC.

2. The immune‐cell microenvironment in colorectal cancer

An important step in tumour progression is the evasion and suppression of the host immune
system [8, 9], as shown in Figure 1. In the normal microenvironment, the effector cells,
including the natural killer (NK) cells and cytotoxic T lymphocytes (CTLs), are capable of
driving potent anti‐tumour suppressive activities. Tumour cells are often able to induce an

Figure 1. Immune‐cell microenvironment in colorectal cancer. The evasion and suppression of the host immune sys‐
tem is an important step of colorectal cancer (CRC) progression. In physiologic conditions, effector cells, including the
natural killer (NK) cells and cytotoxic T lymphocytes (CTLs), exert tumour surveillance and tumour suppressive activi‐
ties. Tumour cells are able to induce an immunosuppressive microenvironment that protects them from the host im‐
mune system through the expansion of regulatory immune cells (i.e., myeloid‐derived suppressor cells (MDSCs) and
regulatory T cells (Tregs)) and alternative activation of other immune cells, including macrophages, granulocytes and
dendritic cells.
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immunosuppressive microenvironment that protects them from the host immune system.
Overall, tumour cells are able to shape the host microenvironment, which is rich of immune
cell populations, in a suitable way for them to survive to the host immune system recognition
[10, 11]. The two major immunosuppressive mechanisms in cancer are (1) expansion of
regulatory immune cells (i.e., myeloid‐derived suppressor cells (MDSCs) and regulatory T
cells (Tregs)) and (2) activation of the inhibitory T‐cell pathways—programmed cell death‐1/
programmed cell death‐ligand 1 pathways (PD‐1/PD‐L1 pathways).

3. Myeloid‐derived suppressor cells

Myeloid‐derived suppressor cells are a heterogeneous and immature subset of circulating cells
of myeloid derivation that can differentiate into, macrophages, granulocytes or dendritic cells
(DCs) under physiologic conditions. However, under pathological conditions such as cancer
or inflammation, the differentiation of these immature myeloid cells is inhibited resulting in
accumulation of MDSCs in the tumour microenvironment or in the sites of inflammation [12].
For example, in cancer patients and tumour models, MDSCs accumulate in the tumour
microenvironment because of the release of soluble factors by tumour cells or by other cells of
the microenvironment, i.e., granulocyte macrophage colony stimulating factor (GM‐CSF),
interleukin‐1 β and stromal‐derived growth factor 1‐α [13, 14]. MDSCs can then suppress T‐
cell proliferation through expression of several immune suppressive factors, including
arginase, reactive oxygen species (ROS) and nitric oxide (NO). MDSCs can also promote the
development of Treg cells in vivo, which are anergic and immune‐suppressive [15]. Several
studies have consistently shown that cancer patients with higher MDSC levels have shorter
survival compared to patients with lower MDSC levels [16, 17]. Moreover, depletion of MDSCs
in tumour‐bearing mice using anti Gr‐1 antibody [18, 19] or MDSC‐targeting specific peptides
have shown anti‐tumour activities [20] suggesting that MDSCs can be a good target for future
anti‐tumour treatments. Two main subsets of MDSCs have been described, namely, granulo‐
cytic MDSC (G‐MDSC) or polymorphonuclear (PMN)‐MDSCs and monocytic MDSC (Mo‐
MDSC). G‐MDSCs have granulocyte‐like morphology characterised by increased levels of ROS
and low levels of NO, whereas Mo‐MDSCs have monocyte‐like morphology with increased
level of NO, but low levels of ROS. Human G‐MDSCs and Mo‐MDSCs are classically defined
as CD11b+ CD33+ HLA‐DR− /lowCD14− and CD11b+ CD33+ HLA‐DR−/low CD14+, respectively. In
tumour‐bearing mice, G‐MDSCs are the major MDSC subset that expands in the peripheral
lymphoid organs after tumour engraftment pointing to a different biology of these cells in
human and mice [21].

MDSCs promote metastasis development and primary tumour growth both in CRC patients
and CRC murine models [22]. Importantly, MDSCs have also been implicated in the resistance
to anti‐angiogenic therapies used for the treatment CRC [23] via their ability to stimulate the
expression of genes, whose products promote leukocyte recruitment, alternative angiogenic
mechanisms, tumour migration, wound healing and formation of premetastatic niches in distal
metastatic organs [23].
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4. Regulatory T cells (Tregs)

Treg cells are a subset of CD4+ T lymphocytes characterised by the expression of Forkhead Box
P3 (FOXP3) transcription factor [24]. Tregs are able to suppress the function of antigen
presenting cells (APCs), i.e., dendritic cells, and effector T cells by direct contact or by release
of anti‐inflammatory cytokines (IL‐10 and TGF‐ β). Tregs are major players in the development
of tumour immunosuppressive microenvironment; these cells accumulate both in the tumour
microenvironment and the peripheral blood of patients with cancer [25, 26]. The increased
frequency of Tregs both in the peripheral blood and especially in the sites of tumour growth
has generally been considered a marker of poor prognosis due to Treg‐mediated suppression
of anti‐tumour immunity [27, 28]. In transgenic mouse models, it has been shown in mice that
Treg depletion induces regression of solid tumours and lymphomas, following increased
intratumoural accumulation of activated CD8+ cytotoxic T cells [29–31]. These data indicate
that targeting Tregs can represent a potential anti‐tumour strategy; however, the development
of autoimmune diseases following administration of Treg cells has been described in these
preclinical studies and may represent a limitation in the pursue of novel anti‐Treg treatments
in patients. In CRC, several studies have shown that Treg density in tumour specimens
represents an independent negative prognostic factor [32–34]. Low‐dose cyclophosphamide
has been shown to reduce the numbers and function of Tregs and to induce anti‐tumour,
immune‐mediated effects [35, 36]; this has been shown to be true in preclinical models of CRC
[37], but no studies have been carried out in CRC patients so far.

5. Dendritic cells

Dendritic cells are cells of bone marrow origin defined as professional antigen presenting cells,
which have the ability to present self and non‐self antigens to T cells, thus promoting immunity
or immune‐tolerance [38]. Antigen presentation by DCs is able to induce naive T cells differ‐
entiation into effector and memory T cells; however, it can also lead to different forms of T‐
cell tolerance, depending on the local microenvironment stimuli and the functional status of
the DCs. Myeloid‐DCs (mDCs) and plasmacytoid‐DCs (pDCs) are two major DC subsets that
have been identified based on their origin, immune‐phenotype and functional status [39]. In
human, mDCs are usually defined as Lin–HLADR+CD11c+CD123dim cells, whereas pDCs are
Lin–CD11c–CD4+CD45RA+CD123+ILT3+. Several studies have documented accumulation of
DCs in tumour sites, which often correlated with poor prognosis [40–42]. The loss of tumour‐
derived antigen presentation ability by tumour‐infiltrating DCs has been shown to be the
consequence of the suppressive effects of the tumour microenvironment mediated by various
cytokines [43]. For example, it has been demonstrated that tumour‐infiltrating pDCs from solid
tumours express high levels of inducible T‐cell co‐stimulator ligand (ICOS‐L), which explains
their ability to induce Tregs proliferation [44, 45], thus leading to local immunosuppression.
Moreover, TGF‐ β secreted by DCs from breast cancer patients is able to induce Treg‐cell
proliferation and accumulation, thus leading to tumour growth [46]. The role of DCs in CRC
has been controversial mostly due to the technical difficulties associated with their quantifi‐
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Moreover, TGF‐ β secreted by DCs from breast cancer patients is able to induce Treg‐cell
proliferation and accumulation, thus leading to tumour growth [46]. The role of DCs in CRC
has been controversial mostly due to the technical difficulties associated with their quantifi‐

Colorectal Cancer - From Pathogenesis to Treatment304

cation and identification. For these reasons, it is difficult to draw a conclusion about the role
of DCs and performance of DCs as a predictor of outcome for CRC [47, 48].

6. Natural killer cells

NK cells represent a heterogeneous lymphocyte population with direct‐cytotoxic anti‐tumour
capacity and multiple immunoregulatory properties. Natural killer group 2D (NKG2D) is one
of the NK cell activating receptors that recognises various proteins expressed on the surface
of target cells in response to several forms of cellular stress. One of the ligand of NKG2D is the
MHC class I polypeptide‐related sequence A (MICA); target tumour cells that express MICA
are efficiently killed via NKG2D despite the expression of MHC class I molecules, describing
a pathway of anti‐tumour activity mediated by NK cells [49]. Several preclinical studies have
shown the susceptibility of CRC cells to the NK cell–mediated killing [50–52], which can be
enhanced by the contemporary treatment with anti‐CRC drugs like anti‐EGFR inhibitors [53].

Interestingly Gharagozloo et al. [54] have recently shown that metastatic CRC patients present
a significant reduction in the percentage of circulating NKG2D+NK cells as well as NKG2D
mRNA expression in peripheral blood as compared to healthy controls, suggesting a specific
defect of NK cell–mediated natural immunity in CRC patients.

7. Macrophage in colorectal cancer

Cells of the monocyte–macrophage lineage are one of the major components of the leukocyte
infiltration in tumours; there is strong evidence that these cells promote inflammatory circuits
that ultimately lead to tumour progression, tumour cell invasion and metastasis [55].

Macrophages recruited to the tumour‐associated microenvironment may exist both in a
classically activated inflammatory phenotypes (M1) with anti‐tumour capacity or an alterna‐
tively activated, immunosuppressive (M2) phenotype with tumour supporting ability [56];
M1‐polarised macrophage secretes a large amount of IL‐12, IL‐1α, IL‐1β, IL‐6, TNF‐α, nitric
oxide (NO) and ARG1, and stimulate secretion of IFN‐γ by Th1 lymphocytes, thus activating
Th1 immune response which in turn stimulate the tumour specific‐CTL cytotoxicity. However,
during tumour progression, macrophages shift towards a M2‐polarised phenotype induced
by the exposure of these cells to IL‐4, IL‐13, M‐CSF/CSF‐1, IL‐10 and TGF‐β1, among other
factors present in the tumour microenvironment. In this state, macrophages are defined as
tumour‐associated macrophages (TAMs) and are able to support tumour growth, survival and
metastasis. TAMs mostly derived by circulating monocyte which are recruited to the tumour
bed by the secretion from tumour cells and the other cells of the tumour microenvironment of
inflammatory cytokines such as M‐CSF/CSF‐1, SDF‐1/CCL12 and MCP‐1/CCL2. M2 macro‐
phages then are able to secrete large amount of growth factors, such as EGF, HGF, bFGF,
inflammatory factors (such as COX2) and angiogenic factors, including VEGF and angiogenic
chemokines, which in turn all together promote progression of tumours (reviewed in [55, 57]).
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In general, higher densities of TAMs in tumours and overexpression of key stimulators of M2
differentiation are considered markers of poor prognosis in a number of cancers [55, 57]. TAMs
are associated with tumour progression and poor survival in CRC patients [58, 59], in line with
in vitro and in vivo studies showing that macrophages are able to promote survival and induce
proliferation of CRC cells via activation of Wnt pathway in CRC cells [60–62]. However, some
other studies have shown that macrophages actually exert a tumour‐suppressive activity in
CRC via direct inhibition of tumour cell proliferation and via production of chemokines that
attract T cells, stimulate proliferation of allogeneic T cells and activate type‐1 T cells associated
with anti‐tumour immune responses [63]. In CRC, the role of macrophages may be ultimately
context and stage dependent with implications for the design of future therapies aiming to
target these cells.

8. Immune therapy in CRC

Given the complexity of the immune microenviroment and immune‐cell composition of CRC,
targeting this type of cancer via novel immunotherapies has been proved challenging.
However, as described in the following paragraphs, recent advanced in the immunotherapy
drug‐development together with a better understanding of the genetic basis of immune
stimulation have finally lead to the proof of concept demonstration that immunotherapy may
represent an important therapeutic tool in the treatment of CRC.

9. Immune‐cytokine therapy in CRC

Non‐specific immunotherapy utilising cytokines such as interferon (IFN), interleukins and
granulocyte macrophage colony‐stimulating factor (GM‐CSF) have been studied because of
the potential ability to modulate and promote host immunity against tumour antigens. A Phase
II trial of 29 patients with metastatic CRC using gemcitabine, oxaliplatin and 5‐fluorouracil
(GOLF) in combination with IL‐2 and GM‐CSF immune adjuvant regimen (GOLFIG) yielded
promising results, with an overall response rate of 56.5%, disease control rate of 96% and
median time to progression of 12.5 months [64]. A Phase III study comparing the GOLFIG
regimen against the control arm of FOLFOX‐4 in first line treatment of metastatic CRC was
terminated early due to poor recruitment into the control arm. However, the experimental arm
did show superiority in Progression Free Survival and Overall Response Rate with a trend
towards improvement of overall survival; this trial does provide proof‐of‐concept that
GOLFIG chemoimmunotherapy may represent a novel reliable option for first‐line treatment
of metastatic CRC [65].

10. Vaccines as therapeutic tools in CRC

Vaccine‐based therapy can be delivered as whole‐tumour‐cell vaccines, peptide vaccines, viral
vector vaccines or dendritic call vaccines, each with its inherent advantages and disadvantages
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(reviewed in [66, 67]). Overall in the treatment of CRC, there have been only small Phase I and
Phase II studies with suggestions that vaccines may have a role in the adjuvant setting, and
limited efficacy in metastatic disease. [68].

11. Rationale of checkpoint receptor pathway as a target in colorectal cancer

Immune checkpoints refer to a very complex and articulated series of inhibitory pathways that
intricate into the immune system and that are crucial for regulating self‐tolerance and modu‐
lating the duration and extent of physiological immune responses in peripheral tissues in order
to avoid excessive immune‐activation and subsequent collateral tissue damage (Figure 2) [69].
It is now well established that tumour cells can co‐opt certain immune‐checkpoint pathways;
this represents a novel and important mechanism of immune resistance, particularly against
T cells that are specific for tumour antigens. Consequently, the blockade of immune check‐
points is able to unleash T‐cell–mediated anti‐tumour immune response in a potent and
sometime curative way [69].

Figure 2. Immune checkpoint and immunosuppression in CRC. Immune checkpoints activate inhibitory pathways in
T cell that ultimately lead to T‐cell–mediated immunity suppression. Tumour cells can co‐opt these immune‐check‐
point pathways thus leading to T‐cell exhaustion and tumour immunotolerance.CTLA4: cytotoxic T‐lymphocyte‐asso‐
ciated antigen 4; PD1: programmed cell death protein 1; TIM3: T‐cell membrane protein 3; LAG3: lymphocyte
activation gene 3; BTLA: B‐ and T‐lymphocyte attenuator; VISTA: V‐domain Ig suppressor of T‐cell activation.

The two immune‐checkpoint receptors that have been most studied in the context of clinical
cancer immunotherapy, cytotoxic T‐lymphocyte‐associated antigen 4 (CTLA4; also known as
CD152) and programmed cell death protein 1 (PD1; also known as CD279) are both inhibitory
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receptors and have both shown to be appropriate targets (Figure 2). Importantly, several other
checkpoint immune pathways have recently emerged to be additional targets for the devel‐
opment of new immunotherapy drugs mostly in preclinical studies (Figure 2); these include
lymphocyte activation gene 3 (LAG3; also known as CD223), 2B4 (also known as CD244), B‐
and T‐lymphocyte attenuator (BTLA; also known as CD272), T‐cell membrane protein 3 (TIM3;
also known as HAVcr2), adenosine A2a receptor (A2aR) to name a few [70].

Programmed cell death 1 is a Type I transmembrane protein, which belongs to the CD28 family
[71]. PD‐1 is expressed on activated and exhausted T and B cells and has two ligands PD‐L1
and PD‐L2. Importantly, PD‐L1 is not expressed on normal epithelial tissues, but can aber‐
rantly be expressed on a variety of solid tumours [72]. On the other hand, PD‐L2 is more
broadly expressed on normal healthy tissues. Binding of PD‐L1 to PD‐1 reduces cytokine
production and activation of the target T cells, leading to an immunosuppressive microenvir‐
onment.

Clinical trials targeting PD‐1/PD‐L1 pathway to overcome tumour‐associated immune
suppression have shown promising results for a variety of solid tumours. Checkpoint inhibitor
immunotherapy is currently FDA‐approved for the treatment of melanoma, kidney cancer and
NSCLC. However, it has been shown active in many other types of solid, including gastric,
ovarian cancer, and bladder cancer, and hematologic cancers, particularly Hodgkin lymphoma
[73–76]. It is currently unclear what determines response to this type of treatment and this is
an area of active research giving the costs and the potential toxicity associated with these
treatments.

The accumulation of somatic mutations accompanies the initiation and progression of most
cancers conferring to the tumour cells unrestricted proliferative capacity [77]. The analysis of
cancer genomes has revealed that tumour mutational landscapes [78] are extremely variable
among patients, among different tumours from the same patient and even among the different
regions of a single tumour. Two separate papers have recently shown that response to
checkpoint inhibitors, i.e., anti‐CTL4 and anti‐PDL1 Ab, critically depend on the mutational
load of the specific tumours. The first study by Snyder et al. [79] found that mutational load
associates with exceptional response to the anti‐CTLA‐4 Ab ipilimumab in melanoma patients.
Using genome‐wide somatic neoepitope analysis and patient‐specific HLA‐typing, they
identified candidate tumour neoantigens for each patient predicted to be able to activate a T‐
cell response in anti‐CTLA‐4 treated patients.

Interestingly, the probability for a tumour to carry such neoantigens was dependent on the
mutational load of the specific tumour, as it was the probability to respond to anti‐CTLA‐4 Ab.
Similar results were obtained in NSCLC patients treated with pembrolizumab, an antibody‐
targeting PD‐1 [80]. A higher non‐synonymous mutation burden in tumours was associated
with improved objective response, durable clinical benefit and progression‐free survival.
Therapeutic benefit in these patients correlated with the molecular smoking signature, higher
neoantigen burden and DNA repair pathway mutations. All these factors were associated with
increased mutation burden [80].
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Both studies suggest for the first time a genomic‐based mechanism to the response to novel
immunotherapy drugs that can potentially help with designing rational combination treat‐
ments, i.e., DNA‐damaging agents plus immune‐checkpoint inhibitors.

12. PD1/PDL1—immune‐checkpoint inhibitors

In unselected colon cancer, the response to immune‐checkpoint inhibitors has shown limited
efficacy [73]. In tumours that have shown response, predictive markers to checkpoint inhibi‐
tion are being evaluated—with microsatellite insufficiency (MSI) or mismatch‐repair (MMR)
status being the most promising thus far [81].

Pembrolizumab (MK‐3475)—a highly selective humanised IgG4 monoclonal antibody that
blocks the interaction of PD‐1 with its ligands PD‐L1 and PD‐L2—has undergone extensive
testing in multiple tumour types. In the KEYNOTE‐028 study—a multicohort, Phase Ib trial of
pembrolizumab for programmed death‐ligand 1 (PD‐L1) positive advanced solid tumours;
there were 156 screened patients with advanced colorectal cancer, with 33 (21%) of these being
PD‐L1 positive and 23 went on to receive treatment. Although the safety profile was acceptable
with only one patient experiencing a grade ≥3 treatment‐related adverse events with elevated
bilirubin; it was felt there was overall minimal anti‐tumour activity. One patient who had
microsatellite instability high disease experienced a partial response, with four patients (17%)
having the best response of stable disease, and progressive disease in 16 patients (70%) [82].

The initial Phase I study of anti‐PD‐1 antibody nivolumab included 17 colorectal patients, who
were heavily pre‐treated; the majority of these patients had PD‐L1 negative tumours and thus
overall, this study showed limited clinical efficacy [83]. However, one patient with colorectal
cancer treated with five doses in this study experienced a complete response at 6 months, which
was ongoing after 3 years; it was noted that the patient's tumour was MSI‐high, and evidence
of PD‐L1 expression by infiltrating macrophages and lymphocytes [84].

Based on the previous reports associating mutational load to response to checkpoint inhibitors,
Le et al. hypothesised that mismatch repair–deficient tumours and mismatch repair (MMR)–
deficient tumours are more responsive to PD‐1 blockade than are MMR‐proficient tumours.
A Phase II study of 41 patients evaluating the clinical activity of pembrolizumab in metastatic
carcinoma with or without MMR‐deficiency showed hazard ratios for disease progression or
death (0.10; 95% CI, 0.03–0.37; P < 0.001) and for death (0.22; 95% CI, 0.05–1.00; P = 0.05) that
favoured patients with mismatch repair‐deficient colorectal cancer [85]. Thus, ongoing studies
are exploring this particular subset.

The KEYNOTE‐164 study (NCT02460198) is a Phase II study currently recruiting patients with
previously treated locally advanced unresectable or metastatic mismatched repair‐deficient or
MSI‐high colorectal carcinoma to assess efficacy of pembrolizumab monotherapy [85]. In the
same patient population of MSI‐high colorectal cancers, the Phase III KEYNOTE‐177
(NCT02563002) study will compare pembrolizumab monotherapy against standard of care
chemotherapy in first line treatment of advanced CRC [86].
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Regarding anti‐PD‐L1 compounds, atezolizumab (MPDL3280A) has shown activity in Phase
I studies—with one of four patients with colorectal cancer having a durable partial response
[87]. In the Phase Ib study of atezolizumab in combination with bevacizumab in refractory
metastatic CRC, and that of atezolizumab and bevacizumab with FOLFOX in the oxaliplatin
naïve population, this confirmed acceptable safety and clinical activity—unconfirmed ORR
8% (1/13) and 44% (8/18) in the two arms respectively [88]. However, the Phase I study of
BMS936559, which included 18 colorectal patients showed no response in this tumour type
[89]. There are ongoing studies with other anti‐PD‐L1 compounds including durvalumab/
MEDI4736 (NCT01693562) and avelumab (NCT01772004).

13. Anti‐CTLA4 Therapy

Tremilimumab, a fully human immunoglobulin (Ig) G2 monoclonal antibody that blocks
inhibitory signalling from CTLA4 was studied as monotherapy treatment in a Phase II single
arm study, of 47 patients with refractory metastatic CRC. Tremelimumab was intended to be
administered every 90 days. Clinical activity was unable to be demonstrated, with 43 of 45
evaluable patients unable to receive a second dose—with a median duration on study of 2.3
months [90]. However, a Phase I combination study of tremelimumab with durvalumab
(NCT01975831) is ongoing; and ipilimumab is also being studied in combination with
nivolumab (NCT02060188).

14. Other immune‐checkpoint inhibitors

In MSI‐high colon cancers, it has been shown that up‐regulation of PD‐1, PD‐L1, CTLA‐4, LAG‐
3 and IDO immune checkpoints enables evasion from Th1 response [91]. As described, PD‐L1,
PD‐1, CTLA‐4 have been and are being investigated in the treatment of CRC. Anti‐LAG‐3
monoclonal antibodies (BMS‐986016), alone and in combination with nivolumab are also being
evaluated (NCT01968109).

15. Other combined immunotherapy strategies

As there has been limited efficacy from current immunotherapy strategies, it has been
proposed that combination of immunotherapy with conventional chemotherapy, radiothera‐
py and targeted agents should be trialled [92]. The use of DNA damaging agents may increase
the mutation burden, thus increase the efficacy of checkpoint inhibition.

16. Conclusion

Advanced CRC remains inevitably lethal despite optimal management, thus novel therapeutic
approaches are urgently needed. Immunotherapy, particularly novel immune‐checkpoint
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inhibitors, is transforming the therapeutic landscape of many types of cancer. Although in
CRC the clinical data have been disappointing so far, this is probably due to the lack of
knowledge of biomarkers/clinical features that can allow us the optimal selection of patients
likely to respond to the specific immunotherapies. This has been proved by the identification
of MMR status as a specific marker of response to anti‐PD1/PDL1 treatment in CRC. In the
future, a deeper understanding of immunobiology of CRC together with the development of
novel immunotherapeutic agents will surely lead to new successful treatments for advanced
CRC patients. This will be followed by further studies of combination of novel immunothera‐
pies together with the present standard of care, i.e., surgery, chemotherapy and target therapies
that will additionally improve the prognosis of advanced metastatic CRC.
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Abstract

Colorectal cancer (CRC) is one of the most common cancers in the world. Around 90%
of CRC deaths are caused by metastasis, and systemic chemotherapy is the last hope for
patients with unresectable metastases of CRC. Although recent systemic chemothera‐
py advances have prolonged survival in patients with unresectable CRC, the effective‐
ness, cost, and side effects of the chemotherapeutic agents still need to improve. The use
of plant-, microbial-, or fungal-derived natural products for medical benefits is playing
an important role globally, such as in anti-cancer drugs and antibiotics.

The cancer cells are different from normal cells in many points. In contrast to normal
cells, most of the fatty acids in malignant cells are derived from de novo lipogenesis that
emphasizes  the  importance  of  up-regulation  of  endogenous  lipid  biosynthesis  in
malignant transformation.

Several anti-cancer drugs available on the market today, such as Taxol, Oncovin,
Navelbine, and Vumon, trace their origins to plants. Monoterpenes of several essen‐
tial oils from plants possess medical benefits. Various monoterpenes such as d-
limonene, geraniol, 1,8-cineole, and perillyl alcohol (POH) are effective for CRC in in
vitro and animal experiments.

Fatty acid synthase (FASN), the key enzyme of de novo lipogenesis, is significantly up-
regulated in many cancers including CRC. In normal adults, FASN is mainly ex‐
pressed in cells with lipid metabolisms such as liver and adipose tissues. The expression
of FASN has been found to be up-regulated in various human cancer cells including
CRC. Lipogenesis by cancer cells provides proliferative and survival advantages and
drug resistance against chemotherapeutic agents. Inhibition of lipogenesis targeting
FASN induces apoptosis selectively in human cancer cells both in vitro and in vivo. The
differential expression of FASN between cancer cells and normal cells makes FASN a
suitable target for cancer treatment. The pharmacological FASN inhibitors are cerulenin,
C75, C93, orlistat, luteolin, epigallocatechin-3-gallate (EGCG), triclosan, capsaicin,
curcumin, and so on.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



In this chapter, we discuss the usefulness of monoterpenes and FASN inhibitors against
CRC for the novel chemotherapeutic agents.

