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Abstract

Colorectal cancer is a serious health problem, a challenge for research, and a model for studying the molecular mechanisms involved in 
its development. According to its incidence, this pathology manifests itself in three forms: family, hereditary, and most commonly sporadic, 
apparently not associated with any hereditary or familial factor. For the types having inheritance patterns and a family predisposition, the 
tumours develop through defined stages ranging from adenomatous lesions to the manifestation of a malignant tumour. It has been estab-
lished that environmental and hereditary factors contribute to the development of colorectal cancer, as indicated by the accumulation of 
mutations in oncogenes, genes which suppress and repair DNA, signaling the existence of various pathways through which the appearance 
of tumours may occur. In the case of the suppressive and mutating tracks, these are characterised by genetic disorders related to the phe-
notypical changes of the morphological progression sequence in the adenoma/carcinoma. Moreover, alternate pathways through mutation 
in BRAF and KRAS genes are associated with the progression of polyps to cancer. This review surveys the research done at the cellular and 
molecular level aimed at finding specific alternative therapeutic targets for fighting colorectal cancer. 
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Introduction

The colon is one of the fundamental parts of the digestive tract, as the largest and first of the segments of the large intestine, located 
between the small intestine and the rectum. Its principal functions are the absorption of water, minerals, and nutrients, and to serve as 
a storage area for the waste material that forms the feces. It consists of four sections: the ascending colon located on the right side; the 
transverse colon; the descending colon located on the left side, and the sigmoid colon or sigmoid. Together they constitute an irregular and 
thick organ because of the longitudinal disposition of muscular fibers, with a less developed submucosa, but a very evident mucosa as it 
is full of lymph nodes which confer its characteristic appearance. The mucosa, which is thicker than that of the small intestine, has multiple 
tubular invaginations called ‘crypts of Lieberkühn’, which are wide, deep, and numerous, along the surface of its epithelium, and in which 
the regeneration of the epithelium takes place [1]. Because of its biological nature, the colon has a high level of cellular regeneration and 
a physiological role in the economy of the organism which exposes it to many agents of a physical, chemical, and biological nature, which 
increases the possibility of developing diverse pathologies, including cancer.

Incidence of colorectal cancer 

Colorectal cancer (CRC) is a serious health problem in the Western world, and has the third highest frequency among the tumour causing 
conditions which affect the inhabitants of developed and developing countries. Among males, CRC follows lung and prostate tumours, and 
its incidence is higher between the ages of 50 and 65. Among females it follows breast cancer, occupying the second place in terms of 
incidence. Around the world there are approximately one million new cases per year, affecting 550,000 men and 470,000 women, which 
reaffirms the importance of this pathology as a public health problem. CRC represents 13% of the causes when considering all tumours, 
but similar to many other cancers, there are major differences between the less and more developed countries, where they are more fre-
quent and show a clear increasing trend, as seen in North America, Australia, Japan, and Europe [2]. Meanwhile, in the past 20 years in 
the United States, there has been a progressive increase in the survival and decrease in mortality because of this pathology, attributable 
to greater advances in surgical techniques, use of adjuvant chemotherapy, improved radiotherapy techniques, and improved campaigns 
for primary and secondary prevention [3]. Approximately 50% of recently diagnosed patients will progress to metastatic cancer, and there 
is an average survival of five years for 50–60% of patients. In 2008 the World Health Organisation (WHO) determined that nearly 600, 000 
people died around the world as a result of this type of cancer [4, 5]. 

In general the diagnosis of this cancer occurs late, which is fundamentally because of the rapid formation of metastasis, and the high 
rate of transfer through the bloodstream is one of the primary obstacles in achieving a more effective treatment. As its incidence varies in  
different areas of the world, these geographic variations may be because of the variations in the genetic heritage of the different populations 
and their local dietary habits. Thus, among the risk factors are: personal and family history, the environment and dietary habits [6, 7]. There 
are people whose risk of cancer is two or three times higher than in the general population, and these include several groups: those with 
family histories of benign or malignant tumours of the intestine [8, 9]; those treated for an adenoma or a colorectal cancer [10]; women who 
have been treated for an epidemiologically related cancer, such as ovarian, uterine, and breast cancers prior to age 45 [11, 12]. It must be 
mentioned that at least 15% of CRC occur in families [13]. 

Classification of colorectal cancer

CRC represents a good system and appropriate model for study of both the carcinogenesis and the molecular events involved in tumour 
development, which is the result of an accumulation of alterations in genes that have a role in controlling epithelial development and cellular 
differentiation. A study using this model allows for the collection of basic information from the formation of one or more adenomas, until their 
eventual transformation into metastatic cancer or not [14]. Along with this and based on the fact that both heredity and the environment 
contribute to the development of this type of cancer, these tumours permit the study of both somatic genetic alterations and environmental 
and dietary changes [15]. 
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Three types of CRC can be distinguished by their forms of origin and expression: a) sporadic form, a terms which is used to differentiate 
tumours which appear in individuals who carry no mutation which makes them susceptible to developing this type of cancer, thus differen-
tiating them from tumours which appear in persons who have a mutation associated with the illness and are characterised by not showing 
any type of family link. Nevertheless, this difference is not absolute, as the genetic factor seems to influence the likelihood of the appear-
ance of the cancer, even in the absence of a specific mutation. The vast majority of CRC, between 60 and 80%, are of sporadic type [16]; 
b) the family type, for which no associated gene has been identified, constitutes 20–40% of the cases. Population studies show that there 
is a greater chance of developing this tumour when family members of primary consanguinity have suffered from sporadic colon cancer, 
and the risk is two to three times higher than in the normal population. Environmental factors probably determine which of the individuals 
who are genetically predisposed will develop this type of cancer. Nevertheless, family studies have been done which indicate that this  
family risk is the result of a partial hereditary susceptibility [17]; c) the hereditary type, with two tumour variants which can be distinguished 
by the predisposition to being related to the presence of adenomatous polyps or not. We can distinguish: 1) familial adenomatous polypo-
sis or FAP using its initials in English, in which the patients present with multiple polyps, which in the absence of preventive surgery, one 
or more may become malignant at the average age of 40 [18]; 2) the variant not associated with polyposis, or HNPCC (hereditary non- 
polyposis colorectal cancer) by its initials in English, which is a malignant tumour with a high risk for developing a non-digestive cancer [19]. 
In the case of the sporadic type, this includes the majority of CRC cases, representing 60–80% of them, and is characterised by the fact 
that it does not show any type of family relationship.

Lynch syndrome

The hereditary syndromes of the HNPCC variant, previously known as ‘Lynch syndrome’, give rise to the development of colorectal cancer, 
and constitute 3% of the total cases. It was described in 1913 by Alfred Warthin and characterised by Lynch in 1974, whose name it bears 
[20]. It is a pathology which is inherited in an autosomic and dominant manner, affecting men and women in the same family equally, and 
the genetic alteration is transmitted from parents to children without any skipping of generations. 

The cancers associated with Lynch syndrome tend to affect the cecum or the right colon and constitute 70% of the 40% sporadic cases. 
They appear in polyps or adenomas which are large and flat, with a high degree of dysplasia, and can or cannot be fluffy [21], and pos-
sess hereditary mutations in the MMR, MSH2, MLH1, MSH6, PMS2, and PMS1 repair genes. They are more frequent in cases with the 
genes MSH2 and MLH1, constituting 90% of the total [22], and cases with mutations of the MSH6 gene are much less frequent [23]. 
The tumours arise through somatic inactivation of the gene which was previously mutated in the germinal line, whether by the loss of 
heterozygosity or LOH by its initials in English, or by somatic mutations, or hypermethylation of promoters [24, 25]. The inactivation of 
these genes in the patients causes an alteration in the repetitive sequences or microsatellites which occurs at the mean diagnostic age 
of 45, as in the case of patients with FAP polyposis. The frequency of the formation of adenomas is similar to that of the normal popula-
tion, but because of the alteration of the MMR genes, the rate of mutations is two to three times greater, resulting in a greater accumula-
tion of these and a faster progression toward malignancy [26, 27]. 

Two types of HNPCC are defined clinically: in Type I the tumours are exclusively located in the colon; in Type II the tumours are outside 
the colon, located in the endometrium, ovary, stomach, hepatobiliary tract, urinary tract, pancreas, or central nervous system. Patients with 
HNPCC cancer develop a finite number of adenomas which may become malignant within a short time in comparison with patients with 
FAP, whose polyps are more diffuse. These tumours show a mucinous histology, with lymphocytic infiltration and are poorly differentiated, 
the characteristics which they share with the sporadic tumours having high microsatellite instability, while also being diploid type tumours 
that being in contrast to the sporadic tumours [28]. At the same time, HNPCC tumours show some of the characteristics of conventional 
adenomas, such as the presence of mutations of APC, β-catenin (CTNNB1), and/or K-ras. Lymphocytic infiltration and the coexistence of 
adenomas are other characteristics of these tumours [29].

In order to select the families with Lynch syndrome, the most commonly used clinical criteria are the Amsterdam I and II criteria, which 
require: a) that there be more than three members of the family with CRC cancer or tumours associated with the syndrome, such as those 
of the endometrium, ovary, small intestine, bile ducts, urinary tract, and others; b) that there be affected family members in several genera-
tions; c) that some of these cases have been diagnosed before the age of 50. Nevertheless, only 60% of the individuals who meet these 
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criteria have a mutation of one of the MMR genes. Other clinical criteria which are used are the Bethesda criteria, which describe when a 
CRC is suspected of being a Lynch syndrome. It requires, among other criteria, that several cases of CRC exist in the family, regardless of 
age, or that there also exist a single case diagnosed before the age of 50 [30].

Clinical varieties of HNPCC

A) Turcot syndrome or MMR deficiency syndrome 

This syndrome manifests itself in consanguineous marriages, such as those which occur between brother and sister, and is a variant of the 
HNPCC tumour [31] which is characterised by the coexistence of tumours of the colon (FAP or HNPCC) and the CNS (cerebral, medullo-
blastoma, astrocytoma, or glioblastoma) [32], for which symptoms frequently appear in the second decade of life. The prognosis for survival 
in these patients is very low, an average of 20 years. The existence of two subtypes of Turcot syndrome have been suggested: BTP Type I 
(Brain Syndrome Polyposis Type I) caused by mutations of the MLH1 and PMS2 genes; and BTP Type II (Brain Syndrome Polyposis Type 
II) when associated with mutations of the APC gene. According to its manifestations in the colon, Turcot syndrome is classified in three 
groups. a) Type 1, characterised by multiple polyps, between 20 and 10, with malignant changes: b) Type 2, characterised by at least 10 
polyps of more than 3 cm in diameter with an uncertain pattern of inheritance; c) Type 3, with clinical findings similar to FAP polyposis and 
manifestations of colorectal carcinoma prior to the age of 30 [33].

B) Muir-Torre syndrome 

This syndrome is a variant of Lynch syndrome which is characterised by the presence of tumours in the sebaceous glands (keratocarci-
nomas) which are associated with one or more visceral tumours, colorectal, endometrial, and urological cancers. It appears in both sexes, 
with a slight predominance in males with an average age of 53, the age range being between 23 and 89 years [34]. It presents a pattern 
of dominant autosomic inheritance related to mutations of the MSH2 gene [35], although it can also be because of mutations of the MLH1 
and MSH6 genes [36, 37].

In addition, two precancerous states are recognised: ulcerative colitis and the presence of adenomas. Studies have shown that there is 
a risk of developing CRC in people who suffer from haemorrhagic rectocolitis which is further elevated when it appears at a very young 
age, and has an evolution of more than ten years [38]. These situations are the most frequent, and the most severe form is found in 
patients who have had a total colectomy, as well as with Crohn’s disease, which is also associated with a high risk of colon cancer [39]. 
In addition, adenomas—commonly called ‘polyps’—are a common pathology which are characterised as pedunculated benign epithelial 
tumours [40, 41]. In countries with a high incidence of colon cancer there is a prevalence of adenomas which varies between 30 and 
60%, a fact demonstrated through autopsy performed on subjects over 55. The adenoma/cancer relationship rests on epidemiological, 
clinical, anatomopathological, and genetic studies. All this to be considered along with the appearance of the adenomas, geographi-
cal distribution, the transformation of an adenoma into cancer in patients who have not had surgery, in extended polyposis, sequelae 
because of adenomatosis, and through the study of the accumulation of changes as related to the increase in the grade of dysplasia of 
adenomas until they become cancerous [42]. 

