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Preface

Modern molecular technology has revolutionized the procurement of information
from cancer tissue and blood samples. With this has come a rapid increase in our
understanding of the molecular pathogenesis of cancer, at a genomic, transcrip-
tomic and proteomic level. The challenge is to translate this into clinically useful 
information that will impact on cancer care; conversely, to use knowledge from
the clinical behaviour of cancers to direct fruitful laboratory-based research that
will yield new treatment targets, prognostic and/or predictive factors, therapy
resistance markers and other relevant molecular information. Colorectal cancer, 
although highly curable if detected early, still has one of the poorest prognoses of
any cancers once metastatic. Understanding the molecular profile of colorectal can-
cer is essential for all clinicians who interact with patients with colorectal cancer, 
as well as for translational scientists looking for areas most likely to yield clinically
applicable information that can guide current treatment pathways as well as direct
areas for future progress.

This book comprises a series of expert reviews on aspects of colorectal cancer
that influence current therapy and/or enhance understanding of tumourogenesis, 
metastatic processes and therapeutic targets and treatment. A broad array of topics
is covered with contributions from across the globe.

The book is divided into two sections: Molecular Classification and Biomarkers. 
The first chapter describes recent advances in molecular classification of colorectal 
cancer, detailing the clinically relevant profiles of deficient mismatch repair and 
RAS/RAF and other mutations, as well as describing the development and limita-
tion of the Consensus Molecular Subtypes. Chapter Two examines how experimen-
tal results have the potential to impact on patient management. This is followed 
by a chapter dedicated to the understanding of BRAF mutant colorectal cancer, 
incorporating molecular and clinical results in this important subgroup of patients
with a very poor prognosis once metastatic disease is present.

The four chapters in the Biomarkers section explore the ‘hot topics’ of the clinical 
utility of circulating tumour DNA (is it ready for “prime time”?); the therapeutic
application of epigenetic markers that are of particular prominence in colorectal 
cancer; the detailed story behind the evolution of predictive markers for the anti-
EGFR monoclonal antibody class of therapies in clinical use and finally, the current
and potential value of proteomics.

This field is changing rapidly and as such, this book is a clear and concise snapshot
of where we have come from, where we are now and where we are heading, in the
search for improved outcomes for patients with colorectal cancer. I would like to
thank my laboratory and clinical teams at Monash University and Monash Health
for their support during this project, as well as all the contributors for sharing their
expertise in a timely and responsive manner. I sincerely thank the editorial and 
production team at IntechOpen for their prompt and professional assistance.
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Chapter 1

Advances in Molecular 
Subclassification of Colorectal 
Cancer
Avani Athauda and Ian Chau

Abstract

This chapter will highlight the advances made in our understanding of the 
molecular landscape of colorectal cancer (CRC) via the development of molecular 
subclassification systems and their potential predictive and prognostic utility. 
Firstly, the comprehensive integrative analysis of 224 colorectal cancer samples per-
formed by The Cancer Genome Atlas (TCGA) Research Network will be described 
highlighting the potential therapeutic targets identified. The development of 
molecular subclassification systems primarily via gene expression profile analysis 
by independent groups will also be described, and their potential clinical and prog-
nostic associations will also be discussed. The chapter will then go on to describe the 
four consensus molecular subtypes of colorectal cancer which were proposed by an 
international consortium who applied unsupervised clustering techniques to the 
independent classification systems previously described. The clinical and prognos-
tic associations of these four subtypes have been explored, and these findings will 
be discussed. Finally, the utility of molecular subclassification in colorectal cancer 
will be briefly explored.

Keywords: molecular subclassification, consensus molecular subtypes,  
gene expression profiles, colorectal cancer

1. Introduction

Colorectal cancer (CRC) was one of the earliest molecularly characterised solid 
tumours. Vogelstein et al. initially described the stepwise manner of adenoma 
formation to carcinoma via the accumulation of genetic and epigenetic events in the 
late 1980s [1]. This model provided insight into how driver alterations in the main 
oncogenes (KRAS, NRAS, BRAF and PI3K) and tumour suppressor genes (APC, 
TP53 and PTEN) were implicated in the biology of CRC [2]. The accumulation of 
these genetic mutations leads to carcinogenesis through deregulation of key path-
ways involved in cell proliferation, differentiation and apoptosis. It is now known 
that abnormalities of the Wnt signalling pathway are almost ubiquitous in sporadic 
CRC and usually arise from mutations of the APC gene [3].

Further to this, genetic and epigenetic exploration of CRC subsequently 
identified significant molecular heterogeneity in this disease. This was clinically 
evident by the differing responses to systemic therapy and varying clinical course 
of patients with the same stage of tumour. Biomarker discovery in CRC has arisen 
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through the analysis of responders and nonresponders to targeted agents and the 
subsequent discovery of RAS mutations conferring resistance to anti-epidermal 
growth factor receptor (EGFR) therapies. More recently, our deeper understanding 
of the underlying biology of CRC has also revealed that clonal, stromal and immune 
characteristics of tumours are important when considering therapeutic targets. The 
ongoing need to accurately define molecularly distinct subgroups and identify the 
underlying genetic drivers as well as novel therapeutic targets within each subgroup 
in order to rationalise drug development continues to be of paramount importance 
in CRC.

2. Early molecular characterisation of colorectal cancer

It is now well established that the majority of sporadic CRC cases (85%) exhibit 
chromosomal instability (CIN) with changes in chromosome number and structure 
such as deletions, gains, translocations and amplifications. CIN is associated with 
inactivating mutations or losses in the APC tumour suppressor gene which occurs 
early in the adenoma-carcinoma sequence [3]. The remaining 15% of sporadic CRCs 
demonstrate microsatellite instability (MSI) through changes in the number of 
repeats or length of microsatellites. MSI arises through defective DNA mismatch 
repair (MMR) mechanisms caused by epigenetic silencing of the MLH1 gene by 
promotor hypermethylation [4]. Epigenomic studies have shown that MSI tumours 
have a high CpG island methylator phenotype (CIMP-H) which involves aberrant 
methylation of CpG-rich gene promoter regions. This leads to silencing of expres-
sion of critical tumour suppressor genes such as MLH1, thereby leading to the 
development of CRC [5]. Familial syndromes, such as Lynch syndrome/hereditary 
non-polyposis colorectal cancer syndrome (HNPCC), occur through germline 
mutational inactivation of genes encoding MMR proteins, namely, MLH1, MSH2, 
PMS2 and MSH6.

Clinicopathological features and the mutational status of CRC tumours differ 
according to the above classification. Sporadic MSI-high (MSI-H) tumours are more 
likely to be right-sided (proximal), poorly differentiated, mucinous and associated 
with tumour-infiltrating lymphocytes (TILs) and have higher rates of BRAF muta-
tion, whereas microsatellite-stable (MSS) tumours are more frequently left-sided 
(distal) and have higher rates of KRAS mutation [5].

It has been shown that MSI status has both a prognostic and a predictive role 
in CRC. MSI-H tumours have better stage-adjusted survival (in stages I–III) when 
treated with surgery alone and do not derive as much benefit from adjuvant fluo-
rouracil-based chemotherapy as MSS tumours do [4]. In advanced disease, MSI-H 
tumours are associated with a worse prognosis, and this is due to their association 
with activating BRAF mutations [6]. It has more recently been shown that MSI sta-
tus also predicts for significant response and benefit from anti-PD1 antibodies with 
MMR-deficient tumours exhibiting higher response rates and longer progression-
free survival (PFS) than MMR-proficient tumours [7].

3. Integrative molecular analysis of colorectal cancer

It is clear that anatomical factors and common DNA alterations are helpful 
in identifying subtype characteristics in CRC, but they alone are inadequate to 
define the boundaries between the different molecular entities that comprise 
CRC. In recent years, many studies have begun to exploit microarray technology to 
investigate gene expression profiles (GEPs) in CRC; however, no single signature 
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has proven clinically meaningful, especially in regard to predicting prognosis, and 
studies have been poorly reproducible due to the high molecular heterogeneity that 
exists in this disease.

In 2012, The Cancer Genome Atlas (TCGA) Research Network produced a com-
prehensive integrative analysis of 224 colorectal cancer tumour samples with paired 
normal samples in order to improve our understanding of the biology of this disease 
and identify potential therapeutic targets [8]. In addition, independent scientific 
groups also attempted to define intrinsic subtypes of CRC using GEPs in the hope 
that this will refine the molecular classification of CRC and facilitate clinical trans-
lation [9–14]. The findings of all of these independent analyses are discussed below.

3.1 The Cancer Genome Atlas (TCGA) comprehensive analysis of  
colorectal cancer

The comprehensive analysis of CRC undertaken by TCGA Research Network 
included tumours whose clinical and pathological characteristics reflected the 
usual breadth of features of CRC patients. Tumours were split into two main 
groups by mutation rate: those that were hypermutated (16%) and those that were 
non-hypermutated (84%) which seems to match the previously described MSI and 
CIN groups. The hypermutated group was then subdivided into those caused by 
defective MMR (dMMR) with a mutation rate of 12–40 mutations/Mb (approxi-
mately 13%) and those with an extremely high mutation rate of >40 mutations/Mb 
(approximately 3%)—the ultramutated group.

Initially, TCGA researchers considered colon and rectal tumours as separate 
entities due to their known anatomical and therapeutic differences. However, it was 
found that similar patterns of genomic alteration (copy number, expression profile, 
DNA methylation and miRNA changes) were seen in both types of tumours, so they 
were subsequently analysed together within the non-hypermutated group.

Thirty-two genes were identified to be recurrently mutated, and, after removal 
of non-expressed genes, the hypermutated and non-hypermutated groups had 15 
and 17 recurrently mutated genes, respectively (see Table 1).

It was found that the tumour suppressor genes ATM and ARID1A displayed a 
disproportionately high number of frameshift or nonsense mutations. As expected, 
KRAS and NRAS mutations were activating oncogenic mutations at codons 12, 13 
or 61, whereas the other genes had inactivating mutations. BRAF mutations were 
the classical V600E-activating mutations [8]. Given the differences in recurrently 

Hypermutated group Non-hypermutated group

ACVR2A (63%) CASP8 (29%) APC (81%) TCF7L2 (9%)

APC (51%) CDC27 (29%) TP53 (60%) FAM123B (7%)

TGFBR2 (51%) FZD3 (29%) KRAS (43%) SMAD2 (6%)

BRAF (46%) MIER3 (29%) TTN (31%) CTNNB1 (5%)

MSH3 (40%) TCERG1 (29%) PIK3CA (18%) KIAA1804 (4%)

MSH6 (40%) MAP7 (26%) FBXW7 (11%) SOX9 (4%)

MYOB1 (31%) PTPN12 (26%) SMAD4 (10%) ACVR1B (4%)

TCF7L2 (31%) NRAS (9%) GP6C (4%)

EDNRB (3%)

Table 1. 
Significantly mutated genes in non-hypermutated and hypermutated groups.
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mutated genes between hypermutated and non-hypermutated cancers, it appears 
that these tumours progress through different sequences of genetic events.

Interestingly, the recent data published by Jones et al. has identified that non-
V600 BRAF-mutated advanced CRC represents a molecular subtype with distinct 
characteristics (which are different to BRAFV600E-mutated CRC) and an excel-
lent prognosis [15]. These patients may not require the aggressive chemotherapy 
treatment that is beneficial to classical BRAF-mutated patients. It is not yet clear 
whether non-V600 BRAF-mutated cancers harbour the same resistance to anti-
EGFR therapies as cancers with BRAFV600E mutations, but higher frequency of 
concomitant RAS mutations in this subgroup will have to be taken into account.

TCGA analysis provided further confirmation on the pathways previously 
known to be deregulated in CRC. The vast majority of tumours in both groups 
(93% of non-hypermutated and 97% of mutated tumours) had deregulated Wnt 
signalling, predominantly via inactivation of APC. The MAPK signalling pathway 
was also commonly activated, as was the PI3K signalling pathway. Inactivation 
of the TGF-β inhibitory pathway was also seen, resulting in increased activity of 
MYC. Almost all of the analysed tumours, irrespective of location or mutation 
levels, exhibited changes in MYC transcriptional targets, highlighting the important 
role of MYC in CRC development. New findings identified by TCGA included 
recurrent mutations in FAM123B, ARID1A and SOX9 and very high levels of 
overexpression of the Wnt ligand-receptor gene FZD10. The SOX9 gene is associ-
ated with intestinal stem cell differentiation and has not previously been shown to 
be implicated in CRC. It has been shown to facilitate β-catenin degradation [16], 
and its transcription is suppressed by Wnt signalling which is activated by extrinsic 
Wnt ligands. These findings suggest a number of potential therapeutic targets in 
CRC, namely, Wnt signalling inhibitors and small molecule β-catenin inhibitors, 
which are beginning to show initial promise [17–19]. In addition, overexpression 
of the genes ERBB2 and IGF2, which are involved in regulating cell proliferation, 
were identified thus indicating potential therapeutic opportunities of inhibiting the 
products of these genes.

mRNA expression profiles of a subset of 189 TCGA samples separated the 
colorectal tumours into three clusters. One significantly overlapped with CIMP-H 
tumours and was enriched for hypermutated tumours, thereby representing a MSI/
CIMP subgroup. The two other groups were representative of a CIN and an invasive 
phenotype subgroup.