Keywords: fatty acid synthase inhibitor, monoterpene, colorectal cancer, chemothera‐
py, cerulenin

1. Introduction

Colorectal cancer (CRC) is one of the most common cancers in the world, and about 90% of
CRC deaths are caused by metastasis, not by primary solid tumors [1]. Despite recent advances,
systemic chemotherapy for metastatic disease is considered palliative, and long-term survivors
are rarely seen treated only by chemotherapy [2]. Natural products are the most successful
strategy to discover new agents used in anti-cancer therapy and more than two-thirds of the
drugs used in cancer treatment [3]. A large number of studies have focused on the efficacy of
essential oils and their chemical constituents as bioactive new products [4], especially cancer
treatment [5, 6]. The essential oils are a mixture of volatile lipophilic substances: monoterpenes,
sesquiterpenes, and phenylpropanoids. These substances have many biological activities such
as analgesic, anti-convulsant, anti-inflammatory [6, 7, 9], and anti-tumor activities [10–14].
Monoterpenes of several essential oils from plants possess medical benefits. The various
monoterpenes, such as limonene, geraniol, 1,8-cineole, and perillyl alcohol (POH), are effective
for CRC in in vitro and animal experiments [15].

2. Monoterpenes

Terpenes are the largest class of plant-derived secondary metabolites, and they are the main
component of essential oils [16, 17]. Monoterpenes are the largest class of terpenes [18]. The
therapeutic properties of monoterpenes are anti-allergic, anti-inflammatory, anti-cancer, and
so on [19]. The basic structure of monoterpenes consists of two isoprene units (C5H8)2.
Monoterpenes exist in many forms in nature, such as hydrocarbons, alcohols and their
glycosides, ethers, aldehydes, ketones, carboxylic acids, and esters [15]. Monoterpenes are
classified as acyclic, monocyclic, and bicyclic according to the ring formation. The important
acyclic monoterpenes, which have anti-tumor effects, are myrcene and geraniol [20]. The
important monocyclic monoterpenes with anti-tumor effects are linalyl acetate, camphor,
thymol, carvacrol, POH, d-limonene, and many others. POH and d-limonene are said to inhibit
the development of several types of carcinomas as they were in Phase I and II clinical testing,
respectively [21, 22]. The bicyclic monoterpenes that have anti-tumor effects are 1,8-cineole
(eucalyptol), and α- and β-pinene [23, 24].
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3. Monoterpene and colorectal cancer

In this chapter, we reviewed monoterpenes with anti-CRC activity. The monoterpenes
presented in this chapter were selected with reference to effects shown in specific experimental
models for evaluation of anti-tumor activity and/or by complementary studies aimed to
elucidate mechanisms of action shown in Table 1.

Compound Mechanism Animal/cell line tested IC50, etc Reference

Acyclic

Geraniol Cell cycle arrest/5FU
synergy

Caco-2 200 μM (Caco-2 IC30) [26]

Cell cycle arrest Caco-2 400 μM(70% inhibition) [27]

ERK1/2 inactivation Caco-2 400 μM(60% reduction of PKC
activity)

[28]

Synergistic with 5FU TC-118/Swiss nu/nu
mouse

5FU 20 mg/kg, geraniol
150 mg/kg

[29]

Thymidylate synthase
reduction

53% tumor reduction

Monocyclic

Alpha
terpineol

Cell cycle arrest,
apoptosis

HCT-116 (p53+/+, −/−) 1 mM [30]

Linalyl acetate Alpha terpineol + linalyl acetate +
camphor

Camphor

Carvacrol Anti-oxidant activity Caco-2, K562, HepG2 150–200 μM (IC50 of K562) [31, 32]

Cytotoxic effect Caco-2 600 μM (IC50) [34]

Anti-oxidant activity DMH/DSS
carcinogenesis rat

50 mg/kg [35]

Thymol Cytotoxic effect Caco-2 700 μM (IC 50)) [34]

Apoptosis HL60 75 μM(12 h), 50 μM(24 h) [36]

Thymoquinone 
(TQ)

Apoptosis, Wnt
signal

ApcMin rat 375 mg/kg BW 12 w
(polyp decrease)

[38]

Apoptosis HCT-116 xenograft 5 mg/kg (3 times/week ip) [39]

ERK JNK, apoptosis
by ROS

Caco-2 15.0 μM (IC50 24 h) [40]

HCT-116 30 μM (IC50 24 h)

LoVo 38 μM (IC50 24 h) [40]

DLD-1 42 μM (IC50 24 h)
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Compound Mechanism Animal/cell line tested IC50, etc Reference

HT-29 110 μM (IC50 48 h)

Nanoparticle with
poly(sodium N-
undecylenyl-valinate)

MDA-MB-231 viability 16.0 ± 5.6%(96 h) [41]

Protection from
Doxorubicin

Mouse with DOX(20
mg/kg)

TQ (8 mg/kg p.o.) protect
cardiotoxicity

[42]

Synergistic with
Doxorubicin

HT-29 46.8 μM to 39.0 μM (with DOX) [43]

D-limonene Blood orange volatile SW480, HT-29 100 ppm, 74.2% reduction
of SW480

[44]

Ornithine decarboxylase
(ODC)

Azoxymethane,
F344 rat

0.5% d-limonene decreases ACF
formation

[45]

Apoptosis by Akt
inactivation

colon cancer (LS174T) 3.2 mM viability 30% decrease [46]

Clinical trial phase
I and II

CRC patients 0.5 mg/m2/day [47, 48]

Perillyl
alcohol

Protein isoprenylation HT-29 50 μM (IC50) [49]

Apoptosis Azoxymethane 2 g/kg decrease cancer
incidence to 1/3

[50]

G1 arrest HCT-116 0.5 mM (IC50) [51]

Clinical trial CRC patients 1200–1600 mg/m2/day [52–56]

Bicyclic

1,8-cineole Akt inactivation RKO 50 mg/kg reduced tumor
weight as 1/3

[24]

Table 1. Monoterpene and colorectal cancer.

3.1. Geraniol

Geraniol is an acyclic monoterpenes. Geraniol is one of the main components of geranium oil,
and its content is about 20% [25]. Geraniol shows a cytotoxic effect in Caco-2 colon cancer cells
[26–28]. Geraniol decreases the expression of p44/p42 ERK and has an anti-tumor effect in
Caco-2 cells [28]. In addition, geraniol has a synergistic anti-tumor effect combined with 5-
fluorouracil in TC-118 human colorectal tumors [29].

3.2. Alpha terpineol, linalyl acetate, and camphor

Alpha terpineol, linalyl acetate, and camphor are monocyclic monoterpenes, and they are the
bioactive components of Lebanese sage (Salvia libanotica) essential oil [30]. Linalyl acetate is
found in many flowers and spice plants. Camphor is found in the wood of the camphor laurel.
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These three components cause inhibition of the growth of the human colon cancer cell lines
(HCT-116 p53+/+ and p53−/−) and were inactive on FHs74 Int normal human intestinal cell
lines [30]. It has been demonstrated that alpha terpineol, linalyl acetate, and camphor synergize
to induce cell cycle arrest and apoptosis, mainly through mitochondrial damage (cytochrome
c release), caspase activation, and PARP cleavage in human CRC cells [30].

3.3. Carvacrol

Carvacrol is a monocyclic monoterpene constituent of essential oils produced from the
aromatic plant Oreganum vulgarea sp. Carvacrol has a cytotoxic effect in K562, HepG2, and
Caco-2 cells [31, 32]. It inhibits the proliferation and migration of the two-colon cancer cell lines
HCT-116 and LoVo. Cell invasion was suppressed after carvacrol treatment by decreasing the
expression of matrix metalloprotease-2 (MMP-2) and MMP-9. Carvacrol treatment also caused
cell cycle arrest in the G2/M phase and decreased cyclin B1 expression. Finally, carvacrol-
induced cell apoptosis in a dose-dependent manner [33]. Carvacrol promotes the endogenous
anti-oxidant system and suppresses inflammation in DMH/DSS-induced rats and reduces the
tumor formation of colitis-associated CRC [34].

3.4. Thymol

Thymol is a monocyclic monoterpene and can be found in the oil of thyme. Thymol presents
a cytotoxic effect in several cell lines, such as HepG2, V79, and Caco-2 human colon cancer
cells [35]. The cytotoxic effect of thymol on human leukemia cell HL-60 appears to be associated
with induction of cell cycle arrest at sub G0/G1 phase and apoptotic cell death. Thymol induced
apoptosis in HL-60 cells involves both caspase-dependent and caspase-independent pathways
[36].

3.5. Thymoquinone

Thymoquinone (2-methyl-5-isopropyl-1,4-benzoquinone) is a monocyclic monoterpene
present in the seed oil of the plant Nigella sativa L. (Renunculaceae family), commonly known
as black cumin or black seed that is widely consumed as a condiment in many societies [37].
Thymoquinone possesses anti-proliferative and pro-apoptotic activities in several cancer cell
lines [37]. Thymoquinone decreased the number of large polyps in the intestine, activated
GSK-3-β, increased membrane localization of β-catenin, and reduced nuclear expression of c-
myc in in vivo experiments of ApcMin+ mice [38]. Thymoquinone reduced the size of xenograft
tumors, induced apoptosis, and inhibited tumor cell proliferation in HCT-116 human colon
cancer cell xenograft tumor growth in NMRI mice [39]. Reactive oxygen species and activation
of ERK and JNK signaling were involved in thymoquinone-induced apoptosis in a panel of
human colon cancer cells (Caco-2, HCT-116, LoVo, DLD-1, and HT-29) [40]. Encapsulation of
thymoquinone into nanoparticles enhances the anti-proliferative effect in HT-29 cells [41].
Thymoquinone boosted the effect of doxorubicin by reducing its cardiotoxicity in several
cancer cell lines including the CRC cell line HT29 [42, 43].
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3.6. D-limonene

Limonene is a monocyclic monoterpene, and it is a major constituent of citrus oils. It has optical
isomers, d-limonene and l-limonene, and d-limonene has a more lemon-like odor and
therapeutic effects. D-limonene is contained in citrus volatile oil, and the citrus volatile oil
induces apoptosis and has an anti-angiogenic effect against colon cancer SW480 and HT-29
[44]. D-limonene also inhibited the development of colonic aberrant crypt foci (ACF) induced
by azoxymethane in F344 rats, which suggests that this monoterpenoid might be a chemopre‐
ventive agent for colonic carcinogenesis in rats [45]. D-limonene suppressed the viability of
LS174T colon cancer cells in a dose-dependent manner and caused a dose-dependent apoptotic
cell death. D-limonene decreased the levels of Akt pathway, activated caspase-3 and caspase-9
and PARP cleavage in a dose-dependent manner [46]. A group of 32 patients with solid tumors
registered and completed Phase I study of administration of d-limonene orally. The maximum
tolerated dose was 8 g/m2 per day, and nausea, vomiting, and diarrhea were dose-limiting
factors [47]. Three individuals with colorectal carcinoma with d-limonene suspended pro‐
gression of the disease for over 6 months [47]. D-limonene at a dosage of 0.5 g/m2/day was able
to halt progression of cancer for 9 months in a patient diagnosed with locally advanced
mucinous cystadenocarcinoma of the appendix. A patient with presacral recurrence of an
adenocarcinoma in the sigmoid colon experienced a minor reduction (<50%) in tumor size at
a dose of 0.5 g/m2/day for 12 months. Another patient with local retrovesical recurrence of
colorectal adenocarcinoma remained stabilized on 1 g/m2/day (2 g/day) for 7.5 months [47, 48].

3.7. Perillyl alcohol (POH)

POH is a monocyclic monoterpene, and it is derived from limonene. POH is a naturally
occurring dietary monoterpene isolated from the essential oils of lavender, peppermint, and
other plants. It has an anti-tumor effect in several cancer cell lines including the HT-29 colon
cancer cell line [49]. Dietary POH at 1 or 2 g/kg greatly reduced the incidence and the number
of invasive adenocarcinomas of the colon of rats injected with azoxymethane [50]. To establish
the molecular mechanisms of POH, cell cycle and cell cycle regulatory proteins were studied
in HCT-116 human colon cancer cells. POH exerted a dose-dependent inhibitory effect on cell
growth correlated with a G1 arrest [51]. Phase I and II clinical trials using POH were started
[21, 22, 52–55]. In seven Phase I clinical trials, POH was administered orally to cancer patients
with advanced malignancy. POH was given in divided doses ranging from 2,400 to 16,200 mg
per day (equivalent to approximately 40–270 mg/kg). Treatment duration varied with each
patient but was generally between 2 and 9 months. Nausea, vomiting, eructation, and satiety
were dose-limiting factors in several of these trials [21]. Meadows et al. conducted Phase II
study in patients with metastatic CRC [56]. The authors found that oral POH administration
did not have clinical anti-tumor activity when used for patients with advanced colorectal
carcinoma, despite preclinical evidence of anti-cancer activity. Instead of oral administration,
POH was administered through nasal inhalation to recurrent glioma patients, and these
studies not only demonstrated clinical activity of POH but also revealed that long-term
intranasal inhalation of the compound was very well tolerated over several years of daily use
[21, 57, 58].
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3.8. 1,8-cineole (eucalyptol)

1,8-cineole (eucalyptol) is a bicyclic monoterpene, which comprises up to 90% of the essential
oil of some species of the generic product Eucalyptus oil. 1,8-cineole has several effects such
as anti-inflammatory, anti-oxidant, and anti-atherosclerotic activity in vitro and in vivo. 1,8-
cineole has a cytotoxic effect in Hep G2, HeLa, MOLT-4, K-562, and CTVR-1 cell lines [59]. 1,8-
cineole was reported to have moderate anti-oxidant and cytotoxic properties and pronounced
analgesic and anti-tumor activity [60]. Murata et al. showed that the human CRC cell line RKO
expressed phosphoserine 473-Akt constitutively and treatment with 1,8-cineole dephosphory‐
lated Akt. 1,8-cineole treatment activated p38 and dephosphorylated Akt, which induced
caspase-3 cleavage and resultant cleavage of PARP and finally caused apoptosis. In a xenograft
mouse model, 1,8-cineole therapy showed tumor shrinkage [24].

3.9. α- and β-pinene

α- and β-pinene are bicyclic monoterpenes. They are natural compounds isolated from pine
needle oil. Bhattacharjee and Chatterjee [61] promoted the identification of proapoptotic, anti-
inflammatory, anti-proliferative, anti-invasive, and potential anti-angiogenic activities of α-
pinene, β-pinene, d-limonene, and geraniol by employing a dual reverse virtual screening
protocol. The anti-tumor activity of α-pinene on the BEL-7402 hepatoma cell line in vitro and
in vivo and the mechanisms involved were investigated. The results showed that liver cancer
cell growth was inhibited obviously in vitro and in vivo: Chk1 and Chk2 levels were up-
regulated; and Cyclin B, CDC25, and CDK1 levels were down-regulated [62].

3.10. Conclusion of monoterpenes

Several studies have shown in vitro and in vivo anti-tumor activity of monoterpenes derived
from many essential oils obtained from plants. This chapter shows that many monoterpenes
are being examined for in vitro and in vivo anti-tumor activity of CRC. In addition, two of the
monoterpenes, d-limonene and POH, were moved on to Phase I and II clinical trials, which
indicates the safety of monoterpenes for clinical use. There are many monoterpenes that show
anti-tumor effects in vitro and in vivo, and with additional research some monoterpenes act
to inhibit the proliferation and to induce tumor cell death in clinical use.

4. Fatty acid synthase (FASN) inhibitors

Fatty acid synthase (FASN), the key enzyme of de novo lipogenesis, is significantly up-regulated
in many cancers including CRC [63, 64]. In normal adults, FASN is mainly expressed in cells
with lipid metabolisms, such as liver and adipose tissues [65]. Under a usual diet, the de novo
fatty acid synthesis in normal cells is rarely needed and the FASN protein level is low [66].
FASN is a 270-kDa cytosolic enzyme containing seven catalytic domains [67]. FASN synthe‐
sizes palmitate from one acetyl-CoA, seven malonyl-CoAs, and seven NADPHs [65, 66]. The
expression of FASN has been found to be up-regulated in various human cancer cells including
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CRC [68–70]. FASN is elevated in ACF compared with normal colonic mucosa [71]. Lipogenesis
by cancer cells gives proliferative and survival advantages and drug resistance against
chemotherapeutic drugs [72]. An increased expression of lipogenic enzymes is associated with
a more aggressive metastatic phenotype in CRC [73]. Inhibition of lipogenesis targeting FASN
induces apoptosis selectively in human cancer cells both in vitro and in vivo [74–76]. The
differential expression of FASN, together with the different responses to FASN inhibition
between cancer cells and normal cells, makes FASN a suitable target for cancer treatment. The
pharmacological FASN inhibitors are cerulenin, C75, C93, orlistat, luteolin, and epigallocate‐
chin-3-gallate (EGCG). Triclosan [77], capsaicin [78], and curcumin [79] are reported to inhibit
FASN and have anti-tumor effect. There are several newly developed agents, such as TVB-3567
[80], TVB-3166 [81], and GSK2194069 [82].

CompoundMechanism Animal/cell line tested IC50, etc Reference

Cerulenin Akt inhibition Colon 26 liver
metastasis/Balb-c
mouse

30 mg/kg reduces 50% of liver
metastasis

[93]

Akt inhibition, synergistic
with oxaliplatin

RKO/xenograft in SCID
mouse

Cerulenin 15 mg/kg, oxaliplatin 2.5
mg/kg

[94]

Malonyl-co A independent
apoptosis

RKO 10 μg/ml [101]

C75 Malonyl-co A independent
apoptosis

RKO 10 μg/ml [101]

Orlistat ER stress, synergistic with
thapsigargin

HT-29 Orlistat 25 μM, thapsigargin 25 nM [114]

Luteolin Cell cycle arrest, apoptosis HT-29 60 μM 83% decrease of survival
at 72 h

[121]

S1P, ceramide,
Akt inhibition

Caco-2 100 μM more than 50% decrease
at 48 h

[122]

Synergic effect with aspirin DMH rat carcinogenesis 0.2 mg/kg/weekly for 15 weeks [123]

iNOS, COX2 inhibition Mouse, azoxymethane
administration

1.2 mg/kg orally [124]

β-catenin, GSK-3-β,
cyclin D1 inhibition

HCT-15 100 μM (IC50) [125]

EGCG Cell proliferation, apoptosis HCT-116 100 μM 98.4% decrease of survival
at 48 h

[131]

VEGF/VEGFR axis SW837 mouse xenograft 0.01% EGCG drinking [133]

HES1, Notch 2 HT-29 mouse xenograft 5 mg/kg intragastrically [135]

Clinical trials Polyp relapse decreasing 1.5~2.5 g green tea extract/daily [137]

Table 2. FASN inhibitors and colorectal cancer.
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In this chapter, we reviewed FASN inhibitors with anti-CRC activity. The FASN inhibitors
presented in this chapter were selected with reference to effects shown in specific experimental
models for evaluation of anti-tumor activity and/or by complementary studies aimed to
elucidate mechanisms of action shown in Table 2.

4.1. Cerulenin

Cerulenin is the first-known FASN inhibitor, which is isolated from the culture filtrate of the
fungus Cephalosporum caerulens [83–86]. It was originally used as an anti-fungal antibiotic and
is a potent non-competitive irreversible inhibitor of FASN by binding to the active site of the
KS domain [87–89]. Cerulenin treatment significantly decreases fatty acid synthesis and
induces selective cytotoxicity in various types of cancer cells [90–92]. Murata et al. [93] revealed
the anti-tumor activities of cerulenin in murine colon cancer cell lines Colon 26 and CMT 93.
Shiragami et al. [94] evaluated the anti-tumor effect of cerulenin in human CRC cell lines
HCT-116 and RKO. The overexpression of FASN has been seen to cooperate with survival
pathways, including the phosphatidylinositol-3-kinase (PI3K)⁄Akt pathway. CRC cell lines
expressed FASN and phosphorylated Akt constitutively, and the treatment of CRC cells with
cerulenin suppressed FASN expression, dephosphorylated constitutive activated Akt, and
increased cleaved caspase-3 in murine CRC cell lines Colon 26 and CMT 93, and in human
CRC cell line HCT-116 and RKO cells [93, 94]. FASN has a major role in the synthesis of
phospholipids including phosphatidylinositol trisphosphate (PIP3) [95]. PIP3 binds to Akt and
activates kinase phosphoinositide-dependent protein kinase-1 (PDK-1) with high affinity, and
the phosphorylation of Akt is dependent on PIP3 [95]. In an in vivo experiment, Murata et al.
[93] evaluated the potential effectiveness of cerulenin for metastatic liver tumors of the CRC
cell line. Shiragami et al. [94] revealed the synergistic effect of cerulenin in combination with
oxaliplatin, which means that reduction is possible when combined with cerulenin in the CRC
treatment. Recently, Chang et al. revealed cerulenin down-regulated energy metabolism and
PI3K/Akt/mTOR signaling pathway using human CRC cell lines HT-29 and LoVo [96].
Bauerschlag et al. [97] revealed that relative to normal fallopian tube tissue, ovarian cancer
tissue had 1.8-fold FASN overexpression and cell lines had around 100-fold protein overex‐
pression. In the ovarian cancer cell lines, cerulenin markedly decreased FASN expression and
cell viability and induced apoptosis. Unlike concomitant administration, sequential cerulenin/
cisplatin treatment reduced cisplatin’s half-maximal inhibitory concentration up to 54% in a
cisplatin-resistant cell line [97].

4.2. C75

C75 is a cerulenin-derived, semi-synthetic FASN inhibitor lacking cerulenin’ s reactive epoxy
group [98], and C75 is more chemically stable than cerulenin [98]. C75 has significant anti-
tumor effects against many types of cancer cells, such as the human breast [98], prostate [91],
and ovary [99] as well as renal carcinoma in xenograft animal models [100]. Li et al. reported
that both C75 and cerulenin produce rapid, potent inhibition of DNA replication and S-phase
progression in human cancer cells, as well as apoptotic death. They also revealed that these
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FASN inhibitors reduce cyclin A-, B1-associated kinase activities, and p53, p21 accumulation
which cause growth arrest at G1 and G2 [101]. Cerulenin and C75 were useful against p53
mutations [101]. They discussed that accumulation of malonyl-CoA was independent of
apoptosis induction, and they estimated that the effect of these agents has resulted from
product depletion [101].

4.3. C93

In addition to inhibiting FASN, C75 stimulates fatty acid oxidation by activating carnitine O-
palmitoyltransferase-1 (CPT1) [102]. Activation of CPT1 contributes to the reduction of
neuropeptide Y expression in the hypothalamus [102, 103]. The limiting toxicity of C75 is due
to this stimulation of fatty acid oxidation rather than the inhibition of FASN. C93, which was
designed to specifically inhibit FAS without affecting CPT1 activity [104]. Orita et al. revealed
that C93 inhibited FASN of four human lung cancer cell lines: LX7, H1975, H460, and A549.
Moreover, C93 inhibited subcutaneous and orthotopic H460 xenograft tumor without causing
anorexia and weight loss in the treated animals [105]. They found that higher levels of FAS
expression were observed in 77% of the squamous cancers, 96% of the adenocarcinomas, and
94% of Barrett’s lesions with high-grade dysplasia, when compared with the levels in normal
esophageal epithelium and non-dysplastic Barrett’s mucosa. Mice with Colo680N esophageal
squamous cell carcinoma cell xenograft were treated C93, which significantly inhibited the
growth of orthotopic xenograft tumors without causing anorexia and weight loss in the treated
animals [106].

4.4. Orlistat

Orlistat is an anti-obesity drug approved by the US Food and Drug Administration. Orlistat
is also reported to inhibit FASN [107]. Orlistat is the only long-term option for obesity treatment
in the United States, and it is the only approved weightloss drug in Europe [108]. Orlistat is a
synthetic hydrogenated derivative of lipstatin, produced by the fungus Streptomyces toxytrici‐
ni [109]. It partially inhibits gastric lipase, pancreatic lipase, and carboxyl ester lipase enzymes
that work by hydrolyzing the dietary triglycerides into fatty acids and monoglycerides, which
are absorbed by the mucosa of the gastrointestinal tract [110]. Orlistat reduces the absorption
of ingested fat and increasing its excretion in the feces [111]. The main anti-obesity action of
orlistat is in helping to reduce caloric intake in individuals [112]. Orlistat also helps individuals
to reduce the fat content of their diet, as diets rich in fatty products will lead to more adverse
effects, such as diarrhea and fecal incontinence [108, 112]. Several studies have shown that
orlistat exhibits anti-tumor effects in many cancer cells including human CRC cell line HT-29
in vitro and in vivo by inhibiting FASN activity [107, 113–115]. Treatment of tumor cells with
orlistat-induced ER stress, which is further confirmed by the increased expression of the ER
stress–regulated genes CHOP, ATF4, and GRP78. FAS inhibitors cooperate with the ER stress
inducer thapsigargin to enhance tumor cell killing. These results provide the first evidence
that FASN inhibitors induce ER stress and establish an important mechanistic link between
FASN activity and ER function [114]. Yang et al. revealed that orlistat induced an ATF4-
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dependent transcriptional induction of REDD1 (also known as Rtp801 or DDIT4), a known
mTOR inhibitor and works as a novel caspase-2 regulator in the ovarian cancer. REDD1
positively controls caspase-2-dependent cell death of ovarian cancer cells by inhibiting mTOR,
and this is the main pathway of orlistat-induced cell death in ovarian cancer [116]. Agostini et
al. revealed that orlistat inhibited the orthotopic tongue squamous cell carcinoma in the BALB/
c nude mice. In in vivo experiment, the drug was able to decrease both the volume and
proliferation indexes of the tongue orthotopic tumors and, importantly, reduced the number
of metastatic cervical lymph nodes by 43% [117].