Genetics of colon cancer

Adenoma-carcinoma sequence. In the carcinogenesis of CRC, several means by which the normal colon cells can become malignant have 
been described, and studies have centred on the genetic changes which are found in three fundamental categories of genes: 1) tumour  
suppressor genes or TSG, such as APC, DCC, TP53, SMAD2, SMAD4 and p16INK4a); 2) protooncogenes, such as K-ras, N-ras; 3) DNA 
repair genes, such as MMR and MUTYH) [43]. The first means described is the suppressor or chromosomal instability, recognised in the 
Fearon and Vogelstein genetic model [44], which includes FAP tumours and in 80% of sporadic tumours. Each tumour created by changes in 
this means develops chromosomal instability or CIN, with frequent cytogenetic changes and loss of allelic heterozygosity [45, 46]. This model 



Re
vi

ew

 5 www.ecancer.org

ecancer 2015, 9:520

proposes that the histopathological sequence of the progression of CRC is because of mutations in concrete genes, principally tumour sup-
pressor genes. The sequence of changes is initiated by the mutation or loss of the APC gene (5q21-q22), followed by mutations on KRAS 
(12p12.1), and the mutations on TP53 (17p13.1) and DCC (18q21.3). The APC gene is mutated in 70–80% of colorectal tumours, with 50% 
showing independent mutations on the β-catenin, indicating the preponderant role of the Wnt as a means in the control of colorectal tumouri-
genesis, above all in its initial stages [47, 48]. The mutations on the K-ras oncogene are produced during an even more advanced stage, 
preferentially affecting codons 12 and 13, and are found on up to 40% of colorectal tumours [49]. The DCC gene is located on chromosome 
18q21 and has a function in CRC which is still not well understood, but is made up of 28 or 29 exons which code for a protein of 1.147 amino 
acids which cross both sides of the cell membrane. Its extracellular region is homologous to that of the cellular adhesion proteins, which have 
extracellular domains similar to the immunoglobulins [50]. The DCC protein may affect the epithelial/mesenchymal interactions, perhaps regu-
lating processes of proliferation and/or differentiation. Its expression is reduced or almost nonexistent in more than 50% of CRC, and different 
mutations have also been detected [51]. The fact that the DCC gene may be considered a tumour suppressor was confirmed by a study in 
which the tumour phenotype was reverted by transfection of the DCC gene [52]. 

The p53 protein intervenes in the control of the cellular cycle, replication and repair of the DNA maintaining genomic stability, activating 
apoptosis, and participating in the cellular response to noxious agents. This protein is tetrameric and made up of four sub-units, each of 
these with 393 amino acids [53], its proteic overexpression precedes the malignant change in the majority of human cancers, including 
CRC [54]. The p53 gene is located on chromosome 17 and has 20kb, as it contains 11 exons and codes for a nuclear phosphoprotein of 
53 kDa, as it is a transcriptional regulator which acts as a brake on the G1/S control point and intervenes in multiple functions such as: the 
activation of the stopping of the cellular cycle, senescence, differentiation, and apoptosis [55].

The Fearon-Vogelstein model is still considered valid for illustrating the concept of ‘multiple steps’ of tumour progression, although one has 
to understand that the sequence of proposed changes is the result of a statistical analysis. For this reason, changes in the tumours of dif-
ferent patients group to form a single model of the process was proposed, although this does not imply that an individual has to show all of 
the changes. This model was completed in 2002 with the discovery of the MAP kinase [56, 57], which affirms that the pattern of mutations 
of the MUTYH gene is derived from a deficiency of the proteic function, which is characterised by an excess of G→T transversions in GAA 
sequences, which are susceptible to provoking the appearance of stop codons [58]. Because of the fact that APC contains an elevated 
number of these sequences, the mutations on MUTYH increase the rate of somatic mutation of APC, which in turn initiates neoplastic 
transformation [59]. 

The second means is by mutating or microsatellite instability, MSI by its initials in English, which includes the Lynch syndrome tumours 
and approximately 15% of the sporadic tumours [60]. This explains the appearance of CRC in the cases of deficiency in the system for 
mismatch error repairs, MMR (mismatch repair or base unpairing), in which the mutations on the MMR genes provoke a state of genomic 
instability which leads to the appearance of a hypermutator phenotype, also known as microsatellite instability, MSI [61]. This phenotype 
is produced because the alteration of the MMR genes favours the appearance of new mutations, predominantly in repetitive sequences, 
microsatellite loci of AA[S]NAA or CA[CA]NCA type, generating an instability in the microsatellite regions which expand or contract with 
the insertion or deletion of repetition units. This causes the inactivation of various types of genes, such as those which regulate apoptosis, 
as in the case of the BAX or Caspasa-5 genes [62, 63] and the genes implicated in the control and regulation of cellular growth, such as 
TGFβRII, WISP-3 or IGFIIR [64, 65] or even MMR genes such as MSH3 or MSH6 [66]. 

Furthermore, the epigenetic processes have been described as one of the alternative mechanisms of carcinogenesis, even though they 
do not imply any genetic changes. Today ‘epigenetic silencing’, which in English is CIMP (initials of CpG island methylator phenotype), or 
phenotype methylator means, is recognised as the third means of the Knudson Model of colorectal tumourigenesis [67, 68]. These epige-
netic changes create instability in the genes as a result of the inactivation of TGS, or MSI or CIN repair genes [69]. There are two types of 
epigenetic changes: one may modify the methylation, so that some DNA nucleotides are changed by the addition of a methyl group, -CH3, 
to the base. Methylation is associated with the inactivation of a particular region of the DNA; the other change may modify the acetylation, 
in which the histones around which the DNA spirals are changed by the addition of acetyl groups, -CH3CHO. This change weakens the 
interaction between the DNA and the histones, which is associated with greater genetic expression [70]. Agents with the capacity to inhibit 
Wnt signaling have been evaluated, as is the case of acetyl transferase, which inhibits the activity of the porcupine which is necessary 
for the synthesis of Wnt [71]. Other agents have also been looked into, for e.g. the non-steroidal anti-inflammatories aspirin, sulindac,  
celecoxib, nimesulide, piroxicam are cyclooxygenase inhibitors which show chemoprotective effects against cancer [72, 73]. The NSC668036 
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and FJ9 molecules, compounds which have been proven in preclinical studies, act as a key target in Wnt signaling, as is the dishevelled 
protein [74, 75]. Vitamin D has also been used in treatment for the prevention of CRC, as it assists the detoxification of the bile acids which 
activate the cancer, and which are released during the digestion of foods with a high fat content [76].

The causes which activate the hypermethylisation process are not clear, although the variability of the methylation rate in the different types 
of tumours shows that this mechanism is not activated randomly, rather it follows a pattern which has not yet been established. It is known 
that environmental factors are such as lesions due to chemotherapeutic agents, the ingestion of folates, but the actual reason or the genet-
ics which regulate this phenomenon are not well known [77]. Nevertheless, the existence of four different genetic means for carcinogenesis 
of the colon have been described: 1) the Wnt/β-catenin means, associated with the adenoma-cancer sequence; 2) the means of microsatel-
lite instability because of mutation or hypermethylation of the MMR genes; 3) the ulcerative colitis/dysplasia/cancer means not associated 
with an APC mutation or the formation of polyps; 4) the means of frequent hypermethylation in sporadic cancers [78].

Wnt Wnt/β-catenin pathway-carcinogenesis

The importance of this pathway can be seen from the studies which show that 90% of CRCs develop mutations in some of their compo-
nents [79]. Mutations of the APC and CTNNB1 genes, which are very important in this pathway, create a resistance to the degradation of 
β-catenin by means of the ubiquitin-proteasome system, through which it accumulates in the cytoplasm and is transferred to the nucleus, 
where it acts to promote the overexpression of oncoproteins [80]. This creates a hyperproliferative phenotype which favours the mutations 
of other genes, allowing for early progression to adenoma. It is believed that the activation constituted by the Wnt/β-catenin pathway is not 
only important in the initiation of colorectal carcinogenesis, but that it may also control the malignant potential of the cells at more advanced 
stages, and may be a target for the development of new CRC therapies [81].

This pathway also participates in the processes of regulation, differentiation, proliferation, and cell death, as it is involved with numerous 
abnormalities of embryonic development, growth, and homeostasis. The Wnt proteins act as ligands to stimulate the signal transduction 
pathways mediated by receptors in vertebrate and invertebrate organisms [82]. Presently four Wnt signaling pathways are known: 1) the 
canonic or Wnt-β-catenin pathway; 2) the Wnt/Ca+2 pathway which involves the kinase A protein; 3) the planar cellular polarity pathway; 
4) the pathway which includes the kinase C protein and intervenes in the process of myogenesis.

Some of the Wnt proteins activate and modulate the canonic pathway, however, the most important and most studied is the cytoplasmic 
control and regulation pathway related to the β-catenin protein [83]. The increase in cytoplasmic β-catenin permits its entry into the nucleus, 
where it activates the transcription of genes whose protein products participate in processes of cellular division, embryonic development, 
and morphogenesis. The Wnt-β-catenin pathway is interrelated with a significant number of cellular signaling pathways, such as Notch, 
Hedgehog, Rac/K-RAS, and mTOR, which coordinate the development of organs and maintain the homeostasis of some tissues [84]. The 
growth factor of FGF fibroblasts and the transformative growth factor beta TGF-β also interact with Wnt-β-catenin to regulate their activity 
and control specific cellular processes. These pathways rarely function alone or in an isolated manner, and the erroneous activation of one 
pathway in particular may result in the development of a cancer [85].

It must be emphasised that the pathways play preponderant roles in the maintenance of the homeostasis of different tissues such as the 
intestine, breast, skin, blood, and brain, in addition to regulating the somatic stem cell niches. The abnormal regulation of these pathways 
give rise to the neoplastic proliferation of the tissues indicated, apart from other pathologies which originate as a result of changes in the 
Wnt pathway; but most studies focus on their relationship with cancer. Of the four known Wnt signaling pathways, the Wnt-β-catenin path-
way has been identified as the principal one responsible for cellular changes which cause cancer. Various regulator genes for this pathway 
are known, and are found with changes in different types of human cancers, while the common denominator is the modification of the 
expression of the Wnt-β-catenin genes [86]. The implication of β-catenin in malignant processes was first known for CRC, as this protein 
forms a complex with the APC protein, whose participation in carcinogenesis was discovered in studies of hereditary cancer caused by 
familial adenomatous polyposis. It is noted that 80% of the cases of sporadic colon cancer, as well as the hereditary forms, are caused by 
mutations of the APC gene [87]. Patients with familial polyposis inherit the defective APC allele at an early age, which causes the forma-
tion of numerous adenomatous polyps in the colon, which results in the clonal growth of epithelial cells in which the second APC allele is 
made inactive. The adenomas give rise to the appearance of adenocarcinomas as a result of the accumulation of mutations of oncogenes 
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or tumour suppressor genes such as KRAS, p53, and Smad4. The absence of APC causes destabilisation of the β-catenins, which leads 
to the transformation of the epithelial cells [88].

E-cadherin and α-catenin

Infiltration and metastasis require multiple properties and mechanisms, among which the reduction of the capacity for intercellular adhesion 
in the primary tumour at the initial stages stands out [89]. In this invasive capacity they play a fundamental role in the molecules of cellular 
and tissue adhesion, which are distinguished into four structural classes: the immunoglobulin family; the selectins, the integrins, and the 
E-cadherin [90, 91]. The latter is part of a protein complex, the E-cadherin–catenin, which associates the α, β, γ catenins with the actin 
filaments and other proteins such as APC [92]. The human α catenin gene is located on chromosome 5 in the 5q21-22 region, while the  
β catenin is located on chromosome 3 in region 3p21. 

The β and α catenins bind with the recently synthesised cytoplasmic cadherin before being transported toward the cell membrane [93].  
The gene for the E-cadherin  protein is located on chromosome 16, in region q22.1, in an area which is often found with alterations in can-
cer cases [94]. Studies of colonic type adenomas with severe dysplasia and colon cancer show a progressive reduction of the expression 
of  E-cadherin [95]. This suggests a change in its expression during the early stages of carcinogenesis of the colon, as when comparing 
them to more  undifferentiated tumours, they show a greater expression of E-cadherin and α-catenin [96]. The level of expression of ARNm 
of the  E-cadherin is correlated with the prognosis in CRC [97]. In other studies, the capacity of β-catenin to form complexes with the APC 
protein has become evident, thus establishing a likely competitive relationship between APC and E-cadherin to join with β-catenin [98]. 
The  majority of colon cancers show a modification of the APC or β-catenin protein, which suggests an important role in the initiation of 
carcinogenesis of the colon [99]. 

The adenomatosis polyposis coli gene

Familial adenomatous polyposis, FAP, is responsible for one percent of CRCs, and is a hereditary illness with dominant autosomic charac-
teristics. Its principal clinical manifestation is the existence of multiple colonic and rectal adenomas which may exceed 100, which clearly 
indicates a diagnosis of FAP polyposis. Among these adenomas, usually one or more will become malignant in a nearly constant manner 
before the age of 40, while presenting associated clinical manifestations, such as duodenal adenomas, fundic gland polyps, or bone, sub-
cutaneous, and desmoid tumours [100, 101]. The genetic study of families with FAP has permitted the identification of the APC gene as 
responsible, which located on chromosome 5q21, suffers deletions and various types of early mutations which are called ‘nonsense muta-
tions’, ‘frameshift mutations’ and ‘missense mutations’ [102]. FAP polyposis is related to a mutation of one of the two alleles, both in the 
germline and in all of the tissues of the organism. In the CRC cells, one of the two alleles may be lost or may show a somatic mutation [103]. 
This gene shows an identical mutation in more than 60% of cases of sporadic cancer, indicating that the mutations that are evident in FAP 
are comparable to the mutations of the sporadic forms. Within this problem we must consider that another possible mechanism may be the 
hypermethylisation of the region which promotes the APC gene, which may lead to a reduction in the transcription of the gene [104, 105].