3.2 Intrinsic subtypes of colorectal cancer identified by independent groups

Three molecular CRC subtypes were also identified by Roepman and colleagues 
((A) MMR-deficient epithelial, (B) proliferative epithelial and (C) mesenchymal) 
using unsupervised clustering of whole genome data from 188 CRC tumour samples 
[9]. These intrinsic subtypes were subsequently validated in a cohort of 543 patients 
with stage II–III disease. In addition to identifying these subtypes with phenotypes 
matching those identified via TCGA, prognostic features and chemotherapy benefit 
characteristics were also investigated in this study. The dMMR subtype A (22%) 
was found to be epithelial-like and displayed a strong MSI phenotype linked to 
dMMR and a high mutational rate including activating BRAF mutations. Type A 
patients exhibited the best prognosis with minimal benefit from adjuvant 5-FU 
chemotherapy. The mesenchymal subtype C (16%) tumours exhibit epithelial-to-
mesenchymal transition and show dMMR characteristics. These patients showed a 
poor baseline prognosis and no benefit from adjuvant 5-FU chemotherapy which is 
probably linked to their mesenchymal phenotype and low proliferative activity. The 
proliferative epithelial subtype B (62%) is almost exclusively MSS, BRAF wild type 
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and MMR proficient. They exhibit a relatively poor baseline prognosis but receive 
the most benefit from adjuvant chemotherapy. This study focused on stages II and 
III CRC; therefore, further validation of the subtype classification and its clinical 
relevance on a larger set of stage IV tumours is warranted.

In addition, De Sousa E Melo and colleagues also identified three similar sub-
types using over 1100 CRC tumour samples: chromosomal instable (subtype A), 
microsatellite instable (subtype B) and a third subtype (subtype C) which is largely 
microsatellite stable and contains relatively more CIMP-H carcinomas but cannot 
be identified on the basis of characteristic mutations [10]. This third subtype is 
therefore similar to the third subtype described in the studies above. This subtype 
was found to be associated with a very unfavourable prognosis as well as resistance to 
anti-EGFR targeted therapy. It is thought to relate to sessile-serrated adenomas due 
to a very similar GEP involving upregulation of genes involved in matrix remodelling 
and epithelial-mesenchymal transition (EMT) which was seen in both. This study 
therefore suggests that sessile-serrated adenomas and tumours belonging to subtype 
C possess high malignant potential and need to be clinically managed as such [10].

Further groups have also used GEPs to identify more than three intrinsic subtypes 
of CRC using large numbers of tumour samples. The biological relevance of the 
subtypes has been investigated in regard to treatment response and prognosis. Marisa 
and colleagues utilised a large multicentre cohort of tumour samples from patients 
with stage I–IV CRC, of which 556 fulfilled RNA quality requirements for GEP analy-
sis [11]. These samples were split into a discovery set (n = 443) and a validation set 
(n = 1029) which also included 906 samples from eight public datasets. Unsupervised 
hierarchical clustering was applied to gene expression data which form the discovery 
subset to identify six molecular subtypes (C1–C6) with distinct clinicopathological 
features, molecular alterations, enrichments of supervised gene expression signatures 
and deregulated signalling pathways. In addition to identifying a deficient MMR 
subtype (C2), three CIN subtypes were shown (C1, C5 and C6): one with downregu-
lated immune pathways (C1), one with upregulation of Wnt pathway (C5) and one 
displaying a normal-like GEP (C6). The remaining two were comprised of a KRAS 
mutant subtype (C3) and a cancer stem cell subtype (C4).

As expected, BRAF mutation was associated with the C2 subtype but was also 
frequent in the C4 CIMP-H, poor prognosis subtype. Although TP53 and KRAS 
mutations were found in all subtypes, the C3 subtype was highly enriched for KRAS 
mutant tumours suggesting a specific role for this mutation in this subtype of CRC. The 
biological relevance of these six subtypes is highlighted by their differing prognoses 
with the C4 and C6 subtypes being independently associated with the shortest relapse-
free survival (RFS). However, the robustness of this gene signature as a prognostic 
classification requires further confirmation as some established prognostic factors in 
CRC, such as tumour grade and number of nodes examined, were not available for a 
significant proportion of cases and thus were not included in the analysis.

Schlicker et al. performed genome-wide mRNA expression profiling on 62 pri-
mary CRC samples using an unsupervised iterative approach [12]. Two main groups 
were identified (type 1 mesenchymal and type 2 epithelial) which were then split 
into five subtypes which were validated in independent published datasets compris-
ing over 1600 samples. This subtype stratification was successfully aligned to several 
CRC cell line panels, and it was found that the GEPs defining the subtypes were well 
represented in these cell lines. Pharmacological response data showed that type 2 cell 
lines were more sensitive to treatment with aurora kinase inhibitors in keeping with 
the high levels of expression of aurora kinase A seen in the samples of this subtype. 
Additional data suggested that subtype 1.2 cell lines were most sensitive to inhibi-
tion of Src and also showed a higher sensitivity to inhibition of proteins on the PI3K 
pathway, GSK3β, PI3K and TOR than subtype 2.1 [12].
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and MMR proficient. They exhibit a relatively poor baseline prognosis but receive 
the most benefit from adjuvant chemotherapy. This study focused on stages II and 
III CRC; therefore, further validation of the subtype classification and its clinical 
relevance on a larger set of stage IV tumours is warranted.
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microsatellite instable (subtype B) and a third subtype (subtype C) which is largely 
microsatellite stable and contains relatively more CIMP-H carcinomas but cannot 
be identified on the basis of characteristic mutations [10]. This third subtype is 
therefore similar to the third subtype described in the studies above. This subtype 
was found to be associated with a very unfavourable prognosis as well as resistance to 
anti-EGFR targeted therapy. It is thought to relate to sessile-serrated adenomas due 
to a very similar GEP involving upregulation of genes involved in matrix remodelling 
and epithelial-mesenchymal transition (EMT) which was seen in both. This study 
therefore suggests that sessile-serrated adenomas and tumours belonging to subtype 
C possess high malignant potential and need to be clinically managed as such [10].

Further groups have also used GEPs to identify more than three intrinsic subtypes 
of CRC using large numbers of tumour samples. The biological relevance of the 
subtypes has been investigated in regard to treatment response and prognosis. Marisa 
and colleagues utilised a large multicentre cohort of tumour samples from patients 
with stage I–IV CRC, of which 556 fulfilled RNA quality requirements for GEP analy-
sis [11]. These samples were split into a discovery set (n = 443) and a validation set 
(n = 1029) which also included 906 samples from eight public datasets. Unsupervised 
hierarchical clustering was applied to gene expression data which form the discovery 
subset to identify six molecular subtypes (C1–C6) with distinct clinicopathological 
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and deregulated signalling pathways. In addition to identifying a deficient MMR 
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lated immune pathways (C1), one with upregulation of Wnt pathway (C5) and one 
displaying a normal-like GEP (C6). The remaining two were comprised of a KRAS 
mutant subtype (C3) and a cancer stem cell subtype (C4).

As expected, BRAF mutation was associated with the C2 subtype but was also 
frequent in the C4 CIMP-H, poor prognosis subtype. Although TP53 and KRAS 
mutations were found in all subtypes, the C3 subtype was highly enriched for KRAS 
mutant tumours suggesting a specific role for this mutation in this subtype of CRC. The 
biological relevance of these six subtypes is highlighted by their differing prognoses 
with the C4 and C6 subtypes being independently associated with the shortest relapse-
free survival (RFS). However, the robustness of this gene signature as a prognostic 
classification requires further confirmation as some established prognostic factors in 
CRC, such as tumour grade and number of nodes examined, were not available for a 
significant proportion of cases and thus were not included in the analysis.

Schlicker et al. performed genome-wide mRNA expression profiling on 62 pri-
mary CRC samples using an unsupervised iterative approach [12]. Two main groups 
were identified (type 1 mesenchymal and type 2 epithelial) which were then split 
into five subtypes which were validated in independent published datasets compris-
ing over 1600 samples. This subtype stratification was successfully aligned to several 
CRC cell line panels, and it was found that the GEPs defining the subtypes were well 
represented in these cell lines. Pharmacological response data showed that type 2 cell 
lines were more sensitive to treatment with aurora kinase inhibitors in keeping with 
the high levels of expression of aurora kinase A seen in the samples of this subtype. 
Additional data suggested that subtype 1.2 cell lines were most sensitive to inhibi-
tion of Src and also showed a higher sensitivity to inhibition of proteins on the PI3K 
pathway, GSK3β, PI3K and TOR than subtype 2.1 [12].
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Budinska et al. performed unsupervised clustering of 1113 CRC samples based 
on gene models and distinguished at least five different gene expression CRC 
subtypes which they called surface crypt-like (A), lower crypt-like (B), CIMP-H-
like (C), mesenchymal (D) and mixed (E) [13]. These subtypes showed distinct 
biological motifs and morphological features as well as differences in prognosis. The 
subtypes were validated in an independent dataset of 720 CRC expression profiles. 
Subtype C was enriched for both MSI and BRAF mutations, and its characteristics 
were in keeping with the described CIMP-H phenotype and hypermutated tumours 
found in TCGA analysis. This subtype had one of the best outcomes for RFS but the 
worst outcome in survival after relapse (SAR). Once again, KRAS mutations were 
found in all subtypes, and this supports the emerging theory that KRAS mutant 
CRCs are highly heterogeneous and that the oncogenic role of KRAS varies with 
the specific mutation and molecular background of the tumour in which it occurs 
[20]. Subtypes C and D were associated with the worst overall survival (OS)—for 
subtype D this was primarily due to early relapse associated with high EMT gene 
expression and low proliferation-associated gene expression, and for subtype C, it 
was the result of short SAR.

Subtypes B and E highly expressed canonical Wnt signalling target signatures, 
whereas subtypes A and D and normal samples expressed low levels of this 
signature. This was in concordance with the corresponding high percentages of 
β-catenin-positive nuclei seen in subtypes B and E and converse low percentages 
seen in subtypes A and D. This analysis is in support of the data suggesting that 
the colon stem cell signature, under the condition of silenced canonical Wnt target 
genes, is associated with a higher risk of recurrence (subtype D) [21].

Sadanandam and colleagues performed an analysis of GEPs from 1290 CRC 
samples using consensus-based unsupervised clustering. The resultant clusters 
were then correlated with response to cetuximab using a dataset annotated with 
therapeutic response to cetuximab in 80 patients [14]. The results of these studies 
identified five clinically relevant CRC subtypes which were named according to 
genes preferentially expressed in each. The transit-amplifying subgroup was found 
to contain two groups which differed in cetuximab sensitivity, so it was split into 
cetuximab-sensitive and cetuximab-resistant, thereby making six subgroups in 
total. These sub-subtypes showed the best response to cetuximab and increased 
sensitivity to cMET inhibition, respectively.

Additionally, response to standard chemotherapy with FOLFIRI (5-FU and 
irinotecan) was also investigated, and the analyses suggested that stem-like subtype 
tumours, both in the adjuvant and metastatic settings, and inflammatory-subtype 
tumours in the adjuvant setting may best be treated with FOLFIRI [14]. The transit-
amplifying sub-subtypes and the goblet-like subtype were not likely to respond to 
FOLFIRI in the adjuvant setting, thereby potentially sparing some patients from 
toxicity of futile treatment. These findings obviously warrant further retrospective 
and prospective validation, but in unselected CRC patients, FOLFIRI chemotherapy 
has not shown a survival benefit in the adjuvant setting.

3.3 Outcomes of integrative molecular analysis in CRC

As is evidenced above, up to six molecular subtypes of CRC have been identified by 
these independent groups, but only superficial similarities exist between the studies. 
The main characteristics of these subtypes are summarised in Table 2. Two subtypes 
have been repeatedly identified (microsatellite instability enriched and high expression 
of mesenchymal genes), but full consistency amongst the others has not been achieved 
probably due to the underlying biological complexity of this cancer and the significant 
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Subtype Major subtype 
category

Subtype characteristics Prevalence Ref

MSI/CIMP-H MSI Enriched for hypermutated tumours 30% [8]

CIN Epithelial 30%

Invasive Mesenchymal 40%

A-type MSI Hypermutated, dMMR
Good prognosis

22% [9]

B-type Epithelial MSS, BRAF WT, pMMR
High proliferative activity
Relatively poor baseline prognosis
Most benefit from adjuvant 
chemotherapy

62%

C-type Mesenchymal Undergone EMT
Low proliferative activity
Poor baseline prognosis
No benefit from adjuvant 
chemotherapy

16%

CCS1 Epithelial Mainly left sided
KRAS and TP53++

49% [10]

CCS2 MSI Mainly right sided
dMMR/MSI-H

24%

CCS3 Mesenchymal BRAF and KRAS++
Poor prognosis
Upregulation of genes involved in 
matrix remodelling and EMT

27%

C1: CIN 
immune  
down

Epithelial CIN+++
KRAS and TP53++
Immune system and EMT down 
regulated

21% [11]

C2: dMMR MSI dMMR/CIMP+++
BRAF++, KRAS++
Immune system and proliferation 
upregulated

19%

C3: KRAS 
mutated

Epithelial KRAS+++
Immune system and EMT down 
regulated

13%

C4: Cancer 
stem cell

Mesenchymal KRAS++
Proliferation down regulated
EMT upregulated

10%

C5: CIN Wnt up Epithelial CIN+++
KRAS and TP53++
Wnt pathway upregulated

27%

C6: CIN normal Mesenchymal CIN+++
Proliferation down regulated
EMT upregulated

10%

1.1 Mesenchymal Activation of MAPK, TGFβ and 
calcium signalling

19% [12]

1.2 MSI Activation of immune system-
related pathways
Highly enriched for MSI-H tumours

15%

1.3 Mesenchymal High expression of transporter genes 11%

2.1 Epithelial Activation of immune system-
related pathways

23%

2.2 Epithelial High expression of genes on 
chromosomes 13q and 20q

32%
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overlap of features between subgroups. Methodological differences in the processing 
and analysing of samples have also contributed to these inconsistencies.

In addition, the majority of samples from these datasets have been derived from 
primary tumours, so their applicability to advanced disease also needs to be con-
sidered as the molecular makeup of primary tumours versus metastases may vary, 
especially in response to the tumour microenvironment and immune cell infiltrate. 
Altogether, this has meant that the usefulness of these subclassification systems in 
clinical practice has been limited.

