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ABSTRACT

Colorectal cancer (CRC) is the most commonly diagnosed cancer in Europe. Because CRC 
is also a major cause of cancer-related deaths worldwide, a lot of research has been 
dedicated to the discovery and development of biomarkers to improve the diagnostic 
process and to predict treatment outcomes.  Up till now only a few biomarkers are rec-
ommend by expert panels. The currently used TNM criteria, however, cause substantial 
under- and overtreatment of CRC patients. Consequently, there is a growing need for 
new and efficient biomarkers to ensure optimal treatment allocation. The ideal bio-
marker is one that can easily be introduced in clinical practice, able to identify patients 
who can be spared from treatment or capable of identifying patients who will benefit 
from therapy, ultimately resulting in precision medicine in the future. With this review 
we aimed to provide an overview of a number of frequently studied biomarkers in CRC 
and at the same time we will emphasize the difficulties and controversies that with-
hold the clinical introduction of these biomarkers. We will discuss both prognostic and 
predictive markers of chemotherapy, aspirin therapy as well as overall therapy toxicity.  
Currently, only mutant KRAS, mutant BRAF, MSI and the Oncotype DX Colon Cancer As-
say are used in clinical practice. Other biomarker studies showed insufficient evidence 
to introduce these biomarkers in clinical practice. Divergent patient selection criteria, 
absence of validation studies, and a large number of single biomarker studies are pos-
sibly responsible. We therefore advice future studies to focus on combining key markers 
rather than analyzing only one marker, standardizing study protocols and to validate the 
results in independent study cohorts followed by prospective clinical trials.
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INTRODUCTION

Colorectal cancer (CRC) is the most frequently diagnosed type of cancer in Europe and 
is one of the major contributors to cancer-related deaths worldwide 1;2. In 2008, 436.000 
new cases of CRC were diagnosed in Europe and was therefore the most frequently 
diagnosed cancer with 13.6% of all diagnosed cancers 1. Worldwide, the percentage 
of total cancer burden contributable to CRC was 9.7% with 1.23 million cases, after 
lung (1.61 million) and breast cancer (1.38 million) 3. In Europe, CRC was responsible 
for 212.000 (12.2%) deaths in 2008, representing the second most common cause of 
death by cancer after lung cancer (19.9%) 4;5. Approximately 20-25% of patients with 
CRC already have metastatic disease at the time of diagnosis and 20-25% of patients 
will develop metastases during disease progression as well, resulting in a 40-45% high 
mortality rate 4;5.

Studies aiming at optimizing the diagnostic process and treatment of this disease are 
increasing, which probably caused CRC to be one of the most studied and best charac-
terized processes of tumorigenesis. Through more biological knowledge of tumorigen-
esis in CRC, more emphasis on early detection and development of new and improved 
treatment regimens, mortality decreased with almost 5 percent over the last decade 2;6;7. 
Unfortunately, overall mortality and morbidity rates in CRC still remain high 2.

Survival of CRC patients largely depends on the disease stage at diagnosis and varies 
widely between stages. Five-year survival for stage I is 93.6%, which drops drastically 
to 8.1% for stage IV patients 8. Treatment of CRC comprises (radical) tumor resection 
and, depending on tumor stage, radio-or chemotherapy 9. Treatment choices nowadays 
are influenced by the tumor, node and metastasis (TNM) classification of the Union for 
International Cancer Control (UICC) 10. The TNM classification aims to provide an exact 
prediction system for prognosis, to guide therapy choices and to form an understand-
able and uniform ‘cancer language’ 11;12. Over the past decades, this TNM staging has 
changed continuously. In 2009, the seventh edition of the TNM stage was published, 
replacing the sixth edition from 2002 13. Regrettably, the seventh TNM edition did not 
provide greater accuracy in predicting colorectal cancer patients’ prognosis, but resulted 
in a more complex classification for daily clinical use 14.

Unfortunately, besides making tumor classification more complex over the past years, 
the TNM staging system was not able to provide the clinician with the optimal staging 
tool it was designed for. Furthermore, possible under-treatment or over-treatment of 
some patients groups might arise when using the TNM staging system for treatment 
allocation 10;15-17. Studies have shown that approximately 20% to 25% of patients with 
lymph node-negative stage II colon cancer will suffer from recurrent disease within 5 
years of follow-up 18;19. These patients, also identified as high risk-stage II patients, might 
have benefited from adjuvant therapy, which they did not receive as this was not recom-
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mended based on their defined TNM stage. Therefore, the use of TNM stage falls short 
in daily clinical practice, especially in identifying high-risk stage II patients, and needs to 
be supplemented with additional biomarkers that can improve the current staging and 
treatment allocation criteria substantially. The American Society of Clinical Oncology’s 
Tumor Markers Expert Panel (ASCO TEMP-2006), The European Group on Tumor Markers 
(EGTM-2007) and The European Society of Medical Oncology (ESMO) have all reviewed 
the clinical applicability of widely studied biomarkers 20-23. Interestingly, in spite of a 
tremendous amount of available literature on biomarkers in CRC, only a few biomarkers 
are used in daily clinical practice nowadays, like KRAS, BRAF, MSI and the Oncotype DX 
Colon Cancer Assay (Table I). A possible explanation could be that most prognostic or 
predictive biomarkers are not validated in other (large) cohorts, or because there is lack 
of consensus in performing these studies, such as different antibodies used or different 
scoring methods, which makes their results incomparable 20. Furthermore, the handling 
of tissues has been well recognized in contributing to assay variability and issues in assay 
validation 24. Previously, a five step program for the introduction of biomarkers in clinical 
practice was developed with the first step being biomarker development in a preclinical, 
exploratory setting, subsequently followed by verification of this biomarker in a large 
retrospective study, validation and finally confirmation in a prospective randomized 
controlled trial 25.

In this review we aim to give an overview of the most studied biomarkers in CRC and 
we will emphasize on some difficulties and controversies studying these biomarkers. 
The main goal is to identify key biomarkers, which might have the potential to identify 
patients who can be spared from further treatment or for whom additional treatment 
is advised (prognostic biomarkers), and to identify which patients will benefit from 
therapy (predictive biomarkers), ultimately resulting in the use of precision medicine in 
the future.

Table I: Biomarkers used in clinical practice

Biomarkers Clinical use

KRAS Identification of resistance to anti-EGFR moAB in 
metastatic CRC patients

BRAF Identification of resistance to anti-EGFR moAB in 
metastatic CRC patients
Exclusion of Lynch Syndrome

MSI Identification of Lynch Syndrome

Oncotype DX Colon Cancer Assay Inform treatment planning in stage II and II colorectal 
cancer patients

Abbreviations: MSI= Microsatellite Instability
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PROGNOSTIC BIOMARKERS IN CRC

Microsatellite instability
Most cancers of the colon and rectum display a phenomenon termed genomic instabil-
ity. There are two forms of genomic instability that reflect different genetic pathways of 
tumorigenesis.  One form, called microsatellite instability (MSI), refers to a clonal change 
in the number of repeated DNA nucleotide units in microsatellites caused by deletions 
or insertions, and appears in tumors with deficient mismatch repair (MMR) 26. The mo-
lecular phenotype of MSI was first described in CRC by an independent research group 
showing MSI as the hallmark of Lynch Syndrome, although it was not solely restricted 
to hereditary CRC 27. The biochemical basis of this phenotype can be explained by 
strand-specific mismatch repair defects and was initially linked to germline mutations 
of the mismatch repair (MMR) gene hMSH2 followed by the identification of mutations 
in another MMR gene, hMLH1. Only a short period here after, mutations in PMS2 and 
hMSH6 were found in Lynch Syndrome, completing the biological background of this 
MSI phenotype 27;28.

Currently, there are a few clinical criteria for MSI testing in CRC to select potential Lynch 
Syndrome patients to be candidates for molecular MSI testing (Bethesda Guidelines): 1: 
three or more relatives with CRC across ≥ 2 generations with one first-degree relative 
and one with a cancer age below 50 years; 2: CRC in a patient younger than 50 years of 
age; 3: synchronous or metachronous CRC regardless of age; 4: CRC with high-density 
tumor-infiltrating lymphocytes, Crohn’s-like lymphocytic reaction, mucinous/signet-
ring differentiation or medullary growth pattern, patient age ≤ 60 years; 5: CRC in ≥ one 
first-degree relative with CRC, with one cancer diagnosed in a patient with age ≤ 50 
years; and 6: CRC in ≥ two first-/second-degree relatives with CRC at any age 29;30. If there 
is a clinical suspicion of Lynch Syndrome, MSI testing with molecular screening and/
or immunohistochemistry has been recommended by the ESMO Consensus Guidelines 
for management of patients with colon and rectal cancer and has been performed in 
clinical practice as well 23.

Contrary to Lynch Syndrome, a different mechanism causes the sporadic type of MSI to 
develop in CRC. This phenotype is associated with hMLH1 promotor hypermethylation, 
resulting in lack of hMLH1 expression and subsequently loss of mismatch repair system 
function 27. If loss of hMLH1 is observed by MSI testing, somatic hypermethylation of the 
hMLH1 promotor should be considered. This sporadic type of MSI could be investigated 
through testing for a BRAF V600E mutation that is strongly associated with a sporadic 
origin or by analysis of hMLH1 promotor hypermethylation 31.

It has been shown that MSI CRC is associated with a better prognosis than non-MSI 
CRC 32-36. Therefore MSI might be introduced as a standard pathological assessment for 
patients not included in these guidelines as well. Unfortunately, results from studies 
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have been equivocal concerning the proposed survival benefit 37-41 and resulted in not 
routinely clinical testing for sporadic MSI CRC up till now. There are several reasons that 
prevent the introduction of MSI testing into standard pathological assessment. First, 
the prognostic effect of MSI is better appreciated for disease-specific survival than for 
overall survival 42. This could be explained by the better prognosis of young patients 
(<50 years) with MSI CRC, as probably more young patients are likely to have Lynch 
Syndrome 33. Including older patients with sporadic CRC, who can die of other diseases, 
might result in loss of positive prognostic effect of MSI in overall survival. Inclusion or 
exclusion of various age groups will likely influence the prognostic significance of MSI 
analysis. Nonetheless, several studies reported a favorable outcome for patients with 
MSI 37-41. Second, the survival advantage of MSI might also be the result of less distant 
metastases at diagnosis, lower prevalence of advanced stage tumors, high prevalence 
of early stages at diagnosis and for the largest part by younger Lynch Syndrome cases 43. 
In conclusion, MSI is a marker for better clinical outcome, but appears to be more pro-
nounced for Lynch Syndrome 42.

The reluctance to introduce routine testing of MSI in clinical practice is also based on 
several other factors. First, clinicians may not be aware of the criteria and conditions re-
quiring genetic screening and mutational analysis. Second, availability of a standardized 
laboratory test might not be sufficient. MSI testing in molecular pathology laboratories 
is becoming increasingly available, but requires expertise and experience in testing 
and interpretation. Nowadays, immunohistochemistry (IHC) shows high sensitivity and 
specificity in detecting MSI and could therefore offer a relatively cheap, easy to perform, 
and universally available test for MSI instead of a more complex polymerase chain reac-
tion (PCR)-based MSI test 44. Lastly, there are also socioeconomic issues to resolve, like 
ethical, legal and health care-related issues, before introducing MSI testing in clinical 
practice. Clearly, MSI has been used successfully in clinical practice for Lynch Syndrome 
diagnosis and also shows great clinical potential for routine testing of non-Lynch Syn-
drome CRCs, but first more research has to be performed on MSI in sporadic as well as 
hereditary CRC to truly understand the better clinical outcome of MSI.

KRAS
The RAS-family of oncogenes consists of three principal members, KRAS, HRAS and 
NRAS, which are all involved in tumor development 45. KRAS is a proto-oncogene en-
coding a small 21 kD guanosine triphosphate/guanosine diphosphate binding protein 
modulating cellular proliferation and differentiation 46. Active KRAS mutations are found 
in 35-42% of CRCs and are thought to occur early in CRC carcinogenesis. Almost 97% of 
all observed genetic events within KRAS are caused by seven different DNA base pair 
substitutions within codon 12 and 13 of exon 2, resulting in an amino acid substitution 
in the protein 47. KRAS mutation was associated with a significantly higher risk of recur-
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rence in the QUASAR study compared with wild-type KRAS, but not in the PETACC-3 
study 23;47. Other studies performed were also conflicting, with some finding a prognos-
tic value of mutated KRAS alone, others finding this value concomitantly with mutated 
TP53 or PIK3CA and some reporting no prognostic value of mutated KRAS at all 47-51.

Differences in KRAS mutations at codon 12 and 13 may result in different biological 
and functional consequences that could influence the prognosis of CRC 52. Initially, KRAS 
was found to be a strong prognostic factor in CRC, but this finding was later restricted 
to a codon 12 mutation, leading to a glycine to valine substitution (G12V) 53;54. Therefore, 
larger studies are required to confirm whether a specific mutation is responsible for a 
clinically relevant prognostic effect.