We must always consider the fact that the predisposition to suffer neoplastic illnesses depends on endogenous and exogenous factors 
which finally modify the expression of specific genes [106]. The genomic imprint is the pattern of different methylations of homologous 
genes according to the maternal and paternal origins of the chromosome. This concept may explain the differential expression or lack of 
expression of a certain allele, given that we know that the methylated genes are inactive, while the non-methylated or hypomethylated 
genes may be transcribed to generate a protein product [107, 108]. The epigenetic phenomena associated with CRC do not include 
changes in the DNA sequence, but potentially reversible genetic modifications which lead to genomic instability [109]. Three types of 
altered DNA methylation patterns are found in human cancers, which are: hypomethylation, hypermethylation, and loss of imprinting or 
LOI [110]. The LOI pattern refers to the loss of the differential expression of parental alleles, which is dominant in embryonic tumours [111]. 
Hypomethylation of the DNA, the hypermethylation of the tumour suppressor genes, and the inactivation of miARN genes because of DNA 
methylation have also been described in human tumours [112]. 
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The APC gene codes a notably hydrophobic protein with a molecular mass of 311.8 kDa [113], which presents a diffuse cytoplasmic 
distribution accumulating principally along the lateral or sub-apical margins of the cells [114]. The most common form loses the 10ª exon 
and codes for an APC protein with 2843 residues which are divided into various domains: a) of oligomerisation which is localised in the 
N-terminal region of the protein and consists of seven repetitions of 6–57 amino acids [115]; b) an armadillo region in the amino-terminal 
end which is highly conserved, located between amino acids 453 and 767 which allows it to play a role in the stabilisation and motility of 
the cytoskeleton [116]; c) a domain formed by a group of repetitions of 15 to 20 amino acids in their central portion and carboxy-terminal 
end which contains a basic domain and joining sites for other proteins. The APC protein presents a domain of seven motifs of 20 repeated 
and highly conserved amino acids, located between residues 1262 and 2030. This domain confers the APC protein with joining sites for 
β-catenin [117]; d) a domain of repetitions of 15 amino acids which is highly conserved and located between amino acid 1020 and 1169 
which encompasses three repetitions of 15 amino acids which function as joining sites for β-catenin [118]; e) a basic APC domain located 
in region C-terminal amino acids 2200 to 2400 and seems to function as a domain for joining with the microtubules [119]. 

The APC protein is known to have six regulatory functions and one blocking function [120], which are: 1) regulation of the levels of β-catenin 
and thus the signals induced by the same [121]; 2) regulation of cellular adhesion through β-catenin and E-cadherin [122]; 3) regulation 
of cellular migration and chromosomal stability through interaction with the microtubules [123]; 4) regulation of neural function. The hDLG 
(human homologue of Drosophila discs large tumour suppressor) protein is habitually located in the epithelial cells, found between the 
cell–cell unions [124]; 5) regulation of cellular motility. The APC regulates cellular polarity and migration through the control of the actin 
cytoskeleton [126]; 6) that of blocking the cellular cycle, which possibly occurs through direct inhibition of the components of the cellular 
cycle and apoptosis [125].

BRAF, NRAS, VEGF genes

BRAF gene—is located on the long arm of chromosome 7 (7q34) and codes a cytoplasmic serine/threonine kinase of the RAS family which 
mediates the transduction of signals on the MEK/ERK route, which is an important conduit for cellular growth, differentiation, and regula-
tion, as well as the promotion of apoptosis. In some CRCs the BRAF oncogene is found to be mutated, and the mutations are associated 
with a CpG methylation region [127]. Several early, somatic, or activating mutations in the BRAF oncogene cause the protein to become 
hyperactive, releasing a cascade of signals which may play an important role in some specific malignant tumours. Approximately 90% of 
the BRAF V600E mutations are known, involving the substitution of glutamic acid (E) by valine (V) in position V600 of the protein chain, 
resulting in a constitutionally active BRAF oncogene [128]. As a result of this activation, the hyperactive MEK and ERK signaling lead to 
excessive cellular proliferation and survival, which is independent of the growth factors. The BRAF oncogene signaling may lead to an 
uncontrolled increase in cellular proliferation and resistance to apoptosis [129]. Approximately 30–50% of CRC tumours have a mutated 
KRAS gene, which indicates that up to 50% of the patients with this type of cancer could respond to therapy with antireceptor antibodies 
against the epidermal growth factor, EGFR. Nevertheless, from 40–60% of patients with wild-type KRAS tumours do not respond to such 
therapy [130]. In these patients the data suggest that the mutated BRAF gene, present in 5–10% of the tumours, may affect the response 
to these agents. It is not clear to what extent the lack of response in the wild-type KRAS gene is because of BRAF mutations, but the data 
suggest that this mutated oncogene confers resistance to anti-EGFR therapy, determined to go beyond first line treatment [131]. In a study 
of 524 patients with BRAF mutant and wild-type BRAF colorectal cancer, the survival for the first group was 10.4 months, while that for the 
second group was 34.7 months. The BRAF mutation activates the MEK/ERK pathway by means of its effectors, which are the production 
and promotion of the malignant phenotype through genetic expression and proliferation [132]. Nevertheless, the clinical results with BRAF 
inhibitors in CRC tumours have been quite deceptive. At the same time, in a study of CRC cells with the mutated BRAF phenotype and 
resistant to vemurafenib, it was revealed that the inhibition of BRAF by this compound produced a rapid activation of the EGFR growth 
factor receptor, which stimulated continuous proliferation in the presence of the BRAF inhibition [133]. It was also demonstrated that the 
suppression of EGFR by cetuximab, erlotinib, gefitinib, and vemurafanib causes an inhibiting effect on CRC with the BRAF mutation in both 
‘in vitro’ and ‘in vivo’ models, results of which indicate that combination therapy with BRAF and EGFR inhibitors may be more effective. 
This study, in which vemurafenib and erlotinib were combined, resulted in the regression of tumours formed by xenografts using cell lines 
of colorectal cancer and the reduction of the Ki67 proliferation marker [134].
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RAS gene—The RAS family of genes: HRAS, NRAS, and KRAS constitute one of the most frequently altered groups of oncogenes in 
human neoplasias [135]. For example, the KRAS oncogene participates in the signaling of the PI3K/PTEN/AKT and RAF/MEK/ERK path-
ways [136, 137], consequently KRAS mutations constitute about 85% of all of the RAS mutations in human tumours, while NRAS mutations 
make up approximately 15%, and HRAS account for only 0.12 to 1% [138]. The RAS gene seems to be specific for tumours of the colon, 
pancreas, and lung, which have a high frequency of KRAS mutations. The proteins encoded by these genes have a 21Kd (p21) protein 
structure which has GTPasa activity, acting on the signal transduction pathways for cellular growth and differentiation [139]. The mutation 
of this gene is the most common genetic event observed in the development of malignant human tumours, at a rate of 30% in the lung, 
40% in the colon, 80% in the pancreas, and 55% in the thyroid [140]. About 90% of the mutations of this gene are located on specific sites 
of the first exon, approximately 80% on codon 12; and on codon 13 their frequency is 15–20% [141]. On the second exon they are located 
on codon 61, which has a frequency of mutation of less than 3%, but the most frequent mutation occurs on the second nucleotide of codon 
12 and predominantly corresponds to guanine–adenine transitions with the substitution of aspartic acid by glycine. 

The therapy used in some advanced stages of colon and rectal cancer include the use of monoclonal antibodies such as panitumumab and 
cetuximab, which can block the activation of EGFR [142]. In patients who do not respond to this therapy, it has been demonstrated that the 
tumour cells carried one of the mutations of the KRAS gene, which is found located on the EGFR gene pathway, which caused the activa-
tion of this pathway independently of the EGFR blocking [143]. At the same time, it was demonstrated that the KRAS gene, both in its wild 
and mutated state, was capable of predicting both the response and its utility in the tumour against the use of EGFR inhibitors [144]. Various 
studies have shown that some specific types of KRAS mutations are related to survival, as is the G12V mutation, which is associated with 
a more adverse prognosis for the disease in comparison with other types of mutations [145, 146].

VEGF gene—The chromosome location of the human VEGF gene is 6p21.3, and it consists of eight exons and seven introns, with a 
coding region approximately 14kb in length [147]. Five isoforms are generated by this gene through alternative splicing which has a size 
of 121, 145, 165, 189, and 206 amino acids [148]. The majority of the cell types which express this gene in both normal and pathophysi-
ological situations express the VEGF121 and VEGF165 isoforms, while VEGF189 is also found in some cell types [149]. The survival and 
neoplastic expansion of the clone of cells are compatible with the surrounding tissue which sustains and favours these conditions, thus 
the stroma associated with the tumour actively sustains the progression of the CRC. Among the cells associated with the tumours are the 
endothelial cells and pericytes, which form the neo-vascularisation [150]. The cytokines and growth factors produced by the tumour cells 
create optimal conditions for growth within the microenvironment of the tumour, while the cytokines secreted by stroma cells may influence 
the malignant behaviour of the cells. The pro-inflammatory IL-4 and IL-1 cytokines, the growth factors such as VEGF and TGF-β-1, -2, -3, 
and their receptors [151] promote the transcription of genes to activate various signaling pathways which collaborate in survival, tumour 
expansion, and metastasis [152]. 

Hypoxia is the principal regulator of the expression of the VEGF gene both ‘in vitro’ and ‘in vivo’, as the reduction of the pressure from oxygen 
causes an increase in its transcription by means of the HIF1 (hypoxia inducible factor 1) transcription factor [153]. Hypoxia represents a deci-
sive stage in tumour progression, as the HIF1 transcription factor cooperates with the IL-6, TGF-β and VEGF factors in the promotion of tumour 
growth [154]. In colon cancer, the interaction of the levels of interleukin-6 (IL-6) and the increase of hypoxia-inducible factor (HIF)1α favours the 
expression of the pro-angiogenic VEGF isoform, which contributes to tumour proliferation, the escape from apoptosis and the migration of the 
tumour cells, to which is added its affinity with the stage of the tumour [155]. A clinical trial with a vascular endothelial growth (VEG) inhibitor, 
bevacizumab, demonstrated that the incorporation of this agent into standard chemotherapy for the treatment of metastatic CRC increased 
survival in patients with CRC cancer [156]. The 5-fluorouracil (5-FU) along with bevacizumab have been two of the principal chemotherapy 
agents in the treatment of CRC [157]. In the last 15 years the pattern of treatment of metastatic colorectal cancer has been based on the use 
of cytotoxic drugs such as irinotecan and oxaliplatin and the monoclonal antibodies bevacizumab and cetuximab [158, 159]. 

Metalloproteases and colorectal cancer

The extracellular matrix constitutes a physical barrier, for which reason the correct functioning of the pathways which regulate its morpho-
genesis, development, tissue damage, and remodeling is essential to maintaining its integrity. Nevertheless, when some type of change 
is detected in said regulation, these are related with some illnesses, among which cancer stands out. The two biological mechanisms 
responsible for the malignancy of cancer are infiltration and metastasis [160], in which the invasive processes which occur because of 
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the rupture of intercellular junctions caused by the proteolytic activity of the proteases play an essential part. These have the property 
of breaking the molecules of the extracellular and adhesion matrices, where the MMPs metalloproteases or human matrixins are found, 
and which can be classified as: the MMP-1 and MMP-13 collagenases; the MMP-2 and MMP-9 gelatinases; the MMP-3, MMP-10, and 
MMP-11 stromelysins; the MMP-7 and MMP-26 matrilysins, as well as the transmembrane types MMP-14, -15, -16, and -24 [161]. 

These enzymes and their levels of transcription are strictly regulated positively and negatively by molecules such as cytokines, growth 
factors, and tumour necrosis factors. Even the cell–matrix or cell–cell interactions are capable of modulating the transcription of the MMP 
proteases. In addition, there is another level of regulation in terms of their enzymatic activation by post-transcriptional modification which 
requires the elimination of the propeptide at the N-terminal end of the protein. Furthermore, there are tissue-specific MMP inhibitors [162]. 
The transcriptional regulation of these proteins is also performed by cytokines and growth factors which also control the expression of the 
proteases [163, 164].

The family of MMP enzymes is capable of degrading all of the components of the extracellular matrix: collagens, laminins, fibronectins, 
vitronectins, proteoglycans, etc. The proteases are implied in a multitude of physiological and pathological processes in which their prote-
olytic activity is involved. In addition, they are included in many other processes, both physiological, such as differentiation and apoptosis, 
and pathological, above all tumour metastasis [164]. In CRC various members of the MMP family have been well studied, in which MMP-1 
is associated with a worse prognosis as it favours haematogenous metastasis [166]. A greater expression of MMP-13 has also been asso-
ciated with CRC tumours with a worse prognosis [167]. The expression of MT1-MMP and MMP-14 is elevated in tumours of the colon and 
has been described as a target of the Wnt pathway [168] MMP-2 is related to tumour invasion and it has been demonstrated that there 
is a greater expression of its transcription on the invasive front of the colon tumour. In T cells, the induction of MMP-2 and MMP-9 are 
achieved through their incubation with WNT1 and WNT3a. Both are targets of β-catenin and present connection sites for LEF/TCF [169]. 
It was found that the expression of MMP-3 in MSI-L/MSS CRC tumours was greater than in MSI-H tumours, in which the levels of active 
MMP-9 were also lower, possibly because of a lower synthesis of MMP-3 [170]. As for MMP-7, it is related to invasion and metastasis in 
CRC, as well as a positive correlation in terms of its expression with β-catenin [171]. In fact, it is known that MMP-7 is a target of the Wnt 
pathway, given that it possesses connection sequences with TCF-4 in its promoter which respond to the presence of β-catenin. There are 
other molecules involved in this regulation, such as K-ras, which may be playing a synergistic role with the Wnt pathway [172].