Subtype Major subtype 
category

Subtype characteristics Prevalence Ref

Surface crypt Epithelial KRAS+
Upregulated top colon crypt, 
secretory cell and metallothioneins

26% [13]

Lower crypt Epithelial Upregulated top colon crypt, 
proliferation, Wnt
Longest SAR

30%

CIMP-H MSI MSI+, BRAF+
Upregulated proliferation, immune, 
metallothioneins
Shortest SAR

11%

Mesenchymal Mesenchymal Upregulated EMT/stroma, CSC, 
immune

19%

Mixed Mesenchymal P53+
Upregulated EMT/stroma, immune, 
top colon crypt, Chr20q, CSC

14%

Inflammatory MSI Comparatively high expression of 
chemokines and interferon-related 
genes
Intermediate prognosis

18% [14]

Goblet Epithelial High mRNA expression of goblet-
specific MUC2 and TFF3, Good 
prognosis
May not benefit from adjuvant 
chemotherapy

14%

Enterocyte Epithelial High expression of enterocyte-
specific genes
Intermediate prognosis

18%

Cetuximab-
sensitive transit 
amplifying

Epithelial Higher levels of EGFR ligands 
known to predict cetuximab 
response
Good prognosis

32%

Cetuximab-
resistant transit 
amplifying

Overexpressed FLNA (regulates 
expression and signalling of cMET 
receptor), cell lines more sensitive to 
cMET inhibition
Good prognosis

Stem-like Mesenchymal High expression of Wnt signalling 
targets plus stem cell, myoepithelial 
and mesenchymal genes and low 
expression of differentiation markers
Worst prognosis
May benefit from adjuvant 
chemotherapy
Most benefit from FOLFIRI

18%

Table 2. 
Intrinsic molecular subtypes of CRC based on gene expression profiles.
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4. The consensus molecular subtypes of colorectal cancer

More recently, in order to resolve inconsistencies in subclassification systems 
and to aid clinical translation, the CRC research community formed an interna-
tional consortium dedicated to large-scale data sharing and analytics [22]. After 
analysing the independent transcriptomic-based classification systems (which 
comprised 18 CRC datasets and 4151 patients in total) and using unsupervised 
clustering techniques, four robust consensus molecular subtypes (CMSs) with dis-
tinguishing features were proposed. Tumours with mixed features (approximately 
13%) were thought to represent a transition phenotype or intratumoural heteroge-
neity. Table 3 summarises the main biological, molecular, clinical and prognostic 
associations of the four consensus subtypes.

In regard to genomic aberrations, CMS1 samples were hypermutated and 
encompassed the majority of MSI-H tumours. This group also displayed widespread 
hypermethylation and low prevalence of SCNAs. CMS2 and CMS4 subgroups dis-
played higher CIN via high SCNA counts. CMS3 samples consisted of fewer SCNAs 
than other CIN tumours, a significant proportion (30%) of hypermutated tumours 

CMS1
MSI immune

CMS2
Canonical

CMS3
Metabolic

CMS4
Mesenchymal

Percentage of 
samples

14 37 13 23

Biological 
characteristics

MSI high
CIMP high

Hypermutation
SCNA low

SCNA high Distinctive profile:

Mixed MSI status
SCNA low
CIMP low

SCNA high

Overexpression of 
proteins involved in 
DNA damage repair

Widespread 
hypermethylation 
status

Higher 
chromosomal 
instability

Intermediate 
levels of gene 
hypermethylation

Higher 
chromosomal 
instability

Molecular 
features

BRAF mutations

Activation of RTK 
and MAPK pathways

KRAS mutations

Activation of 
RTK and MAPK 
pathways

Immune infiltration 
and activation

Strong activation 
of immune evasion 
pathways

Wnt and Myc 
activation

Metabolic 
deregulation

Stromal 
infiltration

TGF-β 
activation
Angiogenesis

Clinical 
features

Females

Right sided tumours

Higher grade

Left sided 
tumours

More advanced 
stages

Prognostic 
features

Better relapse-free 
survival

Worse survival after 
relapse

Better 
survival after 
relapse

Worse relapse-
free and overall 
survival

Table 3. 
The four consensus molecular subtypes of CRC.
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overlap of features between subgroups. Methodological differences in the processing 
and analysing of samples have also contributed to these inconsistencies.

In addition, the majority of samples from these datasets have been derived from 
primary tumours, so their applicability to advanced disease also needs to be con-
sidered as the molecular makeup of primary tumours versus metastases may vary, 
especially in response to the tumour microenvironment and immune cell infiltrate. 
Altogether, this has meant that the usefulness of these subclassification systems in 
clinical practice has been limited.

Subtype Major subtype 
category

Subtype characteristics Prevalence Ref
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secretory cell and metallothioneins

26% [13]
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30%
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11%
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prognosis
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14%
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18%

Cetuximab-
sensitive transit 
amplifying

Epithelial Higher levels of EGFR ligands 
known to predict cetuximab 
response
Good prognosis

32%

Cetuximab-
resistant transit 
amplifying

Overexpressed FLNA (regulates 
expression and signalling of cMET 
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Table 2. 
Intrinsic molecular subtypes of CRC based on gene expression profiles.
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4. The consensus molecular subtypes of colorectal cancer
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Angiogenesis
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More advanced 
stages
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relapse
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free and overall 
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and intermediate levels of gene hypermethylation [22]. Despite clear enrichment 
of certain gene mutations within CMS groups, such as high rates of BRAF mutation 
in CMS1 and KRAS mutations in CMS3, no single genetic aberration was found to 
be limited to one subtype, and no subtype was defined by a single molecular event. 
Further integrative genomic analysis did not draw any clear associations either, 
highlighting the poor genotype–phenotype correlation in this cancer.

Further exploration of gene expression data revealed insight into the underly-
ing biology of the subtypes: CMS1 samples showed strong immune activation and 
infiltration with CD4+ T helper cells, CD8+ cytotoxic T cells and natural killer (NK) 
cells along with strong activation of immune evasion pathways. CMS2 showed 
marked upregulation of Wnt and MYC downstream targets and higher expression 
of oncogenes EGFR, ERBB2, insulin-like growth factor 2 (IGF-2), insulin receptor 
substrate 2 (IRS-2) and transcription factor hepatocyte nuclear factor 4α (HNF4α). 
CMS3 samples showed enrichment for multiple metabolism signatures which are 
keeping with the described notion that activating KRAS mutations induce promi-
nent metabolic adaptation [23, 24]. CMS4 tumours showed upregulation of genes 
associated with epithelial-mesenchymal transition (EMT), such as transforming 
growth factor β (TGF-β) and integrins, as well as stromal invasion.

4.1 Clinical and prognostic associations of the consensus molecular subtypes

Associations between CMS subgroups and clinical features and prognosis were 
also investigated and showed that CMS1 tumours were more common in females, 
more likely to be right-sided and of higher histopathological grade. Conversely, 
CMS2 tumours were more likely to be left-sided and present at more advanced 
stages. CMS4 tumours show the worst OS and RFS even after adjustment for BRAF 
and KRAS mutations and MSI status. CMS1 tumours display good survival but very 
poor SAR in keeping with known data of MSI tumours associated with BRAFV600E 
mutations. CMS2 and CMS3 subgroups display intermediate survival, but a supe-
rior survival following relapse was noted in the CMS2 subgroup.

Further prognostic associations of the CMS subtypes have been explored via 
retrospective analysis of large clinical trial datasets, as have their association with 
biological therapies. 392 KRAS wild-type samples from the CALGB 80405 dataset 
were analysed via a NanoString platform to determine their CMS subtype classifica-
tion, and this was correlated with survival [25]. It was found that CMS1 tumours 
treated with bevacizumab had significantly longer OS compared to those treated with 
cetuximab. CMS2 tumours treated with bevacizumab had a trend towards shorter OS 
than those treated with cetuximab. A meta-analysis of six randomised trials, includ-
ing the CRYSTAL and FIRE-3 datasets, also confirmed the improvement in PFS and 
OS of left-sided tumours (CMS2) treated with anti-EGFR antibodies compared to no 
significant benefit for right-sided tumours (CMS1) [26]. No survival differences were 
found for left- or right-sided tumours treated with bevacizumab. This suggests sided-
ness of the primary tumour that determines efficacy of biological therapies, and this 
can possibly be explained by the biological differences of tumours from different sides 
of the bowel: left-sided tumours overexpress the EGFR ligands amphiregulin (AREG) 
and epiregulin (EREG) and also display amplifications of markers of cetuximab sensi-
tivity, whereas right-sided tumours show reduced expression of EGFR ligands [27].

4.2 Clinical utility of the consensus molecular subtypes

Much hope was placed upon the CMS classification system allowing stratifica-
tion of patients for clinical trials to validate the prognostic and predictive value of 
the subgroups and enable translation into clinical care. Although CMS classification 
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has enabled refinement of the large ‘non-MSI’ group of CRC patients and provided 
a tool for systemic interrogation, there is some data which suggests that critical 
clinical information which predicts for outcome is still not distinguishable under 
this classification system. For example, a separate analysis of the CALGB 80405 
dataset identified that sidedness of the primary tumour was still an independent 
prognostic factor over and above CMS subtype [28].

The association with treatment outcomes of the CMS subtypes, especially in the 
metastatic setting, still requires further exploration and validation. Kim et al. found 
that colorectal cancer assigner (CRCA) is subtyping more clearly defined oxalipla-
tin benefit group than CMS subtyping did prior to their analysis of the NSABP-C07 
trial [29]. It is also important to consider the 13% of samples which could not be 
classified into CMS subtypes and the need to better characterise samples of mixed 
phenotypes and the clinical implications of this.

The challenge of reproducibility of this classification system which requires com-
plex transcriptomic, proteomic and genomic analyses is also an issue, and its imple-
mentation is not feasible in many centres in its current form. There has been some work 
already undertaken to develop a robust and practical classifier based on immunohisto-
chemistry (IHC) which appears promising but requires prospective validation [30].

All in all, the clinical utility and widespread reproducibility of this classification 
system in CRC is still to be determined, and it is likely that, with further characteri-
sation, we may see additional subtyping of the four described subtypes in the future.

5. Conclusions

Much progress has been made in our understanding of the complex underly-
ing biology of CRC which leads to heterogeneous drug responses and outcomes. 
Comprehensive integrative molecular analysis has led to the identification of molecu-
larly distinct subgroups within this disease, and the consensus molecular subtypes have 
enabled some refinement of these subgroups. However, widespread reproducibility 
and confirmation of the clinical utility of CMS classification still need to be addressed. 
There are vast amounts of data being generated from molecular classification systems, 
and this needs to be prospectively integrated into clinical trial design in order to confirm 
biomarkers of resistance and response as well as to allow rational combinations of 
therapies to be explored. The ultimate goal is to streamline biomarker and drug codevel-
opment and recruit patients to innovative clinical trials of targeted agents to which they 
are more likely to respond based on the underlying molecular makeup of their tumours.
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treated with bevacizumab had significantly longer OS compared to those treated with 
cetuximab. CMS2 tumours treated with bevacizumab had a trend towards shorter OS 
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larly distinct subgroups within this disease, and the consensus molecular subtypes have 
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Chapter 2

Experimental Results Help Shape 
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Medicine in Colorectal Cancer
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Abstract

With estimated 700,000 deaths each year, colorectal carcinoma (CRC) continues 
to be the fourth leading cause of cancer-related deaths worldwide. Fortunately, the 
mortality of CRC is considered to be most avertable; hence, it is essential to develop 
new approaches for more accurate and early diagnosis of primary as well as meta-
static CRC, including genetic and biomarker tests. In this regard, the intercellular 
junctions and the insulin-like growth factor (IGF) axis attract increasing attention, 
since they are involved in several stages of cancer and for their vital role in regulating 
cell survival and growth; furthermore, constituents of intercellular junctions and of 
the IGF axis could be used as tumor and/or metastasis markers, which are becoming 
the focus of increasing research activities. Our experimental results highlight the 
importance of gene expression changes in the tight junction proteins claudins, and in 
the IGF-binding proteins IGFBP3 and IGFBP7. They show additionally that claudins 
and IGFBPs cannot be simply defined in terms of favoring or antagonizing cancer 
progression but have additional properties and activities, which become apparent 
only in the context of liver colonization. Furthermore, their intensive modulation 
during the initial phase of liver colonization may suggest them as early metastasis-
related markers.

Keywords: colorectal cancer, liver metastasis, personalized medicine, influence on 
treatment, claudins, IGFBPs, tumor cell reisolation, metastasis marker

1. Introduction

With estimated 700,000 deaths each year, colorectal carcinoma (CRC) contin-
ues to be the fourth leading cause of cancer-related deaths in both sexes world-
wide [1]. The 5-year relative survival rate for stage IV metastatic CRC is about 
11%, while in stage I this number rises to nearly 90%. These figures reflect the fact 
that despite the high incidence and mortality rate of CRC, its mortality is among 
the most avertable ones. In addition, the fact that liver metastasis is the cause 
of most deaths from CRC [2], underlines the significance of (early) metastasis 
prevention. In other words, it is of great importance to develop new approaches 
for more accurate and early diagnosis of primary CRC on one hand and of its 
metastasis on the other; including screening programs as well as genetic, molecu-
lar and biomarker tests.
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Colorectal cancer progression is driven by increasing or recurring growth of 
the primary carcinoma as well as hematogenic and lymphatic spread. For hemato-
genic spread, the liver is most important as it constitutes the first vascular bed in 
which disseminating CRC cells can be trapped after their dissemination. Hence, 
this organ is affected in up to 10–20% of CRC patients at the time of presentation. 
Another 20–25% will develop overt liver metastasis during the course of their 
illness [3, 4].

The main purpose of our experimental studies was first to develop a suitable 
model for investigating the efficacy of novel drugs [5–7]. One of the few well- 
characterized animal models for hepatic CRC benefits from the rat CC531 cell line. 
After injecting the cells, liver metastases develop and their growth has been fre-
quently used for studying effects of various anti-cancer treatments [8–10].