An important reason for the discrepancies between the studies could be the study 
design of the individual studies. Data based on prospective analysis of a homogenous 
cohort treated and followed according to the highest clinical standards, as performed 
in a registration trial, are more robust and reliable than those arising from similar sized 
meta-analyses or retrospective studies. Therefore, well-performed clinical trials should 
be used to validate results on KRAS in order to resolve discrepancies.

In conclusion, the available data contradicts each other at this moment and does not 
support standard testing for KRAS mutations in clinical practice to identify patients with 
a worse prognosis, who might require more aggressive treatment. However, in a predic-
tive setting, mutated KRAS has shown differentiation resistance to anti-EGFR monoclonal 
antibodies (135-139) and since then has been used in clinic for this purpose.

BRAF
The BRAF gene encodes a serine/threonine protein kinase belonging to the RAS-RAF-
MEK-ERK kinase pathway regulated by KRAS protein activity and involved in CRC devel-
opment 55;56. Nearly all oncogenic transformations of BRAF are the V600E mutations 57. 
A lot of studies investigated and confirmed the potential adverse prognostic impact 
of BRAF mutations 47;58-60. Yokota et al. identified BRAF as an independent prognostic 
factor for survival in a retrospective cohort of 229 patients with advanced and recur-
rent CRC. Presence of this mutation was associated with a significantly higher risk of 
cancer–related death, independent of other confounding factors 60. These findings were 
consistent with those of other recent studies using patients with both stage II and III 
disease and with studies including all stages 47;58;59;61.

The PETACC-3 and QUASAR studies showed no increased risk of relapse in stage II 
and III CRC patients, but PETACC-3 did show a worse overall survival (OS), particularly in 
patients with MSI-L or MSS tumors 34;47. Two large retrospective studies are in accordance 
with these findings 57;59. Samowitz et al. reported that the BRAF V600E mutation in MSS 
colon cancer was associated with a significantly poorer survival in stage II to IV colon 
cancer, but did not have an effect on the excellent prognosis of MSI tumors 57. Some 
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patients in these trials were treated with cetuximab after relapse. Patients with mutated 
BRAF may not have benefitted from the survival advantage offered by this agent 62;63. 
Therefore, the prognostic relevance of mutated BRAF on OS may have been overesti-
mated. However, the outcome of patients with CRC having BRAF mutations is worse than 
that of patients with wild-type BRAF CRC, independent of treatment with cetuximab 64, 
which further strengthens BRAF as a marker for a worse chance of survival.

TP53
TP53 is a tumor suppressor gene on the short arm of chromosome 17 encoding a protein 
important in regulating cell division. P53 is normally expressed in case of DNA damage, 
resulting in growth arrest and apoptosis (programmed cell death) in rapidly dividing 
cells. In this way TP53 functions as a tumor suppressor gene by aborting growth of 
potentially malignant cells 65. Mutations of the TP53 gene are detected in up to 85% of 
CRCs, usually occurring during the adenoma to adenocarcinoma transition66.  Over the 
years TP53 has been intensively studied as the genome guardian marker 67;68. The im-
munohistochemical expression may have prognostic value in patients with CRC. Higher 
expression has been shown in tumors with lymph nodal involvement and 5-year survival 
is lower for patients with positive p53 staining 69. In normal cellular conditions, synthesis 
and degradation of p53 are tightly regulated and the expression level is kept very low. In 
such conditions, p53 expression is generally not detectable by immunohistochemistry. 
Mutations in TP53 lead to disruption of normal TP53 function and  accumulation of 
mutant p53 levels that are high enough to be detected by immunohistochemistry 70. 
Lack of p53 staining with immunohistochemistry has been associated with wild-type 
TP53, indicating a functionally active TP53. On the contrary, high expression of p53 
staining was associated with mutated TP53 71.  However, there is still debate on the use 
of mutational analysis or immunohistochemistry as a reliable marker for p53 dysfunc-
tion. Lack of consensus on antibodies and scoring might possibly be responsible for 
this 72;73. Studies have shown that immunohistochemistry does not always match with 
mutation studies and that expression of mutant forms of p53 are not simply correlated 
to loss of TP53 function 70. Cripps et al. reported that approximately 33% of the CRCs 
who do not show positive immunohistochemical staining of p53 do not have a detect-
able TP53 mutation 74. Also, a scattered positive immunohistochemical staining of p53 
might represent a functionally active non-mutated TP53 gene and must therefore be 
analyzed separately 73. Most studies in the past, however, only analyzed positive stain-
ing versus negative staining 69;75-77. Recently, Nyiraneza et al. investigated the value of 
immunohistochemistry of p53 in CRC 71. In this study immunohistochemistry revealed 3 
distinct staining patterns of p53 expression; complete negative staining associated with 
truncating TP53 mutations, diffuse overexpression associated with missense TP53 muta-
tions and restricted overexpression associated with wild-type TP53. Furthermore, muta-



Biomarkers in precision therapy in colorectal cancer 151

tion analysis by Lopez et al. showed that TP53 mutations were only present in 79.6% of 
positively stained p53 tumors 70. In 30.8% of the tumors with negative p53 staining TP53 
mutations were found as well, indicating no complete correlation between immunohis-
tochemistry and mutation analysis based on RNA expression.

In summary, TP53 could not be used as a prognostic marker so far. Lack of consensus 
on antibodies and scoring methods in immunohistochemical staining, lack of correla-
tion between immunohistochemical overexpression and clinical data, and discrepancies 
between immunohistochemistry and mutation analysis, are responsible for contradict-
ing results and are therefore important reasons for not justifying the use of TP53 in 
clinical practice.

Apoptosis-related biomarkers
One of the most important hallmarks of cancer is their ability to evade programmed 
cell death or apoptosis 78. During tumor development tumor cells can be triggered 
by lymphocytes of the patient’s immune system, by accumulation of DNA damage, or 
by stress factors like growth factor deprivation, to undergo apoptosis 79;80. The actual 
apoptotic cell death machinery, the part of the pathway responsible for the execution of 
apoptosis that results in the morphologic features characteristic for apoptosis, consists 
of a very complex cascade of interacting proteins. The key components are the caspases. 
Caspase-3 is activated at a point where the intrinsic and extrinsic apoptosis induction 
pathways converge. The level of activated caspase-3 should therefore give a reliable 
measure of ongoing apoptosis 81 and is widely used in studies for detection of apoptotic 
cells. Another marker often used and specific for apoptotic epithelial cells is M30, which 
recognizes a caspase-specific cleaved product of cytokeratin-18 82.

Several publications have described the relevance of apoptosis for the clinical out-
come in CRC patients with contradicting results 82-85. Differences between these studies 
might have been caused by a different patient selection, a different method used and 
a different study design of these publications. There are also reasons to believe that 
differences exist as a result of microsatellite status of the tumor, location of the tumor 
in the bowel or biological differences between rectal and colon cancer 82-84;86. Dolcetti 
et al. reported a high frequency of apoptosis in MSI tumors 86. Jonges et al. described 
a higher expression of cleaved caspase-3 expression in right-sided tumors 84. In some 
rectal cancer studies, low expression of apoptosis was related to more local recur-
rences 82;83. In CRC, however, results were different with high expression of apoptosis 
related to more local recurrence 84. Reasons for these discrepancies are unclear. As most 
rectal cancers are MSS, microsatellite status might possibly explain these differences. 
Location of the tumor might also have an important influence on apoptosis. Recently, 
the Cancer Genome Atlas Network attempted to find biological differences between 
colon and rectal cancer, but they only found differences in the anatomical tumor site 
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with more hypermethylation in right-sided tumors, which might be explained by the 
different embryonic origins of the right-and left-sided tumors 87. Additional research 
on apoptosis, keeping the microsatellite status and the location of the tumor in mind, 
needs to be performed.

Furthermore, it might not be sufficient to study apoptosis on its own. A key factor 
in tissue homeostasis is the balance between the level of cell death and the level of 
proliferation. Two important hallmarks of tumorigenesis can cause disturbance of this 
balance; deregulation of the proliferative signaling pathway and deregulation of the 
apoptotic pathway 88;89. Michael-Robinson et al. previously reported on a cohort of 100 
colorectal cancer patients in which they determined an AI:PI ratio 90. This Apoptotic 
Index: Proliferation Index was based on M30 IHC for the apoptosis level and Ki67 IHC for 
the proliferation index. They were able to relate their AI:PI index significantly to patient 
outcome. Preliminary data from our center also showed a better prognosis for patients 
with high levels of proliferation and apoptosis, especially in right-sided tumors (Reimers 
MS, Zeestraten ECM et al., in progress). Therefore, further studies also need to be per-
formed, which will focus on apoptosis as well as proliferation.

Ki67
Proliferation is one of the most important hallmarks tumor cells must acquire for tu-
morigenesis 78. The proliferation activity of a tumor can be estimated by determining 
the expression levels of specific cell cycle-related antigens by using IHC. A widely used 
marker is the ki67 antigen, which is expressed in the nuclei during all cell cycle phases 
except during the G0  phase 91. High expression levels of ki67 have been shown to cor-
relate with patient outcome in many types of cancers, such as breast cancer, malignant 
lymphomas and astrocytomas 92;93. However, in colorectal cancer, there are discrepan-
cies in the association of ki67 with prognosis and survival 94-96. Most studies in CRC 
reported an inverse relationship between ki67 expression and patient outcome; thus 
patients with high expression of ki67 in their tumor sections showed a better chance of 
survival 76;90;94;96. Still, discrepancies exist and the reasons for these remain unclear 94;96;97. 
If we consider the balance between the level of cell death and the level of proliferation 
again as previously mentioned above, contradicting results between the different stud-
ies could be the result of differences in apoptosis in the tumor tissues, which were not 
evaluated in these ki67 studies simultaneously. High proliferation might be associated 
with survival advantages because these cells also undergo apoptosis resulting in tissue 
homeostasis. Michael-Robinson et al. showed that there was a significant correlation 
between the apoptotic index and proliferation index, indicating some degree of coordi-
nated regulation 90. However, a high ki-67 index was associated with improved survival 
in MSI tumors only and therefore microsatellite status might influence ki67 expression 
as well. Since most MSI tumors are found on the right side of the tumor, location of the 
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tumor might also influence ki67 expression 98. Other studies on ki67 did not stratify for 
microsatellite status or location of the tumor 76;94;96. In conclusion, contradicting results 
regarding ki67 expression exist. Further research should focus on combined analysis of 
proliferation and apoptosis, as a balance between these two hallmarks of cancer might 
exist. Furthermore, analyses should be stratified for microsatellite status and location of 
the tumor in order to truly understand the prognostic value of ki67.

Immune-related markers
Historically, the immune system has been attributed with an important role in control-
ling tumor growth and metastasis 99-101. Evasion of immune surveillance and suppression 
of the immune system were therefore two important traits cancer cells had to acquire 
during the process of tumorigenesis 102.  Research from the last century has indicated 
that the effects the immune system has on tumor cells, both in the tumor microenviron-
ment as well as during the process of tumor metastasis, can also contribute to tumor 
progression 103.

The first marker of tumor-immunogenicity is the level of HLA class I expression on 
cancer cells. Tumor cells can escape cytotoxic T-cell (CTL) recognition through down-
regulation or complete loss of HLA class I resulting in minimization of tumor-associated 
antigen (TAA) expression and subsequently less destruction of tumor cells by CTLs 100;101. 
HLA class I expression has been shown to be of prognostic value in several types of 
solid cancer 104;105. However, the results in CRC specifically have been contradicting 106-109. 
Downregulation of HLA class I makes tumor cells more prone to Natural Killer (NK) cell 
destruction. Non-classical HLA-E and HLA-G also play an important role in immune 
surveillance by NK cells. Presence of HLA-E and HLA-G cause an inhibitory signal to NK 
cells, resulting in further immune escape 110-112. Furthermore, immune reactivity can be-
come suppressed by the attraction of immunosuppressive regulatory T cells (Tregs) into 
the tumor microenvironment 113;114.  The immunosuppressive effect of Tregs has been 
proven, with a high density of tumor-infiltrating Treg associated with an unfavorable 
prognosis in a wide range of human carcinomas, including breast and lung cancer 115;116. 
However, in colon cancer different results are reported as well, with more Foxp3+ cells 
correlated with a better patient survival 117;118.

Microsatellite instability has been shown to be characterized by a specific immune 
response 119. Accumulation of frameshift-derived-peptides (FSP) may contribute to 
immune recognition and dense lymphocyte infiltration observed in MSI tumors 119. 
However, these tumors grow out to large tumor masses as well, possibly due to loss 
or downregulation of HLA class I, also frequently observed in these tumors 120. Further-
more, MSI tumors showed a high infiltration of Tregs 119. T cell responses in patients with 
MSI CRCs are frequently directed against selected microsatellite instability-induced FSP, 
possibly creating more immune-mediated tumor rejection 119;120. Therefore, immune 
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escape mechanisms may play a role in tumors characterized by microsatellite instability, 
and thus both features should be considered when analyzing clinical prognosis in this 
tumor type.