4.5. Luteolin

Luteolin, 3′,4′,5,7-tetrahydroxyflavone, is found in a variety of vegetables, fruits, and medic‐
inal herbs. Luteolin has been shown to function as an anti-oxidant, anti-inflammatory, and
anti-cancer agent [118]. Additionally, luteolin induces cell cycle arrest and apoptosis in the
liver and lung cancer cell lines [119, 120]. Lim do et al. indicated that luteolin inhibited HT-29
cell proliferation by inducing cell cycle arrest and apoptosis [121]. Luteolin exerts toxic effects
on colon cancer cells by inhibiting both S1P biosynthesis and ceramide traffic, inhibiting Akt
activation [122]. The supplementations of luteolin in addition to aspirin in the treatment of
DMH-induced carcinogenesis in rats reflect a better effect than the use of aspirin alone [123].
Luteolin suppresses both iNOS and COX-2 expressions and plays an anti-inflammatory role
during the administration of azoxymethane in mice [124]. Luteolin decreased the expressions
of β-catenin, phospho GSK-3-β, and cyclin D in HCT-15 cells. Luteolin also promoted cell cycle
arrest at the G2/M phase and induced apoptosis in HCT-15 cells. Furthermore, Western blot
analysis showed that luteolin treatment enhanced the expression of Bax and caspase-3,
whereas the expression of Bcl-2 was suppressed [125].

4.6. Epigallocatechin gallate (EGCG)

EGCG, which is green tea polyphenol, inhibits the activity of FASN [126, 127]. EGCG induces
apoptosis in human breast and prostate cancer cells [128–130]. It is also the major biologically
active component that inhibits cell proliferation and induces apoptosis in HCT-116 and SW-480
human CRC cells [131]. EGCG suppresses FASN expression and downstream PI3K/Akt
pathway [132]. EGCG activates stress signals, such as c-Jun N-terminal kinase (JNK) and p38
mitogen-activated protein kinase (MAPK), and induces apoptosis in CRC cell lines [131].
EGCG has also been reported to inhibit the growth of human CRC cells in subcutaneous
xenograft models [133–135]. Maruyama et al. revealed that EGCG strongly reduces liver
metastasis of human CRC in SCID mice [136].

Epidemiologically, green tea consumption of >10 cups daily reduced CRC risk in Japanese
[137]. A double-blind, placebo-controlled study with green tea in Italian patients showed a
successful prevention of prostate cancer. The progression of prostate cancer in men with high-
grade prostate intraepithelial neoplasia, the main premalignant lesion of prostate cancer, was
significantly prevented by oral administration of green tea catechins, 600 mg/d for 1 year [138].
Shimizu et al. conducted a randomized trial to determine the preventive effect of green tea
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extract (GTE) supplements on metachronous colorectal adenomas by raising green tea
consumption in the target population from an average of 6 cups (1.5 g GTE) daily to 10 cups
equivalent (2.5 g GTE) by supplemental GTE tablets. To 136 patients with colorectal polyp
resection, they performed colonoscopy to confirm no polyps in the colorectum 1 year later.
Then they randomized into two groups, i.e., GTE group and control group. The incidence of
metachronous adenomas at the endpoint colonoscopy was 31% (20 of 65) in the control group
and 15% (9 of 60) in the GTE group (relative risk, 0.49; 95% confidence interval, 0.24–0.99; P <
0.05). The size of relapsed adenomas was also smaller in the GTE group than in the control
group (P < 0.001). No serious adverse events occurred in the GTE group. They concluded that
GTE is an effective supplement for the chemoprevention of metachronous colorectal adenomas
[137]. The multicenter RCT trial to investigate EGCG for reducing colon polyp recurrence in
elderly people was performed, which was called minimizing the risk of metachronous
adenomas of the colorectum with GTE (MIRACLE). The clinical trial was a randomized,
placebo-controlled, multicenter trial to investigate the effect of diet supplementation with GTE
containing 300 mg of EGCG on the recurrence of colon adenomas. Patients who had undergone
polypectomy for colonic polyps were randomized to receive either GTE containing 150 mg of
EGCG two times daily or a placebo over the course of 3 years. Incidence, number, and histology
of adenoma at endpoint colonoscopy at 3 years will be compared in both groups [139].

4.7. Triclosan

Triclosan has the U.S. Food and Drug Administration approval as a bactericide in personal
hygiene products (toothpaste, mouth rinse, hand wash, soaps, and deodorant) and has been
used since 1968 [77]. Triclosan has an established safety profile with minimal toxicity in rats,
dogs, baboons, and humans; no significant weight loss is associated with triclosan treatment;
and triclosan is not a genotoxic or mutagenic compound [77]. Triclosan has excellent oral
bioavailability and stability in plasma [140]. Triclosan also acts as a FASN inhibitor to inhibit
enoyl reductase of FASN [141], and it showed chemo-preventative activity in a rat mammary
carcinogenesis model [142]. Similarly, treatment of male rats with triclosan did not induce
significant changes in body weight at any of the test doses [143]. Recently, Sadowski et al.
evaluated triclosan as a repurposed drug against prostate cancer cells and compared its activity
to C75 and orlistat, two well-known FASN inhibitors [77, 144]. In this comparative study,
Sadowski et al. discovered that triclosan is a superior alternative to C75 and orlistat in inducing
cell death of prostate cancer cells through inhibition of FASN [77].

4.8. Capsaicin

Capsaicin (trans-8-methyl-N-vanillyl-6-non-enamide) is the major component in hot chili
peppers and several types of red peppers of the genus Capsicum. It constitutes approximately
40–60% of the six natural capsaiciniod contents of this herb [145, 146]. It is commonly and
frequently consumed worldwide as a spice, food additive, and as a drug for traditional
medications. Capsaicin is a specific and potent anti-carcinogenic agent through the apoptosis
pathway in both in vitro and in vivo cancer models, whereas it does not induce cytotoxicity
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in normal cells [147–151]. Impheng et al. revealed that capsaicin also acts as FASN inhibitor
[78]. Capsaicin decreased FASN expression and inducing apoptosis in HepG2 cells. The
lipogenic enzyme FASN, not ACC and ACLY, is proposed to be the particular target of
capsaicin to induce apoptosis in HepG2 cells. This study also suggests that an accumulation
of malonyl-CoA, as a result of a reduction of fatty acid synthesis, is a critical proapoptotic factor
that inhibits CPT-1 activity, leading to accumulation of ceramide which in turn induces
apoptosis [78].

4.9. Curcumin

Curcumin is a hydrophobic polyphenol derived from the rhizome of Curcuma longa. It
possesses various pharmacological activities, such as respiratory conditions, inflammation,
liver disorders, diabetic wounds, and certain tumors [152]. Curcumin has chemopreventive
and therapeutic properties against many tumors in both in vitro and in vivo models [153–
158]. Curcumin suppresses cell proliferation and inflammation, induces apoptosis, and
sensitizes tumor cells to cancer therapies, and it also suppresses invasion, angiogenesis, and
metastasis of cancer cells [159]. It was found that curcumin showed both fast-binding and slow-
binding inhibitions to FASN in vitro. Curcumin inhibited FASN with an IC50 value of 10.5
μg/ml non-competitively with respect to NADPH and partially competitively against both
substrates Ac-CoA and Mal-CoA [160]. Compared with the known FASN inhibitors14, C75
and EGCG, curcumin was generally more potent [126]. Curcumin-induced HepG2 cell
apoptosis by inhibiting intracellular FASN activity and down-regulating FASN expression and
mRNA level. Sodium palmitate-rescued, curcumin-induced apoptosis in HepG2 cells con‐
firmed that apoptosis related to inhibition of FASN [79].

4.10. Newly developed agents

TVB-3567 [80] and TVB-3166 [81] are newly developed FASN inhibitors provided from 3-V
Biosciences, which inhibit many kinds of cancer cell lines, such as CRC cell lines, COLO-205,
and HT-29 [81]. GSK2194069 was identified from a high-throughput screen of the GSK
compound collection, and this agent inhibits cell growth of A549 cells [82].

4.11. Conclusion of FASN inhibitors

Several studies have shown in vitro and in vivo anti-tumor activity of FASN inhibitors. This
chapter shows that many FASN inhibitors are being examined for in vitro and in vivo anti-
tumor activity of CRC. In addition, one of the FASN inhibitors, EGCG, has moved on to clinical
trials aimed at preventing Colon polyp recurrence, which indicates the safety of monoterpenes
for clinical use. Other FASN inhibitors are effective in in vitro/in vivo researches, and the
clinical trials of using these reagents are expected, but still need more research. Newly
developed agents, such as TVB-3166, TVB-3567, and GSK2194069, are expected to become new
candidates for chemotherapeutic agents against unresectable cancers.
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Abstract

Colorectal cancer is one of the most common cancer types and still a major public health
problem. Approximately a half of the patients develop metastasis during the course of
disease. Prognosis of metastatic colorectal cancer (mCRC) is poor with best suppor‐
tive care alone (median survival: 6 months). Fortunately, combination chemotherapy
has significantly improved survival up to 17–22 months. Cetuximab and panitumu‐
mab, the two monoclonal antibodies (mAbs) against epidermal growth factor receptor
(EGFR), provide significant clinical benefit in only RAS wild (WT) mCRC. Major side
effects are skin toxicity, infusion reactions, fatigue, and electrolyte imbalances. When
these mAbs are combined with chemotherapy, overall survival could be as long as 24
months. However, RAS WT status does not ensure response to anti-EGFR mAbs. In
addition, RAS WT patients consequently develop resistance to these agents after an
initial  responsive  period.  Therefore,  understanding  the  primary  and  secondary
resistance mechanisms apart from RAS status is very important to improve outcomes
of  mCRC  patients.  Oncogenic  activation  of  EGFR  downstream  signaling  effectors
(KRAS, BRAF, PTEN, and PIK3CA) appears to be the main components of resistance.
In future, a comprehensive biomarker analysis will probably help to identify the mCRC
patients who will truly benefit from anti-EGFR mAbs.

Keywords: cetuximab, metastatic colorectal cancer, panitumumab, RAS, survival

1. Introduction

Colorectal cancer (CRC) is one of the most commonly diagnosed cancers in both genders (second
in females and third in males) [1]; and it is also the third common cause of cancer-related death
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in both genders [2, 3]. Although the mortality rate of CRC has been decreasing in Western
countries, its incidence has been increasing worldwide [1].

CRC can spread by lymphatic, hematogenous and transperitoneal dissemination. The most
common metastatic sites are the regional lymph nodes, liver, lungs, and peritoneum. Approx‐
imately 50–60% of patients with CRC develop metastasis, and local recurrence is included in
15% of the patients who have first relapse [4].

Survival of metastatic colorectal cancer (mCRC) is approximately 5–6 months with best
supportive care (BSC) alone, and chemotherapeutic agents have been shown to provide
significant survival benefit. Fluoropyrimidines have been the mainstay of the systemic
treatment of mCRC for several years. Median survival of patients with mCRC increased up to
12–14 months and 17–22 months with fluoropyrimidines alone and its combinations with
irinotecan and/or oxaliplatin, respectively [5–7]. Also, addition of target-directed cancer drugs,
such as monoclonal antibodies (mAbs) against VEGF (e.g., bevacizumab, aflibercept) and
EGFR (e.g., cetuximab and panitumumab), have remarkably improved the outcomes of mCRC
[8–13]. Unfortunately, targeted therapies, including anti-EGFR drugs, are active only in a
fraction of patients and most of them subsequently become resistant to the treatment. There‐
fore, identification of the genetic alterations associated with the clinical response and resistance
to anti-EGFR mAbs is important to improve outcomes of patients with mCRC.

2. Epidermal growth factor receptor and KRAS mutation

Epidermal growth factor receptor (EGFR) is a transmembrane tyrosine kinase receptor that
presents on the surface of normal epithelium. It is over-expressed in up to 80% of colorectal
tumors [14, 15] and mediates cell differentiation, proliferation, migration, angiogenesis and
apoptosis [16].

The EGFR signaling acts through at least two parallel intracellular pathways: mitogen-
activated protein kinases (MAPK) and phosphor-inositol kinases (PI3K). MAPK form the
major cell proliferation signaling pathways from the cell surface to the nucleus through a series
of genes, including RAS, RAF, and MEK. Various signals, such as EGF, amphiregulin,
amphiregulin, and heparin-binding EGF, could stimulate EGFR. After dimerization and
phosphorylation of the stimulated EGFR, RAS is activated [17]. RAS activation, which starts
the PI3K and RAF cascades, is the central distributor of the signal. Activation of PI3K/AKT
pathway inhibits apoptosis, whereas RAF activation stimulates cellular proliferation. Hence,
mutations in the KRAS gene may result in an independent activation of the downstream
signaling of tumor growth [17]. Prospective randomized trials elucidated that presence of
mutation in KRAS gene leads to non-response to anti-EGFR–based treatment in mCRC [8–12,
18–20].

Incidence of KRAS mutations is approximately 28.7% in all human cancers, thus it is consid‐
ered one of the causal cancer genes [17]. RAS mutations occur in the early phases of cancer
development and are preserved during tumor progression. KRAS mutation rate in CRC is 36%
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and most common point mutations are located in codons 12 (80%) and 13 (15%) of exon 2,
while codon 61, 117, and 146 mutations are less common [17, 21]. Unusual KRAS mutations
affecting more than one codon and insertions are rare. The discordance of KRAS status between
primary tumor and synchronous metastasis in the same patient tends to be low (ranging from
0 to 31%) [22]. In addition, KRAS status is not different between CRC biopsies before and after
neoadjuvant therapy [23], or the biopsy and resection specimens of CRC [21, 24]. Because the
data are limited, routine rebiopsy of metastases for RAS mutation analysis in recurrent disease
is not recommended currently. In contrast, RAS mutations vary significantly between syn‐
chronous primary CRC lesions, therefore the mutation status of the metastasis is unpredictable
[21].

3. Anti-EGFR mAbs in mCRC

Cetuximab (Erbitux) and panitumumab (Vectibix) are the two anti-EGFR mAbs active for the
treatment of mCRC. Both are effective only in the wild type (WT) RAS (NRAS and KRAS)
tumors (approximately 40% of all mCRCs) [8–12, 18–20]. Therefore, it is well established that
KRAS and NRAS mutation status (exons 2, 3, and 4) should be known before initiating anti-
EGFR based treatment for mCRC [25].

3.1. Mechanism of action

Cetuximab and panitumumab keep EGFR in an inactive state by binding to the extracellular
ligand-binding site of EGFR when the ligand is unbound (acting as competitive antagonists).
Consequently, intracellular signaling pathways of EGFR (RAS/RAF/MAPK and PI3K/PTEN/
AKT) related to cell proliferation, invasion, and survival are inhibited [26][Figure 1]. Both
cetuximab, an IgG1 type chimeric monoclonal antibody, and panitumumab, an IgG2 type fully
human monoclonal antibody, induce apoptosis by inhibiting EGFR. Also, these molecules,
especially cetuximab, activate antibody-dependent cellular cytotoxicity, inhibit metastasis and
angiogenesis by blocking ligand-induced phosphorylation of EGFR on endothelial cells [16,
27, 28].

3.2. Predictive markers for response

The identification of patients with mCRC who are most likely to respond to the anti-EGFR
mAbs is an important clinical question. Although there are no accepted predictive markers of
response to bevacizumab or to chemotherapeutics, there are some analyses to select individ‐
uals who might benefit from anti-EGFR mAbs.

3.3. RAS mutations

Activating KRAS mutations cause constitutive activation of the RAS-RAF-ERK pathway, even
in the absence of EGFR ligands. Consequently, tumor becomes resistant to anti-EGFR therapy
[16, 17, 21, 29]. Prospective randomized studies showed that KRAS mutations are negative
predictors of the response to anti-EGFR–based treatment [8–12, 18–20]. Thus, panitumumab
and cetuximab are approved only for patients with WT KRAS tumors.
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All KRAS mutations may not be similar for prediction of anti-EGFR therapy [30–33]. Although
some retrospective studies suggest that patients with KRAS p.G13D mutation benefit more
from cetuximab than those with KRAS codon 12 mutations [32], this benefit could not be
confirmed in a prospective trial [33]. Therefore, data are not enough to change the clinical
practice or to draw any firm conclusions about the effectiveness of anti-EGFR mAbs in mCRC
with KRAS p.G13D mutation.

Almost 60% of CRC patients with WT KRAS mutation also have poor response to anti-EGFR–
based treatment [34], suggesting the possibility of other molecular determinants of response.
Heterogeneity of neoplastic cells that harbor specific RAS mutations within a single tumor
may also influence response to EGFR-targeted agents [35]. Lower frequency mutations in
KRAS apart from exon 2 or in NRAS may also cause resistance to anti-EGFR therapies [18, 36–
41]. NRAS mutations in mCRC are less common than KRAS mutations (approximately 5%)
and develop most often in codons 61, 12, and 13 [21]. The PRIME trial, in which patients with
mCRC were randomly assigned to first-line FOLFOX with or without panitumumab, revealed
that 17% of the patients with KRAS exon 2 WT tumors had other mutations in KRAS exons 3
and 4 and in NRAS exons 2, 3, and 4 [38]. These additional mutations were also associated

Figure 1. Epidermal growth factor receptor pathway as a therapeutic target for metastatic colorectal cancer.
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with unresponsiveness to panitumumab, and poorer progression-free and overall survival in
the panitumumab arm. Currently, testing for all RAS mutations (KRAS and NRAS exons 2, 3,
and 4 ) rather than just those in KRAS exon 2 is the preferred approach to select appropriate
patients with mCRC for anti-EGFR mAbs, since anti-EGFR mAbs are neither beneficial nor
recommended for mCRC with any KRAS or NRAS mutations [42].

3.4. Other biomarkers

As mentioned before, WT RAS status does not ensure a response to EGFR-targeted therapies.
Interestingly, the expression of the EGFR protein has not been strongly associated with clinical
response to cetuximab in mCRC [43]. Majority of patients with EGFR-positive mCRC do not
respond to anti-EGFR therapies [44, 45], while objective response is possible with EGFR-
negative tumors [46–48]. Therefore, selection of patients for anti-EGFR mAbs based upon
EGFR expression is not recommended. Likewise, EGFR mutations are rare in mCRC, and
somatic mutations in the EGFR tyrosine kinase domain are not associated with cetuximab
sensitivity [49]. However, it has been reported that over-expression of genes encoding
amphiregulin and epiregulin, the two EGFR ligands, is strongly associated with better
response to cetuximab in patients with mCRC [43].

Results of studies about association between EGFR copy number and response to anti-EGFR
therapy are conflicting [44, 50–53]. Thus, EGFR amplification test to select patients for therapy
is not standard in clinical practice.

BRAF mutations, which are mutually exclusive with KRAS mutations, are found in about 5 to
10% of mCRCs. BRAF mutations are associated with poor prognosis [54] and resistance to anti-
EGFR agents in the second-line setting and beyond [50, 55]. Although randomized trials
confirm the prognostic value of BRAF mutations, it does not have predictive role for anti-EGFR
agents in first-line setting [56, 57]. Currently, BRAF mutation analysis should not be used for
the selection of patients with WT RAS mCRC for anti-EGFR therapy.

Mutations of other genes, including phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic
subunit alpha (PIK3CA) [58], p53 [59], PTEN [50] and genes involved in the insulin-like growth
factor 1 (IGF1) signaling pathway [60, 61], or polymorphisms in EGF [62] may also have an
impact on response to anti-EGFR mAbs. However, these biomarkers are not mature enough
to be incorporated into clinical practice.

4. Clinical efficacy of anti-EGFR mAbs in mCRC

4.1. Cetuximab

4.1.1. Cetuximab monotherapy

In a randomized phase III trial, cetuximab monotherapy and BSC were compared in patients
with mCRC who had failed or were intolerant of all standard therapies (n = 572) [63]. Partial
response rate was 8% with cetuximab and overall survival (OS) was significantly improved
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with cetuximab (6.1 vs. 4.6 months). Subgroup analysis revealed that only patients with KRAS
WT tumor provided survival benefit from cetuximab [19, 64]. Among patients with mutated
KRAS, survival was similar in cetuximab and BSC arms.

4.1.2. Cetuximab combinations

4.1.2.1. Combination with irinotecan

A phase II study compared efficacy of cetuximab plus irinotecan and single agent irinotecan
in 138 patients with irinotecan-refractory mCRC [65]. Partial response rate and time to tumor
progression (TTP) were 15% and 6.5 months, respectively.

The BOND trial, a larger randomized phase II trial, compared irinotecan plus cetuximab versus
cetuximab alone in 329 patients with irinotecan-refractory mCRC [9]. Combination therapy
was significantly better than single agent cetuximab in terms of response rate (22.9% vs. 10.8%)
and TTP (4.1 vs. 1.5 months); however, median survival was similar (8.6 vs. 6.9 months). In
addition, benefit of adding cetuximab to irinotecan in patients with oxaliplatin-refractory
mCRC has been reported in the EPIC trial [66]. Both objective response rates (16 vs. 4%) and
PFS (4 vs. 2.6 months) were significantly higher with irinotecan plus cetuximab compared with
single agent irinotecan. However, OS was similar (10.7 vs. 10 months), probably because of
cross-over.

Study Year  Popula
tion

Patient
number

Regimen Median
PFS
(month)

p* Median
OS (month)

p* Response
rate (%)

p*

CRYSTAL57 2009  All 599 FOLFIRI 8 0.048 18.6 0.31 38.7 0.0038

599 FOLFIRI + 
Cetuximab

8.9 19.9 46.9

KRAS
WT
subgroup

350 FOLFIRI 8.4 0.0012 20 0.0093 39.7 <0.001

316 FOLFIRI + 
Cetuximab

9.9 23.5 57.3

KRAS
MT
subgroup

183 FOLFIRI 7.7 0.26 16.7 0.75 36.1 0.35

214 FOLFIRI + 
Cetuximab

7.4 16.2 31.3

OPUS18 2009  All 168 FOLFOX4 7.2 0.62 18 0.91 36 0.064

169 FOLFOX4 + 
Cetuximab

7.2 18.3 46

KRAS
WT
subgroup

97 FOLFOX4 7.2 0.0064 18.5 0.39 34 0.0027

82 FOLFOX4 + 
Cetuximab

8.3 22.8 57

KRAS 59 FOLFOX4 8.6 0.0153 17.5 0.2 53 0.029
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Study Year  Popula
tion

Patient
number

Regimen Median
PFS
(month)

p* Median
OS (month)

p* Response
rate (%)

p*

MT
subgroup

77 FOLFOX4 + 
Cetuximab

5.5 13.4 34

COIN67 2011 KRAS
WT
group

367 FOLFOX/
XELOX

8.6 0.60 17.9 0.68 57 0.049

362 FOLFOX/
XELOX + 
Cetuximab

8.6 17 64

KRAS
WT
group

127 FOLFOX 9.2 0.056 – – – –

117 FOLFOX + 
Cetuximab

9.0 – –

KRAS
WT
group

240 XELOX 8.0 0.56 – – – –

245 XELOX + 
Cetuximab

8.4 – –

KRAS
MT
group

268 FOLFOX/
XELOX

- - 14.8 0.80 - -

297 FOLFOX/
XELOX + 
Cetuximab

– 13.6 –

NORDIC-
VII68

2012 All 185 Nordic FLOX
(control
group)

7.9 – 20.4 – 41 –

194 FLOX + 
Cetuximab

8.3 0.31 19.7 0.67 49 0.15

187 intermittent
FLOX + 
Cetuximab

7.3 N/A 20.3 0.79 47 N/A

KRAS
WT
subgroup

97 Nordic FLOX
(control
group)

8.7 – 22 – 47 –

97 FLOX + 
Cetuximab

7.9 0.66 20.1 0.48 46 0.89

109 intermittent
FLOX + 
Cetuximab

7.5 N/A 21.4 0.66 51 N/A

KRAS
MT

58 Nordic FLOX
(control

7.8 – 20.4 – 40 –
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Study Year  Popula
tion

Patient
number

Regimen Median
PFS
(month)

p* Median
OS (month)

p* Response
rate (%)

p*

subgroup group)

72 FLOX + 
Cetuximab

9.2 0.07 21.1 0.89 49 0.31

65 intermittent
FLOX + 
Cetuximab

7.2 N/A 20.5 0.84 42 N/A

CALGB
/SWOG69

80405
(study is
ongoing)

2014 KRAS
WT
group

578 FOLFIRI or
mFOLFOX6 + 
Cetuximab

10.45 N/A 29.93 0.34 – –

559 FOLFIRI or
mFOLFOX6 + 
Bevacizumab

10.84 29.04 –

*95% confidence interval.
PFS, progression-free survival; OS, overall survival; All, all patients group; WT, wild type; MT, mutant type; N/A, not
available; KRAS, KRAS exon 2, codons 12 and 13; FOLFIRI, irinotecan, fluorouracil, and leucovorin; FOLFOX,
fluorouracil, leucovorin, and oxaliplatin; XELOX, capecitabine and oxaliplatin; FLOX, fluorouracil, leucovorin, and
oxaliplatin.

Table 1. Clinical trials of cetuximab plus chemotherapy as first-line treatment for metastatic colorectal cancer.