Stem cells in colorectal cancer

Stem cells are defined by two fundamental biological properties, these are self-renewal and multipotency. The first is the capacity of the cell 
to perpetuate itself for a long period of time, while the second is the capacity to generate all of the differentiated cells of the tissues of origin 
[173]. In the superficial epithelium of the mucosa of the colon there is a constant renewal, which is normal and occurs through the prolifera-
tion and differentiation of the stem cells which are found at the base of each of the crypts of Lieberkühn. The matured differentiated cells 
normally lose their capacity to divide and finally die from apoptosis [174]. Within this reality the ‘theory of cancer stem cells’ was born, which 
suggests that the tumours are created and maintained by a small sub-group of undifferentiated cells which are capable of self-renewal and 
differentiation. The theory of cancer stem cells was originally proposed by Cohnheim in 1875, and was based on four principles: 1) external 
or internal aggressions caused by physical, chemical, or biological factors can cause genetic damage in the stem cells; 2) the malignant 
stem cells create the tumours; 3) within a tumour all of the cells have the same profile; 4) the different tumours originating from different 
stem cells have different genetic and biochemical profiles [175]. This theory was originally based on studies of leukaemia [175], but now it 
has validity for CRC and is being extensively investigated for other neoplasias. Recent studies have found that stem cells for colon cancer 
can be identified using certain cellular markers such as CD44, CD133, CD166, and EpCAM [177, 178, 179]. Self-renewal is regulated by 
various pathways for both normal stem cells and malignant stem cells. For leukaemias and colon cancer, a possible common pathway is 
through Wnt [180, 181]. Other possible alternatives with implications for CRC include Notch, PTEN / AKT, p53, and Bmi [182, 183, 184]. 
The stem cells implicated in the development of cancer have important implications for prevention and treatment, as the great majority of 
cytotoxic agents used for treating colon cancer are designed to eliminate the actively proliferating cells. This means that stem cells implied 
in cancer are being obviated, which contributes to the selection of resistant cells, so that in the future the search for specific biomarkers for 
stem cells implied in cancer will contribute to improving the diagnosis, prognosis, and therapy for the prevention and treatment of cancer. 
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Conclusion

The development of CRC can begin through the inactivation of tumour suppressor genes, which can be caused by either mutations or 
hypermethylations of said genes. There are also oncogenes which can suffer mutations and the genes which participate in the control of 
cell proliferation and apoptosis. An accumulation of multiple mutations has been found in colorectal tumours, but these are not always the 
same, for which it seems that the total accumulation of these mutations is more important than the order of appearance of the phenotype. 
In addition, the process of colorectal carcinogenesis is not unique, and there are probably several of these for the beginning, development, 
and progression of this type of tumour. This review shows that it is very important to further develop research on this type of cancer, as 
through deeper study we can uncover and understand its mechanisms, processes, and interrelationships in depth in order to find better and 
more specific alternatives for therapeutic targets which will allow us to optimise the treatments for this type of cancer, which is so common 
and so severe.

References

 1. Geneser F (2005) Histología 3era ed Editorial Médica Panamericana 

 2. Gloeckler Ries LA et al 2003) Cancer survival and incidence from the Surveillance Epidemiology, and End Results (SEER)  
program Oncologist 8(6) 541–52 DOI: 10.1634/theoncologist.8-6-541 PMID: 14657533

 3. www.cancer.org. 26/03/2014 

 4. Organización Mundial de la Salud (OMS) Cáncer Par12 L1 http://www.who.int/mediacentre/factsheets/fs297/es/ 14/02/2014 

 5. Jemal A, Siegel R, Xu J and Ward E (2010) Cancer statistics 2010 CA Cancer J Clin 60(5) 277–300 DOI: 10.3322/caac.20073 PMID: 
20610543

 6. Rocco A et al (2003) Is there a link between enviromental factors and a genetic predisposition to cancer? A lesson from a  
familial cluster of gastric cancer Eur J Cancer 39(11) 1619–1624 DOI: 10.1016/S0959-8049(03)00368-X PMID: 12855270

 7. Watson AJ and Collins PD (2011) Colon cancer: a civilization disorder Dig Dis 29(2) 222–8 DOI: 10.1159/000323926 PMID: 
21734388

 8. Rivera B et al (2011) Clinical and genetic characterization of classical forms of familial adenomatous polyposis: a Spanish 
population study Ann Oncol 22(4) 903–9 DOI: 10.1093/annonc/mdq465

 9. Rubin DC, Shaker A and Levin MS (2012) Chronic intestinal inflammation: inflammatory bowel disease and colitis-associated 
colon cancer Front Immunol 3 1–10 DOI: 10.3389/fimmu.2012.00107

 10. Oxentenko AS and Smyrk TC (2012) Interval colon cancer in a Lynch syndrome patient under annual colonoscopic surveillance: 
a case for advanced imaging techniques? BMC Gastroenterol 12 50–6 DOI: 10.1186/1471-230X-12-50 PMID: 22624972 PMCID: 
3493301

 11. Wright JD et al (2004) Synchronus ovarian metastases at the time of laparatomy for colon cancer Gynecol Oncol. 92(3) 851–5 
DOI: 10.1016/j.ygyno.2003.12.017 PMID: 14984952

 12. Banno K et al (2009) Endometrial cancer as a familial tumor: pathology and molecular carcinogenesis Curr Genomics 10(2) 
127–32 DOI: 10.2174/138920209787847069 PMID: 19794885 PMCID: 2699824

 13. Jasperson KW et al (2010) Hereditary and familial colon cancer Gastroenterology 138(6) 2044–58 DOI: 10.1053/j.gastro.2010.01.054 
PMID: 20420945 PMCID: 3057468

http://dx.doi.org/10.1634/theoncologist.8-6-541
http://www.ncbi.nlm.nih.gov/pubmed/14657533
http://www.cancer.org
http://www.who.int/mediacentre/factsheets/fs297/es/
http://dx.doi.org/10.3322/caac.20073
http://www.ncbi.nlm.nih.gov/pubmed/20610543
http://dx.doi.org/10.1016/S0959-8049(03)00368-X
http://www.ncbi.nlm.nih.gov/pubmed/12855270
http://dx.doi.org/10.1159/000323926
http://www.ncbi.nlm.nih.gov/pubmed/21734388
http://dx.doi.org/10.1093/annonc/mdq465
http://dx.doi.org/10.3389/fimmu.2012.00107
http://dx.doi.org/10.1186/1471-230X-12-50
http://www.ncbi.nlm.nih.gov/pubmed/22624972
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3493301
http://dx.doi.org/10.1016/j.ygyno.2003.12.017
http://www.ncbi.nlm.nih.gov/pubmed/14984952
http://dx.doi.org/10.2174/138920209787847069
http://www.ncbi.nlm.nih.gov/pubmed/19794885
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2699824
http://dx.doi.org/10.1053/j.gastro.2010.01.054
http://www.ncbi.nlm.nih.gov/pubmed/20420945
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3057468


Re
vi

ew

 12 www.ecancer.org

ecancer 2015, 9:520

 14. Manne U et al (2010) Development and progression of colorectal neoplasia Cancer Biomark 9(1–6) 235–65

 15. Kastrinos F and Syngal S (2011) Inherited colorectal cancer syndromes Cancer J 17(6) 405–15 DOI: 10.1097/
PPO.0b013e318237e408 PMID: 22157284 PMCID: 3240819

 16. Watson AJ and Collins PD (2011) Colon cancer: a civilization disorder Dig Dis 29(2) 222–8 DOI: 10.1159/000323926 PMID: 
21734388

 17. Lin OS (2012) Colorectal cancer screening in patients at moderately increased risk due to family history World J Gastrointest 
Oncol 4(6) 125–30 DOI: 10.4251/wjgo.v4.i6.125 PMID: 22737273 PMCID: 3382658

 18. de Campos FG et al (2010) Colorectal cancer in familial adenomatous polyposis: Are there clinical predictive factors? Cir Esp 
88(6) 390–7 DOI: 10.1016/j.ciresp.2010.05.013 PMID: 21056411

 19. Ali N and Chowdhury P (2012) Molecular signaling mechanisms of apoptosis in hereditary non-polyposis colorectal cancer 
World J Gastrointest Pathophysio 3(3) 71–9 DOI: 10.4291/wjgp.v3.i3.71

 20. Lynch HT, Smyrk T and Lynch JF (1998) Molecular genetics and clinical-pathology features of hereditary nonpolyposis colorec-
tal carcinoma (Lynch syndrome): historical journey from pedigree anecdote to molecular genetics confirmation Oncology 55(2) 
103–8 DOI: 10.1159/000011843 PMID: 9499183

 21. Chung DC and Rustgi AK (2003) The hereditary nonpolyposis colorectal cancer syndrome: genetics and clinical implications 
Ann Intern Med 138(7) 560–70 DOI: 10.7326/0003-4819-138-7-200304010-00012 PMID: 12667026

 22. Söreide K et al (2006) Microsatellite instability in colorectal cancer Br J Surg 93(4) 395–406 DOI: 10.1002/bjs.5328 PMID: 
16555243

 23. Oliveira C et al (2004) Distinct patterns of KRAS mutations in colorectal carcinomas according to germline mismatch repair 
defects and hMLH1 methylation status Hum Mol Genet 13(19) 2303–11 DOI: 10.1093/hmg/ddh238 PMID: 15294875

 24. Mecklin JP (2008) The implications of genetics in colorectal cáncer Ann Oncol 19 (Supplement 5) v87–v90 DOI: 10.1093/annonc/
mdn318

 25. Imai K and Yamamoto H (2008) Carcinogenesis and microsatellite instability: the interrelationship between genetics and epige-
netics Carcinogenesis 29(4) 673–80 DOI: 10.1093/carcin/bgm228

 26. Pawlik TM, Raut CP and Rodriguez-Bigas MA (2004) Colorectal carcinogenesis: MSI-H versus MSI-L Dis Markers 20(4–5) 199–206 
DOI: 10.1155/2004/368680 PMID: 15528785 PMCID: 3839332

 27. Kinzler KW and Vogelstein B (1996) Lessons from hereditary colorectal cancer Cell 87(2) 159–70 DOI: 10.1016/S0092-
8674(00)81333-1 PMID: 8861899

 28. Boland CR et al (1998) National Cancer Institute Workshop on Microsatellite Instability for cancer detection and familial pre-
disposition: development of international criteria for the determination of microsatellite instability in colorectal cancer Cancer 
Res 58(22) 5248–57 PMID: 9823339

 29. Jass JR (2004) HNPCC and sporadic MSI-H colorectal cancer: a review of the morphological similarities and differences Fam 
Cancer 3(2) 93–100 DOI: 10.1023/B:FAME.0000039849.86008.b7 PMID: 15340259

 30. NCCN (2010) Clinical practice guidelines in oncology: colorectal cáncer screening

 31. Turcot J, Despres JP and St. Pierre F (1959) Malignant tumors of the central nervous system associated with familial polyposis 
of the colon Dis Colon Rectum 2 465–68 DOI: 10.1007/BF02616938 PMID: 13839882

 32. Hamilton SR et al (1995) The molecular basis of Turcot’s syndrome N Eng J Med 332(13) 839–47 DOI: 10.1056/
NEJM199503303321302

http://dx.doi.org/10.1097/PPO.0b013e318237e408
http://dx.doi.org/10.1097/PPO.0b013e318237e408
http://www.ncbi.nlm.nih.gov/pubmed/22157284
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3240819
http://dx.doi.org/10.1159/000323926
http://www.ncbi.nlm.nih.gov/pubmed/21734388
http://dx.doi.org/10.4251/wjgo.v4.i6.125
http://www.ncbi.nlm.nih.gov/pubmed/22737273
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3382658
http://dx.doi.org/10.1016/j.ciresp.2010.05.013
http://www.ncbi.nlm.nih.gov/pubmed/21056411
http://dx.doi.org/10.4291/wjgp.v3.i3.71
http://dx.doi.org/10.1159/000011843
http://www.ncbi.nlm.nih.gov/pubmed/9499183
http://dx.doi.org/10.7326/0003-4819-138-7-200304010-00012
http://www.ncbi.nlm.nih.gov/pubmed/12667026
http://dx.doi.org/10.1002/bjs.5328
http://www.ncbi.nlm.nih.gov/pubmed/16555243
http://dx.doi.org/10.1093/hmg/ddh238
http://www.ncbi.nlm.nih.gov/pubmed/15294875
http://dx.doi.org/10.1093/annonc/mdn318
http://dx.doi.org/10.1093/annonc/mdn318
http://dx.doi.org/10.1093/carcin/bgm228
http://dx.doi.org/10.1155/2004/368680
http://www.ncbi.nlm.nih.gov/pubmed/15528785
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3839332
http://dx.doi.org/10.1016/S0092-8674(00)81333-1
http://dx.doi.org/10.1016/S0092-8674(00)81333-1
http://www.ncbi.nlm.nih.gov/pubmed/8861899
http://www.ncbi.nlm.nih.gov/pubmed/9823339
http://dx.doi.org/10.1023/B:FAME.0000039849.86008.b7
http://www.ncbi.nlm.nih.gov/pubmed/15340259
http://dx.doi.org/10.1007/BF02616938
http://www.ncbi.nlm.nih.gov/pubmed/13839882
http://dx.doi.org/10.1056/NEJM199503303321302
http://dx.doi.org/10.1056/NEJM199503303321302