Besides T cells, innate immune cells orchestrate an inflammatory environment that 
might inhibit or promote CRC development and progression as well, such as macro-
phages. Macrophages are a primary source of secreted pro-inflammatory cytokines, 
which are able to influence and stimulate growth and migration of tumor cells. For 
example, IL-6 released by macrophages directly promotes CRC cell progression. Fur-
thermore, the interaction between IL-6 and IL-10 also influences CRC progression and 
prognosis by manipulating their microenvironment for tumor growth facilitation121.

The interaction between tumor cells and immune cells is complex and multifaceted. 
As shown by our previous studies in breast cancer, immune markers are related to each 
other 104;122. In our opinion, studies based solely on one immune marker are not suffi-
cient. Therefore, more studies need to be performed which focus on combining immune 
markers. Also, contradicting results from previous studies need to be studied further, 
also taking into consideration microsatellite instability.

Genomic signatures
The recognition that molecular features of cancer, including gene expression profiles, 
are connected to clinical outcome has led to the development of molecular tests 
that provide important prognostic and predictive information to aid clinical decision 
making. Genomic Health Inc (Redwood City, CA) has developed four studies in stage II 
and stage III colon cancer, involving more than 1800 patients in total, where genomic 
profiling has identified genes that are predictive of recurrence in resected colon cancer 
patients who were treated with surgery alone or surgery + 5-FU/LV chemotherapy 123. 
The results from these studies enabled the design of the 12-gene colon cancer Recur-
rence Score, which was then validated in a large, independent, prospectively designed 
study in stage II colon cancer patients from the QUASAR clinical trial. In the QUASAR 
validation study, the Oncotype DX® Colon Cancer Assay (the colon cancer Recurrence 
Score) was validated as a predictor of risk of recurrence in stage II colon cancer patients 
following surgery 124. The Recurrence Score predicted recurrence risk independently of 
pathologic T stage, tumor grade, number of nodes examined, lymphovascular invasion, 
and microsatellite status, providing information not captured by the existing markers 
used in clinical practice. The Recurrence Score thus addressed individualized recurrence 
risk information needed for optimal treatment planning in stage II colon cancer. Since 
January 2010, the Oncotype DX Colon Cancer Assay has been offered by the Genomic 
Health clinical laboratory under Clinical Laboratory Improvement Amendments (CLIA) 
standards for clinical use and is now available to support treatment planning for stage II 
and stage III colon cancer patients 125.
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Furthermore, ColoPrint also showed promising results 126. In this study a prognos-
tic 18-gene signature was identified on the basis of unbiased gene selection, searching 
the whole genome for genes that had the highest correlation to a tumor relapse event. 
The signature was validated in an independent set of 206 patients with UICC stage I–III 
colon cancer from Barcelona, Spain, and in 135 clinical samples of patients with stage II 
colon cancer from Munich, Germany, using a diagnostic microarray platform.

Prior attempts have also been made to correlate gene expression profiles with recur-
rence in stage II and III colorectal cancer 127-130. However, these studies have generally 
used fresh frozen tissues, which are less applicable in clinical practice, and have studied 
small patient cohorts and therefore lacked statistical power for convincing proof.

Genomic signatures potentially have a high prognostic value and some are already in 
use in clinical practice, like Oncotype DX. Other genomic signatures need to be validated 
first before introducing them in clinical practice, preferably using tissues from random-
ized clinical trials.

PIK3CA
Activation of the phosphatidylinositol 3-kinase (PI3K)/AKT pathway has been associated 
with the development of a number of human cancers, including CRC 131. The PIK3CA 
gene encodes the p110 alpha catalytic subunit of PI3K 132. Mutations in this gene have 
been identified in CRC, with most mutations localized in exon 9 and 20 133. Mutations 
have shown to activate the AKT-pathway, driving cell proliferation, and are present 
in 10-30% of all CRCs 134.

PIK3CA mutations were related to a worse chance of survival in CRC patients 135;136. 
However, only a mutation in exon 20 might be responsible for this worse chance of 
survival 137. Also, when stratified by KRAS status, a worse colon cancer-specific mortality 
associated with a PIK3CA mutation was only found in KRAS wild-type tumors 136.

18q Loss of Heterozygosity (LOH)
Allelic loss of 18q has been thought to occur late in the process of carcinogenesis and 
occurred in approximately 70% of CRCs. Deleted in Colon Cancer (DCC), SMAD4 and 
many other important candidate genes have been identified on 18q 134. Patients who 
harbored a 18q LOH showed a worse OS 138;139, but other studies showed contradicting 
results 140;141. Jen et al. showed that stage II and III patients with an intact 18q had a 
significantly better 5-years OS compared to patients with allelic loss of 18q, suggesting a 
prognostic role of 18q LOH 138. A meta-analysis also showed that patients with 18q allelic 
imbalance and DCC loss of expression were associated with a worse survival compared 
to patients with an intact 18q and expression of DCC 134.

Unfortunately, some studies did not account for MSI status, which seemed to influ-
ence the association of 18qLOH with survival 47;142. The prognostic effect of 18qLOH was 
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lost in multivariable analysis in these studies when accounted for MSI status. Therefore, 
the prognostic value of 18q LOH remains unclear. Validation is warranted to draw further 
conclusions.

CIMP
In the last few years, the existence of a new pathway for CRC pathogenesis has gained 
attention, which involves the transcriptional silencing of tumor suppressor genes by 
hypermethylation of CpG islands of the promoter region of various genes 143.  

These tumors are classified as having the CpG island methylator phenotype (CIMP) 144. 
One-third to one-half of all CRCs may evolve through this pathway 145. CIMP tumors with 
methylation-induced silencing of MLH1 constitute the majority of sporadic MSI CRCs 146. 

However, most CIMP-positive tumors are associated with microsatellite stability (MSS). 
These CIMP MSS tumors are comparable with MSI CRC on certain clinical and patho-

logical features, including a predilection for females, advanced age of disease onset, 
predilection for proximal colon, poor differentiation and mucinous histology 147. Jover 
et al. showed that CIMP did not influence disease free survival (DFS) and that patients 
with CIMP-positive tumors did not benefit from 5-FU-based adjuvant chemotherapy 147. 
On the contrary, CIMP positive CRCs showed a worse overall survival after surgery alone. 
However, the same study reported that CIMP positive CRCs showed a better response 
to the combination of surgery and 5-FU treatment, which could be caused by aberra-
tions in folate- or methyl group metabolisms in CIMP positive tumors 148. Taken together, 
these studies might support that CIMP could be used as a prognostic marker, but further 
research is necessary to confirm and validate these data.

Chromosomal instability (CIN)
In addition to microsatellite instability and CIMP, the chromosomal instability (CIN) 
pathway is also involved in colorectal cancer pathogenesis. Most CRCs arise through this 
pathway, which is characterized by widespread imbalances in chromosome number (an-
euploidy) and loss of heterozygosity 149. CIN is observed in 65-70% of sporadic colorectal 
cancers. Defects in chromosomal segregation, telomere stability and the DNA damage 
response have been described, but the complete mechanism of CIN remains unclear 149.

The CIN phenotype was associated with a less favorable outcome for patients com-
pared to tumors with MSI. Patients with CIN tumors showed a decreased overall and 
progression-free survival compared to patients with MSI tumors, irrespective of ethnic 
background, anatomic locations and adjuvant treatment with 5-FU 150. In large meta-
analyses the prognostic value of CIN has been established with a HR of 1.45 compared 
to CIN negative tumors 151.
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In the future, the mechanisms that initiate CIN and the relationship between CIN and 
tumor progression need to be better defined in order to implement CIN as a biomarker 
in clinical practice.

PREDICTIVE BIOMARKERS IN CRC

The predictive markers in this review are divided in therapy-related predictive markers; 
chemotherapy- and aspirin-related; and predictive markers for treatment toxicities in 
CRC patients.

Therapy-related predictive biomarkers

Microsatellite instability
In addition to the positive prognostic influence of MSI in CRC, a predictive role for 
microsatellite status has been demonstrated by using data from randomized clinical 
trials of 5-FU-based therapy versus surgery-only control 152;153. In these trials, treatment 
differed by MSI status and patients with MSI-high tumors who were treated with 5-FU-
based therapy had a trend towards a worse outcome compared with surgery-alone 
controls. In contrast, other studies reported similar outcomes for MSI-high patients with 
chemotherapy 154 or even showed a greater benefit from 5-FU-treatment 36;155;156. These 
contradictory results could be explained by the differences in study design, as these 
latest studies included patients who were not randomly assigned to 5-FU therapy versus 
control, thus allowing selection bias or other limitations inherent to nonrandomized 
studies. Also, Sinicrope et al. reported a positive reduction in disease progression rate in 
MSI CRC patients treated with 5-FU, but this was only due to the HNPCC cases 36. There-
fore, these cases need to be separated from the sporadic MSI cases in further studies.

Establishing microsatellite status could be of particular interest for stage II patients, 
where the modest therapeutic effect of 5-FU-based therapy (2-4% in 5-years DFS) 
emphasized the need for prognostic and predictive markers to risk-stratify these pa-
tients 157;158. The favorable prognosis of MSI CRC patients and the lack of benefit from 5-FU 
based therapy in patients with MSI tumors support a non-adjuvant treatment approach. 
Therefore, if we could establish the predictive value of MSI in these patients, a lot of 
patients could be spared from over-treatment, expenses, treatment-related toxicities, 
and reduced quality of life during 5-FU-treatment.

Unfortunately, patients included in the previously mentioned studies were treat-
ed 20-30 years ago in multiple countries. The current standard for adjuvant therapy in 
CRC has changed over time. The current standard for stage III CRC nowadays is infusional 
fluorouracil, leucovorin and oxaliplatin. Preliminary data suggest that adding either 
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oxaliplatin or irinotecan to 5-FU/leucovorin may overcome possible MSI resistance 
to 5-FU treatment and thus even change the predictive value of MSI 159;160. However, 
these recent data need further investigation and the available data so far do not justify 
excluding patients with stage III disease and MSI tumors from treatment according to 
current regiments.

KRAS
A randomized clinical trial conducted by the National Cancer Institute of Canada Clinical 
Trials Group (NCIG CTG) in collaboration with the Australasian Gastro-Intestinal Trials 
Group (AGITG) showed that among CRC patients who did not respond to advanced 
chemotherapy, monotherapy with cetuximab, a monoclonal antibody directed against 
the epidermal growth factor receptor (EGFR), improved their overall survival and 
progression-free survival and preserved their quality of life in comparison to best sup-
portive care alone 161. Cetuximab and panitumumab are registered for CRC patients 
whose tumors express EGFR protein as determined by immunohistochemistry. However, 
it has clearly been demonstrated that this method has no predictive value in terms of 
cetuximab activity in colorectal cancer, since there was no tendency towards a higher 
response rate with higher EGFR expression162;163. Furthermore, resistance to this treat-
ment is common and might be explained by KRAS. KRAS can acquire activating muta-
tions in exon 20 resulting in isolation of this pathway from the EGFR effect and thus 
rendering EGFR inhibitors, like cetuximab, ineffective 164-168. Indeed, previous studies 
showed the ineffectiveness of cetuximab or other EGFR inhibitors for CRC patients bear-
ing mutated KRAS 164-167. Therefore, treatment of CRC patients with cetuximab, with all 
its costs and toxicities, would be most appropriate for CRC patients bearing wild-type 
KRAS only. Furthermore, the addition of EGFR-antibodies to chemotherapy for patients 
with KRAS mutations appeared to be detrimental 169. KRAS mutation has thus emerged 
as the major negative predictor for EGFR therapy efficacy followed by clinical recom-
mendation for use of patients with wild-type KRAS tumors only 170. KRAS mutational 
testing of metastatic CRC has become a routine and is incorporated in many centers 
nowadays. However, not all patients with KRAS wild-type tumors benefit from cetuximab 
and panitumumab and the positive predictive value is low with a sensitivity of 47%. Ad-
ditional markers are necessary to better identify which patients will benefit from EGFR 
therapy. Less frequently observed KRAS mutations beyond the well-studied codons 12 
and 13, mutations in NRAS, BRAF and PIK3CA also showed that they are associated with 
resistance to anti-EGFR therapy 170.