The CRYSTAL trial enrolled 1200 patients with mCRC and investigated the role of adding
cetuximab to FOLFIRI as first-line therapy [8]. Response rate (47 vs. 39%) and median PFS (8.9
vs. 8 months), the primary end point of the study, were significantly better with FOLFIRI plus
cetuximab compared with FOLFIRI alone, while OS was not significantly different between
groups. An updated analysis of the CRYSTAL trial also demonstrated that adding cetuximab
to FOLFIRI significantly improves OS (23.5 vs. 20 months), PFS (9.9 vs. 8.4 months), and
response rate (57.3% vs. 39.7%) in patients with WT KRAS tumor. Perhaps more importantly,
the rate of surgery for metastasis (7.9 vs. 4.6%, p = 0.06) and the rate of R0 resection (5.1 vs. 2%,
p = 0.02) were both higher in patients with KRAS WT tumors who received cetuximab plus
FOLFIRI compared with FOLFIRI alone [57]. Adverse effects that were more frequent with
cetuximab were grade 3 or 4 diarrhea, skin toxicity, and infusion reactions. Based in large part
on these data, cetuximab was approved for use in combination with FOLFIRI for first-line
treatment of patients with KRAS WT mCRC [Table 1].

4.1.2.2. Combination with oxaliplatin

Randomized trials revealed conflicting results about benefits of adding cetuximab to oxali‐
platin-based regimens. Three trials have evaluated the addition of cetuximab to oxaliplatin-
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platin-based regimens. Three trials have evaluated the addition of cetuximab to oxaliplatin-
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based chemotherapy (FOLFOX/CAPOX) in first-line treatment of KRAS WT mCRC [18, 67,
68]. In randomized multicenter phase II OPUS study, FOLFOX4 plus cetuximab was compared
with FOLFOX4 alone. Cetuximab provided significantly better response rate (61 vs. 37 %) and
PFS (7.7 vs. 7.2 months) among patients with KRAS exon 2 WT tumors. However, median OS
did not improve with addition of cetuximab (22.8 vs. 18.5) [18].

In randomized phase III MRC COIN study, adding cetuximab to oxaliplatin-based chemo‐
therapy in patients with KRAS exon 2 WT mCRC increased response rate (64 vs. 57%) with no
benefit in PFS (8.6 months in both groups) or OS (17.9 vs. 17) [67]. Likewise, another phase III
study (NORDIC-VII) showed no survival benefit with the addition of cetuximab to FLOX
regimen even in the KRAS WT group [68].

On the other hand, recently published randomized phase III CALGB/SWOG 80405 trial, in
which 73% of the enrolled patients received FOLFOX as chemotherapy backbone, demon‐
strated that FOLFOX plus cetuximab can be effective as first-line treatment of patients with
KRAS WT mCRC [69].

Converting initially unresectable isolated liver metastases to resectable status is another
important issue for patients with mCRC, as R0 resection of isolated metastasis provide
significant survival benefit. In the OPUS trial, addition of cetuximab to FOLFOX4 significantly
increased ability for R0 resection of isolated liver metastasis [18]. In addition, the randomized
phase II CELIM trial demonstrated that adding cetuximab to either irinotecan or oxaliplatin-
based chemotherapy has similar efficacy in patients with initially unresectable liver metastases
[70]. However, the efficacy of cetuximab-oxaliplatin combination for downstaging patients
with isolated CRC liver metastases is unsettled. Recently, the randomized EPOC trial demon‐
strated that adding cetuximab to FOLFOX in patients with KRAS WT and potentially resectable
isolated liver metastases was associated with worse PFS (14.8 vs. 24.2 months) [71]. Therefore,
FOLFOX plus cetuximab should be used with caution in perioperative metastatic setting.

4.2. Panitumumab

4.2.1. Panitumumab monotherapy

In a multicenter trial (n = 463) adding panitumumab to BSC provided a 10% objective response
rate in patients with mCRC refractory to standard treatment options [12, 72]. However, there
was no significant PFS benefit, probably because of cross-over. Re-analysis according to KRAS
status demonstrated that benefit of panitumumab monotherapy was restricted to KRAS WT
tumors. Partial response rates in patients with KRAS WT and mutant tumors were 17% and
0%, respectively [73]. Although efficacy of panitumumab is similar to cetuximab monotherapy
[63, 74], there is no data supporting to switch the anti-EGFR mAbs cetuximab and panitumu‐
mab after one of them fails.

4.2.2. Panitumumab combinations

There are increasing data supporting the efficacy of panitumumab in combination with
oxaliplatin- or irinotecan-based regimens in patients with WT RAS tumors [10, 75–80].
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4.2.2.1. Combination with irinotecan

The efficacy of first-line FOLFIRI-panitumumab combination in mCRC was evaluated in a
single-arm phase II study. This regimen was well tolerated and response rates were 48% and
29% in the KRAS WT and mutant subsets, respectively [81]. Except this study, data regarding
to FOLFIRI-panitumumab combination at first-line setting is mainly based on extrapolation
from data in the second-line treatment. As an example, in a randomized phase III study (Study
181) the combination of panitumumab and FOLFIRI provide significant PFS benefit (5.9 vs. 3.9
months), but there was no difference in OS in patients with WT KRAS mCRC [11].

4.2.2.2. Combination with oxaliplatin

The phase III PRIME study compared panitumumab plus FOLFOX and FOLFOX alone as first-
line treatment of patients with pan-RAS WT mCRC. Addition of panitumumab to FOLFOX
significantly improved both PFS (10.1 vs. 9.2 months) and OS (23.8 vs. 19.4 months) [38].
Importantly, addition of panitumumab deteriorated PFS (7.3 vs. 8.9 months) in patients with
KRAS mutation, consistent with other trials testing the addition of panitumumab or cetuximab
to oxaliplatin-based chemotherapy [Table 2]. In addition, 17% of those with non-mutated
KRAS exon 2 had other RAS mutations. These mutations were associated with worse PFS and
OS with adding panitumumab to FOLFOX, similar to KRAS exon 2 mutations [38].

Study Year Population Patient
number

Regimen Median
PFS
(month)

p* Median
OS
(month)

p* Response rate (%) p*

PRIME10 2010 KRAS WT
group

331 FOLFOX4 8.0 0.02 19.7 0.072 48 0.068

325 FOLFOX4 + 
Panitumumab

9.6 23.9 55

KRAS MT
group

219 FOLFOX4 8.8 0.02 19.3 0.068 40 –

221 FOLFOX4 + 
Panitumumab

7.3 15.5 40

*95% Confidence interval.
PFS, progression-free survival; OS, overall survival; All, all patients group; WT, wild type; MT, mutant type; N/A, not
available; KRAS, KRAS exon 2, codons 12 and 13; FOLFOX, fluorouracil, leucovorin, and oxaliplatin.

Table 2. Selected phase III trial of panitumumab plus chemotherapy as first-line treatment for metastatic colorectal
cancer.

4.2.3. Cetuximab versus panitumumab

Data are limited about head-to-head comparison of panitumumab and cetuximab in mCRC.
The ASPECCT trial, a randomized non-inferiority phase III study, showed that median OS was
similar in patients with chemorefractory KRAS exon 2 WT mCRC who were treated with
panitumumab (6 mg/kg once every 2 weeks) alone and with cetuximab (initial dose 400
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4.2.3. Cetuximab versus panitumumab

Data are limited about head-to-head comparison of panitumumab and cetuximab in mCRC.
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mg/m2, 250 mg/m2 once a week thereafter) alone [82]. In addition, the incidence of any grade
and grade 3–4 adverse events was similar in both treatment groups. However, the incidence
of grade 3–4 infusion reactions was lower and grade 3–4 hypomagnesemia is higher with
panitumumab compared with cetuximab [83]. Currently, there are no data supporting to use
panitumumab or cetuximab beyond progression under an anti-EGFR mAb or to switch to
cetuximab or panitumumab after one of them fails.

4.2.4. Bevacizumab versus cetuximab or panitumumab in combination with chemotherapy

Three trials have compared the benefits of anti-EGFR mAbs and anti-VEGF bevacizumab in
combination with chemotherapy in RAS WT mCRC and the results are mixed.

In the FIRE-3 trial, patients with mCRC were randomly assigned to FOLFIRI with either
bevacizumab or cetuximab as first-line treatment [20, 39]. Patients who had pan-RAS WT
tumor had significantly better objective response rates (76 vs. 65 %) and OS (33.1 vs. 25.9
months) with cetuximab compared with bevacizumab, while PFS were not different between
groups (10.5 vs. 10.4 months). Grade 1–2 emesis, hypertension, abscesses, and bleeding were
more frequent with bevacizumab, and grade 1–2 hypocalcemia, and grade 3–4 skin toxicity,
infusion reactions, and hypomagnesemia were more common with cetuximab. The reason for
longer OS, in the absence of a better PFS, is unclear. Patients were on protocol-specified therapy
for 5 months and the survival curves did not diverge until 24 months, suggesting that
subsequent therapies beyond first-line treatment, which were not detailed in the report, may
be important.

In the phase II PEAK trial, FOLFOX plus panitumumab was compared with FOLFOX plus
bevacizumab as first-line treatment of mCRC [84]. For patients with KRAS exon 2 WT tumors,
OS was significantly better (34 vs. 24 months) with panitumumab, while PFS was similar. When
only pan-RAS WT patients were included, PFS was significantly better with panitumumab (13
vs. 9.5 months) but the statistical significance of the difference in OS disappeared, although
potentially clinically meaningful (41 vs. 29 months, p = 0.06).

The recently published phase III CALGB/SWOG 80405 trial, in which patients with KRAS exon
2 WT mCRC were randomly assigned to cetuximab or bevacizumab plus chemotherapy
(FOLFOX or FOLFIRI) as first-line treatment, demonstrated that both OS (29.9 vs. 29 months)
and PFS (10.4 vs. 10.8 months) were similar [69]. FOLFOX was chosen in more than 70% of
patients in this study. When only pan-RAS WT patients were analyzed, objective response
rates were significantly higher with cetuximab (69 vs. 54 %), while OS (32 vs. 31.2 months) and
PFS (11.4 vs. 11.3 months) were similar in both arms [85]. In conclusion, whether it is preferable
to add an anti-EGFR mAb rather than bevacizumab to first-line chemotherapy in RAS WT
mCRC is unclear [Table 1]. Preferring an anti-EGFR mAb rather than bevacizumab appears
to be reasonable for patients with symptomatic tumors, in which response rate is a clinically
more important purpose or if the use of bevacizumab is contraindicated. In addition, anti-
EGFR mAbs appear to be not superior to bevacizumab in second-line therapy and beyond. In
a phase II study (SPIRITT trial), patients with KRAS WT mCRC were randomized to FOLFIRI
plus bevacizumab or FOLFIRI plus panitumumab as second-line therapy after failure of first-
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line bevacizumab plus oxaliplatin-based chemotherapy. PFS was similar in both group (9.2 vs.
7.7 months) [86].

4.2.5. Simultaneous use of cetuximab/panitumumab and bevacizumab

Two trials evaluated the addition of an anti-EGFR mAb to chemotherapy plus bevacizumab
as first-line treatment of mCRC. The PACCE trial compared the efficacy of adding panitumu‐
mab to first-line oxaliplatin- (n = 823) or irinotecan (n = 230)-based chemotherapy plus
bevacizumab [87]. The panitumumab/oxaliplatin group had significantly worse PFS and OS.
Similar detrimental effect of dual antibody therapy was also observed in the CAIRO2 trial,
which compared first-line XELOX plus bevacizumab with or without cetuximab [88]. PFS was
significantly worse with the addition of cetuximab even in patients with KRAS WT tumors.
These results suggest that using bevacizumab and panitumumab/cetuximab is not appropri‐
ate, at least in the first-line setting.

5. Toxicity profile of the anti-EGFR mAbs

The most common adverse effects associated with cetuximab and panitumumab are fatigue,
acneiform rash, nausea, electrolyte imbalances, and infusion reactions [89–91].

5.1. Skin toxicity

Anti-EGFR therapies are associated with a variety of cutaneous side effects. Acneiform rash is
the most common skin toxicity and occurs in up to two-thirds of patients. Interestingly, severity
of rash correlates with better response rates [89, 92, 93]. Moreover, the EVEREST trial suggests
that cetuximab dose escalation gradually, even up to 500 mg/m2 weekly, could safely increase
response rates in patients who have no or a mild skin reaction within the first 3 weeks of
therapy [94]. However, cetuximab dose escalation according to grade of early skin reactions
is not a standard approach currently, since OS benefit could not be shown. Pruritus, another
common cutaneous adverse effect of anti-EGFR mAbs, is more common with panitumumab
(55% any grade) compared to cetuximab (18% any grade) [95].

5.2. Electrolyte disorders

Magnesium-wasting syndrome is observed in 22% of patients receiving anti-EGFR mAbs [90,
96] and consequent hypomagnesemia may be more prominent when oxaliplatin is used
concomitantly [97]. Hypokalemia is another important electrolyte disorder observed in
approximately 8% of patients receiving cetuximab [98]. Hypomagnesemia may lead to
secondary hypocalcemia and refractory hypokalemia. Thus, serum levels of magnesium,
potassium, and calcium should be monitored periodically during and for at least 8 weeks after
anti-EGFR containing therapy.
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5.3. Infusion reactions

Infusion reactions are more common with cetuximab (25%) compared with panitumumab
(4%), and more frequently observed in some areas of the middle southeastern United States
[91]. Most of the infusion reactions are severe and occur within 3 hours of the first infusion.
Cetuximab infusion should not exceed 5 mL/minute and premedication with an H1 receptor
antagonist is recommended. For patients who develop a severe reaction to cetuximab despite
premedication, desensitization or switching to panitumumab may be considered. Given the
lower rates of infusion reactions compared with cetuximab, routine premedication is not
recommended prior to panitumumab infusion.

5.4. Venous thromboembolism

Although not common, anti-EGFR mAbs may increase the risk of venous thromboembolism,
but not arterial thromboembolism, as shown in a meta-analysis [99].

6. Anti-EGFR mAbs for geriatric population

Approximately 70% of CRC cases develop over the age of 65 [100]. The efficacy and main
principles of mCRC treatment in the elderly are similar to younger patients. However, organ
function decline and comorbidities are more common in the elderly and make them more
vulnerable to side effects of systemic cancer therapies.

Because the number of older patients enrolled in clinical trials is small and these patients
usually have good performance status [101, 102], good quality evidence about safety and
efficacy of anti-cancer treatments in the elderly is limited. The majority of elderly patients are
neither fit nor frail, and there is no evidence to support or refute the benefit and safety of
therapy. Individualized treatment decision according to functional status, comorbidities,
toxicity profile of the drugs is essential in older patients.

Few data are available about the safety and efficacy of anti-EGFR mAbs in the elderly mCRC
patients. However, only older age should not be considered as an absolute contraindication to
use anti-EGFR mAbs in mCRC. A retrospective study including heavily pretreated KRAS WT
mCRC patients older than 70 years (n = 56) demonstrated that addition of cetuximab to
irinotecan was tolerable and beneficial in the elderly similar to younger patients [103]. Another
study analyzed 305 elderly and 352 younger (<65 years old) mCRC patients receiving chemo‐
therapy plus cetuximab. Efficacy and the prevalence of side effects was similar in older and
younger patients [104]. In contrast, a phase II trial of capecitabine plus cetuximab as first-line
treatment of mCRC demonstrated that rate of acneiform rash was higher in the elderly (n = 66)
[105].

Panitumumab monotherapy provides similar PFS benefit in the elderly compared with
younger patients and may be a well-tolerated first-line option for frail elderly patients with
WT RAS mCRC, as shown in a phase II study [12, 106]. A retrospective study demonstrated
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that toxicity-related dose reductions for panitumumab were required in about one-fourth of
frail elderly patients receiving first-line or second-line therapy for mCRC (n = 40) [107].

6.1. Anti-EGFR mAbs for patients with poor performance status

Regardless of age, individuals with a poor performance status (PS) (e.g., Eastern Cooperative
Oncology Group [ECOG] PS ≥2, Karnofsky PS <60) usually cannot tolerate chemotherapy and
have a poor prognosis [108]. However, particularly if PS decline is cancer related, patients with
mCRC who have a PS of 2 should be considered for chemotherapy. FU or capecitabine alone,
or cetuximab/panitumumab monotherapy (if RAS WT) are appropriate options for patients
who are not candidates for combination chemotherapy including oxaliplatin or irinotecan
because of their poor performance status.

6.2. Mechanisms of resistance to anti-EGFR treatment

Unfortunately, after a variable period of responsive phase, secondary resistance to anti-EGFR
mAbs develop. Therefore, it is a clear priority to understand the molecular and cellular basis
of primary and acquired resistance to cetuximab and panitumumab. The mutational status of
the EGFR signaling effectors (KRAS, BRAF, or PIK3CA) appears to be the main components
of resistance.

6.3. KRAS/NRAS/BRAF mutations

Prospective randomized studies showed that KRAS mutations are predictive of non-response
to anti-EGFR based treatment [8–12, 18–20]. However, KRAS mutation status is not enough to
select appropriate patients for anti-EGFR mAbs, because almost 60% of patients with KRAS
WT mCRC also have poor response to anti-EGFR mAbs [34]. Mutations in KRAS outside of
exon 2 and mutations in NRAS are also associated with lack of response to anti-EGFR mAbs
[38]. Thus, all patients with newly diagnosed mCRC should be tested for RAS mutation status,
as RAS mutation is the major cause of primary resistance to anti-EGFR mAbs.

BRAF oncogene encodes BRAF protein that is a member of RAS/RAF/MAPK pathway [109].
BRAF and KRAS mutations are mutually exclusive [110]. BRAF gene mutation (V600E) rate is
5–9% among patients with mCRC [111, 112]. Although BRAF mutation is a poor prognostic
factor for mCRC, as shown in the CRYSTAL and PETACC-3 studies [57, 113], the use of BRAF
as a predictive marker is unclear. BRAF mutation status does not predict the response to either
panitumumab or cetuximab in the first-line treatment of mCRC, as demonstrated in the
CRYSTAL and the PRIME studies [10, 57]. In contrast to the results in the first-line treatment,
BRAF mutation is a predictor of resistance to anti-EGFR treatment in the second-line therapy
or beyond [36, 50, 55].

Interestingly, vemurafenib, an orally administered BRAF V600 kinase inhibitor, has insuffi‐
cient activity when used alone in BRAF-mutated mCRC patients [114]. Vemurafenib resistance
in mCRC may be because of feedback activation of EGFR signaling [115, 116].
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6.4. Hyperactivation of PI3K-PTEN axis

Although 41% of mCRC patients do not have RAS or BRAF mutation, they do not respond to
anti-EGFR mAbs [55]. Oncogenic activation of the members of EGFR downstream pathways
other than RAS/RAF/MAPK (e.g., PI3K/PTEN pathway) might be responsible for the resistance
to anti-EGFR mAbs. It is well established that activating mutation in PI3KCA or inactivation
of PTEN phosphates can deregulate PI3K signaling pathway [117].

Mutation in PI3KCA and loss of PTEN are associated with resistance to anti-EGFR mAbs [118–
120]. BRAF negative, PTEN expressing, and PI3K non-expressing CRCs have higher response
rate and longer PFS and OS than others, suggesting that PI3K expression and PTEN loss might
be used as predictors of response to anti-EGFR mAbs in mCRC patients with WT KRAS [121].

The role of PI3K mutation on response to anti-EGFR mAbs in mCRC has been evaluated in a
number of studies [40, 58, 118, 122, 123]. Two of these studies demonstrated that PI3KCA
mutation and PTEN loss, which cause PI3K pathway activation, are significant predictors of
resistance to anti-EGFR mAbs [118, 122]. In contrast, PI3KCA mutation was not associated
with response to anti-EGFR mAbs in chemorefractory mCRC patients in another study [123].
PTEN inactivation is another predictor of resistance to anti-EGFR mAbs [118–120]. Moreover,
PI3K expression and PTEN loss are also associated with decreased survival in addition to poor
response to anti-EGFR mAbs [117].

Study Year Popula
tion

Patient
number

Regimen Median
PFS
(month)

p* Median
OS
(month)

p* Response rate (%) p*

Reidy
et al.128

2010 All 23 IMC-A12 (anti-IGF-1R
antibody)

5.9 – 5.2 – 0 –

21 IMC-A12 (anti-IGF-1R antibody) + 
Cetuximab

6.1 4.5 5

KRAS
WT
group

20 IMC-A12 (anti-IGF-1R antibody) + 
Cetuximab

9.4 10.9 0

*95% confidence interval.
PFS, progression-free survival; OS, overall survival; All, all patients group; WT, wild type; MT, mutant type; N/A: not
available; KRAS, KRAS exon 2, codons 12 and 13; anti-IGF-1R, insulin-like growth factor-1 receptor inhibitor.

Table 3. Selected phase II study of an insulin-like growth factor-1 receptor inhibitor for metastatic colorectal cancer
refractory to cetuximab or panitumumab

6.5. Hyperexpression or hyperactivation of type 1 insulin-like growth factor receptor
(IGF-1R)

The type 1 insulin-like growth factor receptor (IGF-1R) is a tyrosine kinase receptor that
functions by activating downstream signaling pathways, including MAPK and PI3K/AKT.
IGF-1R overexpression, which may cause neoplastic transformation of cultured cells, is present
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in several types of human tumors [124, 125], and its downregulation can inhibit the growth of
tumor cells [126]. These findings make IGF-1R an attractive candidate as an anti-cancer
therapeutic target. A previous study showed that combination therapy of mAbs targeting
IGF-1R and EGFR results in further inhibition of CRC cell-line growth [127]. A phase II study
evaluated the safety and the efficacy of human anti-IGF-1R mAb (either alone or in combina‐
tion with cetuximab) in mCRC patients, and both treatment modalities were reported as
insufficient in chemorefractory mCRC patients [128] [Table 3].

6.6. EGFR-tyrosine kinase inhibitors in mCRC

The orally active EGFR-tyrosine kinase inhibitors erlotinib and gefitinib prevent downstream
signaling of the receptor and are inactive as monotherapy of mCRC [129, 130]. Promising
results have been reported in phase II trials of erlotinib with capecitabine and oxaliplatin [131]
and gefitinib plus FOLFOX in mCRC patients [132, 133]. However, randomized trials are
required to evaluate the benefits of gefitinib or erlotinib in combination with chemotherapy
by comparing chemotherapy alone.

7. Future perspectives

The mAbs targeting EGFR (cetuximab and panitumumab) have shown remarkable efficacy in
the treatment of mCRCs. Despite the significance of KRAS mutations, the efficacy of anti-EGFR
monoclonal antibodies in the 60–70% of mCRC patients with KRAS WT tumors is still limited,
with response rates between 10 and 40% [134]. Similar to other targeted therapies, anti-EGFR
drugs are active only in a fraction of patients and most of them subsequently become resistant
to the treatment. Accordingly, two major challenges need to be addressed to optimize the
efficacy of anti-EGFR therapies. The first is to identify the genetic alterations associated with
the clinical response to anti-EGFR mAbs. The second is the elucidation of the molecular basis
for primary or acquired resistance to these drugs. It seems likely that a comprehensive
biomarker analysis will be required to identify the mCRC patients who will truly benefit from
anti-EGFR mAbs.
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Abstract

Incidence rates vary 10-fold globally for colorectal cancer (CRC). Asia has lower rates than
Western countries, but as the Western life-style becomes more prevalent in economical‐
ly developing Asian countries, rates are increasing. Clinical therapy has improved over
the last few decades, and national screening programmes are a proven and effective means
of reducing mortality; chemoprevention through diet and life-style choices may provide
additional value. Diet has strong associations with the aetiology of CRC, considerable
epidemiological evidence exist that fruits and vegetables are associated with reduced risk
of CRC. There is also extensive experimental evidence that phytochemicals from fruit and
vegetables can modulate pathways of carcinogenesis. In this chapter, we consider Malaysia
specifically,  with  its  rich  ethnopharmacological  heritage  and  megabiodiversity;
Malaysian natural compounds may be a source of potentially chemo-protective with
relevance to CRC.

Keywords: colon cancer, in vitro, Malaysia, plants, anticancer

1. Introduction

Botanically, Malaysia is one of the most bio-diverse countries in the world with more than 23,000
plant species recorded [1]. Many components of these plants are traditionally used for flavour
and fragrances as well as for medicinal purposes. In line with bio-prospecting trend to find new
pharmaceutical lead compounds for medical applications; researchers from local academic and
research institutions within Malaysia have initiated investigations of the bioactive properties
of various native plants. In Malaysia, colorectal cancer is the second most frequent cancer after

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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breast cancer [2]. The aim of this review is to collate data and conclusions from recent studies
undertaken on indigenous Malaysian plants with a view toward prevention and/or treatment
of colorectal cancer (CRC).

2. Epidemiology of CRC

The geographical distribution of CRC differs significantly (~10-fold) across the world with the
highest incidence rates in Australia/New Zealand (age-specific rate; ASR 44.8 and 32.2 per
100,000 in men and women, respectively), North America (ASR 30.1 and 22.7 per 100,000),
Europe (ASR 37.3 and 22.7 per 100,000), and Japan (ASR 42.1 and 23.5 per 100,000). The lowest
incidence rates occur in West Africa (ASR 4.5 and 3.8 per 100,000) although in this case, under-
reporting is likely due to incomplete coverage by registries [2].

The global rise of incidence and mortality rates attributable to cancer is likely due to the ageing
population, with incidence predicted to increase to 22.2 million cases globally by 2030 [3]. The
cancer pattern among countries exhibits a strong societal and economic influence, where
countries with a low human development index (HDI) (composite measure of life expectancy,
education, and gross domestic product per head) tend to have higher levels of infection-related
cancers (i.e., cervical) compared to medium and high HDI countries where the cancer burden
is more commonly related to reproductive, dietary, and hormonal factors (e.g., lung, breast,
and colorectal) [3]. As such, it is clear that CRC incidence rates increase in accordance with a
country’s income [4].