The second aim was to identify genes, which are instrumental in the survival 
and metastasis formation of disseminated CRC cells. In addition, we reasoned that 
there are genes, which are necessary for the primary tumor as well as those, which 
are essential for metastasis initiation and formation. We furthermore hypothesized 
that the latter genes would be modulated in expression during the cells’ colonization 
of the liver. Consequently, temporal changes in gene expression of CRC cells hom-
ing into the liver were investigated using an in vivo rat model, which is characterized 
by a definite metastatic proliferation-onset in rat liver after intra-portal inoculation 
of CC531 rat colorectal cancer cells. This model relies on the successful reisolation 
of CC531 cells at various time intervals after their injection into the mesenteric 
vein of syngeneic rats and allows exploring the chronological modulation of gene 
expression, from the very beginning of cancer cell homing into the liver to their 
final colonization of the whole organ. Based on this procedure, a cDNA microarray 
was performed to analyze gene expression profiles of several thousand genes in the 
reisolated CC531 cells. Upon analysis of microarray’s data, candidates from gene 
families being significantly up- or down-regulated were chosen for further study by 
using different in vitro models. These candidate genes included claudins and insulin 
like-growth factor binding proteins. It was hoped that the emerging genes or their 
products would be useful as target of a specific therapy or as a biomarker.

The National Institutes of Health defined a biomarker as “a characteristic that is 
objectively measured and evaluated as an indicator of normal biological processes, 
pathogenic processes, or pharmacologic responses to a therapeutic intervention 
[11]. From a therapeutic point of view, genome variations are recognized as the 
main cause of variable response to and side effects of drugs and a “one size fits all” 
approach is not the best solution any more. The individual’s genetic and molecular 
makeup will be devoted to improve and develop more specific and “personal” 
diagnostic and therapeutic approaches.

Claudins (CLDNs) are tight junction (TJ) proteins that serve an intercellular 
adhesion function. The aberrant expression of individual claudins is well docu-
mented in different stages of various human cancers [12]. In addition, some clau-
dins were proven to be useful as biomarkers [13, 14].

The insulin-like growth factor (IGF) axis attracts increasing attention since it is 
involved in several stages of cancer [15–17], and for its vital role in regulating cell 
survival and growth [18, 19] as well as the possible use of constituents of this axis 
as tumor and/or metastasis markers, which is becoming the focus of increasing 
research activities.

The insulin-like growth factors IGF-I and –II orchestrate their roles through the 
interaction with other members in this system, namely their receptors IGF-IR and -IIR, 
their binding proteins (IGFBPs) and the IGFBP proteases including matrix metal-
loproteinases (MMPs), cathepsins, and kallikreins [20]. Type I receptor mediates the 
growth promoting effects of IGFs [21], which are further modulated by 6 binding 
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proteins (IGFBPs 1–6) with high affinity for IGFs [22] as well as at least 4 IGFBPs with 
low affinity [23, 24], also known as IGFBP-related proteins (IGFBP-rp-1-4).

Based on the observation that the increased expression of IGFBPs attenuates the 
proliferative and anti-apoptotic effects of IGFs, they have been long considered as 
tumor suppressors, mostly due to their IGF-dependent roles. Interestingly, however, 
in addition to these IGF-dependent actions, IGFBPs were found to exert IGF-
independent effects, as was reported for IGFBP1 [25], IGFBP3 [26–28], IGFBP5 
[29] and IGFBP7 (or IGFBP-rp1) [30–32].

In this report, we have used the technique of cancer cell reisolation from rat 
liver, which permitted to monitor for the first time the expression profile of numer-
ous candidate genes in a time-dependent manner. Based on these results we summa-
rize our knowledge on claudins and IGFBP members and delineate their potential as 
tumor and/or metastasis markers.

2. Results

2.1 Modulation of selected genes in reisolated CC531 tumor cells

For identifying genes, which enable tumor cells to metastasize and colonize the 
liver, the CC531 cells were reisolated from rats, which had been implanted intra-
portally with these tumor cells. After various periods following tumor cell implan-
tation, the CC531 cells were reisolated with a specific technique [33]. In subsequent 
experiments, these cells were used for mRNA and protein isolation and the mRNA 
screened by cDNA microarray and RT-PCR, and the proteins by Western blot.

As shown in Table 1, the microarray analysis revealed a significantly increased 
expression of insulin like growth factor binding proteins (Igfbp3 and Igfbp7) and 
significantly decreased expression levels of claudins (Cldn1 and Cldn4) in the 
beginning of liver colonization (days 3 and 6 after tumor implantation). These 
results were further confirmed by RT-PCR (for all four genes) and Western blot (for 
the two claudins and igfbp7) (Figure 1).

2.2 Effects of genes’ knockdown in colorectal cancer cells

To investigate the knockdown effect(s) of each gene on various functions of 
colorectal cancer cell lines, siRNA experiments for transient knockdown were 
performed.

Gene Time point of cell reisolation (days)a

3 6 9 14 21 14 (in vitro) 22 (in vitro)

Igfbp3 6.88b 13.62 6 18.03 17.29 1.56 0.9

Igfbp7 90.02 101.57 38.62 49.13 42.03 19.46 1.47

Cldn1 0.16 0.12 0.31 0.63 0.55 1.29 1.53

Cldn4 0.15 0.09 0.87 1.11 1.37 1.47 1.11

aThe day of tumor cell implantation was counted day 0.
bThe number denotes the fold change in expression versus an in vitro control.

Table 1. 
Gene expression profiles from members of two gene families, chosen from the microarray analysis of reisolated 
CC531 cells.
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Colorectal cancer cells (CC531, Caco2 or SW480) cultured in 6-well-plates were 
transfected with specific siRNA (200 nM) or negative control using Lipofectamine 
2000 (Invitrogen) following the manufacturer’s instructions. The cells were 
harvested at 24, 48 and 72 h after treatment.

As shown for overview in Table 2 (for details see Figures 2–4), knockdown 
of igfbp3 or igfbp7 was induced in cell lines with relevant expression only and 
caused significantly reduced proliferation rates (Figure 2A–C). Similarly, colony 
formation (Figure 3A–C) of CRC cells was diminished. Finally, cell migration was 
reduced in SW480 cells (Figure 4B), but not in CC531 (Figure 4A) and Caco2 
(Figure 4C) cells.

Interestingly, different effects were noticed after cldn1 or cldn4 knockdown in 
CC531 cells. No significant effect on cell proliferation was observed, while a significant 
inhibition of colony formation and significant stimulation of cell migration resulted 
from the siRNA knockdown of each claudin (Table 2).

Figure 1. 
Expression of Igfbp3, Igfbp7, cldn1, and cldn4 in reisolated CC531 cells. (A and C): Expression of Igfbp3 
and Igfbp7 (A) and of Cldn1 and Cldn4 (C) in reisolated CC531 cells as shown by RT-PCR compared to the 
expression of the housekeeping gene γ-tubulin. (B and D): Expression of the proteins IGFBP7 (B), CLDN1 and 
CLDN4 (D) in the reisolated CC531 cells as shown by western blot compared to the expression of ERK2 loading 
control. 1st lane: CC531 cells (control); 2nd, 3rd, 4th, 5th and 6th lanes: CC531 cells (reisolated from rat livers 
after 3, 6, 9, 14 and 21 days, respectively); 7th and 8th lanes: CC531 cells (reisolated after 21 days and cultured 
in vitro for further 14 and 22 days, respectively).

Target gene Cell proliferation Cell migration Colony formation

Igfbp3 (in SW480) ↓* ↓* ↓*

Igfbp7 (in CC531 or Caco2) ↓* ns ↓*

Cldn1 (in CC531) ns ↑* ↓*

Cldn4 (in CC531) ns ↑* ↓*

↓* and ↑* denote significant (p < 0.05) inhibition or stimulation of the investigated cell function (proliferation, 
migration or colony formation), respectively; ns denotes a nonsignificant effect.

Table 2. 
Overview of the siRNA knockdown effects of insulin like growth factor binding proteins 3 and 7 (Igfbp3 and 7) 
and claudins 1 and 4 (cldn1 and 4) on cellular functions (cell proliferation, migration and colony formation) 
of colorectal cancer cell lines (SW480, Caco2 and CC531).

23

Experimental Results Help Shape  the Development of Personalized Medicine...
DOI: http://dx.doi.org/10.5772/intechopen.80752

Figure 2. 
Effects of Igfbp7 or Igfbp3 knockdown on proliferation of colorectal cancer cells. (A) Reduced proliferation 
of rat CC531 colorectal cancer cells after si.Igfbp7 treatment. (B) Reduced proliferation of human SW480 
colorectal cancer cells after si.Igfbp3 treatment. (C) Reduced proliferation of human Caco2 colorectal 
cancer cells after si.Igfbp7 treatment. Data (n = 3) are shown as means ± S.D. in percentage of nonsense-
treated cells. Asterisk (*) denotes a significant difference to controls (p < 0.05). Abbreviations: CF; colony 
formation.
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expression of the housekeeping gene γ-tubulin. (B and D): Expression of the proteins IGFBP7 (B), CLDN1 and 
CLDN4 (D) in the reisolated CC531 cells as shown by western blot compared to the expression of ERK2 loading 
control. 1st lane: CC531 cells (control); 2nd, 3rd, 4th, 5th and 6th lanes: CC531 cells (reisolated from rat livers 
after 3, 6, 9, 14 and 21 days, respectively); 7th and 8th lanes: CC531 cells (reisolated after 21 days and cultured 
in vitro for further 14 and 22 days, respectively).
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migration or colony formation), respectively; ns denotes a nonsignificant effect.
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Figure 3. 
Effects of Igfbp7 or Igfbp3 knockdown on colony formation of colorectal cancer cells. (A) Inhibited colony 
formation of rat CC531 colorectal cancer cells after si.Igfbp7 treatment. (B) Inhibited colony formation of 
human SW480 colorectal cancer cells after si.Igfbp3 treatment. (C) Inhibited colony formation of human 
Caco2 colorectal cancer cells after si.Igfbp7 treatment. Data (n = 3) are shown as means ± S.D. in percentage 
of nonsense-treated cells. Asterisk (*) denotes a significant difference to controls (p < 0.05). Abbreviations: CF; 
colony formation.
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Figure 4. 
Effects of Igfbp7 or Igfbp3 knockdown on migration of colorectal cancer cells. (A) Migration of rat CC531 
colorectal cancer cells after si.Igfbp7 treatment. (B) Reduced migration of human SW480 colorectal cancer cells 
after si.Igfbp3 treatment. (C) Migration of human Caco2 colorectal cancer cells after si.Igfbp7 treatment. Data 
(n = 3) are shown as means ± S.D. in percentage of nonsense-treated cells. Asterisk (*) denotes a significant 
difference to controls (p < 0.05). Abbreviations: CF; colony formation.
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Effects of Igfbp7 or Igfbp3 knockdown on migration of colorectal cancer cells. (A) Migration of rat CC531 
colorectal cancer cells after si.Igfbp7 treatment. (B) Reduced migration of human SW480 colorectal cancer cells 
after si.Igfbp3 treatment. (C) Migration of human Caco2 colorectal cancer cells after si.Igfbp7 treatment. Data 
(n = 3) are shown as means ± S.D. in percentage of nonsense-treated cells. Asterisk (*) denotes a significant 
difference to controls (p < 0.05). Abbreviations: CF; colony formation.
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3. Discussion

“If it were not for the great variability among individuals, medicine might as 
well be a science and not an art“ with these words the famous Canadian physi-
cian Sir William Osler anticipated and acknowledged the concept of personalized 
medicine since the nineteenth century.

Personalized medicine aims to optimize and tailor preventive and therapeutic 
approaches in favor of the best outcome for each patient, by using genetics, pro-
teomics, and biological information, including biomarkers [34]. It attempts to 
sub-categorize patients into different groups according to their “molecular make 
up”, i.e. using biomarkers.

Here we have used a rat model of liver metastasis to identify genes with importance 
for organ colonization, which could be used as biomarkers or therapeutic targets.

The selected model for this experiment is characterized by a defined metastatic 
proliferation-onset in rat liver after intra-portal inoculation of CC531 cancer cells. 
Consequently, this allows exploring the chronological modulation of gene expres-
sion, from the very beginning of cancer cell homing into the liver to their final 
colonization of the whole organ. The technique of cancer cell reisolation from rat 
liver permitted, for the first time, monitoring the expression profile of numerous 
candidate genes from the whole genome in a time-dependent manner.

The initial observation of these studies was based on cDNA microarray analysis 
of CC531 colon cancer cells, which allowed selecting candidates from gene families 
with significant up- or down-regulation. These candidates were further analyzed by 
different in vitro studies.

We have been focusing on the detection and evaluation of biomarkers for the 
last decades [33, 35–43]. From the several gene groups, which were highly modu-
lated in expression during liver colonization we focused on two families. Both were 
characterized by dramatic initial changes in expression, with claudins being down 
modulated and IGFBPs being up-regulated.

The first group (claudins; CLDNs) form the structural backbone of tight junctions 
(TJs), one type of cell-cell adhesion, and comprise at least 27 members of integral 
transmembrane proteins ranging in size from 20 to 34 kDa [12]. In recent years, the 
up- or down-modulated expression of several claudins has been associated with the 
progression of various cancers in humans, even in a tissue specific manner [12].

Interestingly, individual claudins are being used as therapeutic targets [44, 45] 
as well as diagnostic biomarkers [13, 14], making them a very interesting molecule 
to be investigated and characterized.

The second group of insulin like growth factor binding proteins (IGFBPs) 
differs in its importance from claudins, as they belong to the insulin-like growth 
factor (IGF) axis, which has a vital role in regulating cell survival and growth and is 
involved in several stages of cancer.