BRAF
As written above, treatment decisions on cetuximab solely based on KRAS, with an oc-
currence of only 30-40% in nonresponsive patients 166;167;171;172, might not be adequate. 
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Therefore, the identification of additional markers of EGFR-targeted therapies in CRC is 
highly needed. Since EGFR triggers two main signaling pathways, the RAS-RAF-MAPK 
axis and the PI3K-PTEN-AKT pathway, resistance to anti-EGFR therapy could also be 
caused by other members of these pathways, like BRAF as part of the RAS-RAF-MAPK 
pathway 165. BRAF is the principal downstream effector of KRAS 173;174. Only a few stud-
ies on the relationship between BRAF and the effect of cetuximab were performed, 
both showing that BRAF mutations were related to resistance for EGFR-targeted 
therapies 62;63. Although evidence is still inadequate to demonstrate a real association 
of BRAF mutations with non-responsiveness to anti-EGFR therapy, it has been recom-
mended by the National Comprehensive Cancer Network (NCCN) for this purpose. 
Combined analysis of both KRAS and BRAF could be used to select patients eligible for 
EFGR-targeted treatment, with evident medical and economic implications. Further 
molecular markers are needed and more studies, especially a randomized controlled 
trial, need to be performed in order to confirm these results. Preliminary data suggest 
that the ineffectiveness of EGFR-targeted therapies could be restored by adding a BRAF 
inhibitor sorafenib concomitantly with cetuximab or panitumumab 63. This treatment 
combination is currently undergoing clinical assessment in CRC in a trial sponsored by 
the National Cancer Institute (NCT00326495) and might be a promising discovery, but 
also requires further investigation. In addition to sorafenib, other compounds targeting 
either BRAF  (PLX4032 and PLX4720) or its downstream effectors (ARRY-162, AZD6244, 
and PD0325901) are in clinical development and could be exploited in combination with 
EGFR-targeted therapy 175. PLX4032 is a V600 BRAF inhibitor which showed promising 
results in melanoma. However, in CRC the clinical activity was modest, with only a 5% 
response rate. On the contrary, PLX4720 caused substantial delays in tumor growth, 
including tumor regression, without toxicities176.

COX-2
Currently, the use of aspirin is gaining interest in CRC treatment. Aspirin and other 
nonsteroidal anti-inflammatory drugs (NSAIDs) have been shown to be effective in 
preventing colorectal cancer 177-179. Aspirin inhibits cyclooxygenase-2 (COX-2), which is 
expressed in 70% of colorectal tumors and increases with a more-advanced stage of the 
disease 180;181. COX-2 plays an important role in colorectal carcinogenesis, invasion, angio-
genesis, and metastasis. Several studies have shown that selective COX-2 inhibitors are 
able to reverse this COX-2 effect 182. Recent studies showed that aspirin might also play 
a role as adjuvant treatment in CRC 183;184. Chan et al. showed that regular use of aspirin 
after a CRC diagnosis is associated with a lower risk of colorectal cancer–specific and 
overall mortality, especially for individuals with tumors that overexpress COX-2 180. Also, 
the same group reported that aspirin reduced the risk of CRC exclusively  for individu-
als with elevated COX-2 expression 185. Though these findings were from observational 
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studies, they confirmed experimental data that prostaglandins and non-prostaglandin 
COX-2 products are central to the pathogenesis of CRC. They are also in accordance 
with animal studies in which genetically modified mice had defective APC-genes and 
in which rats had CRC after administration of exogenous carcinogens 186. Elevated COX-
2 expression in genetic APC deficiency was related to enhanced tumorigenesis while 
deletion of the COX-2 gene had the opposite effect 187;188. These data strongly suggest a 
central role of COX-2 in CRC and their inhibition as an effective chemopreventive mea-
sure. Unfortunately, studies investigating COX-2 expression for patients treated with 
aspirin are scarce, prompting the need for further validation of this possible biomarker.

Recent studies showed that aspirin not only influences COX-2 expression, but COX-1 
inhibition might contribute to the antitumor effects of aspirin as well, for example at 
low-dose aspirin 189. Experimental evidence also suggests additional COX independent 
actions of aspirin and other NSAIDs, like modifications of transcription factors (NFkB), 
induction of apoptosis and DNA stabilization 189.

Furthermore, aspirin use, even at low doses appropriate for cardiovascular risk man-
agement, is not without risks and roughly doubles the incidence of gastric bleeding 190. 
These drugs have been shown to enhance cardiovascular risks as well 191. Appropriate 
biomarkers are therefore needed to improve benefit/risk ratio. Since the exact mecha-
nism of aspirin is not known yet, COX-2 tumor expression is not ready to be used as a 
biomarker to select CRC patients for aspirin treatment.

PIK3CA
In addition to the effect of COX-2 expression on aspirin treatment in CRC as written 
above, a recent study showed that only CRC patients bearing a mutation in PIK3CA 
(exon 9 or exon 20) benefitted from aspirin treatment and not patients with wild-type 
PIK3CA tumors 192.

The phosphatidylinositol 3-kinase (PI3K) signaling pathway plays an important role 
in carcinogenesis 133. Mutations in PIK3CA are present in approximately 15 to 20% of 
colorectal cancers 48;193;194. Up-regulation of PI3K enhances COX-2 activity and prosta-
glandin E2 synthesis, resulting in inhibition of apoptosis in colon-cancer cells 195.  Aspirin 
may suppress cancer-cell growth and induce apoptosis by blocking the PI3K pathway 196.

Unfortunately, only one study on the role of PIK3CA mutations in aspirin treatment 
in CRC has been performed so far, which had limited statistical power as well 192. More 
studies are needed to validate these results and to unravel the therapeutic effect of 
aspirin in CRC.
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Toxicity-related predictive biomarkers

DPD deficiency
Capecitabine, 5-fluorouracil (5-FU), and tegafur all belong to the fluoropyrimidines. Fluo-
ropyrimidines are one of the most frequently used anti-cancer treatments in colorectal 
cancer with a good tolerability for most patients. However, in approximately 5-10% of 
the patients severe toxicity arises after treatment has started, which sometimes could be 
life threatening 197;198. The intolerability of fluoropyrimidines is often caused by dihydro-
pyrimidine dehydrogenase (DPD) deficiency, which is present in approximately 4% of 
the western population 199. In 80% of patients with DPD deficiency the use of fluoropy-
rimidines in standard dose resulted in severe toxicity 200. Screening for this intolerability 
could identify ‘at risk’ patients, resulting in less toxicity-related hospital admissions and 
lower medical costs. Also, treatment could be adjusted for these toxicities with lower 
doses or dose titration according to arising toxicities. Titration of the dose in DPD de-
ficient patients could significantly reduce the frequency of severe, potentially deadly 
toxicity caused by fluoropyrimidines 201.

DPD deficiency can be determined by ‘real-time’ PCR, which is a simple technique and 
only requires 1 mL of blood with a sensitivity and specificity of 100% 202. Unfortunately, 
current genotyping of DPD deficiency only detects 25-50% of all DPD deficient patients, 
as only DPYD*2A is detected so far, which has a frequency of 1-2% in the total popula-
tion 203. New mutations, which are related to fluoropyrimidine toxicity, have been identi-
fied, like DPYD 2846A>T and 1236G>A, and could be implemented in genotyping DPD 
deficiency 203;204.  In clinical practice, the lower toxicity associated with modern infusional 
or oral 5-FU based regimens make it impossible to screen the entire population for 30 
polymorphisms associated with DPD deficiency. Despite the clear effect on toxicity, the 
prognostic and predictive value remains unclear with studies reporting contradicting 
results. Possibly, clinicians responded differently on the encountered toxicities. Despite 
well investigated evidence, the pharmocogenetic basis of varied DPD activity needs 
further investigation 151.

UGT1A1 Polymorphism
Irinotecan is a topoisomerase I inhibitor that interrupts DNA replication in cancer cells, 
resulting in cell death 205;206. The irinotecan prodrug is activated by carboxylesterase to 
the active metabolite SN-38, which is 100–1000 times more cytotoxic than the parent 
drug 205. SN-38 is further catalyzed into the inactive glucuronide derivative SN-38G by 
several hepatic and extrahepatic UGT enzymes. One of the major isozymes involved in 
this catalyzation is UGT1A1 207. A decrease in the level of functional UGT1A1 enzyme 
reduces a person’s ability to metabolize SN-38 to an inactive form and is also associated 
with a higher risk of adverse side effects, like neutropenia and diarrhea caused by high 
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levels or prolonged exposure to the active form 208;209. At least 63 UGT1A1 variants have 
been described, including single base pair changes, frame shift mutations, insertions, 
and deletions in the promoter region, five exons and two introns of the gene. Most vari-
ants are associated with an absent, reduced, or inactive enzyme; one is associated with 
an increased enzyme level, and the effects of some variants are unknown 210. Although, 
several clinical trials have confirmed that patients carrying different genotypes of UG-
T1A1 had varied degrees of tolerance to irinotecan, it is still unclear whether UGT1A1 has 
any influence on treatment efficacy. Three studies investigated the impact of UGT1A1 
isoforms on treatment outcome; however, their conclusions were inconsistent 211-213. 
Many western studies have suggested that UGT1A1*28 is significantly associated with 
irinotecan-induced toxicity 214-216. In particular, patients bearing UGT1A1*28 (TA7/7) had 
a high possibility to develop severe neutropenia and diarrhea. Based on this, doctors are 
warned that patients with UGT1A1*28 (TA7/7) should start with a reduced dose of irino-
tecan, although the details on how to adjust the dose have not been specified 210. On 
the other hand, research in Asian countries has shown a lower incidence of UGT1A1*28 
(TA7/7), while UGT1A1*6 (A/A) is more often found and may replace UGT1A1*28 as a key 
regulator in UGT1A1 expression 217;218.

Palomaki et al. stated a few problems regarding the use of UGT1A1 in clinical practice; 
there seems to be a clear relationship between UGT1A1 genotype and severe neutrope-
nia, but there is no direct or indirect evidence to support the clinical utility of modifying 
an initial and/or subsequent dose of irinotecan for patients with metastatic CRC as a 
way to change the rate of adverse drug events. Also, the data on the clinical validity of 
tests for UGT1A1 variants other than *28 are limited and the analytic validity of UGT1A1 
testing in clinical practice is unknown. Laboratories offering such testing may include 
variants in addition to *28 for which little evidence is available. Furthermore, there are 
limited data on UGT1A1 variants in Hispanic and African American populations. In order 
to recommend UGT1A1 testing in clinical practice, additional studies are needed to 
understand the potential effects of alleles that are rare for Caucasians but more com-
mon for other racial/ethnic groups and studies should focus on all variants of clinical 
significance in the population 210.

DISCUSSION

Nowadays, knowledge about the process of tumorigenesis is increasing. As postulated 
by Hanahan et al. cancer cells must acquire biological capabilities during the multistep 
development of human tumors. Sustaining proliferative signaling, evading growth sup-
pressors, resisting cell death, enabling replicative immortality, inducing angiogenesis, 
activating invasion and metastasis, reprogramming of energy metabolism and evading 
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immune destruction are all hallmarks of tumorigenesis 78. Recognition of these concepts 
will increasingly affect the development of new treatment modalities in human cancer. 
Currently, recognition of these concepts has led to the identification of a lot of biomark-
ers, which might be of prognostic or predictive value in CRC.

Identifying and understanding molecular markers can improve the effectiveness of 
treatment in several ways; it may lead to the development of marker specific therapies 
and it may also improve the selection of adjuvant therapies by identifying those who 
will benefit most and therefore avoid toxic side effects for patients with the least risk 
of recurrence. The use of biomarkers might also have influence on social economical 
questions, decreasing the economic burden.

In this review we demonstrated the high potential of well-studied prognostic and 
predictive biomarkers in CRC. Only mutant KRAS, mutant BRAF, MSI and the Oncotype 
DX Colon Cancer Assay are currently used in clinical practice for determining whether 
to treat metastatic CRC patients with cetuximab or panitumumab, for the evaluation 
of Lynch syndrome and to inform treatment planning in stage II and III colon cancer 
patients. Implementation of these biomarkers, however, has been beneficial. For 
example screening for MSI resulted in increased identification of patients with Lynch 
Syndrome 219.

Unfortunately, other biomarkers are not ready to be introduced in clinical practice, 
which can be explained by several factors. Firstly, study characteristics of the individual 
investigations on biomarkers varied widely. Sometimes a marker with prognostic signifi-
cance was demonstrated, but only in a highly selected group of patients. Secondly, well-
standardized protocols to detect the biomarker were not applied for any of the markers, 
particularly IHC. Also, there seemed to be no standardized method for quantification 
of the expression level of a certain biomarker. Lack of consensus in performing studies 
may greatly influence the interpretation of the results of these studies. If studies are 
not performed according to standardized protocols, it is extremely difficult to compare 
results of the individual studies. The handling of tissues has been well recognized as 
contributing to assay variability and issues in assay validation as well 24. Some tissues are 
amenable to repeated sampling, without concern of substantial tissue heterogeneity or 
sampling issues, but often tissue-preserving methods cause damage or even destruc-
tion of tissues. New assays make great demands on the tissues , but it is impractical to 
replace the current tissue handling methods entirely. An integrated approach to the 
development and validation of integral biomarker assays might solve this problem. The 
difference between how a biospecimen is handled in a clinical setting and in a research 
setting must be reduced 24. Thirdly, none of these biomarkers are validated in larger 
cohorts or even in prospective trials. Previously, a five step program for the introduction 
of biomarkers in clinical practice was developed with the first step being biomarker 
development in a preclinical, exploratory setting, subsequently followed by verification 
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of this biomarker in a large retrospective study, validation and finally confirmation in a 
prospective randomized controlled trial 25. Unfortunately, this program has not been 
executed so far, which might explain why biomarkers are used so rarely in daily practice. 
Furthermore, most studies did not consider tumor heterogeneity, the influence of tumor 
- stromal interaction and the percentage of tumor in a sample, which also might influ-
ence results gained from molecular or immunohistochemical analyses.  Finally, using 
only one marker to predict the outcome of patients seems inappropriate, as according 
to Hanahan et al. tumor cells acquire multiple capabilities for tumorigenesis 78.  Recently, 
our group has demonstrated that patients with both presence of HLA class I expres-
sion and Treg tumor infiltration had less relapses when treated with chemotherapy 220. 
Combining markers might add more clinical value and gain more information about 
tumor aggressiveness.