Asia as a whole consists mainly of developing countries and as such, incidence rates of CRC
(ASR 16.5 and 11.1 per 100,000 in men and women, respectively) are noticeably lower than for
the mainly developed countries of Europe—both in terms of incidence and in mortality (Table
1). However, cancer incidence and mortality in Asia is likely to rise over the next 20 years, due
in part to a rapid population expansion that will not be experienced by Western countries. This
increase will clearly impact on the health care burden associated with cancer, and also quality
of life across Asia as a whole. Ng and colleagues [4] recently considered the wide variation in
cancer incidence and mortality across Asia with respect to cancer survival, defining it in terms
of mortality to incidence ratios (MIR = 1 no effect on survival). Although cancer incidence is
lower in Asia, cancer survival is higher in Western countries as the MIRs are lower. Moreover,
while Eastern and Western Asia have a higher incidence of CRC compared to South-Eastern
and South-Central Asia, the pattern for survival is reversed in that the latter two regions have
poorer survival than Western and Eastern Asia [4]. In Malaysia (South Eastern Asia), CRC is
the second most common malignancy after breast cancer, while incidence rates exceed that of
China, cancer survival is similar. By contrast, in Japan, both incidence and survival are higher.

2.1. CRC pathogenesis

The majority of colorectal malignancies occur as sporadic forms that appear to arise from
benign adenomatous polyps, with carcinomas emerging slowly over a period of 10–20 years
[6–9]. Epidemiological data indicate that incidence and mortality rates of colorectal cancers
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increase will clearly impact on the health care burden associated with cancer, and also quality
of life across Asia as a whole. Ng and colleagues [4] recently considered the wide variation in
cancer incidence and mortality across Asia with respect to cancer survival, defining it in terms
of mortality to incidence ratios (MIR = 1 no effect on survival). Although cancer incidence is
lower in Asia, cancer survival is higher in Western countries as the MIRs are lower. Moreover,
while Eastern and Western Asia have a higher incidence of CRC compared to South-Eastern
and South-Central Asia, the pattern for survival is reversed in that the latter two regions have
poorer survival than Western and Eastern Asia [4]. In Malaysia (South Eastern Asia), CRC is
the second most common malignancy after breast cancer, while incidence rates exceed that of
China, cancer survival is similar. By contrast, in Japan, both incidence and survival are higher.

2.1. CRC pathogenesis

The majority of colorectal malignancies occur as sporadic forms that appear to arise from
benign adenomatous polyps, with carcinomas emerging slowly over a period of 10–20 years
[6–9]. Epidemiological data indicate that incidence and mortality rates of colorectal cancers
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(CRC) are greatly influenced by age rather than by gender. The majority of cases are detected
in individuals over the age of 60 [10], with 55% of cases occurring in more developed regions
in contrast to 52% of all CRC deaths which occur in the less-developed regions of the world,
reflecting poorer survival. For individuals diagnosed with CRC, it has been determined that
the 5-year survival rate is approximately 50–60% [11] and that survival among CRC patient is
improved if WCRF/AICR lifestyle guidelines on physical activity, body fatness, and diet are
adhered to [12]. The age-dependent increase in CRC development is associated with a multi-
step oncogenesis process and a number of histological stages, reflecting the accumulation of
genetic errors in somatic cells over time. Sporadic CRC is currently thought to arise via 1 of 3
identified molecular pathways (Micro Satellite instability—MSI, Chromosomal Instability—
CIN and CpG island methylator phenotype—CIMP) depending upon the individual’s
complement of gene alterations [13]. Conversely, the inheritance of germline mutations may
also result in development of neoplasms at an early age, with approximately 5% of CRC cases
being due to inherited single-gene syndromes such as familial adenomatous polyposis (FAP)
and hereditary non-polyposis colorectal cancer (HNPCC) [14]. It is estimated that as much as
12–35% of colon cancers can be explained by heritable factors, but known single-nucleotide
polymorphisms appear to explain only a small proportion of these [15].

The high degree of molecular heterogeneity present in CRC is reflected by the effectiveness of
chemotherapeutic regimes; however, the clinical significance of the majority of these individ‐
ual molecular alterations is still to be fully determined [16]. From a treatment perspective,
early-stage CRC is managed by surgical resection and advanced CRC with a combination of
chemotherapy and surgery. Most chemotherapeutic regimes use 5-Fluorouracil (5-FU) as the
main cytotoxic agent and this is commonly administered in conjunction with oxaliplatin for
adjuvant therapy for high-risk stage II/stage III CRC, and with either oxaliplatin or irinotecan
for metastatic CRC. Furthermore, the addition of bevacizumab-based chemotherapy (a
vascular endothelial growth factor (VEGF)-targeted agent) has proven to be more effective
than cytotoxic chemotherapy alone for the treatment of metastatic CRC [17].

While there is no doubt that CRC treatments have advanced over the last decade, improvement
in disease outcome has been more modest relative to the increase in treatment costs. Thus,
population screening is an important and cost-effective strategy given the improved prognosis
with early detection [18]. The pathogenesis of CRC makes it very well suited to population
screening especially given the correlation between disease stage and mortality. It is clear that
the detection and the removal of cancer precursors can reduce CRC incidence and mortality
and effective detection of CRC allows for less invasive treatment with a better prognosis. As
is to be expected, a large variation exists globally in the implementation of screening pro‐
grammes both in terms of strategy used (organised vs opportunistic) and standards applied
(diagnostic test, detection threshold), with implementation more common in Western coun‐
tries [19]. Europe for the most part has implemented an organized screening programme, while
the USA operates an opportunistic approach. In Asia, several countries have already devel‐
oped organized programmes including Japan, Korea and, to a lesser extent, China. As yet,
however, Malaysia has no organized screening in place. As cancer incidences are likely to
continue to rise, screening programmes will necessarily become more of an issue for low
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resource countries. Moreover, as cancer pattern types change, there will arise a need to
developed tailored approaches [19].

Region Incidence Mortality 5-year prevalence

Number ASR (W) Number ASR (W) Number Prop

Australian/New Zealand 18887 38.2 5489 10 54266 245.4

Europe 447136 29.5 214866 12.5 1203943 192.3

North America 158169 26.1 63465 9.4 486650 172.9

Asia 607182 13.7 331615 7.2 1493520 47

Asian region

Eastern Asia (EA) 421343 18.4 207716 8.4 1130066 87.1

Western Asia (WA) 27140 14.8 15306 8.4 62162 37.5

South Eastern Asia (SEA) 69016 12.5 43234 7.9 158845 35.7

South Central Asia (SCA) 89683 6.1 65359 4.4 142447 11.3

Country

Australia 15869 38.4 4168 9 45622 245.8

Japan (EA) 112675 32.2 49345 11.9 384877 350.8

UK 40755 30.2 16202 10.7 104047 200.5

Malaysia (SEA) 4539 18.3 2300 9.4 9714 47

China (EA) 253427 14.2 139416 7.4 583054 52.7

Saudi Arabia (WA) 2047 11.6 1094 6.6 4486 22.3

India (SCA) 64332 6.1 48603 4.6 86650 9.8

Incidence and mortality data for all ages. Five-year prevalence for adult population only. ASR (W) and proportions per
100,000 persons per year. The ASR is a weighted mean of the age-specific rates. Adapted from [5].

Table 1. Incidence and mortality rates (estimated, all sexes) for colorectal cancer, globally and within Asia and selected
regions.

2.2. Diet and CRC

The relatively recent increase in CRC incidence in Japan (Eastern Asia) and in urbanized
regions of China (Eastern Asia) is of significant concern [20] and is thought to be due to the
adoption of a more a Western lifestyle and diet [21]. Diet plays a central role in CRC patho‐
genesis, as those rich in saturated animal fat, and red meat (especially processed meat) [22]
together with alcohol intake [23] and smoking [24] have been positively associated with
colorectal neoplasia. Fruit and vegetable consumption is associated with a reduction in the risk
of CRC [25], and this concept is supported by a large body of case-control studies, although
results from cohort or prospective studies are less convincing [26]. Nevertheless, the protective
effects of fruits and vegetables against colorectal cancer are attributed to the large number of
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bioactive phytochemicals present within them [27], comprising mainly plant polyphenolic
secondary metabolites [28] and plant structural and storage polysaccharides which make up
dietary fiber [29, 30]. These various plant components or natural products are found within a
range of indigenous Malaysian fruit and vegetables, and thus may potentially play a role in
chemoprevention for CRC.

3. Natural product research in Malaysia

Natural products include a large and diverse group of substances produced by a variety of
sources including marine organisms, bacteria, yeasts, fungi, and plants [31]. Research on
natural products has focused primarily on the chemical properties, biosynthesis, and biological
functions of secondary metabolites [32]. Natural products, in particular plants, have been used
in traditional medicine and health practice. The World Health Organization has acknowledged
traditional medicine as a contributor to achieve health care objectives [33] and Malaysia,
blessed with its megabiodiversity and rich ethnopharmacological heritage, has been observed
to elegantly capitalize on these attributes with a view toward boosting the wealth and wellness
of its population [34].

In late 2010, the Malaysian government launched the Economic Transformation Programme
(ETP), which focuses on 12 National Key Economic Areas (NKEAs). The Agriculture sector,
under the purview of the Ministry of Agriculture (MoA) is one of the NKEA-identified areas
where the Entry Point Project 1 (EPP1) is focused on high-value herbal products. The MoA has
overseen the establishment of five R&D clusters, which focus on, respectively, discovery, crop
production, and agronomy, standardization and product development, toxicology/pre-clinical
and clinical studies, and processing technology. The initial phase of this EPP was focused on
ensuring the supply of five main local herbs, namely Tongkat Ali (Eurycoma longifolia Jack),
Misai Kucing (Orthosiphon aristatus (Blume) Miq.), Hempedu Bumi (Andrographis paniculata
(Burm.f.) Nees), Dukung Anak (Phyllanthus niruri L.) and Kacip Fatimah (Marantodes pumi‐
lum (Blume) Kuntze (syn. Labisia pumila (Blume) Mez). Subsequently, six more herb species
were added to the project, including Mengkudu (Morinda citrifolia L.), Roselle (Hibiscus
sabdariffa L.), Ginger (Zingiber officinale), Mas Cotek (Ficus deltoidea Jack), Belalai Gajah
(Clinacanthus nutans (Burm.f.) Lindau) and Pegaga (Centella asiatica (L.) Urb) [35]. In 2014, eight
products developed through the EPP 1 underwent pre-clinical trials. It is estimated that
commercialization of the identified herbs will contribute MYR2.2 billion to the Gross National
Income (GNI) by 2020 [35].

In Malaysia, research on natural products including the EPP-listed local herbs described above
is being undertaken by research centers and institutions of higher learning (Table 2). Never‐
theless, research in this area is also being carried out by various independent research groups
in the local academia.
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Entities Institutions

Advanced Medical and Dental Institute Universiti Sains Malaysia (USM)

Atta-ur-Rahman Institute for Natural Product Discovery Universiti Teknologi MARA (UiTM)

Bioresource and Drug Discovery Research Group (BDD), Faculty
Science and Natural Resources (FSSA)

Universiti Malaysia Sabah (UMS)

Centre For Natural Products And Drug Research (CENAR) Universiti Malaya (UM)

Drug Discovery and Development Research Group (under purview
of the Natural Products Cluster)

Universiti Kebangsaan Malaysia (UKM)

Institute of Bioproduct Development (IBD) Universiti Teknologi Malaysia

Laboratory of Natural products, Institute of Bioscience Universiti Putra Malaysia (UPM)

Natural Medicine Products Centre (NMPC) International Islamic University Malaysia (IIUM)

Natural Product and Drug Discovery Centre (NPDC) Malaysian Institute of Pharmaceuticals and
Nutraceuticals (IPharm)

Natural Product Lab, Institute of Marine Biotechnology Universiti Malaysia Terengganu (UMT)

Natural Products Division Forest Research Institute Malaysia (FRIM)

Table 2. Entities involved in natural product research and development in Malaysia.

4. Studies of the effect of Malaysian plants on colon cancer

It has been estimated that around 1200 medicinal plants have potential pharmaceutical value
[1]. Many of these species have been scientifically investigated by researchers seeking to
provide evidence of effectiveness toward different diseases such as cancer, diabetes, arthritis,
heart diseases, and many others. However, work on the effects of Malaysian plants on colon
cancer specifically has been very limited (Tables 3 and 4). Nonetheless, several observations
may be made on work undertaken to date that allow trends to be identified for the future of
such work.

It is clear that there is no focused approach on any particular species, and most of the studies
were conducted at the early stage of screening for anti-cancer effects with little in the way of
continued development thereafter. This work includes cytotoxicity screening of crude extracts
or compounds derived from solvent fractions against several types of cancer using in vitro cell
line-based experiments. While the species investigated are edible herbs and fruit plants, in
several instances, the parts of the plant investigated may not be commonly consumed as food.
For instance, Moghadamtousi et al. [36] studied the leaf of soursop plant, rather than the more
commonly consumed fruits, while Aisha et al. [38] investigated the rind of mangosteen fruit
instead of the flesh. To this end, selection of species seems to be based on ethnomedicinal
evidence within local communities and capitalizing upon the novelty aspect in that the species
(or parts of plants) have not been investigated by other groups. The use of inedible plant parts
may be also be related to the zero waste and health to wealth concepts where all parts of plants
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are considered potential biomass to be exploited. As such, materials from inedible parts of
plants may be more cost-effective to be used. Furthermore, the majority of studies appear to
be “isolated studies” with lack of continuing development as stated above, which may perhaps
be due to lack of funding and proper planning for future work including networking. The lack
of funding may also correspond to lack of facilities and equipment required to do further in
depth robust work.

Plant and
part of plant
used 

Common
name 

Compound/
extract
tested

Type of study  Details/IC50 Reference

Annona
muricata L.
(Leaf)

Graviola,
soursop;
adurian
belanda

Ethyl acetate
extract

In vitro HCT 116,
HT29
and CCD841 cell
lines

In vitro cytotoxicity
IC50 = 4.29 ± 0.24 μg/ml (HT29)
IC50 = 3.91 ± 0.35 μg/ml (HCT116)
IC50 = 34.24 ± 2.12 μg/ml (CCD841)

[36]

5-Fluorouracil (positive control)
IC50 = 1.10 ± 0.11 μg/ml (HT29)
IC50 = 0.90 ± 0.09 μg/ml (HCT116)

The extract also showed cell cycle
arrest at G1, induction
of apoptosis, anti-migration
and anti-invasive effects.

Annona
muricata L.
(Leaf)

Graviola,
soursop;
adurian
belanda

Ethyl acetate
extract

In vitro HT29
and CCD 841
cell lines.

In vitro cytotoxicity
HT29
IC50 = 5.72 ± 0.41 μg/ml (12 h)
IC50 = 3.49 ± 0.22 μg/ml (24 h)
IC50 = 1.62 ± 0.24 μg/ml (48 h)

[37]

CCD 841
IC50 = 64.32 ± 3.76 μg/ml (12 h)
IC50 = 47.10 ± 0.47 μg/ml (24 h)
IC50 =32.51 ± 1.18 μg/ml (48 h)

In vivo AOM-
induced colon
cancer in rats

Aberrant Crypt
formation after 2 weekly
injections of extract.
250 mg/kg = 61.2% inhibition
500 mg/kg = 72.5% inhibition
5-FU = 79.5% inhibition

Garcinia
mangostana
(Fruit rind)

Mangosteen;
amanggis

Xanthone (81%
α-mangostin
and 16% γ-

In vitro
HCT 116 cell line
In vivo
Subcutaneous
tumor of

In vitro cytotoxicity
 1) IC50 = 6.5 ± 1.0 μg/ml
 2) IC50 = 5.1 ± 0.2 μg/ml
 3) IC50 = 7.2 ± 0.4 μg/ml
IC50 of Cisplatin (positive

[38]
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Plant and
part of plant
used 

Common
name 

Compound/
extract
tested

Type of study  Details/IC50 Reference

mangostin) from
toluene extract
of the fruit
α-mangostin
γ-mangostin)

HCT116 on nude
mice

control) = 6.1 ± 0.2 μg/ml
The extract also showed
induction of apoptosis, anti-
tumorigenicity and up-
regulation of MAPK/ERK, c-Myc/Max,
and p53 cell signalling pathways
In vivo Xanthones extract caused
significant
growth inhibition of
the subcutaneous tumor

Garcinia
mangostana
(Fruit rind)

Mangosteen;
amanggis

Hexane and
ethyl acetate
(Other extracts
produced,
butanol and
methanol)

In vitro
Caco-2 cell line
(also tested on other
cells KB and PBMC)

In vitro cytotoxicity
IC50 = 13.0 ± 3.8 μg/ml
(Hexane) IC50 = 8.1 ± 0.1 μg/ml
(Ethyl acetate) IC50 of
Tamoxifen positive
control = 4.0 ± 0.4 μg/ml

[39]

Garcinia
mangostana
(Fruit rind)

Mangosteen;
amanggis

α-mangostin
β-mangostin
γ-mangostin
hexane extracts

In vitro
DLD-1 cells

All three extracts showed
anti-proliferative effects
at 20 μM.

[40]

Table 3. Studies of anticancer effects of plant materials obtained from fruit trees in Malaysia.

Plant and part
of
plant used 

Common
name 

Compound/extract
tested

Type of
study 

Details/IC50 References

Alpinia mutica
(Rhizome)

aTepus Methanol and
fractionated
extracts 
(hexane, ethyl
acetate and
water)

In vitro
HT 29 and
HCT 116
cell line
(also tested on
other cell lines;
KB, CasKi,
MCF-7, A549
and MRC-5)

Hexane extracts showed IC50 of
36.1 ± 1.1 μg/ml (HCT116)
and 47.4 ± 1.6 μg/ml (HT29)
Ethyl acetate extracts showed
IC50 of 20.4 ± 3.2 μg/ml
(HCT116) and 24.2 ± 0.04 μg/ml
(HT29) Methanol and water
extracts showed IC50 of
more than 100 μg/ml
IC50 of
doxorubicin (positive
control) = 0.24 ± 0.04 μg/ml
(HCT116) and 0.33 ± 0.03 μg/ml

[41]
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Common
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Compound/
extract
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[41]
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Plant and part
of
plant used 

Common
name 

Compound/extract
tested

Type of
study 

Details/IC50 References

(HT29)

Casearia
capitellata
(Leaf)
Baccaurea
motleyana
(fruits and
peel)
Phyllanthus
pulcher (Leaf,
stem and root)
Strobilanthus
crispus (Leaf,
flower)

aSimmilit
matangi
aRambai
aNaga
buana
aPecah
kaca/Pecah
beling/
Pokok
pecah/Jin
batu/

Hexane,
dichloromethane,
ethyl acetate and
methanol extracts,
respectively

In vitro
HT29 cell line
(also tested on
other cell lines;
MCF-7, DU-
145 and H460)

DCM extract of P.pulcher
root showed the lowest IC50

among the extracts tested against
HT29 cells (IC50 = 8.1
± 0.5 μg/ml)

[42]

Curcuma
mangga
(Rhizome)

aTemu
pauh/
Kunyit
mangga

Crude methanol
and fractionated
extracts (hexane,
ethyl acetate)

In vitro
HT 29 and
HCT 116 cell
line(also
tested on
other cell
lines; KB,
CasKi,
MCF-7, A549
and MRC-5)

Extracts showed the IC50 between
29.4 ± 0.2 and 36.8 ± 3.8 μg/ml
against HCT116 cells
Extracts showed
the IC50 between 17.9 ± 0.3
and 22.0 ± 1.1 μg/ml against
HT29 cells
IC50 of doxorubicin
(positive control) = 0.24
± 0.04 μg/ml (HCT116)
and 0.33 ± 0.03 μg/ml
(HT29) Isolated compounds
from the extracts also
showed high cytotoxicity
effects towards both
cell lines
(between 6.3 ± 0.26 and 14.9
± 0.40 μg/ml) Several isolated
compounds from the extracts
also showed considerable
cytotoxicity effects against
the cancer cells

[43]

Curcuma
mangga
(Rhizome)

aTemu
pauh/

Hexane and
ethyl acetate
extracts.

In vitro
HT29 and
CCD-18Co

In vitro cytotoxicity (72 h)
Hexane:
IC50 = 17.9 ± 1.2 μg/ml (HT29)

[44]
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Plant and part
of
plant used 

Common
name 

Compound/extract
tested

Type of
study 

Details/IC50 References

Kunyit
mangga

IC50 = 45.7 ± 1.0 μg/ml (CCD-18Co)
Ethyl acetate:
IC50 = 15.6 ± 0.8 μg/ml (HT29)
IC50 = 46.5 ± 0.1 μg/ml (CCD-18Co)

Pereskia bleo
(Kunth) DC.
(Cactaceae)
(Leaf)

aJarum
tujuh bilah

Compounds from
ethyl acetate
fraction

• Dihydroactini
diolide

• β-sitosterol

• 2,4-di tert butyl
phenol

• α-tocopherol

• Phytol

In vitro
HCT 116 cell
line
(also tested on
other cell lines;
KB, CasKi,
MCF-7, A549
and MRC-5)

Dihydroactinidiolide showed the
lowest IC50 at 5 μg/ml against
HCT116 cells Dihydroactinidiolide
showed IC50 of 91.3 μg/ml
against MRC-5 cells
IC50 of doxorubicin (positive
control) = 0.36 μg/ml
(HCT116) and 0.55 μg/ml (MRC-5)

[45]

Piper betle
(Leaf)

aSirih Aqueous extract In vitro
HCT 116 and
HT29 cell lines

In the presence of the extract,
a lower dosage of 5-FU is required
to achieve the maximum drug
effect in inhibiting the
growth of HT29 cells. However,
the extract did not significantly
reduce 5-FU dosage in HCT116
cells

[46]

Strobilanthus
crispus (part of
plant used not
stated )

aPecah
kaca/Pecah
beling/
Pokok
pecah/Jin
batu/

Crude ethanol
extract and
fractions obtained
from column
chromatography

In vivo
Sprague
Dawley (SD)
male rats
In vitro
HT29, CCD841

S. crispus ethanol extract
protects against CRC formation
(azoxymethane-
induced aberrant crypt foci) in
rats Exposure of HT29 and CCD-841
to extract and several fractions
(tested between 0 and 500 μg/ml)
induced a concentration dependent
decrease in cell viability

[47]

Zingiber
officinale
(rhizome)

Ginger;
ahalia

Ginger: Water-
based ultrasonic
assisted extraction
Honey: Packaged
in plastic
containers and

In vitro
HT29 cell lines

In vitro cytotoxicity
IC50 = 5.2 mg/ml (ginger alone)
IC50 = 80 mg/ml (Gelam honey
alone) The combinations of 3 and
4 mg/ml of
ginger with 27 and 10 mg/ml

[48]
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Plant and part
of
plant used 

Common
name 

Compound/extract
tested

Type of
study 

Details/IC50 References

Kunyit
mangga

IC50 = 45.7 ± 1.0 μg/ml (CCD-18Co)
Ethyl acetate:
IC50 = 15.6 ± 0.8 μg/ml (HT29)
IC50 = 46.5 ± 0.1 μg/ml (CCD-18Co)

Pereskia bleo
(Kunth) DC.
(Cactaceae)
(Leaf)

aJarum
tujuh bilah

Compounds from
ethyl acetate
fraction

• Dihydroactini
diolide

• β-sitosterol

• 2,4-di tert butyl
phenol

• α-tocopherol

• Phytol

In vitro
HCT 116 cell
line
(also tested on
other cell lines;
KB, CasKi,
MCF-7, A549
and MRC-5)

Dihydroactinidiolide showed the
lowest IC50 at 5 μg/ml against
HCT116 cells Dihydroactinidiolide
showed IC50 of 91.3 μg/ml
against MRC-5 cells
IC50 of doxorubicin (positive
control) = 0.36 μg/ml
(HCT116) and 0.55 μg/ml (MRC-5)

[45]

Piper betle
(Leaf)

aSirih Aqueous extract In vitro
HCT 116 and
HT29 cell lines

In the presence of the extract,
a lower dosage of 5-FU is required
to achieve the maximum drug
effect in inhibiting the
growth of HT29 cells. However,
the extract did not significantly
reduce 5-FU dosage in HCT116
cells

[46]

Strobilanthus
crispus (part of
plant used not
stated )

aPecah
kaca/Pecah
beling/
Pokok
pecah/Jin
batu/

Crude ethanol
extract and
fractions obtained
from column
chromatography

In vivo
Sprague
Dawley (SD)
male rats
In vitro
HT29, CCD841

S. crispus ethanol extract
protects against CRC formation
(azoxymethane-
induced aberrant crypt foci) in
rats Exposure of HT29 and CCD-841
to extract and several fractions
(tested between 0 and 500 μg/ml)
induced a concentration dependent
decrease in cell viability

[47]

Zingiber
officinale
(rhizome)

Ginger;
ahalia

Ginger: Water-
based ultrasonic
assisted extraction
Honey: Packaged
in plastic
containers and

In vitro
HT29 cell lines

In vitro cytotoxicity
IC50 = 5.2 mg/ml (ginger alone)
IC50 = 80 mg/ml (Gelam honey
alone) The combinations of 3 and
4 mg/ml of
ginger with 27 and 10 mg/ml

[48]
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Plant and part
of
plant used 

Common
name 

Compound/extract
tested

Type of
study 

Details/IC50 References

sterilized using
gamma radiation

of Gelam honey showed combination
index (CI) values of 0.92 and 0.90,
respectively, indicating
synergistic effects.
Cell death in response
to the combined ginger and
Gelam honey treatment was
associated with the
stimulation of early
apoptosis

Zingiber
officinale
(rhizome)

Ginger;
ahalia

Ethanol extract In vitro
HCT 116 and
HT29 cell lines

Inhibition of proliferation
IC50 (HCT116) = 496 ± 34.2
μg/ml IC50 (HT29) = 455 ±
18.6 μg/ml Induction of
apoptosis at 500 μg/ml
extract 35.05% (HCT116) and
19.81% (HT29) Ginger extract
arrested HCT 116 and HT 29
cells at G0/G1 and G2/M
phases with corresponding
decreased in S-phase

[49]

aLocal name in Malay language.
Cell lines: A549 (and human lung carcinoma cell line); CasKi (human cervical carcinoma cell line); CCD841 (normal
human colon epithelial cell line); DU-145 (prostate cancer cell line); H460 (lung cancer cell line); HCT116 (colon cancer
cell line); HT29 (colon cancer cell line); KB (human nasopharyngeal epidermoid carcinoma cell line); MCF-7 (hormone-
dependent breast carcinoma cell line; MRC-5 (non-cancer human fibroblast cell line).