Re
vi

ew

 13 www.ecancer.org

ecancer 2015, 9:520

 33. Itoh H and Ohsato K (1985) Turcot syndrome and its characteristic colonic manifestations Dig Dis Sci 28(6) 399–402

34. Ponti G and Ponz de Leon M (2005) Muir-Torre syndrome Lancet Oncol 6(12) 980–7 DOI: 10.1016/S1470-2045(05)70465-4 PMID: 
16321766

 35. Mangold E et al (2004) A genotype-phenotype correlation in HNPCC: strong predominance of msh2 mutations in 41 patients 
with Muir-Torre syndrome J Med Genet 41(7) 567–72 DOI: 10.1136/jmg.2003.012997 PMID: 15235030 PMCID: 1735835

 36. Murphy HR et al (2008) Muir-Torre Syndrome: expanding the genotype and phenotype-a further family with a MSH6 mutation 
Fam Cancer 7(3) 255–7 DOI: 10.1007/s10689-008-9183-y PMID: 18236172

 37. Ponti G et al (2005) Attenuated familial adenomatous polyposis and Muir-Torre syndrome linked to compound biallelic consti-
tutional MYH gene mutations Clin Genet 68(5) 442–7 DOI: 10.1111/j.1399-0004.2005.00519.x PMID: 16207212

 38. Merchea A et al (2012) Clinical features and oncologic outcomes in patients with rectal cancer and ulcerative colitis: a single-
institution experience Dis Colon Rectum 55(8) 881–5 DOI: 10.1097/DCR.0b013e31825bf779 PMID: 22810474

 39. Mattar MC et al (2011) Current management of inflammatory bowel disease and colorectal cancer Gastrointest Cancer Res 4(2) 
53–61 PMID: 21673876 PMCID: 3109885

 40. Church JM (2004) Clinical significance of small colorectal polyps Dis Colon Rectum 47(4) 481–5 DOI: 10.1007/s10350-003-0078-6 
PMID: 14994108

 41. Vormbrock K and Mönkemüller K (2012) Difficult colon polypectomy World J Gastrointest Endosc 4(7) 269–80 DOI: 10.4253/wjge.
v4.i7.269 PMID: 22816006 PMCID: 3399004

 42. Schreiner MA, Weiss DG and Lieberman DA (2010) Proximal and large hyperplastic and nondysplastic serrated polyps detected 
by colonoscopy are associated with neoplasia Gastroenterology 139(5) 1497–502 DOI: 10.1053/j.gastro.2010.06.074 PMID: 
20633561

 43. Worthley DL and Leggett BA (2010) Colorectal cancer: molecular features and clinical opportunities Clin Biochem Rev 31(2) 31–8 
PMID: 20498827 PMCID: 2874430

 44. Fearon ER and Vogelstein B (1990) A genetic model for colorectal tumorigenesis Cell 61(5) 759–67 DOI: 10.1016/0092-8674-
(90)90186-I PMID: 2188735

 45. Llor X et al (2005) Differential features of colorectal cancers fulfilling Amsterdam criteria without involvement of the mutator 
pathway Clin Cancer Res 11(20) 7304–10 DOI: 10.1158/1078-0432.CCR-05-0965 PMID: 16243801

 46. Pino MS and Chung DC (2010) The chromosomal instability pathway in colon cancer Gastroenterology 138(6) 2059–72 DOI: 
10.1053/j.gastro.2009.12.065 PMID: 20420946 PMCID: 4243705

 47. Lustig B and Behrens J (2003) The Wnt signaling pathway and its role in tumor development J Cancer Res Clin Oncol 129(4) 
199–221 PMID: 12707770

 48. Laurent-Puig P, Agostini J and Maley K (2010) Colorectal oncogenesis Bull Cancer 97 1311–21 PMID: 21115420

 49. Arrington AK et al (2012) Prognostic and predictive roles of KRAS mutation in colorectal cancer Int J Mol Sci 13(10) 12153–68 
DOI: 10.3390/ijms131012153 PMID: 23202889 PMCID: 3497263

 50. Mehlen P and Fearon ER (2004) Role of the dependence receptor DCC in colorectal cancer pathogenesis J Clin Oncol 22(16) 
3420–8 DOI: 10.1200/JCO.2004.02.019 PMID: 15310786

 51. Nagothu KK et al (2003) Folic acid mediated attenuation of loss heterozygosity of DCC tumor suppresor gene in the colonic 
mucosa of patients with colorectal adenomas Cancer Detect Prev 27(4) 297–304 DOI: 10.1016/S0361-090X(03)00100-4 PMID: 
12893078

http://dx.doi.org/10.1016/S1470-2045(05)70465-4
http://www.ncbi.nlm.nih.gov/pubmed/16321766
http://dx.doi.org/10.1136/jmg.2003.012997
http://www.ncbi.nlm.nih.gov/pubmed/15235030
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1735835
http://dx.doi.org/10.1007/s10689-008-9183-y
http://www.ncbi.nlm.nih.gov/pubmed/18236172
http://dx.doi.org/10.1111/j.1399-0004.2005.00519.x
http://www.ncbi.nlm.nih.gov/pubmed/16207212
http://dx.doi.org/10.1097/DCR.0b013e31825bf779
http://www.ncbi.nlm.nih.gov/pubmed/22810474
http://www.ncbi.nlm.nih.gov/pubmed/21673876
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3109885
http://dx.doi.org/10.1007/s10350-003-0078-6
http://www.ncbi.nlm.nih.gov/pubmed/14994108
http://dx.doi.org/10.4253/wjge.v4.i7.269
http://dx.doi.org/10.4253/wjge.v4.i7.269
http://www.ncbi.nlm.nih.gov/pubmed/22816006
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3399004
http://dx.doi.org/10.1053/j.gastro.2010.06.074
http://www.ncbi.nlm.nih.gov/pubmed/20633561
http://www.ncbi.nlm.nih.gov/pubmed/20498827
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2874430
http://dx.doi.org/10.1016/0092-8674(90)90186-I
http://dx.doi.org/10.1016/0092-8674(90)90186-I
http://www.ncbi.nlm.nih.gov/pubmed/2188735
http://dx.doi.org/10.1158/1078-0432.CCR-05-0965
http://www.ncbi.nlm.nih.gov/pubmed/16243801
http://dx.doi.org/10.1053/j.gastro.2009.12.065
http://www.ncbi.nlm.nih.gov/pubmed/20420946
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4243705
http://www.ncbi.nlm.nih.gov/pubmed/12707770
http://www.ncbi.nlm.nih.gov/pubmed/21115420
http://dx.doi.org/10.3390/ijms131012153
http://www.ncbi.nlm.nih.gov/pubmed/23202889
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3497263
http://dx.doi.org/10.1200/JCO.2004.02.019
http://www.ncbi.nlm.nih.gov/pubmed/15310786
http://dx.doi.org/10.1016/S0361-090X(03)00100-4
http://www.ncbi.nlm.nih.gov/pubmed/12893078


Re
vi

ew

 14 www.ecancer.org

ecancer 2015, 9:520

 52. Klingelhutz AJ et al (1995) The DDC gene suppresses the malignant phenotype of transformed human epithelial cells Oncogene 
10 1581–6 PMID: 7731713

 53. Volgeisten B, Lane D and Levine A (2000) Surfing the p53 network Nature 408(6810) 307–10 DOI: 10.1038/35042675

 54. Chang F, Syrjanen S and Tervahauta A (1993) Tumorigenesis associated with the p53 tumour suppressor gene Br J Cancer 68(4) 
653–61 DOI: 10.1038/bjc.1993.404 PMID: 8398688 PMCID: 1968607

 55. Naccarati A et al (2012) Mutations and polymorphisms in TP53 gene an overview on the role in colorectal cancer Mutagenesis 
27(2) 211–8 DOI: 10.1093/mutage/ger067 PMID: 22294769

 56. Al-Tassan N et al (2002) Inherited variants of MYH associated with somatic G:C–>T:A mutations in colorectal tumors Nat Genet 
30(2) 227–32 DOI: 10.1038/ng828 PMID: 11818965

 57. Slattery ML, Lundgreen A and Wolff RK (2012) MAP kinase genes and colon and rectal cancer Carcinogenesis 33(12) 2398–408 
DOI: 10.1093/carcin/bgs305 PMID: 23027623 PMCID: 3510742

 58. de Miranda NF et al (2012) Role of the microenvironment in the tumourigenesis of microsatellite unstable and MUTYH- 
associated polyposis colorectal cancers Mutagenesis 27(2) 247–53 DOI: 10.1093/mutage/ger077 PMID: 22294774

 59. Fostira F et al (2010) Mutational spectrum of APC and genotype-phenotype correlations in Greek FAP patients BMC Cancer 10 
389–92 DOI: 10.1186/1471-2407-10-389 PMID: 20649969 PMCID: 2918579

 60. Boland CR and Goel A (2010) Microsatellite instability in colorectal Cancer 138(6) 2073–87

 61. Loeb LA (1998) Cancer cells exhibit a mutator phenotype Adv Cancer Res 72 25–56 DOI: 10.1016/S0065-230X(08)60699-5

 62. Rampino N et al (1997) Somatic frameshift mutations in the BAX gene in colon cancers of the microsatellite mutator phenotype 
Science 275(5302) 967–9 DOI: 10.1126/science.275.5302.967 PMID: 9020077

 63. Schwar S et al (1999) Frameshift mutations at mononucleotide repeats in caspase-5 and other target genes in endometrial and 
gastrointestinal cancer of the microsatellite mutator phenotype Cancer Res 59(12) 2995–3002

 64. Markowitz S et al (1995) Inactivation of the type II TGF-beta receptor in colon cancer cells with microsatellite instability Science 
268(5215) 1336–8 DOI: 10.1126/science.7761852 PMID: 7761852

 65. Thorstensen L et al (2001) WNT1 inducible signaling pathway protein 3, WISP-3, a novel target gene in colorectal carcinomas 
with microsatellite instability Gastroenterology 121(6) 1275–80 DOI: 10.1053/gast.2001.29570 PMID: 11729105

 66. Li GM (2008) Mechanisms and functions of DNA mismatch repair Cell Res 18(1) 85–98 DOI: 10.1038/cr.2007.115

 67. Kondo Y and Issa JP (2004) Epigenetic changes in colorectal cancer Cancer Metastasis Rev 23(1–2) 29–39 DOI: 10.1023/
A:1025806911782 PMID: 15000147

 68. Dahlin AM et al (2010) The role of the CpG island methylator phenotype in colorectal cancer prognosis depends on microsatel-
lite instability screening status Clin Cancer Res 16(6) 1845–55 DOI: 10.1158/1078-0432.CCR-09-2594 PMID: 20197478

 69. Simmer F et al (2012) Comparative genome-wide DNA methylation analysis of colorectal tumor and matched normal tissues 
Epigenetics 7(12) 1355–67 DOI: 10.4161/epi.22562 PMID: 23079744 PMCID: 3528691

 70. Ho AS, Turcan S and Chan TA (2013) Epigenetic therapy: use of agents targeting deacetylation and methylation in cancer man-
agement Onco Targets Ther 6 223–32 PMID: 23569385 PMCID: 3615839

 71. Mo ML et al (2013) Inhibition of the Wnt palmitoyltransferase porcupine suppresses cell growth and downregulates the Wnt/ 
β-catenin pathway in gastric cancer Oncol Lett 5(5) 1719–23 PMID: 23761839 PMCID: 3678880

 72. Manzano A and Pérez-Segura P (2012) Colorectal cáncer chemoprevention: is this the future of colorectal cancer prevention? 
Scientific World Journal DOI: 10.1100/2012/327341

http://www.ncbi.nlm.nih.gov/pubmed/7731713
http://dx.doi.org/10.1038/35042675
http://dx.doi.org/10.1038/bjc.1993.404
http://www.ncbi.nlm.nih.gov/pubmed/8398688
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1968607
http://dx.doi.org/10.1093/mutage/ger067
http://www.ncbi.nlm.nih.gov/pubmed/22294769
http://dx.doi.org/10.1038/ng828
http://www.ncbi.nlm.nih.gov/pubmed/11818965
http://dx.doi.org/10.1093/carcin/bgs305
http://www.ncbi.nlm.nih.gov/pubmed/23027623
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3510742
http://dx.doi.org/10.1093/mutage/ger077
http://www.ncbi.nlm.nih.gov/pubmed/22294774
http://dx.doi.org/10.1186/1471-2407-10-389
http://www.ncbi.nlm.nih.gov/pubmed/20649969
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2918579
http://dx.doi.org/10.1016/S0065-230X(08)60699-5
http://dx.doi.org/10.1126/science.275.5302.967
http://www.ncbi.nlm.nih.gov/pubmed/9020077
http://dx.doi.org/10.1126/science.7761852
http://www.ncbi.nlm.nih.gov/pubmed/7761852
http://dx.doi.org/10.1053/gast.2001.29570
http://www.ncbi.nlm.nih.gov/pubmed/11729105
http://dx.doi.org/10.1038/cr.2007.115
http://dx.doi.org/10.1023/A:1025806911782
http://dx.doi.org/10.1023/A:1025806911782
http://www.ncbi.nlm.nih.gov/pubmed/15000147
http://dx.doi.org/10.1158/1078-0432.CCR-09-2594
http://www.ncbi.nlm.nih.gov/pubmed/20197478
http://dx.doi.org/10.4161/epi.22562
http://www.ncbi.nlm.nih.gov/pubmed/23079744
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3528691
http://www.ncbi.nlm.nih.gov/pubmed/23569385
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3615839
http://www.ncbi.nlm.nih.gov/pubmed/23761839
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3678880
http://dx.doi.org/10.1100/2012/327341