In conclusion, the use of molecular markers and other biomarkers in CRC allows the 
identification of genes and biomarkers, which might predict individual prognosis and 
recurrence rate. Also, it might optimize treatment results and minimize treatment tox-
icities resulting in a decrease of economic burden and eventually the use of precision 
medicine in treating CRC patients. Only a few biomarkers are used in clinic nowadays. 
However, in order to introduce more biomarkers in clinical practice future studies need 
to consider the combination of markers, standardizing protocols and avoiding selection 
bias. Furthermore, simple, cheap, automated and standardized assays for the detection 
of molecular markers are necessary and most importantly, studies need to be validated 
in larger studies followed by prospective trials.



Biomarkers in precision therapy in colorectal cancer 165

REFERENCE LIST

 (1)  Ferlay J, Parkin DM, Steliarova-Foucher E. Estimates of cancer incidence and mortality in Europe 
in 2008. Eur J Cancer 2010; 46: 765-781.

 (2)  Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer statistics. CA Cancer J Clin 
2011; 61: 69-90.

 (3)  Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. Estimates of worldwide burden of 
cancer in 2008: GLOBOCAN 2008. Int J Cancer 2010; 127: 2893-2917.

 (4)  La Vecchia C., Bosetti C, Lucchini F et al. Cancer mortality in Europe, 2000-2004, and an overview 
of trends since 1975. Ann Oncol 2010; 21: 1323-1360.

 (5)  Malvezzi M, Arfe A, Bertuccio P, Levi F, La VC, Negri E. European cancer mortality predictions for 
the year 2011. Ann Oncol 2011; 22: 947-956.

 (6)  Jemal A, Siegel R, Ward E, Hao Y, Xu J, Thun MJ. Cancer statistics, 2009. CA Cancer J Clin 2009; 59: 
225-249.

 (7)  Jemal A, Siegel R, Xu J, Ward E. Cancer statistics, 2010. CA Cancer J Clin 2010; 60: 277-300.
 (8)  O’Connell JB, Maggard MA, Ko CY. Colon cancer survival rates with the new American Joint Com-

mittee on Cancer sixth edition staging. J Natl Cancer Inst 2004; 96: 1420-1425.
 (9)  Cunningham D, Atkin W, Lenz HJ et al. Colorectal cancer. Lancet 2010; 375: 1030-1047.
 (10)  Greene FL, Sobin LH. The staging of cancer: a retrospective and prospective appraisal. CA Cancer 

J Clin 2008; 58: 180-190.
 (11)  Gospodarowicz MK, Miller D, Groome PA, Greene FL, Logan PA, Sobin LH. The process for continu-

ous improvement of the TNM classification. Cancer 2004; 100: 1-5.
 (12)  Greene FL. TNM staging for malignancies of the digestive tract: 2003 changes and beyond. Semin 

Surg Oncol 2003; 21: 23-29.
 (13)  Sobin LH. TNM classification of malignant tumours. 7th Ed. West Sussex, England, John Wiley & Sons. 

John Wiley & Sons ed. 2009.
 (14)  Nitsche U, Maak M, Schuster T et al. Prediction of prognosis is not improved by the seventh and 

latest edition of the TNM classification for colorectal cancer in a single-center collective. Ann Surg 
2011; 254: 793-800.

 (15)  Gunderson LL, Sargent DJ, Tepper JE et al. Impact of T and N stage and treatment on survival and 
relapse in adjuvant rectal cancer: a pooled analysis. J Clin Oncol 2004; 22: 1785-1796.

 (16)  Kahlenberg MS, Sullivan JM, Witmer DD, Petrelli NJ. Molecular prognostics in colorectal cancer. 
Surg Oncol 2003; 12: 173-186.

 (17)  Kozak KR, Moody JS. The impact of T and N stage on long-term survival of rectal cancer patients 
in the community. J Surg Oncol 2008; 98: 161-166.

 (18)  Chen SL, Bilchik AJ. More extensive nodal dissection improves survival for stages I to III of colon 
cancer: a population-based study. Ann Surg 2006; 244: 602-610.

 (19)  Davies M, Arumugam PJ, Shah VI et al. The clinical significance of lymph node micrometastasis in 
stage I and stage II colorectal cancer. Clin Transl Oncol 2008; 10: 175-179.

 (20)  Duffy MJ, van DA, Haglund C et al. Clinical utility of biochemical markers in colorectal cancer: 
European Group on Tumour Markers (EGTM) guidelines. Eur J Cancer 2003; 39: 718-727.

 (21)  Duffy MJ, van DA, Haglund C et al. Tumour markers in colorectal cancer: European Group on 
Tumour Markers (EGTM) guidelines for clinical use. Eur J Cancer 2007; 43: 1348-1360.

 (22)  Locker GY, Hamilton S, Harris J et al. ASCO 2006 update of recommendations for the use of tumor 
markers in gastrointestinal cancer. J Clin Oncol 2006; 24: 5313-5327.



166 Chapter 8

 (23)  Schmoll HJ, Van CE, Stein A et al. ESMO Consensus Guidelines for management of patients with 
colon and rectal cancer. a personalized approach to clinical decision making. Ann Oncol 2012; 23: 
2479-2516.

 (24)  Hewitt SM, Badve SS, True LD. Impact of preanalytic factors on the design and application of 
integral biomarkers for directing patient therapy. Clin Cancer Res 2012; 18: 1524-1530.

 (25)  Pepe MS, Etzioni R, Feng Z et al. Phases of biomarker development for early detection of cancer. J 
Natl Cancer Inst 2001; 93: 1054-1061.

 (26)  Bolocan A, Ion D, Ciocan DN, Paduraru DN. Prognostic and predictive factors in colorectal cancer. 
Chirurgia (Bucur ) 2012; 107: 555-563.

 (27)  Markowitz SD, Bertagnolli MM. Molecular origins of cancer: Molecular basis of colorectal cancer. 
N Engl J Med 2009; 361: 2449-2460.

 (28)  Laghi L, Bianchi P, Malesci A. Differences and evolution of the methods for the assessment of 
microsatellite instability. Oncogene 2008; 27: 6313-6321.

 (29)  Umar A, Boland CR, Terdiman JP et al. Revised Bethesda Guidelines for hereditary nonpolyposis 
colorectal cancer (Lynch syndrome) and microsatellite instability. J Natl Cancer Inst 2004; 96: 261-
268.

 (30)  Vasen HF, Watson P, Mecklin JP, Lynch HT. New clinical criteria for hereditary nonpolyposis 
colorectal cancer (HNPCC, Lynch syndrome) proposed by the International Collaborative group 
on HNPCC. Gastroenterology 1999; 116: 1453-1456.

 (31)  Capper D, Voigt A, Bozukova G et al. BRAF V600E-specific immunohistochemistry for the exclu-
sion of Lynch syndrome in MSI-H colorectal cancer. Int J Cancer 2013.

 (32)  Bertagnolli MM, Redston M, Compton CC et al. Microsatellite instability and loss of heterozygosity 
at chromosomal location 18q: prospective evaluation of biomarkers for stages II and III colon 
cancer—a study of CALGB 9581 and 89803. J Clin Oncol 2011; 29: 3153-3162.

 (33)  Gryfe R, Kim H, Hsieh ET et al. Tumor microsatellite instability and clinical outcome in young 
patients with colorectal cancer. N Engl J Med 2000; 342: 69-77.

 (34)  Hutchins G, Southward K, Handley K et al. Value of mismatch repair, KRAS, and BRAF mutations in 
predicting recurrence and benefits from chemotherapy in colorectal cancer. J Clin Oncol 2011; 29: 
1261-1270.

 (35)  Popat S, Hubner R, Houlston RS. Systematic review of microsatellite instability and colorectal 
cancer prognosis. J Clin Oncol 2005; 23: 609-618.

 (36)  Sinicrope FA, Foster NR, Thibodeau SN et al. DNA mismatch repair status and colon cancer recur-
rence and survival in clinical trials of 5-fluorouracil-based adjuvant therapy. J Natl Cancer Inst 
2011; 103: 863-875.

 (37)  Benatti P, Gafa R, Barana D et al. Microsatellite instability and colorectal cancer prognosis. Clin 
Cancer Res 2005; 11: 8332-8340.

 (38)  Chang EY, Dorsey PB, Johnson N et al. A prospective analysis of microsatellite instability as a 
molecular marker in colorectal cancer. Am J Surg 2006; 191: 646-651.

 (39)  Kim GP, Colangelo LH, Wieand HS et al. Prognostic and predictive roles of high-degree microsatel-
lite instability in colon cancer: a National Cancer Institute-National Surgical Adjuvant Breast and 
Bowel Project Collaborative Study. J Clin Oncol 2007; 25: 767-772.

 (40)  Kohonen-Corish MR, Daniel JJ, Chan C et al. Low microsatellite instability is associated with poor 
prognosis in stage C colon cancer. J Clin Oncol 2005; 23: 2318-2324.

 (41)  Parc Y, Gueroult S, Mourra N et al. Prognostic significance of microsatellite instability determined 
by immunohistochemical staining of MSH2 and MLH1 in sporadic T3N0M0 colon cancer. Gut 
2004; 53: 371-375.



Biomarkers in precision therapy in colorectal cancer 167

 (42)  Guastadisegni C, Colafranceschi M, Ottini L, Dogliotti E. Microsatellite instability as a marker of 
prognosis and response to therapy: a meta-analysis of colorectal cancer survival data. Eur J Cancer 
2010; 46: 2788-2798.

 (43)  Laghi L, Malesci A. Microsatellite instability and therapeutic consequences in colorectal cancer. 
Dig Dis 2012; 30: 304-309.

 (44)  Soreide K. Molecular testing for microsatellite instability and DNA mismatch repair defects in 
hereditary and sporadic colorectal cancers—ready for prime time? Tumour Biol 2007; 28: 290-300.

 (45)  Cipriano R, Graham J, Miskimen KL et al. FAM83B mediates. J Clin Invest 2012; 122: 3197-3210.
 (46)  Schubbert S, Shannon K, Bollag G. Hyperactive Ras in developmental disorders and cancer. Nat 

Rev Cancer 2007; 7: 295-308.
 (47)  Roth AD, Tejpar S, Delorenzi M et al. Prognostic role of KRAS and BRAF in stage II and III resected 

colon cancer: results of the translational study on the PETACC-3, EORTC 40993, SAKK 60-00 trial. J 
Clin Oncol 2010; 28: 466-474.

 (48)  Barault L, Veyrie N, Jooste V et al. Mutations in the RAS-MAPK, PI(3)K (phosphatidylinositol-3-
OH kinase) signaling network correlate with poor survival in a population-based series of colon 
cancers. Int J Cancer 2008; 122: 2255-2259.

 (49)  Bazan V, Agnese V, Corsale S et al. Specific TP53 and/or Ki-ras mutations as independent predic-
tors of clinical outcome in sporadic colorectal adenocarcinomas: results of a 5-year Gruppo On-
cologico dell’Italia Meridionale (GOIM) prospective study. Ann Oncol 2005; 16 Suppl 4: iv50-iv55.

 (50)  Conlin A, Smith G, Carey FA, Wolf CR, Steele RJ. The prognostic significance of K-ras, p53, and APC 
mutations in colorectal carcinoma. Gut 2005; 54: 1283-1286.

 (51)  Gonzalez-Aguilera JJ, Oliart S, Azcoita MM, Fernandez-Peralta AM. Simultaneous mutations in 
K-ras and TP53 are indicative of poor prognosis in sporadic colorectal cancer. Am J Clin Oncol 
2004; 27: 39-45.

 (52)  Yokota T. Are KRAS/BRAF mutations potent prognostic and/or predictive biomarkers in colorectal 
cancers? Anticancer Agents Med Chem 2012; 12: 163-171.

 (53)  Andreyev HJ, Norman AR, Cunningham D, Oates JR, Clarke PA. Kirsten ras mutations in patients 
with colorectal cancer: the multicenter “RASCAL” study. J Natl Cancer Inst 1998; 90: 675-684.