Table 4. Studies of anticancer effects of plant materials obtained herbs and spices in Malaysia.

Some species investigated for their effects against colon cancer in the listed studies have also
been investigated for other biological effects. For example, prior to the report by Abdul Malek
et al. [43], Alpinia mutica was previously reported to have inhibitory activity towards lipid
oxidation [50] and anti-bacterial effects against Bacillus subtilis and methicillin-resistant
Staphylococcus aureus (MRSA) [50] in addition to anti-platelet aggregation activities [51].

For in vitro work, two types of commercially available colon cancer cell lines, HT29 and
HCT116, were used in the majority of studies. However, there is no consistency in the positive
controls used in the empirical studies. Some studies include work on CCD841 normal human
colon epithelial cells [36, 47], while others include work on 5-Fluorouracil [46, 47], doxorubicin
[45], or cisplatin [38] as positive control. Cytotoxic screening results from the studies listed in
Table 3 and Table 4 showed that effects on colon cancer were only moderate as compared to
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other cells lines tested. The follow-up study by Moghadamtousi et al. [37] demonstrated
significant decreases in aberrant crypt foci counts in an AOM-induced CRC animal model
supporting prior observation in vitro. The limited success of in vitro studies excluding the
aforementioned study may explain the lack of in-depth studies on the effects of the extracts
on colon cancer following the screening phase.

The colon cancer cell lines used in the studies differ in their origin, mutation status and
metabolic requirements [52]. For example, HT29 cells utilize glucose through the pentose
phosphate pathway [53], whereas HCT116 cells have higher requirements for glutamine [52,
54]. In terms of gene expression, HT29 is deficient in expression of p53 [55], while HCT116 cells
possess mutations in PI3KCA and KRAS genes which confer constitutive activation of
PI3K/AKT and KRAS pathways [56]. Since the two cells lines have different characteristics, the
use of such cell lines in preliminary studies is substantial as it can set forth the mechanistic
investigations on the effects of the plants against colon cancer.

Although the majority of work was in vitro-based preliminary work, Al-Henhena et al. [47]
reported both in vitro and in vivo studies on Strobilanthus crispus. Meanwhile, some studies
investigated the cytotoxic effects of not only the crude extracts and fractions, but also tested
the isolated compounds [38, 40, 45]. Among the studies reported, the same group showed a
more thorough investigation of the species selected. Other researchers have combined the
selected species with other components to determine their combined effects on colon cancer
cells. For instance, Ng et al. [46] looked at the potential effects of Piper betle leaf extract to reduce
the 5-Fluorouracil dosage required to exert the same cytotoxicity in HT29 and HCT116 cells.
Tahir et al. [48] studied the combined effects of Zingiber officinale extracts and Gelam honey on
viability of HT29 cells. Some researchers have also studied the potential mechanism of the
selected species beyond cytotoxicity tests. Garcinia mangostana rind extracts showed induction
of apoptosis, anti-tumorigenicity, and upregulation of MAPK/ERK, c-Myc/Max, and p53 cell
signaling pathways [38] while Annona muricata leaf extracts showed cell cycle arrest at G1,
induction of apoptosis, anti-migration, and anti-invasive effects [36]. While the follow-up
study by Moghadamtousi et al. [37] supports the previous in vitro observations with aberrant
crypt foci counts significantly reduced by the treatment in an AOM induced CRC animal
model. Taken together, studies on Malaysian plants against colon cancer are at different
technological levels with, consequently, very limited data to enable a consensus to be made.

Compounding the lack of consensus and technical variability is the fact that choice of journals
in which to publish is still very much dependent on funding; thus, publishing in the open
access journals with high impact factors can only be afforded by certain groups of researchers.
This clearly will have hampered the dissemination of research data as, while it may be
beneficial for researchers to reach a wider audience at the early stage of work, this may
correspond to having to publish in a low-cost, lower impact journals due to lack of funding.
From another perspective, higher impact journals often require more conclusive data, which
in turn means more experimental work—early stage work may not meet such journals’
publication criteria and may be perceived to be low quality. Therefore, it would be more
favorable to have a mechanism to help improve the dissemination of work in order to enhance
the overall research and development in the subject area.
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Based on the publications considered in Tables 3 and 4, it was also observed that authors did
not always report the local names of species investigated. Since these are local plants that may
not even have English names, it is to be recommended that this information is included
together with full description of the species investigated. This could be one way to present the
potential positive effects of the species to a wider scientific community thereby increasing the
impact and scientific value of the work. Thus, the correct taxonomy including genus, species
and family should be given for accuracy.

5. Conclusion

Some Malaysian plants that show anti-cancer effects towards colon cancer include Alpinia
mutica (tepus), Annona muricata (soursop), Baccaurea motleyana (rambai), Casearia capitellata
(simmilit mantangi), Curcuma manga (temu pauh), Garcinia mangostana (mangosteen), Pereskia
bleo (Kunth) (jarum tujuh bilah), Phyllanthus pulcher (naga buana), Strobilanthus crispus (pecah
kaca), and Zingiber officinale (ginger).

Nevertheless, much of the scientific evidence is preliminary at best despite the selection of
plant species for study based upon ethnomedicinal practices. The introduction of the EPP by
the Malaysian government is a commendable effort to raise the value of indigenous Malaysian
plants in the pharmaceutical sector. However, a more concerted approach to the work is
necessary including a comprehensive review of the existing data in order to fully exploit local
plants toward prevention and treatment of colon cancer.
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Abstract

The prognosis of colon cancer is primarily determined through staging of the disease.
After curative surgery, clinically occult micrometastases are thought to be the major source
of disease recurrence. The main aim of postoperative systemic treatment is to eradicate
micrometastases, thereby improving outcomes with an increased cure rate. Adjuvant
systemic chemotherapy is indicated for patients with stage III colon cancer, as well as for
patients with high-risk stage II colon cancer. Prognostic and predictive markers that
identify heterogeneous groups are needed to implement tailored therapeutic strategies.
Due to the lack of evidence of predictive value of multigene assays in terms of potential
value of adjuvant chemotherapy, multigene assays should not be used to determine
adjuvant therapy. The standard treatment for most patients with stage III disease is a
combination of oxaliplatin with infusional and bolus 5-fluorouracil (5-FU) or with an oral
agent such as capecitabine, which has equivalent results. Adjuvant therapy should not
be administered to all patients with stage II colon cancer. High-risk stage II patients may
be considered as an eligible group for adjuvant therapy after a complete discussion. There
is no high level of evidence to use irinotecan-based combination chemotherapies in the
adjuvant setting. The antiangiogenic agent bevacizumab in combination with standard
adjuvant chemotherapy regimens also failed to improve outcomes, as did the EGFR agent
cetuximab.

Keywords: Adjuvant, Chemotherapy, Colon cancer, Stage II, Stage III

1. Introduction

Colon cancer is heterogeneous in clinical behavior and in the molecular mechanisms underly‐
ing its pathogenesis. The prognosis of colon cancer is primarily determined by staging the
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disease. TNM is the main staging system in routine clinical practice [1]. In the adjuvant setting,
TNM classification remains the only validated prognostic tool.

Nearly a quarter of the 93,090 new diagnoses of colon cancer per annum in the United States
are predicted to be stage II disease, which is characterized by the absence of lymph node
metastases (i.e., N0 disease), subdivided into IIA (invasion of T3 lesions through the muscularis
propria into pericolorectal tissues) and IIB (T4a lesions, with direction invasion or adherence
of the tumor to other organs or structures) [1, 2]. Five-year survival rates for stage II patients
after surgery alone range from 72 to 85% [3].

Stage III disease includes colon cancer with any T and N1–2 and M0 [1]. According to TNM
staging, patients with stage III disease have various long-term outcomes based on T and N
stages at initial diagnosis. Tumors with T1–2 and N1 involvements are classified as stage IIIA
and they result in 83% 5-year overall survival (OS) rates. Tumors with T3–4 and N1 involve‐
ments are staged as stage IIIB with 64% 5-year OS. Patients with stage IIIC colon cancer with
any T and N2 involvement have the worst prognosis with 44% 5-year OS. Thus, approximately
40% of patients with stage III colon cancer experience disease recurrence and many lose the
chance of cure during the course.

After curative surgery, clinically occult micrometastases are thought to be the major source of
disease recurrence. Adjuvant therapy is administered with the fundamental aim of reducing
any probability of disease recurrence and to annihilate micrometastases after the potentially
curative resection of colon cancer. Despite many studies representing an augmentation of
survival in patients with stage III (node-positive) colon cancer as a result of adjuvant systemic
chemotherapy, its impact in resected stage II colon cancer still remains unproven in defiance
of several related trials.

In this chapter, the principles of adjuvant systemic therapy in stage II and III colon cancers will
be discussed with a review of the literature. Chemotherapy options will be discussed by using
findings from clinical trials. Prognostic factors and potential predictive markers of possible
benefit of adjuvant systemic therapy will be reviewed, and whether current knowledge in
genetic expression profiling helps the physician during decision making will be highlighted.

2. Adjuvant systemic treatment in stage III colon cancer

(a) Fluorouracil with levamisole or leucovorin in stage III colon cancer

Up to the late 1980s, the role of systemic chemotherapy in the adjuvant setting was not
established in colon cancer. In 1988, a systematic review of randomized controlled trials about
adjuvant therapy of colorectal cancer was performed [4]. The findings of trials evaluating
radiotherapy or chemotherapy were combined. Fluorouracil-containing regimens were shown
to provide a small OS benefit (odds ratio [OR]: 0.83, 95% confidence interval [CI]: [0.70–0.98]).
All other combinations of trials failed to demonstrate statistically significant OS benefit
between treated and control patients.
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The National Surgical Adjuvant Breast and Bowel Project (NSABP) has conducted several
clinical trials on adjuvant chemotherapy and compared different adjuvant chemotherapy
regimens or adjuvant chemotherapy versus surgery alone in patients with stage II and III colon
cancer (Table 1). NSABP C-01 trial was the first adjuvant chemotherapy trial of NSABP
conducted between November 1977 and February 1983 and included 1166 patients with stage
II and III carcinomas of the colon [5]. Patients were randomized to one of three therapeutic
categories: (1) no further treatment following curative resection (394 patients); (2) postopera‐
tive chemotherapy consisting of 5-fluorouracil (5-FU), semustine, and vincristine (379 pa‐
tients); or (3) postoperative BCG (393 patients). A comparison between patients who received
postoperative adjuvant chemotherapy and those treated with surgery alone indicated that
there was an overall improvement in disease-free survival (DFS) (P = 0.02) and survival
(P = 0.05) in favor of the chemotherapy-treated group. At 5 years of follow-up, patients treated
with surgery alone were at 1.29-times the risk of developing a treatment failure and at 1.31-
times the likelihood of dying compared with similar patients treated with combination
adjuvant chemotherapy. The findings from this study were the first from a randomized
prospective clinical trial to demonstrate that a significant DFS and survival benefit can be
achieved with postoperative adjuvant chemotherapy in patients with stage II and III carcino‐
mas of the colon who undergo curative resection.

Trial [reference number] Stages
included

Regimens Number of patients DFS OS

NSABP C-01 [5] II, III 5-year
DFS

5-year
OS

(1) No adjuvant
therapy

394

(2) 5-FU/semustine/
vincristine (MOF)

379 P = 0.02 P = 0.05

(3) BCG 393

NSABP C-02 [6] All stages 4-year
DFS

4-year
OS

(1) No adjuvant
therapy

581 64% 73%

(2) Portal vein
infusion of
5-FU

577 74% 81%

P = 0.02 P = 0.07

INT-0035 [7] III 3-year
DFS

3-year
OS

(1) No adjuvant
therapy

315 <60% 47%
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Trial [reference number] Stages
included

Regimens Number of patients DFS OS

(2) Levamisole 310 <60% 49%

(3) 5-FU plus
levamisole

304 >60% 60%

P < 0.0001 P = 0.0007

NCCTG and Mayo Clinic by
Laurie et al. [8]

II, III 3-year
DFS

3-year
OS

(1) No adjuvant
therapy

135

(2) Levamisole 130 P = 0.05 P = 0.12

(3) 5-FU plus
levamisole

136 P = 0.003 P = 0.09

NSABP C-03 [9] II, III 3-year
DFS

3-year
OS

(1) 5-FU/semustine
/vincristine (MOF)

524 64% 77%

(2) 5-FU plus leucovorin
(LV) (5-FU/LV)

521 73% 84%

P = 0.0004 P = 0.003

NSABP C-04 [10] II, III 5-year
DFS

5-year
OS

(1) 5-FU/LV 691 65% 74%

(2) 5-FU plus
levamisole

691 60% 70%

(3) 5-FU/LV plus
levamisole

696 55% 75%

NSABP
C-05 [6]

II, III 4-year
DFS

4-year
OS

(1) 5-FU/LV 1088 69% 80%

(2) 5-FU/LV plus
alpha-interferon

1088 70% 81%

P = 0.34 P = 0.41

INT-0089 [11] II, III 5-year
DFS

5-year
OS

(1) 5-FU/LV
Mayo Clinic

908 60 66

(2) 5-FU/LV 910 58 66
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Trial [reference number] Stages
included

Regimens Number of patients DFS OS

Roswell Park

(3) 5-FU plus
levamisole for
6 months

802 55 64

(4) 5-FU plus
levamisole for
12 months

780 49 54

P > 0.05 P > 0.05

DFS, disease-free interval; OS, overall survival.

Table 1. The randomized prospective clinical trials comparing adjuvant treatment with fluorouracil, fluorouracil/
levamisole, or fluorouracil/leucovorin and surgery alone in patients with resected colon cancer.

In a randomized cooperative trial performed by Lauri et al., 401 eligible patients with resected
stage II and III colorectal carcinoma were randomized to no adjuvant therapy or to adjuvant
single-agent levamisole or to adjuvant levamisole plus fluorouracil (5-FU/levamisole). 5-FU/
levamisole, and to a lesser extent single-agent levamisole, resulted in decreased cancer
recurrence compared with no adjuvant therapy [8]. Both single-agent levamisole and 5-FU/
levamisole regimens resulted in significant overall improvements in survival. These improve‐
ments reached borderline significance only for stage III patients treated with 5-FU/levamisole
(P = 0.03). Adjuvant chemotherapy was found to be clinically safe.

In the INT-0035 trial, 5-FU/levamisole reduced the recurrence rate by 40% (P < 0.0001) and the
death rate by 33% (P = 0.0007) in patients with stage III colon cancer. The regimen was found
to be tolerable and patient compliance was excellent. There was no evidence of late adverse
effects [7]. After these findings were reported, 5-FU/levamisole was recommended as adjuvant
chemotherapy for patients with resected stage III colon cancer in a consensus meeting held by
the National Institute of Health [12].

The results from the NSABP C-03 trial indicated that fluorouracil plus leucovorin (5-FU/LV)
was an active treatment regimen for colon cancer in the adjuvant setting, which precipitated
a head-to-head comparison between 5-FU/levamisole and 5-FU/LV [9]. In the landmark
NSABP C-04 trial, more than 2000 patients with stage II and III colon cancer were randomized
between treatment with 5-FU/LV, 5-FU/levamisole, or 5-FU/LV with levamisole [10]. In terms
of DFS and OS, 5-FU/LV demonstrated superiority over 5-FU/levamisole as the standard-of-
care adjuvant chemotherapy for patients with both stage II and III colon cancers.

In the randomized Intergroup 0089 trial (INT 0089), the efficacy of 5-FU/LV and 5-FU/
levamisole as well as the two most common dose/schedules for the administration of 5-
FU/LV, the Roswell Park (5-FU and high-dose LV) and the Mayo Clinic (5-FU and low-dose
LV) regimens, were compared in patients with stage II and III patients [11]. The four treatment
arms were 5-FU/levamisole (12-month protocol), 5-FU/high-dose LV (Roswell Park, 7 months),
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5-FU/low-dose LV (Mayo, 6 months), and 5-FU/LV/levamisole (6 months). All treatment arms
were found to be equivalent in terms of both 5-year DFS and OS with a median of 10 years.
These results provided a choice for patient treatment schedules based on toxicities and other
existing factors rather than on maximization of survival outcome [13].

The important messages from all these findings were as follows: (1) adjuvant 5-FU/LV
administered for 6 months was equivalent to 5-FU/levamisole administered for 12 months, (2)
two schedules of 5-FU/LV (Mayo Clinic for 6 months, Roswell Park for four cycles) showed
different toxicity profiles but same efficacy, and (3) the incorporation of levamisole to 5-
FU/LV did not improve long-term outcomes [14].

In stage III colon cancer, adjuvant systemic treatment became the standard treatment approach
because it results in improvement in DFS and OS with an approximately 30% relative reduction
in the risk of disease recurrence and a 20–30% relative reduction in mortality [6, 15].

(b) Oxaliplatin with 5-FU/LV in stage III colon cancer

The demonstration that adjuvant therapy with 5-FU/levamisole reduced the mortality rate
among patients with stage III colon cancer prompted several trials, which established 6 months
of treatment with 5-FU/LV as the standard adjuvant chemotherapy for stage III colon cancer.
Furthermore, several cytotoxic agents investigated in the metastatic colorectal cancer setting
were considered to hold promise for the adjuvant setting. Several phase III trials investigated
potential roles of oxaliplatin and irinotecan in combination with 5-FU/LV in adjuvant setting
after their successes in metastatic colorectal cancer [16–19]. In addition, an orally bioavailable
prodrug of 5-FU, capecitabine, was introduced into the adjuvant setting and investigated for
noninferiority to bolus 5-FU/LV (the Mayo Clinic regimen) [20]. Results from trials of these
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mainly in Europe, which assessed the efficacy and safety of FOLFOX4 as an adjuvant therapy
[19]. One arm of study was the de Gramont Schedule [5-FU/LV regimen, which was a 2-h
infusion of LV (200 mg/m2), a 5-FU bolus (400 mg/m2), and then a 22-h 5-FU infusion (600 mg/
m2) administered on two consecutive days every 14 days, for 12 cycles]. The FOLFOX4 was
the other arm and consisted of the same 5-FU/LV regimen plus a 2-h infusion oxaliplatin (85
mg/m2) on day 1, given simultaneously with LV. A significant improvement in 5-year DFS and
6-year OS was demonstrated in the FOLFOX4 group compared with the 5-FU/LV group. Ten-
year follow-up results were recently reported [23]. The survival benefit of FOLFOX4 was
maintained in patients with stage III colon cancer (10-year OS 67% in FOLFOX4 versus 59% in
5-FU/LV, hazard ratio [HR], 0.80; P = 0.016). Ten-year OS was similar in both treatment arms
in stage II colon cancer (78% in FOLFOX4 versus 80% in 5-FU/LV).

In the NSABP C-07 trial, a total of 2409 eligible patients were randomized to either intravenous
(iv) bolus 5-FU/LV (FU 500 mg/m2 performed weekly for 6 weeks; LV 500 mg/m2 iv weekly for
6 weeks of each 8-week cycle for three cycles) or 5-FU/LV plus oxaliplatin (FLOX, 85 mg/m2 iv
on days 1, 15, and 29 of each cycle) [24]. OS was found to be similar between treatment groups.
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With 8-year median follow-up, FLOX remained superior for DFS (HR, 0.82; P = 0.002). The
NSABP C-08 trial confirmed that modified sixth version of the FOLFOX regimen (mFOLFOX6)
therapy was equivalent to FOLFOX4 therapy in terms of efficacy and safety [22]. Either
adjuvant FOLFOX4 or mFOLFOX6 is routinely given as 12 courses (2 weeks per course).

Trial [reference number] Stages included Regimens Number of patients

NSABP C-07 [21] II, III 5-year DFS 5-year OS

(1) 5-FU/LV 1207 64% 78%

(2) 5-FU/LV plus
oxaliplatin (FLOX)

1200 69% 80%

P = 0.002 P = 0.08

MOSAIC [15] II, III 6-year DFS 6-year OS

(1) Bolus plus
continuous-
infusion 5-FU/LV

1123 67% 76%

(2) FOLFOX4 1123 73% 79%

P = 0.003 P = 0.046

XELOXA [22] 5-year DFS 5-year OS

(1) Bolus FU/FA 60% 74%

(2) XELOX* 66% 78%

P = 0.0045 P = 0.148

DFS, disease-free interval; OS, overall survival.
*XELOX was given as oxaliplatin 130 mg/m2 on day 1 plus capecitabine 1000 mg/m2 twice daily on days 1–14 every 3
weeks for 24 weeks). The bolus FU/FA was given as a standard adjuvant regimen (Mayo Clinic for 24 weeks or
Roswell Park for 32 weeks).

Table 2. Clinical trials comparing fluoropyrimidines with fluoropyrimidine plus oxaliplatin-based combination
regimens as adjuvant therapy in patients with stage III colon cancer.

The results of these randomized controlled phase III trials have led combination chemotherapy
with FOLFOX to be the standard of care for resected stage III colon cancer [15, 19, 21, 24].

(c) Oral fluoropyrimidines with or without oxaliplatin in stage III colon cancer

Continuous 5-FU is administered via indwelling iv catheters in an infusion pump and carries
the risk of some complications such as thrombosis, embolism, or infection. Thus, oral
fluoropyrimidines were developed with the aim to avoid these complications while preserving
the improved tolerability of continuous infusion. Capecitabine, uracil/tegafur (UFT), and S-1
are most the commonly investigated oral fluoropyrimidines in colon cancer. Capecitabine is
absorbed intact through the intestinal wall. It is converted to FU after three sequential
enzymatic reactions. Tumor cells contain higher levels of thymidine phosphorylase, which is
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the final requisite enzyme, than normal cells. This allows capecitabine to selectively
accumulate in tumor cells and results in less toxicity or better tolerability.

In NSABP C-06 trial, three cycles of Roswell Park regimen (weekly bolus 5-FU/LV) were
compared with five cycles of oral UFT/LV (300 mg/m2/day with LV 90 mg/day for 4 weeks
followed by a 1-week rest period) in 1608 patients with stage II and III colon cancer [25]. No
difference was found between the two treatment arms in relapse-free survival (RFS), DFS, and
OS. The toxicities and quality of life on the Functional Assessment of Cancer Therapy-
Colorectal (FACT-C) instrument were not different between the two arms. Greater fatigue was
experienced with UFT in one instrument, but three other instruments demonstrated greater
convenience and lower prevalence of symptoms with UFT. A Japanese meta-analysis showed
a reduced risk of recurrence (15%) and improved survival (11%) for adjuvant oral chemother‐
apy (usually UFT or carmofur plus mitomycin C) compared with surgery without chemo‐
therapy in patients with resected stage I, II, and III colon cancers.

The efficacy of capecitabine in stage III colon cancer was assessed in the Xeloda in Adjuvant
Colon Cancer Therapy (X-ACT) trial [20]. The 1987 patients with resected stage III colon cancer
were randomized to receive either capecitabine (1250 mg/m2 twice a day on days 1–14 every
3 weeks for a total of eight cycles) or the bolus 5-FU/LV (Mayo Clinic regimen consisted of 5-
FU 425 mg/m2 and LV 20 mg/m2 given on days 1–5 as iv boluses every 4 weeks, for six cycles).
The capecitabine was found to be at least as effective as 5-FU/LV. In fact, RFS was superior to
capecitabine (3-year RFS: 65.5% versus 61.9%, HR, 0.86; P = 0.0407) and there was a trend
toward better DFS (3-year DFS: 64.2% versus 60.6%; HR, 0.87; P = 0.0528) and OS (81.3% versus
77.6%; HR, 0.84; P = 0.0706). The required dose reductions were similar between the two
treatment groups (42% capecitabine, 44% bolus 5-FU/LV). With the exception of hand-foot
syndrome, capecitabine was generally better tolerated with fewer patients experiencing
nausea and vomiting, mucositis, diarrhea, and leukopenia.

Although the data from the X-ACT study and NSABP C-06 demonstrated that oral fluoropyr‐
imidine regimen was at least as effective as an iv regimen, UFT was not approved for com‐
mercial availability in the Unites States.

S-1 is an oral fluoropyrimidine consisting of tegafur, gimeracil, and oteracil. The antitumor
effects of S-1 have been demonstrated in treating various gastrointestinal cancers including
metastatic colon cancer when administered as monotherapy or in combination chemotherapy.
A randomized phase III study from Japan investigated the efficacy of S-1 as adjuvant chemo‐
therapy for curatively resected stage III colon cancer by evaluating its noninferiority to tegafur-
uracil plus LV (UFT/LV) [26]. A total of 1518 patients aged 20–80 years were randomized to
receive S-1 (80–120 mg/day on days 1–28 every 42 days; four courses) or UFT/LV (UFT, 300–
600 mg/day, and LV, 75 mg/day on days 1–28 every 35 days; five courses). The 3-year DFS rate
was 75.5% and 72.5% in the S-1 and UFT/LV group, respectively. The stratified HR for DFS in
the S-1 group compared with the UFT/LV group was 0.85, demonstrating the noninferiority
of S-1 (noninferiority stratified log-rank test, P < 0.001). In the subgroup analysis, no significant
interactions were identified between the major baseline characteristics and the treatment
groups. Thus, findings of this Japanese phase III trial confirmed noninferiority of S-1 in DFS
at adjuvant setting of stage III colon cancer compared with UFT/LV.