Re
vi

ew

 15 www.ecancer.org

ecancer 2015, 9:520

 73. Vaish V et al (2014) Sulindac and Celecoxib regulate cell cycle progression by p53/p21 up regulation to induce apoptosis  
during initial stages of experimental colorectal cancer Cell Biochem Biophys 68(2) 301–19 DOI: 10.1007/s12013-013-9711-8

 74. Lee HJ et al (2009) Identification of tripeptides recognized by the PDZ domain of Dishevelled Bioorg Med Chem 17(4) 1701–8 
DOI: 10.1016/j.bmc.2008.12.060 PMID: 19157887 PMCID: 2713185

 75. Fujii N et al (2007) An antagonist of dishevelled protein-protein interaction suppresses beta-catenin-dependent tumor cell 
growth Cancer Res 67(2) 573–9 DOI: 10.1158/0008-5472.CAN-06-2726 PMID: 17234765

 76. Fetahu IS, Höbaus J and Kállay E (2014) Vitamin D and the epigenome Front Physiol 5 164 DOI: 10.3389/fphys.2014.00164 PMID: 
24808866 PMCID: 4010791

 77. Beggs AD et al (2013) Whole-genome methylation analysis of benign and malignant colorectal tumours Pathol 229(5) 697–704 
DOI: 10.1002/path.4132

 78. Potter JD (1999) Colorectal cancer: molecules and populations J Natl Cancer Inst 91(11) 916–932 DOI: 10.1093/jnci/91.11.916 
PMID: 10359544

 79. Giles RH, van Es JH and Clevers H (2003) Caught up in a Wnt storm: Wnt signaling in cancer Biochim Biophys Acta 1653(1) 1–24 
PMID: 12781368

 80. Scholer-Dahirel A, Schlabach MR and Loo A, et al (2011) Maintenance of adenomatous polyposis coli (APC) -mutant colorectal 
cancer is dependent on Wnt/beta-catenin signaling Proc Natl Acad Sci U S A 108(41) 17135–40 DOI: 10.1073/pnas.1104182108 
PMID: 21949247 PMCID: 3193196

 81. Yuan P, Sun MH, and Zhang JS et al APC and K-ras gene mutation in aberrant crypt foci of human colon World J Gastroenterol 
7(3) 352–26 PMID: 11819789

 82. Huelsken J and Birchmeir W (2001) New aspects of Wnt signaling pathways in higher vertebrates Curr Opin Genet Dev 11(5) 
547–53 DOI: 10.1016/S0959-437X(00)00231-8 PMID: 11532397

 83. Døsen G et al (2006) Wnt expression and canonical Wnt signaling in human bone marrow B lymphopoiesis BMC Immmunol 7 
13 DOI: 10.1186/1471-2172-7-13

 84. de la Puente P et al (2014) Molecularly targeted therapies in multiple myeloma Leuk Res Treatmen DOI: 10.1155/2014/976567

 85. Takebe N et al (2011) Targeting cancer stem cells by inhibiting Wnt, Notch, and Hedgehog pathways Nat Rev Clin Oncol 8(2) 
97–106 DOI: 10.1038/nrclinonc.2010.196

 86. Mikhail S and Zeidan A (2014) Stem cells in gastrointestinal cancers: The road less travelled World J Stem Cells 6(5) 606–13 DOI: 
10.4252/wjsc.v6.i5.606 PMID: 25426257 PMCID: 4178260

 87. Luo J et al (2007) Wnt signaling and human diseases: what are the therapeutic implications? Lab Invest 87(2) 97–103 DOI: 
10.1038/labinvest.3700509 PMID: 17211410

 88. Raskov H et al (2014) Colorectal carcinogenesis-update and perspectives World J Gastroenterol 20(48) 18151–64 DOI: 10.3748/
wjg.v20.i48.18151

 89. Arvelo F and Poupon MF (2001) Aspectos Moleculares y Celulares de la Metástasis Cancerosa Acta Cient Venez 52 304–12

 90. Alexiou D et al (2001) Serum levels of E-selectins, ICAM-1 and VCAM-1 in colorectal cancer patientes: correlations with clini-
cophatological features, patients survival and tumour surgery Eur J Cancer 37 2392–7 DOI: 10.1016/S0959-8049(01)00318-5 
PMID: 11720833

 91. Wheelock MJ and Johnson KR (2003) Cadherins as modulators of Cellular phenotype Ann Rev Cell Dev Biol 19 207–35  
DOI: 10.1146/annurev.cellbio.19.011102.111135

http://dx.doi.org/10.1007/s12013-013-9711-8
http://dx.doi.org/10.1016/j.bmc.2008.12.060
http://www.ncbi.nlm.nih.gov/pubmed/19157887
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2713185
http://dx.doi.org/10.1158/0008-5472.CAN-06-2726
http://www.ncbi.nlm.nih.gov/pubmed/17234765
http://dx.doi.org/10.3389/fphys.2014.00164
http://www.ncbi.nlm.nih.gov/pubmed/24808866
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4010791
http://dx.doi.org/10.1002/path.4132
http://dx.doi.org/10.1093/jnci/91.11.916
http://www.ncbi.nlm.nih.gov/pubmed/10359544
http://www.ncbi.nlm.nih.gov/pubmed/12781368
http://dx.doi.org/10.1073/pnas.1104182108
http://www.ncbi.nlm.nih.gov/pubmed/21949247
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3193196
http://www.ncbi.nlm.nih.gov/pubmed/11819789
http://dx.doi.org/10.1016/S0959-437X(00)00231-8
http://www.ncbi.nlm.nih.gov/pubmed/11532397
http://dx.doi.org/10.1186/1471-2172-7-13
http://dx.doi.org/10.1155/2014/976567
http://dx.doi.org/10.1038/nrclinonc.2010.196
http://dx.doi.org/10.4252/wjsc.v6.i5.606
http://www.ncbi.nlm.nih.gov/pubmed/25426257
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4178260
http://dx.doi.org/10.1038/labinvest.3700509
http://www.ncbi.nlm.nih.gov/pubmed/17211410
http://dx.doi.org/10.3748/wjg.v20.i48.18151
http://dx.doi.org/10.3748/wjg.v20.i48.18151
http://dx.doi.org/10.1016/S0959-8049(01)00318-5
http://www.ncbi.nlm.nih.gov/pubmed/11720833
http://dx.doi.org/10.1146/annurev.cellbio.19.011102.111135


Re
vi

ew

 16 www.ecancer.org

ecancer 2015, 9:520

 92. Restucci B et al (2009) Expression of E-cadherin, beta-catenin and APC protein in canine colorectal tumours Anticancer Res 
29(8) 2919–25 PMID: 19661296

 93. Jiang WG (1996) E-cadherin and its associated proteins catenins, cancer invasion and metastasis Br J Surg 83(4) 437–46 DOI: 
10.1002/bjs.1800830404 PMID: 8665230

 94. Driouch K et al (1997) Loss of heterozygoty on chromosome arm 16q in breast cancer metastases Genes Chromosomes Cancer 
19(3) 185–91 PMID: 9219000

 95. El-Bahrawy MA et al (2002) The expression of E-cadherin and catenins in colorectal tumours from familial adenomatous poly-
posis patients J Pathol 198(1) 69–76 DOI: 10.1002/path.1168 PMID: 12210065

 96. Nigam AK et al (1993) Loss of cell-cell and cell-matrix adhesion molecules in colorectal cancer Br J Cancer 68(3) 507–14 DOI: 
10.1038/bjc.1993.377 PMID: 8353041 PMCID: 1968382

 97. Pierce M et al (2003) Overexpression of the Beta-catenin binding domain of cadherin selectivety kills colorectal cancer cells Int 
J Cancer 107(2) 229–37 DOI: 10.1002/ijc.11372 PMID: 12949799

 98. Davies ML et al (2007) Density-dependent location and interations of truncated APC and beta-catenin Oncogene 23(7) 1412–19 
DOI: 10.1038/sj.onc.1207266

 99. Faux MC et al (2004) Restoration of full-length adenomatous polyposis coli (APC) protein in a colon cancer cell line enhances 
cell adhesion J Cell Sci 117(Pt 3) 427–39 DOI: 10.1242/jcs.00862

 100. Half E, Bercovich D and Rozen P (2009) Familial adenomatous polyposis Orphanet J Rare Dis 4 1–23 DOI: 10.1186/1750-1172-
4-22

 101. Hartley JE et al (2004) Significance of incidental desmoids identified during surgery for familial adenomatous polyposis Dis 
Colon Rectum 47(3) 334–8 DOI: 10.1007/s10350-003-0063-0 PMID: 14991495

 102. Bonneton C, Larue L and Thiéry JP (1996) The APC gene product and colorectal carcinogenesis C R Acad Sci III 319(10) 861–9 
PMID: 8977766

 103. Rapozo DC et al (2009) Analysis of mutations in TP53, APC, K-ras, and DCC genes in the non-dysplastic mucosa of patients 
with inflammatory bowel disease Int J Colorectal Dis 24 1141–8 DOI: 10.1007/s00384-009-0748-5 PMID: 19543899

 104. Suter CM et al (2003) CpG island methylation is a common finding in colorectal cancer cell lines Br J Cancer 88(3) 413–9 DOI: 
10.1038/sj.bjc.6600699 PMID: 12569385 PMCID: 2747532

 105. Van Rijnsoever M et al (2003) CpG island methylator phenotype is an independent predictor of survival benefit from 5-flurouracil 
in stage III colorectal cancer Clin Cancer Res 9(8) 2898–903 PMID: 12912934

 106. Ishibe N and Freedman AN (2001) Understanding the interaction between environmental exposures and molecular events in 
colorectal carcinogenesis Cancer Invest 19(5) 524–39 DOI: 10.1081/CNV-100103850 PMID: 11458819

 107. Miyaki M (1998) Imprinting and colorectal cancer Nat Med 4(11) 1236–7 DOI: 10.1038/3214 PMID: 9809540

 108. Cheng YW et al (2010) Loss of imprinting and marked gene elevation are 2 forms of aberrant IGF2 expression in colorectal 
cancer Int J Cancer 127(3) 568–77 DOI: 10.1002/ijc.25086

 109. Bonasio R, Tu S and Reinberg D (2010) Molecular signals of epigenetic states Science 330 612–6 DOI: 10.1126/science.1191078 
PMID: 21030644 PMCID: 3772643

 110. Jia Y and Guo M (2013) Epigenetic changes in colorectal cancer Chin J Cancer 32(1) 21–30 DOI: 10.5732/cjc.011.10245 PMCID: 
3845587

http://www.ncbi.nlm.nih.gov/pubmed/19661296
http://dx.doi.org/10.1002/bjs.1800830404
http://www.ncbi.nlm.nih.gov/pubmed/8665230
http://www.ncbi.nlm.nih.gov/pubmed/9219000
http://dx.doi.org/10.1002/path.1168
http://www.ncbi.nlm.nih.gov/pubmed/12210065
http://dx.doi.org/10.1038/bjc.1993.377
http://www.ncbi.nlm.nih.gov/pubmed/8353041
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1968382
http://dx.doi.org/10.1002/ijc.11372
http://www.ncbi.nlm.nih.gov/pubmed/12949799
http://dx.doi.org/10.1038/sj.onc.1207266
http://dx.doi.org/10.1242/jcs.00862
http://dx.doi.org/10.1186/1750-1172-4-22
http://dx.doi.org/10.1186/1750-1172-4-22
http://dx.doi.org/10.1007/s10350-003-0063-0
http://www.ncbi.nlm.nih.gov/pubmed/14991495
http://www.ncbi.nlm.nih.gov/pubmed/8977766
http://dx.doi.org/10.1007/s00384-009-0748-5
http://www.ncbi.nlm.nih.gov/pubmed/19543899
http://dx.doi.org/10.1038/sj.bjc.6600699
http://www.ncbi.nlm.nih.gov/pubmed/12569385
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2747532
http://www.ncbi.nlm.nih.gov/pubmed/12912934
http://dx.doi.org/10.1081/CNV-100103850
http://www.ncbi.nlm.nih.gov/pubmed/11458819
http://dx.doi.org/10.1038/3214
http://www.ncbi.nlm.nih.gov/pubmed/9809540
http://dx.doi.org/10.1002/ijc.25086
http://dx.doi.org/10.1126/science.1191078
http://www.ncbi.nlm.nih.gov/pubmed/21030644
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3772643
http://dx.doi.org/10.5732/cjc.011.10245
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3845587