The expression of the two IGFBP genes, igfbp3 and igfbp7, was intensely upregu-
lated at the beginning of liver colonization (days 3 and 6 after tumor implantation). 
Subsequently, however, this increased expression returned gradually to normal, 
hence we assume that the up-regulation of IGFBPs is essential for dissemination and 
homing of tumor cells into the liver during early metastasis formation. This strongly 
suggests that the tumor/metastasis microenvironment has a crucial impact on the 
regulation of igfbp3 and igfbp7. Furthermore, these results along with previous 
studies [28, 46–48] show that the balanced expression of IGFBP3 and IGFBP7 is 
very essential for several cellular functions as both, up- and down-regulation of 
these two genes were related to malignant properties. This further suggests that the 
aberrant expression of these two genes can be an early indicator of CRC progression.
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Further verification of their value arises from studies that demonstrate involve-
ment of the IGF axis in several stages of cancer and for its vital role in regulating 
cell and tissue survival, growth and differentiation [18, 19]. In addition, the possible 
use of constituents of this axis as tumor and/or metastasis markers is becoming 
the focus of increasing research activities [49–51]. Most in vitro studies, reported a 
tumor suppressor function of IGFBP3 and IGFBP7 through IGF-dependent and/or 
independent mechanisms [27, 31, 52, 53]. At variance to these studies, our experi-
ments on silencing IGFBP3 and IGFBP7 in three CRC cell lines uniformly show 
reduced proliferation, colony formation, and for IGFBP3, also reduced migration. 
Our observations are in agreement with few reports, which related IGFBP3 and 
IGFBP7 to growth promoting functions [28, 54]. Accordingly, these and our results 
support the idea that IGFBP3 and IGFBP7 are multi-functional.

IGFBP3 is well known in the literature: It is the predominant IGFBP in plasma, 
hence plays a crucial role in regulating the bioavailability of plasma IGFs, and it is 
expressed locally in most tissues including the intestine [55]. Additionally, IGFBP3 
induces apoptosis and inhibits proliferation in human colon [56], prostate [57], breast 
[58], and lung cancer cells [26] in vitro and in experimental CRC animal models [59]. 
Furthermore, wild type p53 can induce IGFBP3 expression [60], thus enhancing the 
p53-dependent apoptotic response of CRC cells to DNA damage [56]. Reduced levels 
of IGFBP3 and elevated circulating levels of IGF-I were associated with increased risk 
of prostate [61], breast [62], and colorectal [63, 64] cancers. Nevertheless, this associa-
tion was not confirmed in all conducted studies [65–67]. It was observed that TGF-β 
can induce IGFBP3 and mediates its proliferative response in aggressive CRC cells, 
which exempts the studies reporting a tumor suppressor function of IGFBP3 [28].

In contrast to IGFBP3, the regulation and functions of IGFBP7 are less investigated. 
This gene was originally cloned as a gene, which is down-regulated in meningioma 
cell lines [68]. IGFBP7 is usually expressed by colonic mucosa [65], however both, 
up- and down-regulation patterns were recorded in the context of cancer [46, 47]. 
Lately, it was shown that IGFBP7 is a direct p53 target and the DNA methylation 
mediated-epigenetic silencing of IGFBP7 was associated with the absence of p53 
mutations in CRC [30]. Until now, in vitro experiments demonstrated a negative effect 
of IGFBP7 on the growth of various cancer cells, including cervical carcinoma (HeLa) 
[69], osteosarcoma (Saos-2) [69], and breast [70]. Furthermore, in human CRC cell 
lines, expression of IGFBP7 was detectable in Caco2 and SW480 cells only, whereas 
its expression in invading tumor cells associated with poor prognosis in CRC patients 
[71]. In addition, immunohistochemistry and RT-PCR showed IGFBP7 over-expres-
sion in CRC tissues as compared to the respective normal tissues [36].

As also known from the literature, several members of the IGF axis were found 
to be prognostic markers for various tumor types, including IGFBP5 and IGFBP7 
for nonsmall cell lung cancer (NSCLC) [72], IGFBP2 and IGFBP3 as compensatory 
biomarkers for CA19-9 in early-stage pancreatic cancer [51], IGF-1 for metastatic 
uveal melanoma [49] and IGF-IR for glioblastoma [50]. In addition, a recent study 
showed that certain single nucleotide polymorphisms (SNPs) in IGF1R and IGF2R 
were associated (positively or inversely, respectively) with adenomas in Caucasian, 
but not in African American CRC patients [73]. Similarly, specific SNPs in the IGF-l 
gene were suggested as risk assessment markers of gastrointestinal cancers [74]. 
All these studies emphasize the crucial role of the patient’s genetic background in 
tailoring the therapeutic approach to fit the “size” of this particular patient.

With regard to using the above family members as prognostic marker, the past 
experience should be considered. Contrasting with our expectations and reports 
from the literature, no significant correlation was found between the increased 
expression levels of four known tumor progression-associated genes (Opn, Tgf-β, 
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Mmp-2 and Cox-2) and the prognostic value of these genes in CRC patients [43]. 
This raises an important to answer question, i.e. what would be the best procedure 
to apply personalized medicine effectively and reliably? Could it be a minimum 
number of (bio)-markers for each cancer type to be tested, or should it be a complex 
approach as high throughput genome sequencing, as it is increasingly performed?

Ideally, a few markers would be better suited regarding costs of analysis and 
time until a patient can benefit from the results. However, there are currently 
only few markers which succeeded to be applied accordingly. Therefore, even 
more methods are being approached to assess the specific changes inherent to the 
full genome.

4. Conclusion and perspectives

Here we show a new high throughput approach in exploring genes relevant to 
CRC progression in terms of liver metastasis. Our method has yielded initial results 
related to the importance of claudins and IGFBP in liver colonization. Nevertheless, 
we reason that other genes, which result from this model, might be even more 
valuable. For instance, one of the very important and interesting gene families that 
resulted from this model, which is extensively investigated, is the endothelin system 
with all its components (endothelins, their converting enzymes and their receptors). 
Several members of this system could prove useful as tumor/metastasis markers. 
Future experiments will show whether such a functional model can compete or com-
plement, at least partially, other techniques, including whole genome sequencing.
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Several members of this system could prove useful as tumor/metastasis markers. 
Future experiments will show whether such a functional model can compete or com-
plement, at least partially, other techniques, including whole genome sequencing.
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Abstract

BRAF mutation is seen in nearly one in ten patients with advanced colorectal 
cancer. Despite major improvements in survival for advanced colorectal cancer 
overall, patients with BRAF mutation continue to have a very poor prognosis 
often with median survival of less than 12 months. It is important for clinicians 
to be aware of this subgroup as the treatment approach should be different. 
Treatment options beyond standard chemotherapy are crucial to achieve bet-
ter outcomes and the role of anti-EGFR therapy alone remains controversial. 
Current trials assessing combinations of molecular targeted agents have seen 
some promise. This chapter explores the background of BRAF mutation and 
current treatment strategies.
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1. Introduction

The RAS/RAF/MEK/ERK signalling cascade, also known as the MAPK 
(mitogen-activated protein kinase) pathway, is involved in cell proliferation, 
 differentiation, survival and apoptosis [1]. It receives input from multiple 
sources including internal metabolic stress and DNA damage pathways and altered 
protein concentrations as well as through signalling from external growth factors, 
cell-matrix interactions and communication from other cells [2]. This allows for a 
nodal point for therapeutic targeting, however, dysregulation of this pathway can 
also increase malignant behaviour [3].

Multiple signals activate RAS (KRAS, NRAS and HRAS), a family of GTPases. 
This, in turn, activates downstream RAF protein kinases (ARAF, BRAF and CRAF). 
The dominant substrates of RAF kinases are the MAPK/ERK kinases, MEK1 and 
MEK2. ERKs phosphorylate a variety of substrates, including multiple transcription 
factors that regulate several key cellular activities (Figure 1).

Mutations in RAS and RAF are the most common oncogenes in human cancer 
[4]. The focus of this chapter will be on BRAF mutations in colorectal cancer, in 
particular the V600E mutation, the clinical significance, molecular and clinical 
pathogenesis as well as treatment, now and into the future.
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2. BRAF

The RAF protein is made of three conserved regions: CR1, CR2 and CR3. CR1 
and CR2 are situated in the N terminus. CR1 acts as the main binding domain for 
RAS; CR2 is the regulatory domain. CR3 is situated in the C terminus and functions 
as the catalytic kinase domain. CR3 contains two regions important for RAF activa-
tion: the activation segment and the regulatory region [5]. Of the RAF family of 
protein kinases, BRAF is the most frequently mutated and remains the most potent 
activator of MEK.

The BRAF protooncogene, which encodes for the BRAF protein kinase, is located 
on chromosome 7 (q34) and is composed of 18 exons. There have been more than 
thirty BRAF mutations identified to date, occurring in various frequencies. The most 
common is BRAF V600E mutation (MT), which corresponds to a thymine to adenine 
transversion at position 1799, resulting in the substitution of valine by glutamate at 
position 600 of the protein [5]. This lies within the activating segment of the kinase 
domain. It renders BRAF constitutionally active, increasing kinase activity relative to 
BRAF wild-type (WT) by 10 times [6]. Because of this, co-mutations in the MAPK 
signalling cascade offers no selective advantage for developing tumours and there-
fore BRAF mutations are mutually exclusive with KRAS or NRAS mutations [7].

The V600E mutation accounts for more than 85% of BRAF mutations in mela-
noma, more than 50% of the mutations in non-small cell lung cancer and more 
than 95% of mutations in cholangiocarcinoma and hairy cell leukaemia. It accounts 
for more than 90% of BRAF mutations in colorectal cancer (CRC) [8]. Other 
BRAF mutations include R461I, I462S, G463E, G463V, G465A, G465E, G465V, 
G468A, G468E, N580S, E585K, D593V, F594L, G595R, L596V, T598I, V599D, V599E 
(V600E), V599K, V599R, V600K, and A727V [9].

Figure 1. 
The MAPK pathway [80].
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3. Prevalence and clinical features of BRAF MT CRC

BRAF mutations have been found in 7–10% of patients with metastatic CRC 
[7, 10]. BRAF MT CRC has been associated with a particular phenotype in mul-
tiple studies and meta-analysis and specifically pertaining to the BRAF V600E 
mutation. BRAF tumours are more prevalent in women and in patients >70 years 
of age. BRAF is not associated with age at diagnosis of less than 60 years [11]. 
BRAF mutation is more prevalent in proximal colon tumours and is rarely found 
in the left colon [7]. Histopathology also differs, with 60% of BRAF MT tumours 
being poorly differentiated and a higher rate of mucinous pathology [12]. There 
is an association with larger primary tumours. BRAF MT CRC is also associated 
with a high rate of peritoneal metastases and less lung and liver-limited disease 
[13–15]. In contrast, most non-V600 mutations were more likely to be lower 
grade and left-sided tumours with a greater overall survival [16, 17], except for 
codon 601/597 mutations which behave similarly to V600E MT CRC [18].

4. The serrated neoplastic pathway

The pathogenesis of CRC is a heterogeneous and complex process. The classic 
model of adenoma-carcinoma sequence was initially described by Vogelstein and 
accounts for approximately 80% of sporadic CRC [19]. Mutation of the tumour 
suppressor gene, APC, occurs early in the process and additional mutations and 
chromosomal instability leads to neoplastic progression [20].

The serrated neoplastic pathway is an alternative model of CRC pathogenesis 
with distinct morphologic and molecular characteristics. It is estimated about 20% 
of CRC develop via this pathway. These lesions develop from aberrant crypt foci 
and hyperplastic polyps (HP) into traditional serrated adenoma (TSA) and sessile 
serrated adenoma (SSA), with malignant potential. BRAF mutation occurs early in 
the pathway, shown to be present in HP, hyperplastic adenomas and SSA [21].

SSA are also characterised by the CpG island methylator phenotype (CIMP) [22]. 
A cytosine nucleotide followed by a guanine nucleotide (CpG dinucleotide) can be 
found in dense clusters (CpG islands) in the promoter regions of approximately 
half of all genes [23]. Aberrant hypermethylation of these CpG islands can lead to 
silencing of tumour suppressor genes that, in turn, lead to carcinogenesis. CIMP can 
be described as high, low or negative. Hypermethylation of the mismatch repair gene 
MLH1 results in microsatellite instability (MSI) in sporadic CRC [24].

MSI is implicated in 15% of sporadic CRC and >95% of Hereditary Non Polyposis 
Colorectal Cancer (HNPCC), also known as Lynch syndrome. It is caused by defi-
ciency of the DNA mismatch repair (MMR) system, composed of multiple interacting 
proteins including MSH2, MLH1. The majority of sporadic MSI high CRC is due to the 
hypermethylation of the mismatch repair gene MLH1 [25]. Sporadic MSI high CRC is 
also associated with BRAF mutation. BRAF mutations have been observed in 30–50% 
of MSI high CRC compared with 10% in microsatellite stable tumours [26, 27]. 
Germline mutations in 1 of 4 mismatch repair genes (MLH1, MSH2, MSH6 and PMS2) 
account for the majority of cases of HNPCC. BRAF mutations rarely occur in patients 
with germline mutations in MMR genes [28].