Colorectal Cancer - From Pathogenesis to Treatment402



the final requisite enzyme, than normal cells. This allows capecitabine to selectively
accumulate in tumor cells and results in less toxicity or better tolerability.

In NSABP C-06 trial, three cycles of Roswell Park regimen (weekly bolus 5-FU/LV) were
compared with five cycles of oral UFT/LV (300 mg/m2/day with LV 90 mg/day for 4 weeks
followed by a 1-week rest period) in 1608 patients with stage II and III colon cancer [25]. No
difference was found between the two treatment arms in relapse-free survival (RFS), DFS, and
OS. The toxicities and quality of life on the Functional Assessment of Cancer Therapy-
Colorectal (FACT-C) instrument were not different between the two arms. Greater fatigue was
experienced with UFT in one instrument, but three other instruments demonstrated greater
convenience and lower prevalence of symptoms with UFT. A Japanese meta-analysis showed
a reduced risk of recurrence (15%) and improved survival (11%) for adjuvant oral chemother‐
apy (usually UFT or carmofur plus mitomycin C) compared with surgery without chemo‐
therapy in patients with resected stage I, II, and III colon cancers.

The efficacy of capecitabine in stage III colon cancer was assessed in the Xeloda in Adjuvant
Colon Cancer Therapy (X-ACT) trial [20]. The 1987 patients with resected stage III colon cancer
were randomized to receive either capecitabine (1250 mg/m2 twice a day on days 1–14 every
3 weeks for a total of eight cycles) or the bolus 5-FU/LV (Mayo Clinic regimen consisted of 5-
FU 425 mg/m2 and LV 20 mg/m2 given on days 1–5 as iv boluses every 4 weeks, for six cycles).
The capecitabine was found to be at least as effective as 5-FU/LV. In fact, RFS was superior to
capecitabine (3-year RFS: 65.5% versus 61.9%, HR, 0.86; P = 0.0407) and there was a trend
toward better DFS (3-year DFS: 64.2% versus 60.6%; HR, 0.87; P = 0.0528) and OS (81.3% versus
77.6%; HR, 0.84; P = 0.0706). The required dose reductions were similar between the two
treatment groups (42% capecitabine, 44% bolus 5-FU/LV). With the exception of hand-foot
syndrome, capecitabine was generally better tolerated with fewer patients experiencing
nausea and vomiting, mucositis, diarrhea, and leukopenia.

Although the data from the X-ACT study and NSABP C-06 demonstrated that oral fluoropyr‐
imidine regimen was at least as effective as an iv regimen, UFT was not approved for com‐
mercial availability in the Unites States.

S-1 is an oral fluoropyrimidine consisting of tegafur, gimeracil, and oteracil. The antitumor
effects of S-1 have been demonstrated in treating various gastrointestinal cancers including
metastatic colon cancer when administered as monotherapy or in combination chemotherapy.
A randomized phase III study from Japan investigated the efficacy of S-1 as adjuvant chemo‐
therapy for curatively resected stage III colon cancer by evaluating its noninferiority to tegafur-
uracil plus LV (UFT/LV) [26]. A total of 1518 patients aged 20–80 years were randomized to
receive S-1 (80–120 mg/day on days 1–28 every 42 days; four courses) or UFT/LV (UFT, 300–
600 mg/day, and LV, 75 mg/day on days 1–28 every 35 days; five courses). The 3-year DFS rate
was 75.5% and 72.5% in the S-1 and UFT/LV group, respectively. The stratified HR for DFS in
the S-1 group compared with the UFT/LV group was 0.85, demonstrating the noninferiority
of S-1 (noninferiority stratified log-rank test, P < 0.001). In the subgroup analysis, no significant
interactions were identified between the major baseline characteristics and the treatment
groups. Thus, findings of this Japanese phase III trial confirmed noninferiority of S-1 in DFS
at adjuvant setting of stage III colon cancer compared with UFT/LV.

Colorectal Cancer - From Pathogenesis to Treatment402

In a multicenter, randomized trial NO16968 (XELOX in Adjuvant Colon Cancer Treatment
[XELOXA]), capecitabine plus oxaliplatin (XELOX) was compared with bolus 5-FU/LV as an
adjuvant therapy in patients with stage III colon cancer [22] (Table 2). XELOX was given as
oxaliplatin 130 mg/m2 on day 1 plus capecitabine 1000 mg/m2 twice daily on days 1–14 every
3 weeks for 24 weeks). The bolus FU/FA was given as a standard adjuvant regimen (Mayo
Clinic for 24 weeks or Roswell Park for 32 weeks). XELOX was superior to bolus FU/FA in
terms of DFS with a HR of 0.80 (95% CI: [0.69–0.93]; P = 0.0045), corresponding to a 20% relative
risk reduction. The 3-year DFS rates for XELOX and FU/FA were 70.9 and 66.5%, respectively.
The 4-year and 5-year DFS rates in the XELOX group were 68.4 and 66.1%, respectively,
compared with 62.3 and 59.8% in the FU/FA group, demonstrating that the superior efficacy
of XELOX versus FU/FA was maintained over time, with increasing differences between study
arms. The HR for OS for XELOX compared with FU/FA was 0.87 (95% CI: [0.72–1.05];
P = 0.1486). The 5-year OS for XELOX and FU/FA were 77.6% and 74.2%, respectively.

Adjuvant capecitabine with or without oxaliplatin versus 5-FU/LV with or without oxaliplatin
has been directly compared in a pooled analysis [27]. In total, 8734 patients with resected stage
III colon cancer from four randomized controlled trials (NSABP C-08, X-ACT, XELOXA, and
AVANT) were evaluated in this pooled analysis. The adjuvant treatment regimens were
XELOX (oxaliplatin and capecitabine), 5-FU/LV, capecitabine, FOLFOX-4, and mFOLFOX-6.
DFS, RFS, and OS were found to be similar between patients treated with 5-FU/LV versus those
treated with capecitabine in adjusted analyses. Multiple Cox regression analysis of OS revealed
a significant interaction between oxaliplatin and fluoropyrimidine (P = 0.014). Post-relapse
survival was similar in adjusted (P = 0.23) and unadjusted analyses (P = 0.33) for the comparison
of XELOX or FOLFOX versus 5-FU/LV and was also similar for capecitabine-based regimens
versus 5-FU/LV-based regimens (unadjusted P = 0.26). Thus, the combination therapy with
oxaliplatin provided consistently improved outcomes without adversely affecting post-
relapse survival in the adjuvant treatment of stage III colon cancer, irrespective of whether the
fluoropyrimidine backbone was capecitabine or 5-FU/LV.

In another recent pooled analysis, a total of 12,233 patients, treated with adjuvant systemic
treatment and enrolled to the randomized trials C-07, C-08, N0147, MOSAIC (Adjuvant
Treatment of Colon Cancer), and XELOXA (adjuvant XELOX), were investigated to examine
the impact of oxaliplatin and tumor-specific factors on the time course of recurrence and death
[28]. The addition of oxaliplatin significantly reduced the risk of recurrence within the first 14
months post treatment for patients with stage II disease and within the first 4 years for patients
with stage III disease. Oxaliplatin also significantly reduced the risk of death from 2 to 6 years
post treatment for patients with stage III disease, with no differences in timing of outcomes
between treatment groups (i.e., oxaliplatin did not simply postpone recurrence or death
compared with 5-FU/LV). This pooled analysis also supported the addition of oxaliplatin to
fluoropyrimidine-based adjuvant therapy in patients with stage III disease.

These data added to the existing evidence that oxaliplatin plus capecitabine or 5-FU/LV is the
standard of care for the adjuvant treatment of stage III colon cancer and offers physicians’
flexibility to treat patients according to the patients’ overall physical performance and

Adjuvant Systemic Therapy in Stage II and III Colon Cancer
http://dx.doi.org/10.5772/63208

403



preference. The preferred oxaliplatin-fluoropyrimidine-based combination regimens are
XELOX, FOLFOX4, FOLFOX6, FOLFOX7, XELOX, and FLOX.

(d) Irinotecan-based combination regimens

The efficacy of irinotecan in the adjuvant setting was evaluated in two large trials of patients
with resected stage II/III colon cancer. In the trial performed in the United States, a 5-FU/LV
bolus plus irinotecan regimen (IFL) was compared with 5-FU/LV bolus alone [18]. The IFL
regimen was not shown to have superiority over 5-FU/LV-alone arm in terms of either DFS or
OS. Furthermore, IFL resulted in significantly higher toxicity, including lethal toxicity.
PETACC-3 was designed to compare 5-FU/LV/irinotecan (FOLFIRI) with 5-FU/LV in the
adjuvant setting because IFL was demonstrated to be inferior to FOLFOX in patients with
advanced colon cancer [11]. The 5-year DFS rate was found to be 56.7% with FOLFIRI and
54.3% with 5-FU/LV alone (P = 0.106). OS was similar between the two arms (5-year OS 73.6%
versus 71.3%, respectively; log-rank P = 0.094). Thus, irinotecan should not be used in the
standard management of stage II/III colon cancer.

3. Adjuvant systemic therapy in stage II colon cancer

It is remarkable that an OS and DFS benefit in the combined population compared with surgery
alone could only be identified at a significant rate almost exclusively in patients with stage III
disease in several trials of fluoropyrimidine-based chemotherapy that enrolled a mix of
patients with stage II and III colon cancers [9, 29–32] (Table 3). On the other hand, some large
trials that specifically delved into the benefit of fluoropyrimidine-based chemotherapy in
patients with stage II disease failed to show a clear benefit for adjuvant chemotherapy [9, 33,
34]. In the INT-0035 trial, stage II and III patients were randomized into either 5-FU/levamisole
administration or surgery alone [7]. The 7-year survival rate for the 5-FU/levamisole treatment
group was 60.2% versus 47% for the surgery-alone group (P = 0.0007) among stage III patients,
whereas the 7-year survival rate for stage II patients was 72% for both groups (P = 0.83). As a
result, the study demonstrated a significant contribution of the adjuvant therapy to stage III
patients, regardless of the small number (n = 318) of patients with stage II disease [7].

One of the most noteworthy several meta-analyses that assessed the benefit of adjuvant
fluoropyrimidine-based chemotherapy in patients with resected stage II colon cancer is the
International Multicenter Pooled Analysis of Colon Cancer Trials (IMPACT), which did not
support the routine use of 5-FU/LV in all patients with stage II colon cancer [5, 13, 14]. The
data pooled from 1016 patients with T3N0 disease enrolled in five similar trials of observation
versus 5-FU/LV found a non-statistically significant improvement in EFS that favored
chemotherapy (76% versus 73%; HR, 0.83), and 5-year OS was similar (82% versus 80%, HR,
0.86) [29].

The American Society of Clinical Oncology (ASCO) held a panel to provide recommendations
through a literature-based meta-analysis conducted by the Ontario group regarding adjuvant
therapy for patients with stage II colon cancer [35]. The Ontario group analysis included the
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comparison of 5-FU/LV versus observation for stage II colon cancer, 37 trials and 11 meta-
analyses [36]. Chemotherapy was associated with a small but significant absolute improve‐
ment in DFS (5–10%) according to the results of this analysis, which failed to translate into a
statistically significant difference in OS (risk ratio [RR] 0.87, 95% CI: [0.75–1.10], P = 0.07) [36].
These trials failed to support the routine use of adjuvant chemotherapy for stage II colon
cancer, and the ASCO panel did not recommend the routine use of adjuvant chemotherapy
for patients with stage II colon cancer due to the lack of significant improvement in OS.

Patients Regimens 5-year DFS 5-year OS
Trial Stage II/total  Control Experimental

arm
Control Experimental

arm
Control Experimental

arm

IMPACT 1 841/1493 Surgery
alone

Surgery plus 5-FU
and folinic acid

76% 79% 90% 88%

IMPACT 2 1016/1016 Surgery
alone

Surgery plus 5-FU
and leucovorin

73% 76% 80% 82%

INT-0035* 325/1296 Surgery
alone

Surgery plus 5-FU
and levamisole

72% 72%

NSABP 1565/4006 Surgery
alone

Surgery plus
combination
chemotherapy**

NR NR 75% 70%

Gill et al. 1440/3302 Surgery
alone

Surgery plus
5-FU-based
therapy***

72% 76% 80% 81%

ACCENT 6896/20898 Surgery
plus FU/LV
alone

Surgery plus
5-FU and
oxaliplatin

NR NR 67% 72%

ACCENT, Adjuvant Colon Cancer Endpoints; DFS, disease-free survival; IMPACT, International Multicenter Pooled
Analysis of Colon Cancer Trials; INT-0035, intergroup study; NSABP, National Surgical Breast and Bowel Project; NR,
not reported; OS, overall survival.
*7-year survival.
**Combination chemotherapy: semustine, vincristine, 5-FU, and perioperative 5-FU portal vein infusion.
***5-FU-based therapy: FU + leucovorin or FU + levamisole.

Table 3. Clinical trials of fluoropyrimidine-based adjuvant therapy for stage II colon cancer.

The ASCO panel further addressed the issue of adjuvant therapy for those stage II patients
with high-risk features including inadequately sampled nodes, T4 lesion, perforation, or
poorly differentiated histology. Although randomized trials failed to demonstrate an im‐
provement in OS, the number of patients with high-risk stage II disease in these studies was
considered inadequate to demonstrate benefit. Moreover, adjuvant therapy is considered
reasonable for those patients with suboptimal lymph node examinations.

There are studies that indicated the benefits of adjuvant treatment in resected stage II colon
cancer, including the NSABP study of fluorouracil-based adjuvant therapy trials for patients
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with stage II and III colon cancer from 1977 to 1990 [13, 34]. The data from these four combined
studies, 41% of the patients in which had stage II (1565 patients) disease, indicated a 30%
reduction in overall mortality for the stage II patients versus surgery alone [16]. The mortality
reduction was 18% for stage II patients, which was greater than that observed for stage III
patients regardless of the presence or absence of high-risk features, including the presence of
obstruction, perforation, or extension to adjacent organs, having resulted in an absolute
survival improvement of 5%; therefore, the NSABP recommended adjuvant chemotherapy for
all stage II patients [37–39]. One of the studies that supported the NSABP study was a recent
meta-analysis of 12 randomized controlled trials from 1985 to 2010 in which surgery alone was
the control group, which found a significant benefit to adjuvant therapy in patients with stage
II colon cancer [37]. A significant improvement in 5-year OS was associated with surgery
combined with postoperative adjuvant chemotherapy for stage II colon cancer (HR, 0.81; 95%
CI: [0.71–0.91]) and the 5-year DFS also favored the group of surgery combined with postop‐
erative adjuvant chemotherapy for stage II colon cancer (HR, 0.86; 95% CI: [0.75–0.98]). An
important reduction in risk of recurrence was found for stage II colon cancer in favor of
postoperative adjuvant chemotherapy (RR, 0.82; 95% CI: [0.71–0.95]) [40].

The data of 3151 patients with stage II colon cancer who were considered to carry “usual” risk
for recurrence were obtained from the Surveillance, Epidemiology, and End Results (SEER)
Medicare database and analyzed. Stage II disease with usual risk was defined as tumors with
a stage of T3N0 and without obstruction and perforation. The OS rate of the group adminis‐
tered with chemotherapy was 78% compared with 75% of the group not administered with
chemotherapy [36]. The analysis confirmed that the findings in randomized studies of adjuvant
therapy (e.g., IMPACT) were similar to those encountered in real-world practice with the
improvement in OS with adjuvant therapy for patients with stage II colon cancer is at best 2–
5%, which is a statistically insignificant improvement in OS with adjuvant therapy [36].

The QUASAR trial randomly assigned 3239 patients (2963 (91%) with stage II (node negative)
disease and 2291 (71%) with colon cancer) with an “uncertain indication for adjuvant therapy”
to chemotherapy with 5-FU/LV or with or without levamisole or observation following
resection of colon or rectal cancer [41], which indicated a small but statistically significant
survival benefit for patients with stage II disease treated with 5-FU/LV (HR, 0.86; 95% CI: [0.54–
1.19]), 5-year survival 83.9% versus 81.5%). Nevertheless, patients with higher-risk disease
may benefit more from adjuvant therapy because approximately 64% of patients had less than
12 lymph nodes sampled (the median number of lymph nodes examined was only six) in this
study [42].

The benefit of oxaliplatin for stage II disease remains uncertain due to the scarcity of data
available on the benefits of oxaliplatin-based adjuvant chemotherapy for patients with stage
II disease. One of the most important trials in this respect is MOSAIC, which compared 6
months of adjuvant 5-FU/LV versus FOLFOX (oxaliplatin plus short-term infusional 5-FU and
LV) in patients with resected stage II (40%) or III (60%) colon cancer [15]. Five-year DFS of
patients with stage II cancer was slightly but not significantly higher than with FOLFOX (84%
versus 80%, HR for recurrence 0.84, P = 0.26) [43]. After longer follow-up, no difference in 10-
year OS was noted in the stage II subpopulation (79.5% versus 78.4%; HR, 1.00; P = 0.98) (21).
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Colon cancer with high-risk features was defined as colon cancer with at least one of the
following: stage T4, perforation, bowel obstruction, poor differentiation, and venous invasion
(<10 lymph nodes examined). The patients with high-risk stage II disease who received
FOLFOX did not have improved DFS or OS benefit compared with those who received
infusional 5-FU/LV. Similar results were identified in the NSABP C-07 trial, which compared
weekly oxaliplatin plus bolus 5-FU/LV (FLOX) to bolus 5-FU/LV in patients with stage II and
III colon cancer [21].

Although most of these analyses showed that patients with stage II colon cancer do not have
significantly better survival with adjuvant therapy, not all stage II patients are at equal risk.
Patient/physician discussions individualized for the patient as well as explanations of the
specific characteristics of the disease should be included in decision making for the use of
adjuvant therapy in patients with stage II disease; prognosis and evidence related to the
efficacy and possible toxicities associated with treatment should be centered on patient choice
[38]. The oncologist should help the patient to make an informed decision by estimating the
relative risk of recurrence and/or death with and without adjuvant chemotherapy and
discussing the expected adverse effects of treatment. The possible benefit of adjuvant therapy
is small as patients with average-risk stage II colon cancer have a very good prognosis.
Although patients with stage II colon cancer and high-risk features have been considered more
likely to benefit from adjuvant chemotherapy, currently it is known that many patients with
high-risk features do not have recurrence, whereas some patients with average-risk features
do. Thus, the current definition of high-risk stage II colon cancer is accepted as inadequate [39].
Moreover, there are no data points on features that are predictive of benefit from adjuvant
chemotherapy and no data correlating risk features and selection of chemotherapy in patients
with high-risk stage II disease.

Overall, the National Comprehensive Cancer Network (NCCN) panel found it reasonable to
accept the relative benefit of adjuvant therapy in stage III disease as indirect evidence of benefit
for stage II disease, particularly for those with high-risk features [39], which initiated efforts
to use clinicopathologic and molecular features to select groups of patients with higher-risk
stage II disease for a greater risk of recurrence who might benefit more from adjuvant
chemotherapy.

Clinicopathologic features associated with a worse prognosis in patients with stage II disease
are T4 primary [4, 44]; poorly differentiated histology (including signet ring and mucinous
tumors) [45]; lymphovascular invasion (LVI) [40]; perineural invasion [40]; bowel obstruction
or perforation [46, 47]; close, indeterminate, or positive margins; inadequately sampled lymph
nodes (less than 13 in the surgical specimen) [48]; a high preoperative serum carcinoembryonic
antigen (CEA) level [40, 49]; and occult nodal micrometastases as detected by molecular or
immunohistochemical methods (Table 4). Expert groups such as ASCO [38], NCCN, and the
European Society for Medical Oncology (ESMO) [50] have different definitions for high-risk
early colon cancer.

Despite the adverse influence of the foregoing features on prognosis, there is subtle evidence
to indicate that patients with any of these high-risk features are more prone to benefit from
chemotherapy (i.e., factors associated with poorer prognosis are not necessarily predictive of
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chemotherapy response). The benefit of chemotherapy in higher-risk subsets of stage II disease
has been examined by only a few studies [15, 32, 45, 51]. The next-generation Intergroup trial
INT-0089 randomized 3759 patients with high-risk stage II (20% of accrual) and stage III
patients to receive one of four combinations of 5-FU with LV and/or levamisole [7]. High-risk
stage II disease was defined as those stage II patients with evidence of bowel obstruction, bowel
perforation, or adherence to or invasion of adjacent organs or tumor perforation. The four
combinations did not result in any difference among the high-risk stage II or the stage III
patients. The 5-year OS rate ranged from 75 to 77% in the treated high-risk stage II patients
and it was found to be comparable with the survival rate of the general population of stage II
patients treated with surgery alone. It concludes an uncertainty as to whether this conven‐
tionally described high-risk group would have had a similar survival rate if no adjuvant
therapy had been given [12]. While a more recent analysis of more than 24,847 patients with
stage II colon cancer (75% had one or more poor prognostic features) from the SEER-Medicare
database showed no 5-year survival benefit for adjuvant chemotherapy over observation, even
in patients with stage II disease with one or more poor prognostic features (obstruction,
perforation, emergency admission for surgery, T4 stage, resection of fewer than 12 lymph
nodes, and poorly differentiated or undifferentiated histology) (HR, 1.03; 95% CI: [0.94–1.13])
[52].

1. Obstructed or perforated colon cancer

2. High-risk histology

3. LVI/extramural spread

4. Perineural invasion

5. Poorly differentiated tumor (grades 3–4)

6. T4 primary tumor

7. Inadequate lymph node sampling (<12)

8. Elevated preoperative CEA

9. 18q deletion

10. Indeterminate, close, or positive margin

Table 4. High-risk factors in patients with stage II colon cancer.

In the MOSAIC study, which assessed the effect of oxaliplatin (FOLFOX versus 5-FU/LV), there
was a trend toward improved DFS with FOLFOX (82% versus 75%) in the subgroup of stage
II patients with high-risk tumors (clinical T4, poorly differentiated, perforation, or obstruction
(<10 nodes in the surgical specimen)) (Table 4). Although the OS was substantially the same
in both groups (85% versus 83%, P = 0.65), the lack of a control group treated with surgery
alone makes it impossible to identify whether these results are better than surgery alone [15].

The number of lymph nodes extracted is also very important to define high-risk stage II disease.
An Intergroup 0089 trial (INT-0089) of high-risk, stage II and III colon cancer patients indicated
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the number of lymph nodes analyzed as an independent prognostic variable [53]. Survival
increased as the number of the analyzed lymph nodes increased, regardless of whether lymph
nodes were found positive or negative (P = 0.0001 and P = 0.0005, respectively, for stage III and
II disease). The American Joint Committee on Cancer and the College of American Pathologists
recommended that at least 12 lymph nodes should be examined [32, 44]. The patient should
be considered inadequately staged when fewer than 12 nodes are sampled and reported, in
which case reexamination of the surgical specimen may be requested.

4. Monotherapy as adjuvant chemotherapy in colon cancer

Whenever any contraindication for combination chemotherapy with fluoropyrimidine and
oxaliplatin exists, single-agent fluoropyrimidine could be an option as an adjuvant chemo‐
thErapy regimen. In contrast, there is no evidence to support use of oxaliplatin as a single agent
in adjuvant setting. Additionally, irinotecan as single agent or irinotecan-based combination
regimens should not be recommended for patients with stage III colon cancer as adjuvant
systemic therapy.

5. Targeted agents in the adjuvant setting

Bevacizumab: In NSABP C-08 and AVANT, randomized phase III trials, the potential benefit
of bevacizumab was evaluated in addition to oxaliplatin-based chemotherapy in patients with
stage II and III colon cancer [54, 55]. The bevacizumab group had a significantly higher rate of
toxicity including hypertension, wound complications, pain, proteinuria, and hand-foot
syndrome, but bevacizumab in combination with chemotherapy did not provide a DFS or OS
advantage over chemotherapy alone in the NSABP C-08 trial [54]. Bevacizumab also did not
prolong DFS when added to adjuvant chemotherapy in resected stage III colon cancer with
AVANT [56]. The DFS HR for bevacizumab-FOLFOX4 versus FOLFOX4 was 1.17 (P = 0.07),
and for bevacizumab-XELOX versus FOLFOX4, it was 1.07 (P = 0.44). After a minimum follow-
up of 60 months, the OS HR for bevacizumab-FOLFOX4 versus FOLFOX4 was 1.27 (P = 0.02),
and for bevacizumab-XELOX versus FOLFOX4, it was 1.15 (P = 0.21). Thus, OS data suggested
a potential detrimental effect with bevacizumab plus oxaliplatin-based adjuvant therapy in
these patients.

Cetuximab: NCCTG NO147 and PETACC-8 trials investigated the possible role of cetuximab
in the adjuvant setting [57, 58]. In NCCTG NO147, the potential benefit of cetuximab added
to mFOLFOX6 in patients with resected stage III wild-type KRAS colon cancer was assessed.
Three-year DFS for mFOLFOX6 alone was 74.6% versus 71.5% with the addition of cetuximab
(HR, 1.21; P = 0.08) in patients with wild-type KRAS and 67.1% versus 65.0% (HR, 1.12; P = 0.38)
in patients with mutated KRAS, with no significant benefit in any of the subgroups assessed.
Among all patients, grade 3 or higher adverse events (72.5 versus 52.3%; OR, 2.4; P < 0.001)
and failure to complete 12 cycles (33 versus 23%; OR, 1.6; P < 0.001) were significantly higher
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with cetuximab. Increased toxicity and greater detrimental differences in all outcomes were
observed in patients aged 70 years or more [57]. In PETACC-8, whether the addition of
cetuximab to standard adjuvant oxaliplatin, fluorouracil, and leucovorin chemotherapy
(FOLFOX4) in patients with stage III colon cancer improved DFS was assessed [58]. In the
experimental and control groups, DFS was similar in the intention-to-treat population and in
patients with KRAS exon 2/BRAF wild-type (n = 984) or KRAS exon two-mutated tumors
(n = 742).