 (54)  Andreyev HJ, Norman AR, Cunningham D et al. Kirsten ras mutations in patients with colorectal 
cancer: the ‘RASCAL II’ study. Br J Cancer 2001; 85: 692-696.

 (55)  Rajagopalan H, Bardelli A, Lengauer C, Kinzler KW, Vogelstein B, Velculescu VE. Tumorigenesis: 
RAF/RAS oncogenes and mismatch-repair status. Nature 2002; 418: 934.

 (56)  Davies H, Bignell GR, Cox C et al. Mutations of the BRAF gene in human cancer. Nature 2002; 417: 
949-954.

 (57)  Samowitz WS, Sweeney C, Herrick J et al. Poor survival associated with the BRAF V600E mutation 
in microsatellite-stable colon cancers. Cancer Res 2005; 65: 6063-6069.

 (58)  Farina-Sarasqueta A, van LG, Moerland E et al. The BRAF V600E mutation is an independent 
prognostic factor for survival in stage II and stage III colon cancer patients. Ann Oncol 2010; 21: 
2396-2402.

 (59)  Ogino S, Nosho K, Kirkner GJ et al. CpG island methylator phenotype, microsatellite instability, 
BRAF mutation and clinical outcome in colon cancer. Gut 2009; 58: 90-96.

 (60)  Yokota T, Ura T, Shibata N et al. BRAF mutation is a powerful prognostic factor in advanced and 
recurrent colorectal cancer. Br J Cancer 2011; 104: 856-862.

 (61)  Kakar S, Deng G, Sahai V et al. Clinicopathologic characteristics, CpG island methylator phenotype, 
and BRAF mutations in microsatellite-stable colorectal cancers without chromosomal instability. 
Arch Pathol Lab Med 2008; 132: 958-964.



168 Chapter 8

 (62)  Benvenuti S, Sartore-Bianchi A, Di NF et al. Oncogenic activation of the RAS/RAF signaling 
pathway impairs the response of metastatic colorectal cancers to anti-epidermal growth factor 
receptor antibody therapies. Cancer Res 2007; 67: 2643-2648.

 (63)  Di Nicolantonio F., Martini M, Molinari F et al. Wild-type BRAF is required for response to panitu-
mumab or cetuximab in metastatic colorectal cancer. J Clin Oncol 2008; 26: 5705-5712.

 (64)  Bokemeyer C, Van CE, Rougier P et al. Addition of cetuximab to chemotherapy as first-line treat-
ment for KRAS wild-type metastatic colorectal cancer: pooled analysis of the CRYSTAL and OPUS 
randomised clinical trials. Eur J Cancer 2012; 48: 1466-1475.

 (65)  Levine AJ. p53, the cellular gatekeeper for growth and division. Cell 1997; 88: 323-331.
 (66)  Vogelstein B, Fearon ER, Hamilton SR et al. Genetic alterations during colorectal-tumor develop-

ment. N Engl J Med 1988; 319: 525-532.
 (67)  Lengauer C, Kinzler KW, Vogelstein B. Genetic instability in colorectal cancers. Nature 1997; 386: 

623-627.
 (68)  Leslie A, Pratt NR, Gillespie K et al. Mutations of APC, K-ras, and p53 are associated with specific 

chromosomal aberrations in colorectal adenocarcinomas. Cancer Res 2003; 63: 4656-4661.
 (69)  Menezes HL, Juca MJ, Gomes EG, Nunes BL, Costa HO, Matos D. Analysis of the immunohisto-

chemical expressions of p53, bcl-2 and Ki-67 in colorectal adenocarcinoma and their correlations 
with the prognostic factors. Arq Gastroenterol 2010; 47: 141-147.

 (70)  Lopez I, Oliveira P, Tucci P, Alvarez-Valin F, Coudry A, Marin M. Different mutation profiles associ-
ated to P53 accumulation in colorectal cancer. Gene 2012; 499: 81-87.

 (71)  Nyiraneza C, Jouret-Mourin A, Kartheuser A et al. Distinctive patterns of p53 protein expression 
and microsatellite instability in human colorectal cancer. Hum Pathol 2011; 42: 1897-1910.

 (72)  Baas IO, Mulder JW, Offerhaus GJ, Vogelstein B, Hamilton SR. An evaluation of six antibodies for 
immunohistochemistry of mutant p53 gene product in archival colorectal neoplasms. J Pathol 
1994; 172: 5-12.

 (73)  Kaserer K, Schmaus J, Bethge U et al. Staining patterns of p53 immunohistochemistry and their 
biological significance in colorectal cancer. J Pathol 2000; 190: 450-456.

 (74)  Cripps KJ, Purdie CA, Carder PJ et al. A study of stabilisation of p53 protein versus point mutation 
in colorectal carcinoma. Oncogene 1994; 9: 2739-2743.

 (75)  Buglioni S, D’Agnano I, Cosimelli M et al. Evaluation of multiple bio-pathological factors in 
colorectal adenocarcinomas: independent prognostic role of p53 and bcl-2. Int J Cancer 1999; 84: 
545-552.

 (76)  Garrity MM, Burgart LJ, Mahoney MR et al. Prognostic value of proliferation, apoptosis, defective 
DNA mismatch repair, and p53 overexpression in patients with resected Dukes’ B2 or C colon 
cancer: a North Central Cancer Treatment Group Study. J Clin Oncol 2004; 22: 1572-1582.

 (77)  Kaklamanis L, Savage A, Whitehouse R et al. Bcl-2 protein expression: association with p53 and 
prognosis in colorectal cancer. Br J Cancer 1998; 77: 1864-1869.

 (78)  Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 2011; 144: 646-674.
 (79)  Collins MK, Perkins GR, Rodriguez-Tarduchy G, Nieto MA, Lopez-Rivas A. Growth factors as survival 

factors: regulation of apoptosis. Bioessays 1994; 16: 133-138.
 (80)  Hashimoto A, Hirose K, Iino M. BAD detects coincidence of G2/M phase and growth factor depri-

vation to regulate apoptosis. J Biol Chem 2005; 280: 26225-26232.
 (81)  Brown JM, Attardi LD. The role of apoptosis in cancer development and treatment response. Nat 

Rev Cancer 2005; 5: 231-237.



Biomarkers in precision therapy in colorectal cancer 169

 (82)  de Bruin EC, van de Velde CJ, van de Pas S et al. Prognostic value of apoptosis in rectal cancer 
patients of the dutch total mesorectal excision trial: radiotherapy is redundant in intrinsically 
high-apoptotic tumors. Clin Cancer Res 2006; 12: 6432-6436.

 (83)  de Heer P., de Bruin EC, Klein-Kranenbarg E et al. Caspase-3 activity predicts local recurrence in 
rectal cancer. Clin Cancer Res 2007; 13: 5810-5815.

 (84)  Jonges LE, Nagelkerke JF, Ensink NG et al. Caspase-3 activity as a prognostic factor in colorectal 
carcinoma. Lab Invest 2001; 81: 681-688.

 (85)  Schwandner O, Schiedeck TH, Bruch HP, Duchrow M, Windhoevel U, Broll R. Apoptosis in rectal 
cancer: prognostic significance in comparison with clinical histopathologic, and immunohisto-
chemical variables. Dis Colon Rectum 2000; 43: 1227-1236.

 (86)  Dolcetti R, Viel A, Doglioni C et al. High prevalence of activated intraepithelial cytotoxic T lym-
phocytes and increased neoplastic cell apoptosis in colorectal carcinomas with microsatellite 
instability. Am J Pathol 1999; 154: 1805-1813.

 (87)  Comprehensive molecular characterization of human colon and rectal cancer. Nature 2012; 487: 
330-337.

 (88)  Bedi A, Pasricha PJ, Akhtar AJ et al. Inhibition of apoptosis during development of colorectal 
cancer. Cancer Res 1995; 55: 1811-1816.

 (89)  Takano Y, Saegusa M, Ikenaga M, Mitomi H, Okayasu I. Apoptosis of colon cancer: comparison 
with Ki-67 proliferative activity and expression of p53. J Cancer Res Clin Oncol 1996; 122: 166-170.

 (90)  Michael-Robinson JM, Reid LE, Purdie DM et al. Proliferation, apoptosis, and survival in high-level 
microsatellite instability sporadic colorectal cancer. Clin Cancer Res 2001; 7: 2347-2356.

 (91)  Scopa CD, Tsamandas AC, Zolota V, Kalofonos HP, Batistatou A, Vagianos C. Potential role of bcl-2 
and ki-67 expression and apoptosis in colorectal carcinoma: a clinicopathologic study. Dig Dis Sci 
2003; 48: 1990-1997.

 (92)  Bui MH, Visapaa H, Seligson D et al. Prognostic value of carbonic anhydrase IX and KI67 as predic-
tors of survival for renal clear cell carcinoma. J Urol 2004; 171: 2461-2466.

 (93)  Kirla R, Salminen E, Huhtala S et al. Prognostic value of the expression of tumor suppressor genes 
p53, p21, p16 and prb, and Ki-67 labelling in high grade astrocytomas treated with radiotherapy. 
J Neurooncol 2000; 46: 71-80.

 (94)  Fluge O, Gravdal K, Carlsen E et al. Expression of EZH2 and Ki-67 in colorectal cancer and associa-
tions with treatment response and prognosis. Br J Cancer 2009; 101: 1282-1289.

 (95)  Kimura T, Tanaka S, Haruma K et al. Clinical significance of MUC1 and E-cadherin expression, cel-
lular proliferation, and angiogenesis at the deepest invasive portion of colorectal cancer. Int J 
Oncol 2000; 16: 55-64.

 (96)  Salminen E, Palmu S, Vahlberg T, Roberts PJ, Soderstrom KO. Increased proliferation activity mea-
sured by immunoreactive Ki67 is associated with survival improvement in rectal/recto sigmoid 
cancer. World J Gastroenterol 2005; 11: 3245-3249.

 (97)  Pollack A, DeSilvio M, Khor LY et al. Ki-67 staining is a strong predictor of distant metastasis and 
mortality for men with prostate cancer treated with radiotherapy plus androgen deprivation: 
Radiation Therapy Oncology Group Trial 92-02. J Clin Oncol 2004; 22: 2133-2140.

 (98)  Jass JR, Do KA, Simms LA et al. Morphology of sporadic colorectal cancer with DNA replication 
errors. Gut 1998; 42: 673-679.

 (99)  Halvorsen TB, Seim E. Association between invasiveness, inflammatory reaction, desmoplasia and 
survival in colorectal cancer. J Clin Pathol 1989; 42: 162-166.

 (100)  Menon AG, Janssen-van Rhijn CM, Morreau H et al. Immune system and prognosis in colorectal 
cancer: a detailed immunohistochemical analysis. Lab Invest 2004; 84: 493-501.



170 Chapter 8

 (101)  Murphy J, O’Sullivan GC, Lee G et al. The inflammatory response within Dukes’ B colorectal can-
cers: implications for progression of micrometastases and patient survival. Am J Gastroenterol 
2000; 95: 3607-3614.

 (102)  Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 2011; 144: 646-674.
 (103)  Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: integrating immunity’s roles in cancer 

suppression and promotion. Science 2011; 331: 1565-1570.
 (104)  de Kruijf EM, van Nes JG, Sajet A et al. The predictive value of HLA class I tumor cell expression and 

presence of intratumoral Tregs for chemotherapy in patients with early breast cancer. Clin Cancer 
Res 2010; 16: 1272-1280.

 (105)  Madjd Z, Spendlove I, Pinder SE, Ellis IO, Durrant LG. Total loss of MHC class I is an independent 
indicator of good prognosis in breast cancer. Int J Cancer 2005; 117: 248-255.

 (106)  Benevolo M, Mottolese M, Piperno G et al. HLA-A, -B, -C expression in colon carcinoma mimics 
that of the normal colonic mucosa and is prognostically relevant. Am J Surg Pathol 2007; 31: 76-84.

 (107)  Menon AG, Morreau H, Tollenaar RA et al. Down-regulation of HLA-A expression correlates with a 
better prognosis in colorectal cancer patients. Lab Invest 2002; 82: 1725-1733.

 (108)  Moller P, Momburg F, Koretz K et al. Influence of major histocompatibility complex class I and II 
antigens on survival in colorectal carcinoma. Cancer Res 1991; 51: 729-736.

 (109)  Watson NF, Ramage JM, Madjd Z et al. Immunosurveillance is active in colorectal cancer as down-
regulation but not complete loss of MHC class I expression correlates with a poor prognosis. Int J 
Cancer 2006; 118: 6-10.

 (110)  Cavallo F, De GC, Nanni P, Forni G, Lollini PL. 2011: the immune hallmarks of cancer. Cancer Im-
munol Immunother 2011; 60: 319-326.

 (111)  Hokland M, Kuppen PJ. Natural killer cells: from “disturbing” background to central players of 
immune responses. Mol Immunol 2005; 42: 381-383.