5. Prognostic significance of BRAF mutation

BRAF MT CRC is strongly associated with inferior survival compared with 
BRAF WT disease. Randomised control trials of first line treatment of meta-
static CRC demonstrate differences in OS of up to 12 months, shown in Table 1. 
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Study Treatment regimen Key outcomes in BRAF MT disease Prognostic 
finding

MRC 
FOCUS 
[76]

5-FU/irinotecan or 5-FU/
oxaliplatin

HR for OS 1.82 (P = 0.0002) BRAF predicts 
poor OS but no 
difference in 
PFS

MRC 
COIN [43]

Fluoropyrimidine/
oxaliplatin ± cetuximab

OS 8.8 vs. 20.1 months Median OS was 
significantly 
shorter in 
patients with 
BRAF, KRAS 
or NRAS 
mutations than 
in patients with 
WT KRAS, 
NRAS, and 
BRAF tumours, 
irrespective 
of treatment 
(P < 0.0001)

OPUS [77] FOLFOX ± cetuximab Median OS, 20.7 months with 
cetuximab + FOLFOX

Small numbers 
precluded 
definitive 
conclusions

CRYSTAL 
[78]

FOLFIRI ± cetuximab Median PFS (cetuximab + FOLFIRI 
vs. FOLFIRI), 8.0 vs. 5.6 months 
(HR, 0.934; P = 0.87)
Median OS, 14.1 vs. 10.3 months (HR 
0.908; P = 0.74)

BRAF MT was 
strong indicator 
of poor 
prognosis

NORDIC-
VII [48]

FLOX ± cetuximab BRAF MT had lower ORRs than 
BRAF WT (20 vs. 50%; P < 0.001)

BRAF 
mutations was a 
strong negative 
prognostic 
factor

PRIME 
[42]

FOLFOX ± panitumumab Median PFS: 
Panitumumab + FOLFOX vs. 
FOLFOX, 6.1 vs. 5.4 months
Median OS: 
Panitumumab + FOLFOX vs. 
FOLFOX, 10.5 vs. 9.2 months

BRAF mutation 
was a negative 
prognostic 
factor

CAIRO2 
[10]

Capecitabine + oxaliplatin  
+ bevacizumab vs. CAPOX  
+ bevacizumab + cetuximab

Lower median PFS, 5.9 and 
6.6 months in BRAF-MT vs. 12.2 and 
10.4 months in BRAF WT tumours 
with CAPOX + bevacizumab and 
CAPOX + bevacizumab + cetuximab, 
respectively
Lower median OS, 15.0 and 
15.2 months in BRAF MT vs. 24.6 and 
21.5 months in BRAF WT with CB 
and CBC, respectively

BRAF mutation 
was a negative 
prognostic 
marker

AGITG 
MAX [79]

Capecitabine ± bevacizumab Median OS, 20.8 months in BRAF 
WT vs. 8.6 months in BRAF MT 
tumours

BRAF mutation 
was a marker of 
poor prognosis 
irrespective of 
treatment

Table 1. 
BRAF mutation as a prognostic factor in clinical studies of first-line treatment of metastatic CRC.
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Venderbosch et al. reported a pooled analysis of the CAIRO, CAIRO2, COIN and 
FOCUS studies examining mismatch repair and BRAF status [29]. BRAF MT was 
associated with a poor prognosis with OS of 11.4 vs. 17.2 months, and PFS of 6.2 vs. 
7.7 months compared with BRAF WT. This analysis also found dMMR to indicate 
poor prognosis, despite significant evidence to show that MSI-high tumours confer 
a better prognosis. However, it is concluded that as there is no interaction between 
BRAF MT and dMMR, the poor prognostic value of dMMR is likely driven by BRAF 
MT. There was no difference in OS or PFS between dMMR BRAF MT and pMMR 
BRAF MT tumours. In a study examining RAS and BRAF mutations, BRAF patients 
had the worst overall survival. The median OS for WT, KRAS, NRAS and BRAF 
patients were 49.2, 36.2, 30.1 and 22.5 months, respectively [30].

Similarly, BRAF MT has been shown to be a negative prognostic factor in stage 
II and III disease. Data from the PETACC-3 was extracted, with KRAS, BRAF and 
MSI status examined [31]. MSI-high tumours were associated with better prognosis. 
BRAF MT was not prognostic of PFS. The MSI-high status appeared to attenuate the 
negative prognostic effect of BRAF MT on OS; BRAF MT is a negative prognostic 
factor in MSS CRC. However, more recently, a meta-analysis of 1164 patients with 
MSI-high non-metastatic CRC has shown that BRAF V600E mutation does correlate 
with adverse overall survival, but not disease recurrence [32].

Survival following metastasectomy is also worse for BRAF MT mCRC as dem-
onstrated in a meta-analysis of patients undergoing resection of liver metastases. 
It showed the BRAF mutation was negatively associated with OS (HR 3.055, 
P = 0.00004) [33].

In contrast, non-V600E BRAF mutations have a different prognosis. BRAF 
codons 594 and 596 mutations, when compared with V600E BRAF mutations, 
are more frequently rectal, non-mucinous with no peritoneal spread. In a study 
of 10 patients, all BRAF 594 and 596 tumours were microsatellite stable. OS was 
significantly longer (62 vs. 12.6 months, P = 0.002) [34]. Jones et al. identified 208 
metastatic CRC patients out of 9643 with non-V600E mutations. When compared 
with V600E BRAF mutation patients, those with non-V600E mutations were found 
to be younger, more likely male, and had lower grade tumours. In addition, median 
OS was significantly longer compared with both V600E BRAF mutant and BRAF 
wild-type patients (60.7 vs. 11.4 vs. 43 months respectively) [35]. This has also been 
demonstrated in a retrospective study of 98 patients, 6 of whom had non-V600E 
BRAF mutations. Although only a small sample size, OS was significantly better 
compared with V600E BRAF MT patients (P = 0.38) [17].

6. Treatment of BRAF-mutation CRC

6.1 Standard treatment

Doublet chemotherapy remains the standard of care for metastatic BRAF MT 
CRC in patients with appropriate performance status [36, 37]. First-line chemo-
therapy options include 5 fluorouracil, leucovorin and oxaliplatin (FOLFOX), 
5-fluorouracil, leucovorin and irinotecan (FOLFIRI) and capecitabine plus 
oxaliplatin. A retrospective study reported no difference in median PFS between 
irinotecan-based or oxaliplatin-based chemotherapy regimens in the first line for 
BRAF-MT CRC [38].

A more intensive triplet chemotherapy regime has been proposed based on 5 fluo-
rouracil, leucovorin, oxaliplatin and irinotecan with bevacizumab (FOLFOXIRI+bev). 
A phase II trial of FOLFOXIRI and bevacizumab in the metastatic CRC population 
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wild-type patients (60.7 vs. 11.4 vs. 43 months respectively) [35]. This has also been 
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BRAF mutations. Although only a small sample size, OS was significantly better 
compared with V600E BRAF MT patients (P = 0.38) [17].
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oxaliplatin. A retrospective study reported no difference in median PFS between 
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A more intensive triplet chemotherapy regime has been proposed based on 5 fluo-
rouracil, leucovorin, oxaliplatin and irinotecan with bevacizumab (FOLFOXIRI+bev). 
A phase II trial of FOLFOXIRI and bevacizumab in the metastatic CRC population 
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showed a statistically significant benefit to progression free survival and trend towards 
improved overall survival at the expense of greater incidence of grade three toxici-
ties [39]. An exploratory analysis of the BRAF-MT cohort (25 patients in a pooled 
population) reported a median PFS of 11.8 months, median OS of 24.1 months and an 
impressive response rate of 72%, including one patient with complete response [40]. 
This was followed up by the open label phase III TRIBE study comparing FOLFIRI 
plus bevacizumab with FOLFOXIRI with bevacizumab [41]. In the molecular sub-
group analysis, 28 out of 391 cases were BRAF mutant. There was a trend towards 
benefit in overall survival (19.0 months in the FOLFOXIRI plus bevacizumab arm vs. 
10.7 months in the FOLFIRI plus bevacizumab arm, HR 0.54); however, this was not 
statistically significant. This was also seen in median PFS (7.5 vs. 9.5 months, HR 0.57) 
and best overall response (56 vs. 42%). While not statistically significant, this regime 
has been proposed in the first line setting for BRAF-MT mCRC patients with good 
performance status given the overall survival data.

6.2 EGFR inhibitors

The epidermal growth factor receptor (EGFR) is involved in signalling upstream 
of the RAS-RAF-MEK-ERK pathway. Monoclonal antibodies directed against 
EGFR, cetuximab and panitumumab have shown to be effective in metastatic CRC; 
however, KRAS mutation is a negative predictor of EGFR treatment response and 
upfront testing is recommended before starting treatment [36, 37].

As previously discussed, KRAS and BRAF mutations are mutually exclusive. 
Given the common signalling pathway, BRAF mutation has also been proposed to be 
a negative predictive marker of EGRF antibody treatment response. In the first line 
setting, the PRIME study evaluated the addition of panitumumab to FOLFOX. In 
BRAF-MT tumours, panitumumab added no benefit to survival (HR 0.9, P = 0.76) 
[42]. Similarly, the phase III MRC COIN trial showed no benefit in the addition of 
cetuximab to first-line oxaliplatin based chemotherapy, irrespective of KRAS or 
BRAF mutation status [43]. In the second line setting, the PICCOLO study reported 
no effect of panitumumab in combination with irinotecan on PFS, but a significant 
negative effect on OS (HR 1.84, P = 0.029). Cetuximab was also evaluated against 
best supportive care in the phase III CO.17 trial [44]. For BRAF MT tumours, there 
were no responses and no change to survival in the sample size of 13 (HR 0.84, 
P = 0.81).

Given the small numbers of BRAF-MT patients in these trials, there have been a 
number of meta-analyses evaluating the BRAF mutation as a predictive marker of 
EGFR therapy. Therkildsen et al. reviewed KRAS, NRAS, BRAF, PIK3CA and PTEN 
mutations in patients with KRAS exon 2 wild-type patients. Of the 1267 patients in 17 
studies treated with either cetuximab or panitumumab in both first line and subse-
quent like therapies, 128 patients had BRAF V600E mutations [45]. There was a signifi-
cant decrease in overall response rate (17 vs. 45%). BRAF mutation was also linked to 
shorter PFS (HR 2.95) and OS (HR 2.52) compared to BRAF wild-type tumours.

Pietrantonio et al. examined the impact of cetuximab and panitumumab on PFS, 
OS and overall response rate (ORR) [46]. This meta-analysis included 9 phase III 
trials and 1 phase II trial (across first-line, second-line and chemotherapy refractory 
settings). 463 RAS wild-type/BRAF MT CRC patients were identified. The addition 
of EGFR antibody therapy did not significantly improve PFS (HR 0.88, P = 0.33), 
OS (HR 0.91, P = 0.63) and ORR (relative risk 1.31, P = 0.25).

A further meta-analysis was published in 2015 but Rowland et al. [47]. It 
included 8 randomised control trials that had also been included in the analysis 
by Pietrantonio et al., but differed by excluding 2 trials; 1 by Tveit et al. [48] due 
to lack of OS and PFS data and Stintzing et al. [49] as the control arm included 
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bevacizumab. In addition, the statistical analysis differed as Rowland et al. com-
pared BRAF MT patients with BRAF wild-type. 351 patients were identified with 
BRAF mutation, of which 330 with the V600E mutation. The HR for PFS was 
0.86 for RAS wild-type/BRAF MT compared with 0.62 for RAS wild-type/BRAF 
wild-type tumours with a test of interaction that nears but does not reach statisti-
cal significance (P = 0.07). There was no difference for OS either, the HR for RAS 
wild-type/BRAF MT tumours was 0.97 compared with 0.81 for RAS wild-type/
BRAF wild-type (test of interaction, P = 0.43). It concluded that there was insuffi-
cient evidence to definitively state that RAS wild-type/BRAF MT individuals derive 
a different treatment benefit from EGFR antibodies compared with RAS wild-type/
BRAF wild-type patients.

More recently, the triplet chemotherapy regime, FOLFOXIRI, has been studied 
in combination with panitumumab in the VOLFI trial [50]. This was a randomised 
phase II trial of patients with RAS WT, unresectable metastatic CRC. 96 patients 
were included, of which, 16 patients with BRAF MT disease. The primary endpoint 
was ORR. The addition of panitumumab significantly improved ORR in the overall 
population (85.7 vs. 54.5%, P = 0.0013), and in the BRAF MT population, there was 
trend to improved ORR (71.4 vs. 22.2%, P = 0.1262).

Thus, while there exists a significant body of evidence that suggests minimal 
clinical benefit of EGFR antibody treatment in BRAF MT metastatic CRC, it is 
not definitive and therefore remains an option for therapy in discussion with the 
patient. This primarily relates to anti-EGFR as the sole biological agent however 
anti-EGFR therapy may have a definite role when combined with additional biologi-
cal agents such as BRAF inhibitors as discussed below.

6.3 BRAF inhibition in mCRC

BRAF represents a therapeutic target in cancer as, unlike KRAS, it is a rela-
tively unidirectional MEK-ERK effector. Inhibition of BRAF with vemurafenib 
(PLX4032) has been demonstrated to significantly benefit patients with unresect-
able or metastatic BRAF V600E MT melanoma, improving progression free survival 
and OS, with a response rate of 48% [51]. In sharp contrast, BRAF inhibition in 
mCRC is disappointing. An expansion phase II study examined vemurafenib in 
patients with BRAF MT mCRC who have had at least one line of prior therapy [52]. 
Of the 21 patients treated, 1 patient had a partial response and 7 other patients had 
stable disease by RESIST criteria. The median PFS was only 2.1 months and ORR of 
5%. Although there were signs of efficacy, the authors concluded that single-agent 
vemurafenib did not show any meaningful clinical activity in patients with BRAF 
V600E MT mCRC.

These results were similar to a histology-independent phase II “basket” trial of 
vemurafenib. 122 patients with BRAF V600 MT malignancies were enrolled into 
7 prespecified cohorts, including 37 with mCRC [53]. Vemurafenib, as a single 
agent, was given to 10 patients with mCRC. Response was poor, with 50% having 
stable disease and the rest progressing on therapy. The remaining 27 patients with 
mCRC received combination of vemurafenib and cetuximab, and the results will be 
discussed later in the chapter.