On the basis of the available data, bevacizumab, cetuximab, or panitumumab should not be
used in the adjuvant treatment of patients with curatively resected stage III colon cancer.

6. Molecular prognostic and predictive markers

Prognostic and predictive markers that identify heterogeneous groups are needed to imple‐
ment tailored therapeutic strategies. There are several well-defined prognostic markers related
to either patient or tumor, including grade of tumor, LVI, perineural invasion, lymphoid
inflammatory response, positive surgical margins, bowel obstruction, and perforation [15].
These are well-defined parameters for patients with stage II colon cancer during decision
making; however they are not used in patients with stage III colon cancer. The impact of tumor
molecular factors on prognosis and the response to adjuvant chemotherapy in stage II and III
disease is a current subject for ongoing studies [59–61].

(a) In stage II colon cancer

Allelic loss of chromosome 18q and microsatellite instability (MSI) in colon tumors are
prognostic markers that may be employed to sift stage II patients in terms of risk and decide
on who should receive adjuvant chemotherapy.

Allelic loss of chromosome 18q in colon tumors has been demonstrated to be a marker of poor
prognosis [59] in an examination of 145 tumor samples for 18q loss. The 5-year survival rate
was reported to be lower in patients with 18q loss than in those without 18q loss (54% versus
93%, respectively) [59].

Mismatch repair (MMR) genes may result in MMR protein deficiency and MSI if they are
mutated or modified [60]. Approximately 15–20% of colorectal cancers have sporadic or
inherited (Lynch syndrome) deficiency of an MMR protein, most commonly MLH1 or MSH2
[61], with tumors characteristically located proximally and a mucinous histology with tumor-
infiltrating lymphocytes a better prognosis than do microsatellite-stable (MSS) tumors [62].
MSI (the biological footprint of DNA MMR deficiency) is an important piece of information
to consider when deciding whether to use adjuvant chemotherapy in patients with stage II
disease. MSI appearance seems to be related with a relative resistance to fluoropyrimidines.

Most (but not all) [63, 64] studies have shown that MSI or deficient mismatch repair (dMMR)
is a marker of a more favorable outcome and a predictor of increased benefit from adjuvant
therapy with a fluoropyrimidine alone in patients with stage II disease [65–67]. A retrospective

Colorectal Cancer - From Pathogenesis to Treatment410



with cetuximab. Increased toxicity and greater detrimental differences in all outcomes were
observed in patients aged 70 years or more [57]. In PETACC-8, whether the addition of
cetuximab to standard adjuvant oxaliplatin, fluorouracil, and leucovorin chemotherapy
(FOLFOX4) in patients with stage III colon cancer improved DFS was assessed [58]. In the
experimental and control groups, DFS was similar in the intention-to-treat population and in
patients with KRAS exon 2/BRAF wild-type (n = 984) or KRAS exon two-mutated tumors
(n = 742).

On the basis of the available data, bevacizumab, cetuximab, or panitumumab should not be
used in the adjuvant treatment of patients with curatively resected stage III colon cancer.

6. Molecular prognostic and predictive markers

Prognostic and predictive markers that identify heterogeneous groups are needed to imple‐
ment tailored therapeutic strategies. There are several well-defined prognostic markers related
to either patient or tumor, including grade of tumor, LVI, perineural invasion, lymphoid
inflammatory response, positive surgical margins, bowel obstruction, and perforation [15].
These are well-defined parameters for patients with stage II colon cancer during decision
making; however they are not used in patients with stage III colon cancer. The impact of tumor
molecular factors on prognosis and the response to adjuvant chemotherapy in stage II and III
disease is a current subject for ongoing studies [59–61].

(a) In stage II colon cancer

Allelic loss of chromosome 18q and microsatellite instability (MSI) in colon tumors are
prognostic markers that may be employed to sift stage II patients in terms of risk and decide
on who should receive adjuvant chemotherapy.

Allelic loss of chromosome 18q in colon tumors has been demonstrated to be a marker of poor
prognosis [59] in an examination of 145 tumor samples for 18q loss. The 5-year survival rate
was reported to be lower in patients with 18q loss than in those without 18q loss (54% versus
93%, respectively) [59].

Mismatch repair (MMR) genes may result in MMR protein deficiency and MSI if they are
mutated or modified [60]. Approximately 15–20% of colorectal cancers have sporadic or
inherited (Lynch syndrome) deficiency of an MMR protein, most commonly MLH1 or MSH2
[61], with tumors characteristically located proximally and a mucinous histology with tumor-
infiltrating lymphocytes a better prognosis than do microsatellite-stable (MSS) tumors [62].
MSI (the biological footprint of DNA MMR deficiency) is an important piece of information
to consider when deciding whether to use adjuvant chemotherapy in patients with stage II
disease. MSI appearance seems to be related with a relative resistance to fluoropyrimidines.

Most (but not all) [63, 64] studies have shown that MSI or deficient mismatch repair (dMMR)
is a marker of a more favorable outcome and a predictor of increased benefit from adjuvant
therapy with a fluoropyrimidine alone in patients with stage II disease [65–67]. A retrospective

Colorectal Cancer - From Pathogenesis to Treatment410

study of 570 patients enrolled in three trials of 5-FU-based adjuvant therapy analyzed retro‐
spectively tumor samples for MSI [65]. The 5-year survival rate was significantly better in
patients with tumors that exhibited high-frequency MSI (88 versus 68.4%; P = 0.004) than those
with tumors exhibiting microsatellite stability or low-frequency instability among patients
who did not receive adjuvant therapy. Adjuvant chemotherapy improved the OS of patients
with MSS tumors or tumors exhibiting low-frequency MSI (P = 0.04) but not those with high-
frequency MSI. Even harm in terms of OS was suggested in patients treated with dMMR
tumors [65]. In parallel, results from another retrospective study of pooled data from adjuvant
trials by Sargent and George suggested that adjuvant 5-FU chemotherapy appeared to be
destructive in patients with stage II disease in tumors characterized as dMMR [66]. In contrast
to the findings of Sargent and George [66], a recent study of 1913 patients treated in the
QUASAR study, a randomized comparison of 5-FU/LV and supportive care in stage II colon
cancer, confirmed the prognostic significance of dMMR, but not its predictive capacity [42]. A
recent study of patients in the CALGB 9581 and 89803 trials reached a similar conclusion [68].
MMR status was prognostic but not predictive of benefit or detrimental impact of adjuvant
therapy in patients with stage II colon cancer.

It is not clear if oxaliplatin supplementation would overcome the lack of benefit from adjuvant
5-FU in patients with dMMR. Adjuvant chemotherapies with and without oxaliplatin have
been examined on patients with dMMR tumors in retrospective analyses, among which one
report noted a significant benefit from adding oxaliplatin to 5-FU/LV in patients with MSI
tumors [69], whereas another suggested a lower rate of disease control with FOLFOX in
patients with dMMR tumors compared with those with proficient mismatch repair (pMMR)
tumors [70]. A preliminary report of a retrospective analysis of 433 patients with resected
dMMR tumors (57% stage II) from several French centers was reported at the 2014 ASCO
annual meeting [71]. Seventeen percent of the patients with stage II disease (n = 41) received
adjuvant chemotherapy. Overall, 3-year RFS was 75% for surgery alone, 66% for FU alone, and
84% with FOLFOX. In the subgroup analysis, the benefit of FOLFOX compared with FU and
surgery alone was significant for stage III disease (HR for relapse 0.38, 95% CI: [0.21–0.69])
with a tendency toward better results in patients with stage II disease (HR for relapse 0.14,
95% CI: [0.02–1.04]; P = 0.05). Tumor specimens characterized as MSI-high (MSI-H) are more
common in stage II disease than in stage III disease according to the data from the PETACC-3
trial (22% versus 12%, respectively; P < 0.0001) [72]. The percentage of stage IV tumors
characterized as MSI-H was only 3.5% [73] in another large-scale study. These results suggest
that MSI-H tumors have a decreased likelihood to metastasize.

BRAF mutation in a patient with dMMR colorectal cancer is considered as a negative prog‐
nostic indicator, which is also supported by emerging data with a view that BRAF mutations
are a negative prognostic factor among patients with pMMR and stage II colon cancer [72, 74,
75]. BRAF mutations were associated with poor OS in a combined analysis of 2299 patients
enrolled in two NSABP trials that tested the value of adjuvant chemotherapy in patients with
stage II or III colon cancer [76]. The 5-year survival rate was highest in patients with dMMR,
BRAF wild-type tumors (90%) and worst in those with pMMR and BRAF-mutated tumors
(69%). In a large population-based study of Samowitz et al., microsatellite-unstable tumors
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were associated with an excellent 5-year survival regardless of whether the V600E mutation
was present or absent (76 and 75%, respectively), whereas for MSS tumors, the presence of a
V600E mutation significantly worsened 5-year survival (17 versus 60%) [77]. Among patients
with stage II MSS tumors, death risk was significantly higher in those with a BRAF mutation
(four of 17 [24%] compared with 47 of 889 [5.3%], HR for death 4.88, 95% CI: [1.73–13.76]). In
a preliminary report of data from the PETACC-3 adjuvant trial, which was conducted in
patients with stage II or III colon cancer, a BRAF V600E mutation was a marker of poor RFS
and OS in patients with MSS left-sided tumors, but not MSI-unstable or right-sided tumors
[75]. Despite all these results, there still is not sufficient evidence to use BRAF mutation status
to select patients among those with stage II colon cancer.

(b) In stage III colon cancer

In several studies, a subgroup of stage III disease, which has better prognosis similar with stage
II disease, has been tried to be determined. Numerous studies, including a meta-analysis, have
demonstrated that patients with dMMR colorectal cancer have better stage-independent
survival relative to patients with pMMR [13]. Furthermore, a predictive role for MMR has been
revealed by using data from randomized clinical trials of FU-based therapy versus surgery-
only control [78]. The treatment benefit differed by MSI status. Patients with MSI-H and treated
with FU-based therapy had a trend toward inferior outcomes compared with patients who
were treated with surgery alone. In contrast, patients with MSI-H tumors had been reported
to have similar outcomes with chemotherapy or appeared to receive a greater benefit from FU-
based adjuvant treatment in other studies [63, 79].

A variety of other markers including 18q deletion, KRAS mutations, TP53, TGFBR2, DCC, and
thymidylate synthase gene expression have been proposed to refine T- and N-based groups,
but their integration into the clinical setting requires extensive validation of their relative value
and optimal use [80]. In addition, there is lack of consensus in performing these markers, such
as different antibodies used or different scoring methods, which makes their results incom‐
parable. Colon cancer treatment guidelines do not recommend the use of predictive marker
information during decision making because there is no strong evidence for a predictive
marker regarding the benefit of adjuvant chemotherapy for stage III colon cancer.

7. Gene expression profiling during decision making of adjuvant
chemotherapy in stage II and III colon cancer

After the discovery of numerous molecular features of cancer including gene expression
profile, several molecular tests that provide important prognostic and predictive information
were investigated to aid clinical decision making [39] (Table 5). Despite varying design and
sample numbers of the validation analyses, all of these tests have been indicated to have
prognostic value in independent patient series [81].
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with FU-based therapy had a trend toward inferior outcomes compared with patients who
were treated with surgery alone. In contrast, patients with MSI-H tumors had been reported
to have similar outcomes with chemotherapy or appeared to receive a greater benefit from FU-
based adjuvant treatment in other studies [63, 79].

A variety of other markers including 18q deletion, KRAS mutations, TP53, TGFBR2, DCC, and
thymidylate synthase gene expression have been proposed to refine T- and N-based groups,
but their integration into the clinical setting requires extensive validation of their relative value
and optimal use [80]. In addition, there is lack of consensus in performing these markers, such
as different antibodies used or different scoring methods, which makes their results incom‐
parable. Colon cancer treatment guidelines do not recommend the use of predictive marker
information during decision making because there is no strong evidence for a predictive
marker regarding the benefit of adjuvant chemotherapy for stage III colon cancer.

7. Gene expression profiling during decision making of adjuvant
chemotherapy in stage II and III colon cancer

After the discovery of numerous molecular features of cancer including gene expression
profile, several molecular tests that provide important prognostic and predictive information
were investigated to aid clinical decision making [39] (Table 5). Despite varying design and
sample numbers of the validation analyses, all of these tests have been indicated to have
prognostic value in independent patient series [81].
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Assay Gene signature

Oncotype DX Colon Cancer
Assay (Genomic Health, Inc.)

12 genes (seven recurrence-risk
genes and five reference genes)

ColoPrint colon cancer
recurrence assay (Agendia)

18-gene expre
ssion profile

ColDx microarray-based
multigene assay

634 probe

Table 5. Gene expression assays in stage II colon cancer.

Genomic Health Inc. (Redwood City, CA, USA) has conducted four studies involving more
than 1800 patients with stage II or stage III colon cancer; genomic profiling was performed to
identify genes that predict recurrence in patients with colon cancer who were treated with
surgery alone or surgery plus 5-FU/LV chemotherapy. By using the findings of these studies,
the 12-gene colon cancer recurrence score (Oncotype DX Colon Cancer Assay) which quantifies
the expression of seven recurrence-risk genes and five reference genes as a prognostic classifier
of low, intermediate, or high likelihood of recurrence was designed [82]. This 12-gene assay’s
ability to predict recurrence rate was independently validated through the analysis of data
from the prospective QUASAR trial [83] and through a separate analysis of data from the
CALGB 9581 trial [84]. Recurrence at 3 years was, respectively, 12%, 18%, and 22% for the low-,
intermediate-, and high-recurrence-risk groups [83].

The 12-gene recurrence score is the best documented and validated tool. In addition three other
colon cancer recurrence score assays based upon microarray gene expression including one
by Oh et al [85], one by Jiang et al [86], and the Almac microarrays ADXCRC provided added
prognostic value. ColoPrint (Agendia, Amsterdam, the Netherlands) is a prognostic 18-gene
signature and was identified on the basis of unbiased gene selection by searching the whole
genome for genes that had the highest correlation to a tumor relapse event. This prognostic
gene signature was validated in an independent set of 206 patients with stage I–III colon
cancers and in 135 clinical samples of patients with stage II colon cancer, using a diagnostic
microarray platform [87].

How the recurrence score should be integrated with other known prognostic markers for
decisions regarding adjuvant chemotherapy is uncertain. Yothers et al. performed an inde‐
pendent, prospectively designed clinical validation study of recurrence score. Archival
specimens were obtained from patients with stage II and III colon cancers who were random‐
ized to receive 5-FU or 5-FU plus oxaliplatin in NSABP C-07 [88]. Continuous Recurrence Score
predicted recurrence (HR for a 25-unit increase in score, 1.96, P < 0.001), as well as DFS (HR
for a 25-unit increase in score, 1.60; P < 0.001) and OS (HR, 1.89; P < 0.001). After adjustment
for stage, lymph nodes examined, MMR, grade, and treatment, and recurrence score were
shown to predict recurrence risk (P = 0.001). Recurrence score did not have significant
interaction with stage (P = 0.90) or age (P = 0.76). Relative benefit of oxaliplatin was found to
be similar across the range of recurrence score (interaction P = 0.48); accordingly, absolute
benefit of oxaliplatin increased with higher scores, most notably in patients with stage II and
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IIIA/B diseases [88]. However, the authors underlined that the recurrence score was not
predictive of oxaliplatin efficacy and did not directly identify patients who would or would
not benefit from oxaliplatin treatment.

These genomic profiling tests may provide information about the level of risk of recurrence
over other risk factors; thus they potentially have high prognostic value. Due to the lack of
evidence of predictive value of multigene assays in terms of potential value of adjuvant
chemotherapy, the NCCN panel does not recommend the use of multigene assays to determine
adjuvant therapy [89]. ASCO guidelines do not address the use of this assay.

8. Impact of age and medical comorbidity on adjuvant treatment outcomes
for stage III colon cancer

Adjuvant oxaliplatin plus capecitabine or 5-FU/LV (XELOX/FOLFOX) is the standard of care
for stage III colon cancer; however, there is disagreement regarding oxaliplatin benefit in
patients aged >70 years.

Recently, the efficacy and safety of adjuvant XELOX/FOLFOX versus 5-FU/LV were compared
with respect to age and medical comorbidity using pooled data [56]. Individual data from
patients with stage III colon cancer in four randomized, controlled trials (NSABP C-08,
XELOXA, X-ACT, and AVANT) excluding bevacizumab-treated patients were analyzed.
Patients were grouped by treatment, medical comorbidity (low versus high), or age (<70 versus
≥70 years) and compared for DFS, OS, and adverse events. Although benefits were modestly
attenuated for patients aged ≥70 years, DFS benefits were demonstrated for XELOX/FOLFOX
versus 5-FU/LV regardless of age or medical comorbidity. The OS was found to be improved
in all groups. Grade 3/4 serious adverse event rates were comparable across cohorts and
medical comorbidity scores and higher in patients aged ≥70 years. Oxaliplatin-relevant grade
3/4 adverse events, including neuropathy, were comparable across ages and medical comor‐
bidity scores. Thus, the findings of this pooled analysis further supported the consideration of
XELOX or FOLFOX as standard treatment options for the adjuvant management of stage III
colon cancer in all age groups and in patients with comorbidities.

9. Optimal time to start adjuvant systemic therapy

Although no randomized trials have investigated the optimal time to initiate adjuvant systemic
treatment, several retrospective studies in which the majority of patients had stage III disease
demonstrated that a delay beyond 8 weeks resulted in shorter event-free survival and OS [73,
90, 91]. Starting 5–8 weeks post-surgery has not been shown to lead statistically significant
decrease in OS compared with initiation within 4 weeks [73]. However, commencing beyond
8 weeks was associated with decreased OS compared with initiation within 8 weeks. Biagi et
al. performed a systemic review and meta-analysis to define the optimal timing from surgery
to initiation of adjuvant chemotherapy [92]. Ten eligible studies involving 15,410 patients
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(seven published articles, three abstracts) were identified. A meta-analysis of these demon‐
strated that a 4-week increase in time to adjuvant chemotherapy was associated with a
significant decrease in both OS (HR, 1.14; 95% CI: [1.10–1.17]) and DFS (HR, 1.14; 95% CI: [1.10–
1.18]).

The major limitation of this meta-analysis and majority of other studies is to include only
studies with fluoropyrimidine-based adjuvant therapy. Currently, oxaliplatin in combination
with fluoropyrimidine is preferred adjuvant regimens in stage III colon cancer. A population-
based analysis was performed to investigate the effect of delay in initiating oxaliplatin-based
chemotherapy on RFS and colon cancer-specific survival for stage III colon cancer [93]. At a
median follow-up of 57.9 months, 5-year RFS was 70.9% (95% CI: [65.2–76.5]) for patients who
began to receive adjuvant chemotherapy within 8 weeks and 72.1% (95% CI: [67.2–77]) for
patients in whom adjuvant chemotherapy was started later than 8 weeks after surgery. Five-
year cancer-specific survival was 82% (95% CI: [87.09–76.91]) and 82.8% (95% CI: [78.30–87.30]),
respectively. In a multivariate analysis, delayed time to adjuvant chemotherapy was not found
to have a prognostic significance on either RFS (HR, 1.08; P = 0.609) or cancer-specific survival
(HR, 1.02; P = 0.893). Therefore, contrary to most existing data, which are primarily based on
5-FU-based adjuvant chemotherapy, delay of oxaliplatin-based adjuvant chemotherapy
beyond 8 weeks did not appear to be associated with inferior outcomes.

Although recent evidence obtained from studies with oxaliplatin-based adjuvant chemother‐
apy and absence of data about the exact time when patients lose adjuvant systemic therapy, it
is still concluded in international guidelines that adjuvant chemotherapy should be initiated
as soon as it is practically feasible and ideally should not be delayed later than 8 weeks from
surgery [94, 95].

10. Factors resulting in delay to start adjuvant chemotherapy

In a retrospective analysis, factors associated with starting treatment after 8 weeks were found
to be older age, emergency resection, anastomotic leakage, referral to another hospital for
adjuvant chemotherapy, and prolonged postoperative hospital admission [73]. A meta-
analysis performed by Malietzis demonstrated that significant predictors of delayed initiation
of adjuvant systemic treatment were age >75 years, marital status (single), low socioeconomic
status, worse comorbidity status, low tumor grade, prolonged length of stay, and readmission
[7]. Laparoscopy compared with open surgery was found to be a significant predictor of earlier
initiation of adjuvant therapy.

The practice variation with respect to adherence to the NCCN recommendations within the
National Cancer Date Base was evaluated in a recent study performed by Boland et al. [95].
The main purpose of that study was to examine the impact of adherence to guidelines on stage-
specific survival outcomes in patients with stage III and high-risk stage II colon cancer, to
identify factors associated with survival, and to identify subgroups of patients who may benefit
from improved access to or delivery of cancer care. Male sex, insurance status other than
private insurance such as Medicaid, other government insurance or lack of insurance, African
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American race, lower household income, treatment at a community hospital, and treatment at
an institution other than the hospital of diagnosis were found to be the main factors associated
with increased risk of death both in patients with stage III disease and those with high-risk
stage II disease.

In conclusion, oxaliplatin plus capecitabine or 5-FU/LV is the standard of care for the adjuvant
treatment of stage III colon cancer (Figure 1). The preferred oxaliplatin-fluoropyrimidine-
based combination regimes are XELOX, FOLFOX4, FOLFOX6, FOLFOX7, XELOX, and FLOX
(Table 6). Whenever any contraindication for combination chemotherapy with fluoropyrimi‐
dine and oxaliplatin exists, single-agent fluoropyrimidine can be given as an adjuvant
chemotherapy regimen (Table 6). During the decision making of adjuvant chemotherapy in
stage II colon cancer patients, physicians should take into account the minimal potential
improvement in OS of approximately 2–5% and the actual risk of mortality of 0.5–1%. High-
risk stage II patients may be considered as an eligible group for adjuvant therapy after a
complete discussion. Other factors, including MSI and 18q loss of heterozygosity, require
further assessment to determine which combination of these is the most important and
correlates best with therapeutic benefit. Making a treatment decision is not yet recommended
according to the multigene assay. The new generation of adjuvant trials will help to determine
if recently developed therapies will further improve the survival of this particular population.
In stage II colon cancer treatment, the potential risks of adjuvant treatment and its benefit
should be assessed and decision should be made on an individual patient basis.

Figure 1 Algorithms for adjuvant systemic chemotherapy in colon cancer. *Observation is recommended to patients
with T3N0 and dMMR or MSI-H colon cancer and without high-risk factors for systemic recurrence. **Systemic che‐
motherapy for 6 months after surgery is recommended for patients with high-risk factors for systemic recurrence.
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Regimen Drug Route of

administration

Dosage Give on days

of each cycle

Repeat every

cycle

Total

cycle

Fluorouracil-oxaliplatin-based combination regimens – preferred*

FOLFOX4 Leucovorin

Oxaliplatin

5-FU

5-FU

iv infusion

iv infusion

iv bolus

iv 22 h infusion

via pump

200 mg/m2

85 mg/m2

400 mg/m2

600 mg/m2

Days 1, 2

Day 1

Days 1, 2

Days 1, 2

14 days 12 cycles

FOLFOX6 Leucovorin

Oxaliplatin

5-FU

5-FU

iv infusion

iv infusion

iv bolus

iv 22 h infusi

on via pump

400 mg/m2

85 mg/m2

400 mg/m2

1200 mg/m2

Day 1

Day 1

Days 1, 2

Days 1, 2

14 days 12 cycles

FOLFOX7 Leucovorin

Oxaliplatin

5-FU

5-FU

iv infusion

iv infusion

iv bolus

iv 22 h infu

sion via pump

400 mg/m2

85 mg/m2

400 mg/m2

1200 mg/m2

Day 1

Day 1

Day 1

Days 1, 2

14 days 12 cycles

XELOX Capec

itabine

Oxaliplatin

Oral

iv infusion

850–1000 mg/m2

twice daily

130 mg/m2

Days 1–14

Day 1

21 days 8 cycles

FLOX 5-FU

Leucovorin

Oxaliplatin

iv bolus

iv bolus

iv infusion

500 mg/m2

500 mg/m2

85 mg/m2

Days 1, 8, 15,

22, 29, 35

Days 1, 8, 15,

22, 29, 35

Days 1, 15, 29

8 weeks

8 weeks

3 cycles

3 cycles

Fluoropyrimidines with or without leucovorin**

Capeci

tabine

Capeci

tabine

Oral 1250 mg/m2

twice daily

Days 1–14 21 days 8 cycles

5-FU/LV

(Roswell Park regimen)

Leuco

vorin

5-FU

iv infusion

iv bolus

500 mg/m2

500 mg/m2

Days 1, 8, 15,

22, 29, 35

Days 1, 8, 15,

, 29, 35

8 weeks 4 cycles

5-FU/LV

(Mayo regimen)

Leuco

vorin

iv bolus

iv bolus

20 mg/m2

425 mg/m2

Days 1–5

Days 1–5

4 weeks 6 cycles
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Regimen Drug Route of

administration

Dosage Give on days

of each cycle

Repeat every

cycle

Total

cycle

5-FU

5-FU/LV

(Modified de Gramont regimen)

Leucovorin

5-FU

5-FU

iv bolus

iv bolus

iv 46 h infusion

via pump

400 mg/m2

400 mg/m2

2400 mg/m2

Day 1

Day 1

Day 1

14 days 12 cycles

5-FU, 5-fluorouracil; iv, intravenous; LV, leucovorin.
*Fluorouracil-oxaliplatin-based combination regimens are preferred in all patients with stage III colon cancer and in
selected patients with stage II colon cancer.
**Fluoropyrimidines with or without leucovorin should be given to patients who have a contraindication to
oxaliplatin.

Table 6. Recommended chemotherapy regimens for patients with resected colon cancer.
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