Re
vi

ew

 17 www.ecancer.org

ecancer 2015, 9:520

 111. Reik W and Surani MA (1989) Cancer genetics. Genomic imprinting and embryonal tumours Nature 338(6211) 112–3 DOI: 
10.1038/338112a0 PMID: 2918934

 112. Lujambio A et al (2007) Genetic unmasking of an epigenetically silenced microRNA in human cancer cells Cancer Res 67(4) 
1424–9 DOI: 10.1158/0008-5472.CAN-06-4218 PMID: 17308079

 113. Groden J et al (1991) Identification and characterization of the familial adenomatous polyposis coli gene Cell 66(3) 589–600 DOI: 
10.1016/0092-8674(81)90021-0 PMID: 1651174

 114. Sieber M, Tomlinson PI and Lamlum H (2000) The adenomatous polyposis coli (APC) tumour suppressor–genetics, function and 
disease Mol Med Today 6(12) 462–9 DOI: 10.1016/S1357-4310(00)01828-1 PMID: 11099951

 115. Joslyn G et al (1993) Dimer formation by an N-terminal coiled coil in the APC protein Proc Natl Acad Sci USA 90(23) 11109–13 
DOI: 10.1073/pnas.90.23.11109 PMID: 8248216 PMCID: 47931

 116. Fearnhead NS, Britton MP and Bodmer W (2001) The ABC of APC Hum Mol Genet 10(7) 721–33 DOI: 10.1093/hmg/10.7.721 PMID: 
11257105

 117. Sieber M, Tomlinson O and Lamlum IH (2000) The adenomatous polyposis coli (APC) tumour suppressor–genetics, function and 
disease Mol Med Today 6(12) 462–9 DOI: 10.1016/S1357-4310(00)01828-1 PMID: 11099951

 118. Su LK, Vogelstein B and Kinzler KW (1993) Association of the APC tumor suppressor protein with catenins Science 262(5140) 
1734–7 DOI: 10.1126/science.8259519 PMID: 8259519

 119. Fearnhead N, Britton MP and Bodmer W (2001) The ABC of APC Hum Mol Genet 10(7) 721–33 DOI: 10.1093/hmg/10.7.721 PMID: 
11257105

 120. Potter JD (1999) Colorectal cancer: molecules and populations J Nat Cancer Inst 91(11) 916–32 DOI: 10.1093/jnci/91.11.916 PMID: 
10359544

 121. Polakis P (1997) The adenomatous polyposis coli (APC) tumor suppressor Biochim Biophys Acta 1332(3) F127–47 PMID: 
9196022

 122. Aoki K and Taketo MM (2007) Adenomatous polyposis coli (APC): a multi-functional tumor suppressor gene J Cell Sci 120(Pt 19) 
3327–35 DOI: 10.1242/jcs.03485 PMID: 17881494

 123. Su LK and Burrell M et al (1995) APC binds to the novel protein EB1 Cancer Res 55(14) 2972–7 PMID: 7606712

 124. Sieber M, Tomlinson O and Lamlum IH (2000) The adenomatous polyposis coli (APC) tumour suppressor–genetics, function and 
disease Mol Med Today 6(12) 462–9 DOI: 10.1016/S1357-4310(00)01828-1 PMID: 11099951

 125. Lustig B and Behrens J (2003) The Wnt signaling pathway and its role in tumor development J Cancer Res Clin Oncol 129(4) 
199–221 PMID: 12707770

 126. Aoki K and Taketo M (2007) Adenomatous polyposis coli (APC): a multi-functional tumor suppressor gene J Cell Sci 120(Pt 19) 
3327–35 DOI: 10.1242/jcs.03485 PMID: 17881494

 127. Sakai E et al (2014). Methylation epigenotypes and genetic features in colorectal laterally spreading tumors Int J Cancer 135(7) 
1586–95 DOI: 10.1002/ijc.28814 PMID: 24590867

 128. Sinicrope FA et al (2015) Molecular markers identify subtypes of stage III colon cancer associated with patient outcomes  
Gastroenterology 148(1) 88–99 DOI: 10.1053/j.gastro.2014.09.041

 129. Tran B et al (2011) Impact of BRAF mutation and microsatellite instability on the pattern of metastatic spread and prognosis in 
metastatic colorectal cancer Cancer 117(20) 4623–32 DOI: 10.1002/cncr.26086 PMID: 21456008 PMCID: 4257471

http://dx.doi.org/10.1038/338112a0
http://www.ncbi.nlm.nih.gov/pubmed/2918934
http://dx.doi.org/10.1158/0008-5472.CAN-06-4218
http://www.ncbi.nlm.nih.gov/pubmed/17308079
http://dx.doi.org/10.1016/0092-8674(81)90021-0
http://www.ncbi.nlm.nih.gov/pubmed/1651174
http://dx.doi.org/10.1016/S1357-4310(00)01828-1
http://www.ncbi.nlm.nih.gov/pubmed/11099951
http://dx.doi.org/10.1073/pnas.90.23.11109
http://www.ncbi.nlm.nih.gov/pubmed/8248216
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC47931
http://dx.doi.org/10.1093/hmg/10.7.721
http://www.ncbi.nlm.nih.gov/pubmed/11257105
http://dx.doi.org/10.1016/S1357-4310(00)01828-1
http://www.ncbi.nlm.nih.gov/pubmed/11099951
http://dx.doi.org/10.1126/science.8259519
http://www.ncbi.nlm.nih.gov/pubmed/8259519
http://dx.doi.org/10.1093/hmg/10.7.721
http://www.ncbi.nlm.nih.gov/pubmed/11257105
http://dx.doi.org/10.1093/jnci/91.11.916
http://www.ncbi.nlm.nih.gov/pubmed/10359544
http://www.ncbi.nlm.nih.gov/pubmed/9196022
http://dx.doi.org/10.1242/jcs.03485
http://www.ncbi.nlm.nih.gov/pubmed/17881494
http://www.ncbi.nlm.nih.gov/pubmed/7606712
http://dx.doi.org/10.1016/S1357-4310(00)01828-1
http://www.ncbi.nlm.nih.gov/pubmed/11099951
http://www.ncbi.nlm.nih.gov/pubmed/12707770
http://dx.doi.org/10.1242/jcs.03485
http://www.ncbi.nlm.nih.gov/pubmed/17881494
http://dx.doi.org/10.1002/ijc.28814
http://www.ncbi.nlm.nih.gov/pubmed/24590867
http://dx.doi.org/10.1053/j.gastro.2014.09.041
http://dx.doi.org/10.1002/cncr.26086
http://www.ncbi.nlm.nih.gov/pubmed/21456008
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4257471


Re
vi

ew

 18 www.ecancer.org

ecancer 2015, 9:520

 130. Prahallad A et al (2012) Unresponsiveness of colon cancer to BRAF(V600E) inhibition through feedback activation of EGFR 
Nature 483(7387) 100–3 DOI: 10.1038/nature10868 PMID: 22281684

 131. Mao M et al (2012) Resistance to BRAF inhibition in BRAF-mutant colon cancer can be overcome with PI3K inhibition or dem-
ethylating agents Clin Cancer Res 19(3) 657–7 DOI: 10.1158/1078-0432.CCR-11-1446 PMID: 23251002 PMCID: 3563727

 132. Lange F et al (2014) Biological and molecular effects of small molecule kinase inhibitors on low-passage human colorectal 
cancer cell lines Biomed Res Int DOI: 10.1155/2014/568693 PMID: 25309914 PMCID: 4182691

 133. Yang H et al (2012) Antitumor activity of BRAF inhibitor vemurafenib in preclinical models of BRAF-mutant colorectal cancer 
Cancer Res 72(3) 779–89 DOI: 10.1158/0008-5472.CAN-11-2941

 134. Corcoran RB et al (2012) EGFR-mediated re-activation of MAPK signaling contributes to insensitivity of BRAF mutant colorec-
tal cancers to RAF inhibition with vemurafenib Cancer Discov 2(3) 227–35 DOI: 10.1158/2159-8290.CD-11-0341 PMID: 22448344 
PMCID: 3308191

 135. Cox AD and Der CJ (2010) Ras history: The saga continues Small GTPases 1(1) 2–27 DOI: 10.4161/sgtp.1.1.12178

 136. Ruzzo A et al (2010) Molecular predictors of efficacy to anti-EGFR agents in colorectal cancer patients Curr Cancer Drug Targets 
10(1) 68–79 DOI: 10.2174/156800910790980205 PMID: 20088793

 137. Tentler JJ et al (2010) Identification of predictive markers of response to the MEK1/2 inhibitor selumetinib (AZD6244) in  
K-ras-mutated colorectal cancer Mol Cancer Ther 9(12) 3351–62 DOI: 10.1158/1535-7163.MCT-10-0376 PMID: 20923857 PMCID: 
3931013

 138. Malumbres M and Barbacid M (2003) “RAS oncogenes: the first 30 years” Nat Rev Cancer 3(6) 459–65 DOI: 10.1038/nrc1097 PMID: 
12778136

 139. Makrodouli E et al (2011) BRAF and RAS oncogenes regulate Rho GTPase pathways to mediate migration and invasion prop-
erties in human colon cancer cells: a comparative study Mol Cancer 10 118 DOI: 10.1186/1476-4598-10-118 PMID: 21943101 
PMCID: 3189908

 140. Jancik S et al (2010) Clinical relevance of KRAS in human cancers J Biomed Biotechnol 150960 DOI: 10.1155/2010/150960 PMID: 
20617134 PMCID: 2896632

 141. Neumann J et al (2009) Frequency and type of KRAS mutations in routine diagnostic analysis of metastatic colorectal cancer 
Pathol Res Pract 205(12) 858–62 DOI: 10.1016/j.prp.2009.07.010 PMID: 19679400

 142. Health Quality Ontario (2010) KRAS testing for anti-EGFR therapy in advanced colorectal cancer: an evidence-based and eco-
nomic analysis Ont Health Technol Assess Ser 10(25) 1–49

 143. Valtorta E et al (2013) KRAS gene amplification in colorectal cancer and impact on response to EGFR-targeted therapy Int J 
Cancer 133(5) 1259–65 DOI: 10.1002/ijc.28106 PMID: 23404247

 144. Vale CL et al (2012) Does anti-EGFR therapy improve outcome in advanced colorectal cancer? A systematic review and meta-
analysis Cancer Treat Rev 38(6) 618–25 DOI: 10.1016/j.ctrv.2011.11.002

 145. Winder T et al (2009) Different types of K-Ras mutations are conversely associated with overall survival in patients with col-
orectal cancer Oncol Rep 21(5) 1283–7 DOI: 10.3892/or_00000352 PMID: 19360305

 146. Roa I et al (2013) Mutación del gen KRAS en el cáncer de colon y recto Chile Rev Med 141 1166–72 DOI: 10.4067/S0034-
98872013000900009

 147. Vincenti V et al (1996) Assignment of the vascular endothelial growth factor gene to human chromosome 6p21.3 Circulation 
93(8) 1493–5 DOI: 10.1161/01.CIR.93.8.1493 PMID: 8608615

http://dx.doi.org/10.1038/nature10868
http://www.ncbi.nlm.nih.gov/pubmed/22281684
http://dx.doi.org/10.1158/1078-0432.CCR-11-1446
http://www.ncbi.nlm.nih.gov/pubmed/23251002
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3563727
http://dx.doi.org/10.1155/2014/568693
http://www.ncbi.nlm.nih.gov/pubmed/25309914
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4182691
http://dx.doi.org/10.1158/0008-5472.CAN-11-2941
http://dx.doi.org/10.1158/2159-8290.CD-11-0341
http://www.ncbi.nlm.nih.gov/pubmed/22448344
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3308191
http://dx.doi.org/10.4161/sgtp.1.1.12178
http://dx.doi.org/10.2174/156800910790980205
http://www.ncbi.nlm.nih.gov/pubmed/20088793
http://dx.doi.org/10.1158/1535-7163.MCT-10-0376
http://www.ncbi.nlm.nih.gov/pubmed/20923857
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3931013
http://dx.doi.org/10.1038/nrc1097
http://www.ncbi.nlm.nih.gov/pubmed/12778136
http://dx.doi.org/10.1186/1476-4598-10-118
http://www.ncbi.nlm.nih.gov/pubmed/21943101
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3189908
http://dx.doi.org/10.1155/2010/150960
http://www.ncbi.nlm.nih.gov/pubmed/20617134
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2896632
http://dx.doi.org/10.1016/j.prp.2009.07.010
http://www.ncbi.nlm.nih.gov/pubmed/19679400
http://dx.doi.org/10.1002/ijc.28106
http://www.ncbi.nlm.nih.gov/pubmed/23404247
http://dx.doi.org/10.1016/j.ctrv.2011.11.002
http://dx.doi.org/10.3892/or_00000352
http://www.ncbi.nlm.nih.gov/pubmed/19360305
http://dx.doi.org/10.4067/S0034-98872013000900009
http://dx.doi.org/10.4067/S0034-98872013000900009
http://dx.doi.org/10.1161/01.CIR.93.8.1493
http://www.ncbi.nlm.nih.gov/pubmed/8608615