There are several mechanisms of resistance identified that reduce the efficacy 
of BRAF inhibition in mCRC. For example Prahallad et al. identified that BRAF 
inhibition with vemurafenib in mCRC cells causes a rapid activation of EGFR 
through an ERK-dependent negative feedback loop [54]. Unlike in melanoma, CRC 
cell lines express high levels of activated EGFR. Blockade of EGFR with either EGFR 
monoclonal antibodies or small-molecule kinase inhibitors (gefitinib and erlotinib) 
was showed to work synergistically with BRAF inhibition.
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More recently, it has been showed that BRAF inhibition can also lead to up 
regulation of other receptor tyrosine kinases including human epidermal growth 
factor receptor (HER) 2 and HER3 [55].

Activation of the phosphoinositide 3-kinase (PI3K)/AKT/mTOR pathway has 
also been implicated in BRAF inhibition resistance [56]. PI3K signalling is activated 
by direct mutational activation or amplification of PIK3CA and AKT1 or loss of 
PTEN [57]. Approximately 40% of CRC have been shown to have alterations in 1 
of 8 PI3K pathway genes, which are almost always mutually exclusive to each other 
[58]. Genotyping of BRAF MT CRC has showed concomitant PI3KCA and PTEN 
mutations [59].

The Wnt/β-catenin pathway is also involved in cell proliferation, differentia-
tion and survival and interacts with the RAS-RAF-MEK-ERK pathway at multiple 
points. It has been identified as an important step in tumourigenesis and alterations 
in the Wnt pathway have been identified more frequently in BRAF V600E MT CRC 
patient samples, potentially representing an alternative pathway of tumour devel-
opment when BRAF is inhibited [60].

Based on these findings, BRAF inhibition has been combined with a number 
of different agents in order to attempt to overcome resistance and improve 
response.

6.4 BRAF and EGFR inhibition

In the fore-mentioned phase II “basket” trial, the effect of vemurafenib and 
cetuximab evaluated in 27 patients with BRAF V600 MT mCRC. The result was 
marginally improved compared to single-agent treatment. One patient had a partial 
response (4% ORR) and 69% had stable disease. Median PFS was 3.7 months and 
median OS was 7.1 months. A pilot trial with combination panitumumab and 
vemurafenib included 15 patients with BRAF V600E mCRC who had received at 
least 1 prior line of therapy [61]. 2 patients had confirmed partial response and 6 
patients had stable disease, including 2 patients with stability lasting over 6 months. 
The treatment was well tolerated with fatigue and rash being the most frequently 
observed adverse events.

Other combinations of BRAF and EGFR inhibitors have also been investigated 
including vemurafenib plus erlotinib [62], encorafenib (LGX818, a highly selective 
ATP-competitive small molecule RAF kinase inhibitor) plus cetuximab [63] and 
dabrafenib (a small molecule kinase BRAF inhibitor) plus panitumumab [64]. 
Response rates in these trials range from 4 to 23%. To improve this outcome, the 
combination has been combined with chemotherapy in the randomised phase 2 
SWOG 1406 study [65]. Interim results of this trial were presented in 2017. The 
combination of irinotecan and cetuximab with or without vemurafenib was exam-
ined in 106 patients. Median PFS was significantly improved with the addition of 
vemurafenib (4.4 vs. 2.0 months, P < 0.001). Response rate increased from 4 to 16% 
(P = 0.09). However, there was an increase in grade 3 and 4 adverse events includ-
ing neutropenia, anaemia and nausea. It was noted that no new safety signals. The 
data on median OS was immature. Based on these findings, this treatment regime 
has been included in treatment guidelines [36].

6.5 BRAF and MEK inhibition

BRAF and MEK inhibition has been combined in melanoma with greater effi-
cacy and so has been evaluated in the BRAF MT mCRC population. 43 patients were 
treated with dabrafenib and trametinib [66]. 1 patient achieved a complete response 
and 4 patients had a partial response (ORR 12%). 24 patients achieved stable 
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disease (56%). During-treatment biopsies in 9 patients showed reduced levels of 
ERK compared with pre-treatment biopsies. It is suggested that combination BRAF 
and MEK inhibition could be a potential therapeutic backbone for the addition of 
other agents including EGFR inhibitors.

6.6 BRAF, MEK and EGFR inhibition

Given the role of MEK and ERK in EGFR activation leading to BRAF inhibitor 
resistance, the triplet combination of BRAF, MEK and EGFR inhibitors have been 
investigated. Corcoran et al. reported on a trial involving 3 cohorts, dabrafenib and 
panitumumab (n = 20), dabrafenib, trametinib and panitumumab (n = 91), and 
trametinib and panitumumab (n = 31) [67].

The ORR for triplet therapy was 21%, compared with 0% with trametinib and 
panitumumab and 10% with dabrafenib and panitumumab. With the increase in 
response rate, there was also a corresponding increase in adverse events. 70% of 
patients on triplet therapy had a grade 3 or 4 adverse event. 18% of patients had an 
adverse event resulting in study discontinuation, 54% had an adverse event that 
resulted in dose reduction, and 71% of patients had an adverse event that led to 
dose interruption or delay. Skin toxicity including rash and dermatitis acneiform 
occurred in 90% of patients, with 21% having grade 3 or 4 adverse events. Paired 
pre-treatment and on-treatment biopsies demonstrated that triplet combination 
produced greater inhibition of ERK than the dabrafenib and panitumumab doublet 
or the dabrafenib and panitumumab doublet.

It has been suggested that BRAF inhibitors may offset the dermatologic toxicity 
resulting from MEK or EGFR inhibitors. Mondaca et al. reported on a case of BRAF 
V600E MT metastatic CRC on clinical trial with dabrafenib, trametinib and pani-
tumumab [68]. Dabrafenib dose reductions for neutropenia were associated with 
increased skin toxicity, which subsequently improved with increasing the dose. This 
case highlights the importance of dose intensity of BRAF inhibitors with used in 
combination regimens.

6.7 Other therapeutic strategies and current trials

Current therapeutic investigations in the BRAF MT mCRC field involve multiple 
targeted therapies aimed at overcoming acquired resistance to MAPK pathway 
inhibition.

One such combination is encorafenib, cetuximab and alpelisib. Alpelisib 
(BYL719) specifically inhibits the alpha subunit of PI3K. A phase 1b dose escala-
tion study included 2 arms, encorafenib plus cetuximab vs. triplet therapy with 
encorafenib, cetuximab and alpelisib [69]. Triplet therapy was showed to be 
active with an ORR of 18% and impressively a disease control rate of 92.8%. This 
combination has been investigated further in a phase 2 trial [63]. 102 patients 
with refractory BRAF MT CRC were randomised to doublet or triplet therapy. 
Progression free survival was the primary endpoint. Interim data following 73 
events were released and showed no statistical difference between doublet and 
triplet therapy with HR 0.69 (P = 0.064) and median PFS of 4.2 vs. 5.4 months. 
Grade 3 and 4 adverse events were higher in the triplet arm, including anaemia 
and hyperglycaemia. Further investigations with other PI3K inhibitors are 
currently underway; however, the efficacy of PI3K inhibition remains unclear 
(NCT01337765, NCT01363232).

Other potential targets include BRAF and AKT inhibition [70], BRAF, EGFR 
and HER2 inhibition [55], ERK inhibition alone or in combination with BRAF 
inhibition [71] and Wnt/β-catenin pathway inhibition (NCT02278133) Table 2.
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ERK compared with pre-treatment biopsies. It is suggested that combination BRAF 
and MEK inhibition could be a potential therapeutic backbone for the addition of 
other agents including EGFR inhibitors.
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Given the role of MEK and ERK in EGFR activation leading to BRAF inhibitor 
resistance, the triplet combination of BRAF, MEK and EGFR inhibitors have been 
investigated. Corcoran et al. reported on a trial involving 3 cohorts, dabrafenib and 
panitumumab (n = 20), dabrafenib, trametinib and panitumumab (n = 91), and 
trametinib and panitumumab (n = 31) [67].

The ORR for triplet therapy was 21%, compared with 0% with trametinib and 
panitumumab and 10% with dabrafenib and panitumumab. With the increase in 
response rate, there was also a corresponding increase in adverse events. 70% of 
patients on triplet therapy had a grade 3 or 4 adverse event. 18% of patients had an 
adverse event resulting in study discontinuation, 54% had an adverse event that 
resulted in dose reduction, and 71% of patients had an adverse event that led to 
dose interruption or delay. Skin toxicity including rash and dermatitis acneiform 
occurred in 90% of patients, with 21% having grade 3 or 4 adverse events. Paired 
pre-treatment and on-treatment biopsies demonstrated that triplet combination 
produced greater inhibition of ERK than the dabrafenib and panitumumab doublet 
or the dabrafenib and panitumumab doublet.

It has been suggested that BRAF inhibitors may offset the dermatologic toxicity 
resulting from MEK or EGFR inhibitors. Mondaca et al. reported on a case of BRAF 
V600E MT metastatic CRC on clinical trial with dabrafenib, trametinib and pani-
tumumab [68]. Dabrafenib dose reductions for neutropenia were associated with 
increased skin toxicity, which subsequently improved with increasing the dose. This 
case highlights the importance of dose intensity of BRAF inhibitors with used in 
combination regimens.

6.7 Other therapeutic strategies and current trials

Current therapeutic investigations in the BRAF MT mCRC field involve multiple 
targeted therapies aimed at overcoming acquired resistance to MAPK pathway 
inhibition.

One such combination is encorafenib, cetuximab and alpelisib. Alpelisib 
(BYL719) specifically inhibits the alpha subunit of PI3K. A phase 1b dose escala-
tion study included 2 arms, encorafenib plus cetuximab vs. triplet therapy with 
encorafenib, cetuximab and alpelisib [69]. Triplet therapy was showed to be 
active with an ORR of 18% and impressively a disease control rate of 92.8%. This 
combination has been investigated further in a phase 2 trial [63]. 102 patients 
with refractory BRAF MT CRC were randomised to doublet or triplet therapy. 
Progression free survival was the primary endpoint. Interim data following 73 
events were released and showed no statistical difference between doublet and 
triplet therapy with HR 0.69 (P = 0.064) and median PFS of 4.2 vs. 5.4 months. 
Grade 3 and 4 adverse events were higher in the triplet arm, including anaemia 
and hyperglycaemia. Further investigations with other PI3K inhibitors are 
currently underway; however, the efficacy of PI3K inhibition remains unclear 
(NCT01337765, NCT01363232).

Other potential targets include BRAF and AKT inhibition [70], BRAF, EGFR 
and HER2 inhibition [55], ERK inhibition alone or in combination with BRAF 
inhibition [71] and Wnt/β-catenin pathway inhibition (NCT02278133) Table 2.
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Immunotherapy also plays a role in the management of metastatic CRC [36]. 
Pembrolizumab and nivolumab are immune check point inhibitors against pro-
grammed death 1 (PD-1) that have demonstrated significant activity against 
MSI-high mCRC [72, 73]. Given the strong association between MSI-high and BRAF 
MT CRC, this represents a possible therapeutic option. The initial trial of pembro-
lizumab in MSI-high CRC did not include BRAF MT cases; however, a case report 
does suggest activity in the MSI-high BRAF MT population [74].

Nivolumab and combination nivolumab with ipilimumab (cytotoxic T-lymphocyte 
associated protein 4 inhibitor) in MSI-high/dMMR CRC was examined in the phase 
2 CheckMate 142 study [73, 75]. 12 of the 74 patients receiving nivolumab harboured 
a BRAF mutation. An objective response was seen in 3 patients (25%) and 9 patients 
achieved disease control for greater than 12 weeks. The ORR for combination immu-
notherapy was greater at 55% in patients with MSI-high BRAF MT CRC, and disease 
control rate of 79%. Safety data was not reported by mutation status, however, 
appeared manageable, with 32% experiencing a grade 3 or 4 adverse event, most com-
monly raised AST. Discontinuation due to a treatment related adverse event was 13%.

7. Conclusion

BRAF V600E mutations are present in 7–10% of CRC. It represents a population 
with poor prognosis and a particular clinical phenotype, being more prevalent in 
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gov number
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Ongoing studies investigating different treatment strategies for BRAF MT mCRC.
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women, older than 70 years of age, associated with poorly differentiated histology 
and right-sided tumours. Chemotherapy with the addition of anti-angiogenesis 
agent remains the current standard of care in the first line metastatic setting. More 
aggressive, triplet chemotherapy (FOLFOXIRI) may be appropriate in the selected 
patient. BRAF inhibition has been extensively investigated for second line therapy 
and beyond and when in combination with EGFR, MEK and PI3K inhibitors have 
increased response rates, however, PFS and OS remains poor. Ongoing research 
remains important to improve outcomes in BRAF MT CRC.
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Chapter 4

Current Utility and Future 
Applications of ctDNA in 
Colorectal Cancer
Daphne Day, Sophia Frentzas, Cameron A. Naidu, 
Eva Segelov and Maja Green

Abstract

Circulating tumour DNA (ctDNA) shows promise as a minimally invasive 
biomarker with a myriad of emerging applications including early detection 
and diagnosis, monitoring of disease and treatment efficacy, and identification 
of actionable alterations to guide treatment. The potential utility of ctDNA in 
colorectal carcinoma (CRC) is of particular interest given the limitations of cur-
rent radiographic imaging and blood-based tumour markers in detecting disease 
and evaluating therapeutic benefit. While ctDNA has yet to demonstrate clinical 
utility in CRC, a growing body of research highlights the potential of these novel 
biomarkers. This chapter provides an overview of the current evidence for employ-
ing ctDNA in CRC as well as previewing the future directions that these exciting 
technologies may take.

Keywords: colorectal carcinoma/cancer, circulating tumour DNA, biomarker

1. Introduction

Ongoing research in oncology aims to generate patient-directed treatment 
options, targeting each individual’s specific cancer molecular profile with thera-
pies most likely to initiate and maintain an effective anti-tumour response [1]. 
Currently, molecular profiling in colorectal cancer (CRC) relies on direct biopsy 
of tumour tissue. However, tissue biopsy presents a number of procedural and 
biological challenges. Firstly, it is an inherently invasive procedure, making recur-
rent sampling difficult. Secondly, results may be affected by bias owing to tumoural 
heterogeneity. Tumours are affected by factors such as genomic instability, the 
surrounding tissue microenvironment and therapeutic effects [2]. These influences 
create dynamic molecular selection and evolution, resulting in spacial and temporal 
heterogeneity, which cannot be represented by a single site tissue biopsy, particu-
larly in the case of metastatic disease [3].