 (112)  Marin R, Ruiz-Cabello F, Pedrinaci S et al. Analysis of HLA-E expression in human tumors. Immuno-
genetics 2003; 54: 767-775.

 (113)  Nosho K, Baba Y, Tanaka N et al. Tumour-infiltrating T-cell subsets, molecular changes in colorectal 
cancer, and prognosis: cohort study and literature review. J Pathol 2010; 222: 350-366.

 (114)  Zitvogel L, Tesniere A, Kroemer G. Cancer despite immunosurveillance: immunoselection and 
immunosubversion. Nat Rev Immunol 2006; 6: 715-727.

 (115)  Bates GJ, Fox SB, Han C et al. Quantification of regulatory T cells enables the identification of 
high-risk breast cancer patients and those at risk of late relapse. J Clin Oncol 2006; 24: 5373-5380.

 (116)  Petersen RP, Campa MJ, Sperlazza J et al. Tumor infiltrating Foxp3+ regulatory T-cells are associ-
ated with recurrence in pathologic stage I NSCLC patients. Cancer 2006; 107: 2866-2872.

 (117)  Salama P, Phillips M, Grieu F et al. Tumor-infiltrating FOXP3+ T regulatory cells show strong prog-
nostic significance in colorectal cancer. J Clin Oncol 2009; 27: 186-192.

 (118)  Suzuki H, Chikazawa N, Tasaka T et al. Intratumoral CD8(+) T/FOXP3 (+) cell ratio is a predictive 
marker for survival in patients with colorectal cancer. Cancer Immunol Immunother 2010; 59: 653-
661.

 (119)  Bauer K, Nelius N, Reuschenbach M et al. T cell responses against microsatellite instability-induced 
frameshift peptides and influence of regulatory T cells in colorectal cancer. Cancer Immunol Im-
munother 2013; 62: 27-37.

 (120)  Bernal M, Garcia-Alcalde F, Concha A et al. Genome-wide differential genetic profiling character-
izes colorectal cancers with genetic instability and specific routes to HLA class I loss and immune 
escape. Cancer Immunol Immunother 2012; 61: 803-816.



Biomarkers in precision therapy in colorectal cancer 171

 (121)  Grizzi F, Bianchi P, Malesci A, Laghi L. Prognostic value of innate and adaptive immunity in 
colorectal cancer. World J Gastroenterol 2013; 19: 174-184.

 (122)  de Kruijf EM, Sajet A, van Nes JG et al. HLA-E and HLA-G expression in classical HLA class I-negative 
tumors is of prognostic value for clinical outcome of early breast cancer patients. J Immunol 2010; 
185: 7452-7459.

 (123)  O’Connell MJ, Lavery I, Yothers G et al. Relationship between tumor gene expression and recur-
rence in four independent studies of patients with stage II/III colon cancer treated with surgery 
alone or surgery plus adjuvant fluorouracil plus leucovorin. J Clin Oncol 2010; 28: 3937-3944.

 (124)  Gray RG, Quirke P, Handley K et al. Validation study of a quantitative multigene reverse transcrip-
tase-polymerase chain reaction assay for assessment of recurrence risk in patients with stage II 
colon cancer. J Clin Oncol 2011; 29: 4611-4619.

 (125)  Kelley RK, Venook AP. Prognostic and predictive markers in stage II colon cancer: is there a role for 
gene expression profiling? Clin Colorectal Cancer 2011; 10: 73-80.

 (126)  Maak M, Simon I, Nitsche U et al. Independent Validation of a Prognostic Genomic Signature 
(ColoPrint) for Patients With Stage II Colon Cancer. Ann Surg 2013.

 (127)  Barrier A, Boelle PY, Roser F et al. Stage II colon cancer prognosis prediction by tumor gene 
expression profiling. J Clin Oncol 2006; 24: 4685-4691.

 (128)  Jiang Y, Casey G, Lavery IC et al. Development of a clinically feasible molecular assay to predict 
recurrence of stage II colon cancer. J Mol Diagn 2008; 10: 346-354.

 (129)  Lin YH, Friederichs J, Black MA et al. Multiple gene expression classifiers from different array 
platforms predict poor prognosis of colorectal cancer. Clin Cancer Res 2007; 13: 498-507.

 (130)  Salazar R, Roepman P, Capella G et al. Gene expression signature to improve prognosis prediction 
of stage II and III colorectal cancer. J Clin Oncol 2011; 29: 17-24.

 (131)  Manning BD, Cantley LC. AKT/PKB signaling: navigating downstream. Cell 2007; 129: 1261-1274.
 (132)  Engelman JA, Luo J, Cantley LC. The evolution of phosphatidylinositol 3-kinases as regulators of 

growth and metabolism. Nat Rev Genet 2006; 7: 606-619.
 (133)  Samuels Y, Wang Z, Bardelli A et al. High frequency of mutations of the PIK3CA gene in human 

cancers. Science 2004; 304: 554.
 (134)  George B, Kopetz S. Predictive and prognostic markers in colorectal cancer. Curr Oncol Rep 2011; 

13: 206-215.
 (135)  He Y, Van’t Veer LJ, Mikolajewska-Hanclich I et al. PIK3CA mutations predict local recurrences in 

rectal cancer patients. Clin Cancer Res 2009; 15: 6956-6962.
 (136)  Ogino S, Nosho K, Kirkner GJ et al. PIK3CA mutation is associated with poor prognosis among 

patients with curatively resected colon cancer. J Clin Oncol 2009; 27: 1477-1484.
 (137)  Farina SA, Zeestraten EC, van WT et al. PIK3CA kinase domain mutation identifies a subgroup of 

stage III colon cancer patients with poor prognosis. Cell Oncol (Dordr ) 2011; 34: 523-531.
 (138)  Jen J, Kim H, Piantadosi S et al. Allelic loss of chromosome 18q and prognosis in colorectal cancer. 

N Engl J Med 1994; 331: 213-221.
 (139)  Watanabe T, Wu TT, Catalano PJ et al. Molecular predictors of survival after adjuvant chemo-

therapy for colon cancer. N Engl J Med 2001; 344: 1196-1206.
 (140)  Barratt PL, Seymour MT, Stenning SP et al. DNA markers predicting benefit from adjuvant fluoro-

uracil in patients with colon cancer: a molecular study. Lancet 2002; 360: 1381-1391.
 (141)  Carethers JM, Hawn MT, Greenson JK, Hitchcock CL, Boland CR. Prognostic significance of allelic 

lost at chromosome 18q21 for stage II colorectal cancer. Gastroenterology 1998; 114: 1188-1195.



172 Chapter 8

 (142)  Ogino S, Nosho K, Irahara N et al. Prognostic significance and molecular associations of 18q loss 
of heterozygosity: a cohort study of microsatellite stable colorectal cancers. J Clin Oncol 2009; 27: 
4591-4598.

 (143)  Herman JG, Baylin SB. Gene silencing in cancer in association with promoter hypermethylation. N 
Engl J Med 2003; 349: 2042-2054.

 (144)  Hawkins N, Norrie M, Cheong K et al. CpG island methylation in sporadic colorectal cancers and 
its relationship to microsatellite instability. Gastroenterology 2002; 122: 1376-1387.

 (145)  Goel A, Arnold CN, Niedzwiecki D et al. Characterization of sporadic colon cancer by patterns of 
genomic instability. Cancer Res 2003; 63: 1608-1614.

 (146)  Kane MF, Loda M, Gaida GM et al. Methylation of the hMLH1 promoter correlates with lack of 
expression of hMLH1 in sporadic colon tumors and mismatch repair-defective human tumor cell 
lines. Cancer Res 1997; 57: 808-811.

 (147)  Jover R, Nguyen TP, Perez-Carbonell L et al. 5-Fluorouracil adjuvant chemotherapy does not 
increase survival in patients with CpG island methylator phenotype colorectal cancer. Gastroen-
terology 2011; 140: 1174-1181.

 (148)  Van Rijnsoever M, Elsaleh H, Joseph D, McCaul K, Iacopetta B. CpG island methylator phenotype is 
an independent predictor of survival benefit from 5-fluorouracil in stage III colorectal cancer. Clin 
Cancer Res 2003; 9: 2898-2903.

 (149)  Pino MS, Chung DC. The chromosomal instability pathway in colon cancer. Gastroenterology 
2010; 138: 2059-2072.

 (150)  Walther A, Houlston R, Tomlinson I. Association between chromosomal instability and prognosis 
in colorectal cancer: a meta-analysis. Gut 2008; 57: 941-950.

 (151)  Walther A, Johnstone E, Swanton C, Midgley R, Tomlinson I, Kerr D. Genetic prognostic and predic-
tive markers in colorectal cancer. Nat Rev Cancer 2009; 9: 489-499.

 (152)  Ribic CM, Sargent DJ, Moore MJ et al. Tumor microsatellite-instability status as a predictor of 
benefit from fluorouracil-based adjuvant chemotherapy for colon cancer. N Engl J Med 2003; 349: 
247-257.

 (153)  Sargent DJ, Marsoni S, Monges G et al. Defective mismatch repair as a predictive marker for lack 
of efficacy of fluorouracil-based adjuvant therapy in colon cancer. J Clin Oncol 2010; 28: 3219-3226.

 (154)  Kim GP, Colangelo LH, Wieand HS et al. Prognostic and predictive roles of high-degree microsatel-
lite instability in colon cancer: a National Cancer Institute-National Surgical Adjuvant Breast and 
Bowel Project Collaborative Study. J Clin Oncol 2007; 25: 767-772.

 (155)  Elsaleh H, Joseph D, Grieu F, Zeps N, Spry N, Iacopetta B. Association of tumour site and sex with 
survival benefit from adjuvant chemotherapy in colorectal cancer. Lancet 2000; 355: 1745-1750.

 (156)  Hemminki A, Mecklin JP, Jarvinen H, Aaltonen LA, Joensuu H. Microsatellite instability is a favor-
able prognostic indicator in patients with colorectal cancer receiving chemotherapy. Gastroenter-
ology 2000; 119: 921-928.

 (157)  Benson AB, III, Schrag D, Somerfield MR et al. American Society of Clinical Oncology recommen-
dations on adjuvant chemotherapy for stage II colon cancer. J Clin Oncol 2004; 22: 3408-3419.

 (158)  Gill S, Loprinzi CL, Sargent DJ et al. Pooled analysis of fluorouracil-based adjuvant therapy for 
stage II and III colon cancer: who benefits and by how much? J Clin Oncol 2004; 22: 1797-1806.

 (159)  Bertagnolli MM, Niedzwiecki D, Compton CC et al. Microsatellite instability predicts improved re-
sponse to adjuvant therapy with irinotecan, fluorouracil, and leucovorin in stage III colon cancer: 
Cancer and Leukemia Group B Protocol 89803. J Clin Oncol 2009; 27: 1814-1821.



Biomarkers in precision therapy in colorectal cancer 173

 (160)  Zaanan A, Cuilliere-Dartigues P, Guilloux A et al. Impact of p53 expression and microsatellite 
instability on stage III colon cancer disease-free survival in patients treated by 5-fluorouracil and 
leucovorin with or without oxaliplatin. Ann Oncol 2010; 21: 772-780.

 (161)  Jonker DJ, O’Callaghan CJ, Karapetis CS et al. Cetuximab for the treatment of colorectal cancer. N 
Engl J Med 2007; 357: 2040-2048.

 (162)  Chung KY, Shia J, Kemeny NE et al. Cetuximab shows activity in colorectal cancer patients with 
tumors that do not express the epidermal growth factor receptor by immunohistochemistry. J 
Clin Oncol 2005; 23: 1803-1810.

 (163)  Saltz LB, Meropol NJ, Loehrer PJ, Sr., Needle MN, Kopit J, Mayer RJ. Phase II trial of cetuximab in 
patients with refractory colorectal cancer that expresses the epidermal growth factor receptor. J 
Clin Oncol 2004; 22: 1201-1208.

 (164)  Amado RG, Wolf M, Peeters M et al. Wild-type KRAS is required for panitumumab efficacy in 
patients with metastatic colorectal cancer. J Clin Oncol 2008; 26: 1626-1634.

 (165)  Baselga J. The EGFR as a target for anticancer therapy—focus on cetuximab. Eur J Cancer 2001; 37 
Suppl 4: S16-S22.

 (166)  De Roock W., Piessevaux H, De SJ et al. KRAS wild-type state predicts survival and is associated 
to early radiological response in metastatic colorectal cancer treated with cetuximab. Ann Oncol 
2008; 19: 508-515.

 (167)  Di Fiore F., Blanchard F, Charbonnier F et al. Clinical relevance of KRAS mutation detection in 
metastatic colorectal cancer treated by Cetuximab plus chemotherapy. Br J Cancer 2007; 96: 1166-
1169.