Re
vi

ew

 19 www.ecancer.org

ecancer 2015, 9:520

 148. Houck KA et al (1991) The vascular endothelial growth factor family: identification of a fourth molecular species and character-
ization of alternative splicing of RNA Mol Endocrinol 5(12) 1806–14 DOI: 10.1210/mend-5-12-1806 PMID: 1791831

 149. Ferrara N (1999) Molecular and biological properties of vascular endothelial growth factor J Mol Med 77(7) 527–43 DOI: 10.1007/
s001099900019 PMID: 10494799

 150. Chang WG et al (2013) Pericytes modulate endothelial sprouting Cardiovasc Res 100(3) 492–500 DOI: 10.1093/cvr/cvt215 PMID: 
24042014 PMCID: 3826704

151. Zdravkovic ND et al (2014) Potential dual immunomodulatory role of VEGF in ulcerative colitis and colorectal carcinoma Int J 
Med Sci 11(9) 936–47 DOI: 10.7150/ijms.8277 PMID: 25076849 PMCID: 4113587

 152. Abajo A et al (2012) Identification of colorectal cancer metastasis markers by an angiogenesis-related cytokine-antibody array 
World J Gastroenterol 18(7) 637–45 DOI: 10.3748/wjg.v18.i7.637 PMID: 22363134 PMCID: 3281220

 153. Arvelo F and Cotte C (2009) Hipoxia en la malignidad del cáncer Invest Clin 50(4) 529–46

 154. Choi KS et al (2003) Hypoxia-induced angiogenesis during carcinogenesis J Biochem Mol Biol 36(1) 120–7 DOI: 10.5483/
BMBRep.2003.36.1.120 PMID: 12542982

 155. Mihalache A and Rogoveanu I (2014) Angiogenesis factors involved in the pathogenesis of colorectal cancer Curr Health Sci J 
40(1) 5–11 PMID: 24791198 PMCID: 4006338

 156. Martin P et al (2014) Predicting response to vascular endothelial growth factor inhibitor and chemotherapy in metastatic col-
orectal cancer BMC Cancer 14 887 DOI: 10.1186/1471-2407-14-887 PMID: 25428203 PMCID: 4289341

 157. García-Flórez LJ et al (2014) Predictive markers of response to neoadjuvant therapy in rectal cancer J Surg Res 194(1) 120–6 pii: 
S0022–4804(14)00909-3 DOI: 10.1016/j.jss.2014.10.005 PMID: 25481527

 158. Chibaudel B et al (2012) Therapeutic strategy in unresectable metastatic colorectal cancer Ther Adv Med Oncol 4(2) 75–89 DOI: 
10.1177/1758834011431592 PMID: 22423266 PMCID: 3296081

 159. Giuliani F et al (2010) Maintenance therapy in colon cancer Cancer Treat Rev 36 Suppl 3 S42–5 DOI: 10.1016/S0305-7372(10)70019-0 
PMID: 21129609

 160. Munshi HG and Stack MS (2006) Reciprocal interactions between adhesion receptor signaling and MMP regulation Cancer 
Metastasis Rev 25(1) 45–56 DOI: 10.1007/s10555-006-7888-7 PMID: 16680571

 161. Nagase H, Visse R and Murphy G (2006) Structure and function of matrix metalloproteinases and TIMPs Cardiovasc Res 69(3) 
562–73 DOI: 10.1016/j.cardiores.2005.12.002 PMID: 16405877

 162. Sampieri CL et al (2013) Matrix metalloproteinases and their tissue inhibitors in gastric cancer as molecular markers J Cancer 
Res Ther 9(3) 356–63 DOI: 10.4103/0973-1482.119302 PMID: 24125966

 163. Zucker S and Vacirca J (2004) Role of matrix metalloproteinases (MMPs) in colorectal cancer Cancer Metastasis Rev 23(1–2) 
101–117 DOI: 10.1023/A:1025867130437 PMID: 15000152

 164. Surlin V, Ioana M and Pleşea IE (2011) Genetic patterns of metalloproteinases and their tissular inhibitors-clinicopathologic and 
prognostic significance in colorectal cancer Rom J Morphol Embryol 52(1 Suppl) 231–6 PMID: 21424059

 165. Hayashidani S et al (2003) Targeted deletion of MMP-2 attenuates early LV rupture and late remodeling after experimental  
myocardial infarction Am J Physiol Heart Circ Physiol 285(3) H1229–35 DOI: 10.1152/ajpheart.00207.2003 PMID: 12775562 

 166. Sunami E et al (2000) MMP-1 is a prognostic marker for hematogenous metastasis of colorectal cancer Oncologist 5 108–14 DOI: 
10.1634/theoncologist.5-2-108 PMID: 10794801

http://dx.doi.org/10.1210/mend-5-12-1806
http://www.ncbi.nlm.nih.gov/pubmed/1791831
http://dx.doi.org/10.1007/s001099900019
http://dx.doi.org/10.1007/s001099900019
http://www.ncbi.nlm.nih.gov/pubmed/10494799
http://dx.doi.org/10.1093/cvr/cvt215
http://www.ncbi.nlm.nih.gov/pubmed/24042014
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3826704
http://dx.doi.org/10.7150/ijms.8277
http://www.ncbi.nlm.nih.gov/pubmed/25076849
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4113587
http://dx.doi.org/10.3748/wjg.v18.i7.637
http://www.ncbi.nlm.nih.gov/pubmed/22363134
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3281220
http://dx.doi.org/10.5483/BMBRep.2003.36.1.120
http://dx.doi.org/10.5483/BMBRep.2003.36.1.120
http://www.ncbi.nlm.nih.gov/pubmed/12542982
http://www.ncbi.nlm.nih.gov/pubmed/24791198
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4006338
http://dx.doi.org/10.1186/1471-2407-14-887
http://www.ncbi.nlm.nih.gov/pubmed/25428203
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4289341
http://dx.doi.org/10.1016/j.jss.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25481527
http://dx.doi.org/10.1177/1758834011431592
http://www.ncbi.nlm.nih.gov/pubmed/22423266
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3296081
http://dx.doi.org/10.1016/S0305-7372(10)70019-0
http://www.ncbi.nlm.nih.gov/pubmed/21129609
http://dx.doi.org/10.1007/s10555-006-7888-7
http://www.ncbi.nlm.nih.gov/pubmed/16680571
http://dx.doi.org/10.1016/j.cardiores.2005.12.002
http://www.ncbi.nlm.nih.gov/pubmed/16405877
http://dx.doi.org/10.4103/0973-1482.119302
http://www.ncbi.nlm.nih.gov/pubmed/24125966
http://dx.doi.org/10.1023/A:1025867130437
http://www.ncbi.nlm.nih.gov/pubmed/15000152
http://www.ncbi.nlm.nih.gov/pubmed/21424059
http://dx.doi.org/10.1152/ajpheart.00207.2003
http://www.ncbi.nlm.nih.gov/pubmed/12775562
http://dx.doi.org/10.1634/theoncologist.5-2-108
http://www.ncbi.nlm.nih.gov/pubmed/10794801


Re
vi

ew

 20 www.ecancer.org

ecancer 2015, 9:520

 167. Leeman MF, McKay JA and Murray GI (2002) Matrix metalloproteinase 13 activity is associated with poor prognosis in colorectal 
cancer J Clin Pathol 55(10) 758–62 DOI: 10.1136/jcp.55.10.758 PMID: 12354802 PMCID: 1769766

 168. Takahashi M et al (2002) Identification of membrane-typematrix metalloproteinase-1 as a target of the beta-catenin/Tcf4  
complex in human colorectal cancers Oncogene 21(38) 5861–7 DOI: 10.1038/sj.onc.1205755 PMID: 12185585

 169. Wu B, Crampton SP and Hughes CC (2007) Wnt signaling induces matrix metalloproteinase expression and regulates T cell 
transmigration Immunity 26(2) 227–39 DOI: 10.1016/j.immuni.2006.12.007 PMID: 17306568 PMCID: 1855210

 170. Morán A et al (2002) Stromelysin-1 promoter mutations impair gelatinase B activation in high microsatellite instability sporadic 
colorectal tumors Cancer Res 62(13) 3855–60 PMID: 12097300

 171. Ougolkov AV et al (2002) Oncogenic beta-catenin and MMP-7 (matrilysin) cosegregate in late-stage clinical colon cancer Gas-
troenterology 122(1) 60–71 DOI: 10.1053/gast.2002.30306 PMID: 11781281

 172. Brabletz T et al (1999) beta-catenin regulates the expression of the matrix metalloproteinase-7 in human colorectal cancer Am 
J Pathol 155(4) 1033–8 DOI: 10.1016/S0002-9440(10)65204-2 PMID: 10514384 PMCID: 1867011

 173. Arvelo F, Cotte C and Sojo F (2014) Células Madres y Cáncer Invest Clin 55(4) 371–97

 174. Arvelo F (2002) Mitocondria and apoptosis Acta Cient Venez 53 297–306

 175. Russell C et al (2013) Colorectal cancer biomarkers and the potential role of cancer stem cells J Cancer 4(3) 241–50 DOI: 
10.7150/jca.5832

 176. Crews LA and Jamieson CH (2012) Chronic myeloid leukemia stem cell biology Curr Hematol Malig Rep 7(2) 125–132 DOI: 
10.1007/s11899-012-0121-6 PMID: 22467334 PMCID: 3342507 

 177. Dalerba P et al (2007) Phenotypic characterization of human colorectal cancer stem cells Proc Natl Acad Sci USA 104 10158–63 
DOI: 10.1073/pnas.0703478104 PMID: 17548814 PMCID: 1891215

 178. Schneider M et al (2012) Characterization of colon cancer cells: a functional approach characterizing CD133 as a potential stem 
cell marker BMC Cancer 12 96 DOI: 10.1186/1471-2407-12-96 PMID: 22433494 PMCID: 3368744

 179. Ginestier C et al (2009) Aldehyde dehydrogenase 1 is a marker for normal and malignant human colonic stem cells (SC) and 
tracks SC overpopulation during colon tumorigenesis Cancer Res 69(8) 3382–9 DOI: 10.1158/0008-5472.CAN-08-4418 PMID: 
19336570 PMCID: 2789401

 180. Vermaulen L et al (2010) Wnt activity defines colon cáncer stem cells and is regulated by the microenvironment Nat Cell Biol 
12(5) 468–76 DOI: 10.1038/ncb2048

 181. Wang Y et al (2010) The Wnt7 beta-catenin pathway is required for the development of leukemia stem cells in AML Science 
327(5973) 1650–3 DOI: 10.1126/science.1186624 PMID: 20339075 PMCID: 3084586

 182. Tang C, Ang BT and Pervaiz S (2007) Cancer stem cell: target for anti-cancer therapy FASEB J 21(14) 3777–85 DOI: 10.1096/fj.07-
8560rev PMID: 17625071

 183. Korkaya H and Wicha M (2007) Selective targeting of cancer stem cells: a new concept in cancer therapeutics BioDrugs  
21 299–310 DOI: 10.2165/00063030-200721050-00002 PMID: 17896836

 184. Saif M and Chu E (2010) Biology of colorectal cáncer Cancer J 16(3) 196–201 DOI: 10.1097/PPO.0b013e3181e076af PMID: 
20526096

http://dx.doi.org/10.1136/jcp.55.10.758
http://www.ncbi.nlm.nih.gov/pubmed/12354802
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1769766
http://dx.doi.org/10.1038/sj.onc.1205755
http://www.ncbi.nlm.nih.gov/pubmed/12185585
http://dx.doi.org/10.1016/j.immuni.2006.12.007
http://www.ncbi.nlm.nih.gov/pubmed/17306568
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1855210
http://www.ncbi.nlm.nih.gov/pubmed/12097300
http://dx.doi.org/10.1053/gast.2002.30306
http://www.ncbi.nlm.nih.gov/pubmed/11781281
http://dx.doi.org/10.1016/S0002-9440(10)65204-2
http://www.ncbi.nlm.nih.gov/pubmed/10514384
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1867011
http://dx.doi.org/10.7150/jca.5832
http://dx.doi.org/10.1007/s11899-012-0121-6
http://www.ncbi.nlm.nih.gov/pubmed/22467334
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3342507
http://dx.doi.org/10.1073/pnas.0703478104
http://www.ncbi.nlm.nih.gov/pubmed/17548814
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1891215
http://dx.doi.org/10.1186/1471-2407-12-96
http://www.ncbi.nlm.nih.gov/pubmed/22433494
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3368744
http://dx.doi.org/10.1158/0008-5472.CAN-08-4418
http://www.ncbi.nlm.nih.gov/pubmed/19336570
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2789401
http://dx.doi.org/10.1038/ncb2048
http://dx.doi.org/10.1126/science.1186624
http://www.ncbi.nlm.nih.gov/pubmed/20339075
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3084586
http://dx.doi.org/10.1096/fj.07-8560rev
http://dx.doi.org/10.1096/fj.07-8560rev
http://www.ncbi.nlm.nih.gov/pubmed/17625071
http://dx.doi.org/10.2165/00063030-200721050-00002
http://www.ncbi.nlm.nih.gov/pubmed/17896836
http://dx.doi.org/10.1097/PPO.0b013e3181e076af
http://www.ncbi.nlm.nih.gov/pubmed/20526096