 (168)  Fransen K, Klintenas M, Osterstrom A, Dimberg J, Monstein HJ, Soderkvist P. Mutation analysis of 
the BRAF, ARAF and RAF-1 genes in human colorectal adenocarcinomas. Carcinogenesis 2004; 25: 
527-533.

 (169)  Bokemeyer C, Bondarenko I, Makhson A et al. Fluorouracil, leucovorin, and oxaliplatin with and 
without cetuximab in the first-line treatment of metastatic colorectal cancer. J Clin Oncol 2009; 27: 
663-671.

 (170)  Vakiani E, Solit DB. KRAS and BRAF: drug targets and predictive biomarkers. J Pathol 2011; 223: 
219-229.

 (171)  Lievre A, Bachet JB, Le CD et al. KRAS mutation status is predictive of response to cetuximab 
therapy in colorectal cancer. Cancer Res 2006; 66: 3992-3995.

 (172)  Moroni M, Veronese S, Benvenuti S et al. Gene copy number for epidermal growth factor receptor 
(EGFR) and clinical response to antiEGFR treatment in colorectal cancer: a cohort study. Lancet 
Oncol 2005; 6: 279-286.

 (173)  Yan J, Roy S, Apolloni A, Lane A, Hancock JF. Ras isoforms vary in their ability to activate Raf-1 and 
phosphoinositide 3-kinase. J Biol Chem 1998; 273: 24052-24056.

 (174)  Zhang BH, Guan KL. Activation of B-Raf kinase requires phosphorylation of the conserved resi-
dues Thr598 and Ser601. EMBO J 2000; 19: 5429-5439.

 (175)  Friday BB, Adjei AA. Advances in targeting the Ras/Raf/MEK/Erk mitogen-activated protein kinase 
cascade with MEK inhibitors for cancer therapy. Clin Cancer Res 2008; 14: 342-346.

 (176)  De Roock W, De Vriendt V, Normanno N, Ciardiello F, Tejpar S. KRAS, BRAF, PIK3CA, and PTEN muta-
tions: implications for targeted therapies in metastatic colorectal cancer. Lancet Oncol 2011; 12: 
594-603.

 (177)  Burn J, Gerdes AM, Macrae F et al. Long-term effect of aspirin on cancer risk in carriers of heredi-
tary colorectal cancer: an analysis from the CAPP2 randomised controlled trial. Lancet 2011; 378: 
2081-2087.



174 Chapter 8

 (178)  Rothwell PM, Fowkes FG, Belch JF, Ogawa H, Warlow CP, Meade TW. Effect of daily aspirin on 
long-term risk of death due to cancer: analysis of individual patient data from randomised trials. 
Lancet 2011; 377: 31-41.

 (179)  Rothwell PM, Price JF, Fowkes FG et al. Short-term effects of daily aspirin on cancer incidence, 
mortality, and non-vascular death: analysis of the time course of risks and benefits in 51 ran-
domised controlled trials. Lancet 2012; 379: 1602-1612.

 (180)  Chan AT, Ogino S, Fuchs CS. Aspirin use and survival after diagnosis of colorectal cancer. JAMA 
2009; 302: 649-658.

 (181)  Midgley RS, McConkey CC, Johnstone EC et al. Phase III randomized trial assessing rofecoxib in 
the adjuvant setting of colorectal cancer: final results of the VICTOR trial. J Clin Oncol 2010; 28: 
4575-4580.

 (182)  Chen WS, Wei SJ, Liu JM, Hsiao M, Kou-Lin J, Yang WK. Tumor invasiveness and liver metastasis 
of colon cancer cells correlated with cyclooxygenase-2 (COX-2) expression and inhibited by a 
COX-2-selective inhibitor, etodolac. Int J Cancer 2001; 91: 894-899.

 (183)  Bastiaannet E, Sampieri K, Dekkers OM et al. Use of aspirin postdiagnosis improves survival for 
colon cancer patients. Br J Cancer 2012; 106: 1564-1570.

 (184)  Reimers MS, Bastiaannet E, van Herk-Sukel MP et al. Aspirin use after diagnosis improves survival 
in older adults with colon cancer: a retrospective cohort study. J Am Geriatr Soc 2012; 60: 2232-
2236.

 (185)  Chan AT, Ogino S, Fuchs CS. Aspirin and the risk of colorectal cancer in relation to the expression 
of COX-2. N Engl J Med 2007; 356: 2131-2142.

 (186)  Fischer SM, Hawk ET, Lubet RA. Coxibs and other nonsteroidal anti-inflammatory drugs in animal 
models of cancer chemoprevention. Cancer Prev Res (Phila) 2011; 4: 1728-1735.

 (187)  Oshima M, Dinchuk JE, Kargman SL et al. Suppression of intestinal polyposis in Apc delta716 
knockout mice by inhibition of cyclooxygenase 2 (COX-2). Cell 1996; 87: 803-809.

 (188)  Williams CS, Smalley W, DuBois RN. Aspirin use and potential mechanisms for colorectal cancer 
prevention. J Clin Invest 1997; 100: 1325-1329.

 (189)  Schror K. Pharmacology and cellular/molecular mechanisms of action of aspirin and non-aspirin 
NSAIDs in colorectal cancer. Best Pract Res Clin Gastroenterol 2011; 25: 473-484.

 (190)  Elwood PC, Gallagher AM, Duthie GG, Mur LA, Morgan G. Aspirin, salicylates, and cancer. Lancet 
2009; 373: 1301-1309.

 (191)  Garcia Rodriguez LA, Cea-Soriano L, Tacconelli S, Patrignani P. Coxibs: pharmacology, toxicity and 
efficacy in cancer clinical trials. Recent Results Cancer Res 2013; 191: 67-93.

 (192)  Liao X, Lochhead P, Nishihara R et al. Aspirin use, tumor PIK3CA mutation, and colorectal-cancer 
survival. N Engl J Med 2012; 367: 1596-1606.

 (193)  Liao X, Morikawa T, Lochhead P et al. Prognostic role of PIK3CA mutation in colorectal cancer: 
cohort study and literature review. Clin Cancer Res 2012; 18: 2257-2268.

 (194)  Lievre A, Blons H, Laurent-Puig P. Oncogenic mutations as predictive factors in colorectal cancer. 
Oncogene 2010; 29: 3033-3043.

 (195)  Kaur J, Sanyal SN. PI3-kinase/Wnt association mediates COX-2/PGE(2) pathway to inhibit apopto-
sis in early stages of colon carcinogenesis: chemoprevention by diclofenac. Tumour Biol 2010; 31: 
623-631.

 (196)  Uddin S, Ahmed M, Hussain A et al. Cyclooxygenase-2 inhibition inhibits PI3K/AKT kinase activity 
in epithelial ovarian cancer. Int J Cancer 2010; 126: 382-394.

 (197)  de Gramont A., Figer A, Seymour M et al. Leucovorin and fluorouracil with or without oxaliplatin 
as first-line treatment in advanced colorectal cancer. J Clin Oncol 2000; 18: 2938-2947.



Biomarkers in precision therapy in colorectal cancer 175

 (198)  Hoff PM, Ansari R, Batist G et al. Comparison of oral capecitabine versus intravenous fluorouracil 
plus leucovorin as first-line treatment in 605 patients with metastatic colorectal cancer: results of 
a randomized phase III study. J Clin Oncol 2001; 19: 2282-2292.

 (199)  Mattison LK, Fourie J, Desmond RA, Modak A, Saif MW, Diasio RB. Increased prevalence of dihy-
dropyrimidine dehydrogenase deficiency in African-Americans compared with Caucasians. Clin 
Cancer Res 2006; 12: 5491-5495.

 (200)  Deenen MJ, Cats A, Beijnen JH, Schellens JH. Part 4: pharmacogenetic variability in anticancer 
pharmacodynamic drug effects. Oncologist 2011; 16: 1006-1020.

 (201)  Deenen MJ, Cats A, Mandigers CM et al. [Prevention of severe toxicity from capecitabine, 5-fluo-
rouracil and tegafur by screening for DPD-deficiency]. Ned Tijdschr Geneeskd 2012; 156: A4934.

 (202)  Bosch TM, Bakker R, Schellens JH, Cats A, Smits PH, Beijnen JH. Rapid detection of the DPYD 
IVS14+1G>A mutation for screening patients to prevent fluorouracil-related toxicity. Mol Diagn 
Ther 2007; 11: 105-108.

 (203)  Deenen MJ, Tol J, Burylo AM et al. Relationship between single nucleotide polymorphisms and 
haplotypes in DPYD and toxicity and efficacy of capecitabine in advanced colorectal cancer. Clin 
Cancer Res 2011; 17: 3455-3468.

 (204)  van Kuilenburg AB, Meijer J, Mul AN et al. Intragenic deletions and a deep intronic mutation af-
fecting pre-mRNA splicing in the dihydropyrimidine dehydrogenase gene as novel mechanisms 
causing 5-fluorouracil toxicity. Hum Genet 2010; 128: 529-538.

 (205)  Mathijssen RH, van Alphen RJ, Verweij J et al. Clinical pharmacokinetics and metabolism of irino-
tecan (CPT-11). Clin Cancer Res 2001; 7: 2182-2194.

 (206)  Miners JO, McKinnon RA, Mackenzie PI. Genetic polymorphisms of UDP-glucuronosyltransferases 
and their functional significance. Toxicology 2002; 181-182: 453-456.

 (207)  Nagar S, Blanchard RL. Pharmacogenetics of uridine diphosphoglucuronosyltransferase (UGT) 1A 
family members and its role in patient response to irinotecan. Drug Metab Rev 2006; 38: 393-409.

 (208)  Innocenti F, Undevia SD, Iyer L et al. Genetic variants in the UDP-glucuronosyltransferase 1A1 
gene predict the risk of severe neutropenia of irinotecan. J Clin Oncol 2004; 22: 1382-1388.

 (209)  Van Cutsem E, Verslype C, Demedts I. The treatment of advanced colorectal cancer: where are we 
now and where do we go? Best Pract Res Clin Gastroenterol 2002; 16: 319-330.

 (210)  Palomaki GE, Bradley LA, Douglas MP, Kolor K, Dotson WD. Can UGT1A1 genotyping reduce 
morbidity and mortality in patients with metastatic colorectal cancer treated with irinotecan? An 
evidence-based review. Genet Med 2009; 11: 21-34.

 (211)  Cecchin E, Innocenti F, D’Andrea M et al. Predictive role of the UGT1A1, UGT1A7, and UGT1A9 
genetic variants and their haplotypes on the outcome of metastatic colorectal cancer patients 
treated with fluorouracil, leucovorin, and irinotecan. J Clin Oncol 2009; 27: 2457-2465.

 (212)  Fujita K, Ando Y, Nagashima F et al. Genetic linkage of UGT1A7 and UGT1A9 polymorphisms to 
UGT1A1*6 is associated with reduced activity for SN-38 in Japanese patients with cancer. Cancer 
Chemother Pharmacol 2007; 60: 515-522.

 (213)  Toffoli G, Cecchin E, Corona G et al. The role of UGT1A1*28 polymorphism in the pharmacody-
namics and pharmacokinetics of irinotecan in patients with metastatic colorectal cancer. J Clin 
Oncol 2006; 24: 3061-3068.

 (214)  Gagne JF, Montminy V, Belanger P, Journault K, Gaucher G, Guillemette C. Common human 
UGT1A polymorphisms and the altered metabolism of irinotecan active metabolite 7-ethyl-10-
hydroxycamptothecin (SN-38). Mol Pharmacol 2002; 62: 608-617.

 (215)  Shulman K, Cohen I, Barnett-Griness O et al. Clinical implications of UGT1A1*28 genotype testing 
in colorectal cancer patients. Cancer 2011; 117: 3156-3162.



176 Chapter 8

 (216)  Strassburg CP, Kalthoff S, Ehmer U. Variability and function of family 1 uridine-5’-diphosphate 
glucuronosyltransferases (UGT1A). Crit Rev Clin Lab Sci 2008; 45: 485-530.

 (217)  Gusella M, Frigo AC, Bolzonella C et al. Predictors of survival and toxicity in patients on adjuvant 
therapy with 5-fluorouracil for colorectal cancer. Br J Cancer 2009; 100: 1549-1557.

 (218)  Minami H, Sai K, Saeki M et al. Irinotecan pharmacokinetics/pharmacodynamics and UGT1A 
genetic polymorphisms in Japanese: roles of UGT1A1*6 and *28. Pharmacogenet Genomics 2007; 
17: 497-504.

 (219)  Heald B, Plesec T, Liu X et al. Implementation of universal microsatellite instability and immuno-
histochemistry screening for diagnosing lynch syndrome in a large academic medical center. J 
Clin Oncol 2013; 31: 1336-1340.

 (220)  de Kruijf EM, van Nes JG, Sajet A et al. The predictive value of HLA class I tumor cell expression and 
presence of intratumoral Tregs for chemotherapy in patients with early breast cancer. Clin Cancer 
Res 2010; 16: 1272-1280.