Recognition of these limitations has prompted an interest in non-invasive 
circulating tumour-specific biomarkers. The concept of ‘liquid biopsy’ originally 
described the detection and analysis of circulating tumour cells (CTC) in blood, 
with reference to tissue biopsy. More recently, it has been broadly adapted to 
describe any tumour-related constituents circulating in body fluids such as CTC, 
DNA, RNA and exomes [4]. Compared with tissue biopsies, liquid biopsies may 
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be better suited for serial surveillance, by reducing procedural time and potential 
harm. Blood sampling may also provide a more accurate representation of global 
tumoural heterogeneity, not limited to the site-specific characteristics detected 
through tissue biopsy [5]. The focus of this review will be directed towards circu-
lating tumour DNA (ctDNA) found in blood samples, which at present, of all the 
liquid biopsy approaches, has had the greatest clinical impact. CtDNA is thought 
to be released by tumour cells, containing tumour-specific genetic and epigenetic 
alterations [6]; and has been found to correlate with tumour stage, burden of 
disease and response to therapy in CRC [7].

Herein, we provide an overview of ctDNA technologies in use and highlight 
the emerging clinical applications of ctDNA in various CRC management set-
tings (Figure 1). The future directions of this rapidly advancing field will also be 
explored.

2. ctDNA methodological approaches and technical considerations

Circulating cell-free DNA (cfDNA) was first detected in 1948 by Mendel and 
Metais in the peripheral blood plasma of healthy and diseased individuals [8]. 
CfDNA levels can vary between 1 and 10 ng mL−1 in plasma and can be affected 
by physiological conditions such as exercise and acute inflammation [9]. In 1977, 
Leon et al. found that cfDNA was more elevated in cancer patients compared with 
healthy subjects, with higher levels correlating with higher burden of disease [10]. 
In 1989, Stroun et al. discovered that at least part of the plasma DNA in cancer 
patients originated specifically from cancer cells [11]. In the ensuing decades, 
knowledge and applications of tumour-derived cfDNA has rapidly evolved due to 
advances in molecular techniques, and also gave rise to the term, circulating tumour 
DNA (ctDNA).

Figure 1. 
Emerging ctDNA applications in various CRC management settings.
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A variety of tumour-specific molecular alterations may be identified by ctDNA 
including mutations, methylation variants, microsatellite alterations, copy number 
variations and structural changes [12]. Although the exact mechanisms are yet to 
be elucidated, ctDNA is thought to be released into the blood stream via biological 
processes such as apoptosis, necrosis, inefficient phagocytosis and active secretion 
[13, 14]. CtDNA has a short half-life of up to a few hours and accounts for gener-
ally only a small fraction of cfDNA, although concentration can vary widely from 
<0.01 to 90% [12]. The biological and tumoural determinants underlying ctDNA 
variations both between and within individuals are incompletely understood, but 
are likely affected by tumour burden, treatment response, circulatory elements, 
circadian rhythm, cellular turnover and clearance mechanisms [12, 15]. Somatic 
variants may also be found in healthy individuals, mostly commonly associated 
with clonal haematopoiesis [5]. Such variability, coupled with the often-low allele 
frequency of the molecular aberration of interest, demand sensitive and robust 
detection methods. As we interpret the results of ctDNA studies and consider their 
clinical relevance, it is prudent to reflect on these biological variables.

2.1 Pre-analytic considerations

Numerous inherent challenges have affected the development of ctDNA pre-
analytic and analytic methods. These include variable fragmentation, low abun-
dance in plasma or serum volumes, tumour heterogeneity, and low stability as a 
result of the aforementioned biological factors [16].

To minimise sample degradation and optimise stability, a number of pre-
analytical steps need to be carefully planned. Although there are currently no 
standardised methodology guidelines on ctDNA collection, storage and processing, 
the typical workflow is illustrated in Figure 2.

2.2 Detection methods

A variety of methods for detecting and characterising ctDNA have been 
reported. These can be broadly categorised as targeted and non-targeted 
approaches. Differing performance characteristics, strengths and disadvantages 
may also facilitate complementary roles of these approaches in molecular analysis. 
Table 1 lists examples of described methods. Applying any of these approaches in 

Figure 2. 
Pre-analytical components in ctDNA analysis. (1) Collection of blood samples (usually 5–10 mL) via 
phlebotomy. Currently, there is no guidance on the comparative impact of the source of blood draw (for 
example, peripheral venepuncture or intravascular ports) on ctDNA analysis [5]; (2) samples should be 
collected in tubes containing anticoagulants compatible with polymerase chain reaction methods, such as 
ethylenediaminetetraacetic acid (EDTA) [9]; (3) centrifugation of blood to separate cells should be performed 
promptly. The exact optimal time to centrifugation is not known and may depend on storage conditions and 
the presence of stabilising agents [16]. Current evidence suggests that plasma is preferred to serum samples, as 
in the latter case, cfDNA released during white blood cell lysis may lead to a dilutional effect [9]. (4) Processed 
plasma is then generally stored frozen, often in aliquots; (5) CfDNA is extracted using commercially available 
kits. There are multiple DNA purification strategies and modifications, which may variably impact on DNA 
yield and purity [5].
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clinical relevance, it is prudent to reflect on these biological variables.

2.1 Pre-analytic considerations

Numerous inherent challenges have affected the development of ctDNA pre-
analytic and analytic methods. These include variable fragmentation, low abun-
dance in plasma or serum volumes, tumour heterogeneity, and low stability as a 
result of the aforementioned biological factors [16].

To minimise sample degradation and optimise stability, a number of pre-
analytical steps need to be carefully planned. Although there are currently no 
standardised methodology guidelines on ctDNA collection, storage and processing, 
the typical workflow is illustrated in Figure 2.

2.2 Detection methods

A variety of methods for detecting and characterising ctDNA have been 
reported. These can be broadly categorised as targeted and non-targeted 
approaches. Differing performance characteristics, strengths and disadvantages 
may also facilitate complementary roles of these approaches in molecular analysis. 
Table 1 lists examples of described methods. Applying any of these approaches in 

Figure 2. 
Pre-analytical components in ctDNA analysis. (1) Collection of blood samples (usually 5–10 mL) via 
phlebotomy. Currently, there is no guidance on the comparative impact of the source of blood draw (for 
example, peripheral venepuncture or intravascular ports) on ctDNA analysis [5]; (2) samples should be 
collected in tubes containing anticoagulants compatible with polymerase chain reaction methods, such as 
ethylenediaminetetraacetic acid (EDTA) [9]; (3) centrifugation of blood to separate cells should be performed 
promptly. The exact optimal time to centrifugation is not known and may depend on storage conditions and 
the presence of stabilising agents [16]. Current evidence suggests that plasma is preferred to serum samples, as 
in the latter case, cfDNA released during white blood cell lysis may lead to a dilutional effect [9]. (4) Processed 
plasma is then generally stored frozen, often in aliquots; (5) CfDNA is extracted using commercially available 
kits. There are multiple DNA purification strategies and modifications, which may variably impact on DNA 
yield and purity [5].
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routine clinical practice in a credentialed laboratory would require considerable 
scaling up, standardisation, and optimisation of methodological efficiency and 
accuracy, while minimising cost [5].

Earlier approaches such as Sanger sequencing and conventional polymerase 
chain reaction (PCR)-based methods have limited sensitivity for ctDNA detection, 
particularly for rare alterations [6]. A number of digital PCR-based approaches 
were subsequently developed, capable of improved limits of detection (up to 
0.001%), low frequency allele detection and nucleic acid quantitation. Commonly 
used digital PCR methods for ctDNA detection include BEAMing (beads, emulsion, 
amplification and magnetics) and droplet digital PCR (ddPCR). BEAMing which 
combines beads in emulsion and flow cytometry, was first described in 2003 [17] 
and facilitated serial tracking of mutant allele fractions in patients with CRC [9, 18]. 
This method and its variations are now widely applied in ctDNA analysis. DdPCR 
involves the massive partitioning of nucleic acids into thousands of droplets to 
enable highly sensitive and precise detection and quantitation of small concentra-
tions of DNA [19, 20].

Next generation sequencing (NGS) or massively parallel sequencing are broad 
terms describing a range of high throughput methods capable of the simultaneous 
analysis of thousands to millions of DNA molecules, and also encompasses both 
targeted and non-targeted approaches. Targeted sequencing platforms such as 
safe sequencing system (Safe-SeqS) [21] and tagged-amplicon deep sequencing 
(TAm-Seq) [22] have the advantage of improved multiplex capability and evaluat-
ing a larger number of loci simultaneously in the genomic areas of interest [15]. 
However, targeted PCR-based or NGS methodologies mostly rely on prior knowl-
edge of molecular changes and cannot identify variants located in areas that are not 
analysed.

In contrast, non-targeted genome or exome-wide sequencing allows discovery 
of de novo alterations as well as detection of structural changes including rearrange-
ments, gene fusions and copy number alterations [23]. These may be advantageous 
in patients who do not have accessible tumour tissue for biopsy. Several techniques 
have been described and used in the ctDNA setting. The personalised analysis of 
rearranged ends (PARE) method uses paired-end sequencing, and was utilised 
in a proof-of-principle study to identify unselected genome-wide chromosomal 
alterations characteristic of tumour DNA in cfDNA in patients with CRC and 

Technique types Technique Application

PCR-based [26–28] ARMS-PCR
Mutant allele-specific 
PCR
Bi-PAP

Known point mutations

Digital PCR [18–20, 29] BEAMing
DdPCR

Known point mutations

Targeted sequencing  
[21, 22, 30]

Safe-SeqS
TAm-Seq
CAPP-Seq

Point mutation
Structural changes in specific gene 
regions

WGS and WES [24, 31, 32] PARE
Digital karyotyping

Copy number variations
Structural rearrangements

PCR, polymerase-chain reaction; ARMS, amplification-refraction mutation system; Bi-PAP, bidirectional 
pyrophosphorolysis-activated polymerisation; BEAMing, beads, emulsion, amplification and magnetics; ddPCR, 
droplet digital PCR; Safe-Seq, safe-sequencing system; TAm-Seq, tagged-amplicon deep sequencing; WGS, whole-
genome sequencing; WES, whole-exome sequencing; PARE, personalised analysis of rearranged ends.

Table 1. 
Methods of ctDNA detection.
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breast cancer, including copy number changes and rearrangements [24]. Another 
group demonstrated the feasibility and utility of exome-wide sequencing in ctDNA 
to identify mutations associated with acquired therapeutic resistance in a small 
cohort of patients with advanced cancer [25]. Current limitations of non-targeted 
approaches include lower sensitivity and relatively prohibitive costs impeding 
routine clinical implementation [24]. Furthermore, due to the relatively large 
amount of resulting sequencing data, substantial bioinformatic expertise and filters 
are required to decipher somatic tumoural alterations from the structural variants 
commonly seen in germline DNA to avoid false positives [15].

3. CtDNA in screening

Five-year survival for CRC patients is highly dependent on the timing of disease 
detection and tumour stage. CRC screening can achieve early disease detection and 
treatment, including that of pre-malignant dysplastic lesions, and has been shown 
to improve CRC-related mortality. However, 60–70% of patients are diagnosed at 
mid- to late stage CRC despite recent advances in screening methods [33]. Screening 
approaches used to test asymptomatic people for a presence of unsuspected disease, 
which have proven efficacy in CRC include endoscopic visualisation and faecal 
occult blood tests (FOBT). The former is invasive and expensive with associated 
morbidity, thus affecting patient compliance and acceptance. FOBT measure 
the presence of haemoglobin in faeces and can be categorised into guaiac-based 
(gFOBT) and the newer haemoglobin-antibody-based faecal immunochemical test 
(FIT). FIT is used more commonly in current practice and has largely superseded 
gFOBT, due to its superior sensitivity for colorectal bleeding, improved analytical 
characteristics and it is also less likely to be affected by dietary and medication 
factors [34–37]. In addition, FIT has better acceptance and participation which 
improves population participation [38]. In a meta-analysis of 19 studies, FIT was 
found to have high accuracy and specificity, and moderately high sensitivity, 
although substantial heterogeneity was noted across studies [39].

This prompted the development of faecal-based tests targeting genetic and epi-
genetic alterations. Cologuard is the first commercially-approved faecal test which 
combines several technologies including molecular assays for aberrant NDRG4 and 
BMP3 methylation, β-actin (a reference gene for human DNA quantity), and KRAS 
mutations; and a haemoglobin immunoassay [40]. The haemoglobin component 
of the Cologuard test contributes to 80% of the cancer detection in the algorithm. 
A large randomised clinical trial comparing Cologuard and FIT screening showed 
that the sensitivity of Cologuard was superior to that of FIT in the detection of CRC 
and precancerous lesions [40]. However, the higher cost of Cologuard and its lower 
specificity compared with FIT has limited its adaptation as a screening tool [33].

CtDNA analysis may offer a more convenient screening approach compared 
with faecal-based tests. The malignant transformation pathway, from adenoma to 
carcinoma, is driven by mutations such as APC, KRAS and TP53 [41]. However, 
somatic mutational profiles are highly variable between patients. For example, 
KRAS and BRAF V600E are seen in approximately 40 and 7% of patients with 
CRC respectively [42]. To date, the vast majority of cancer patients evaluated 
with mutation-based blood plasma assays have advanced-stage disease. A chal-
lenge in early stage disease is the often-minute fraction of ctDNA present in the 
total circulating DNA—may be as low as <0.01%—which may be below the limit 
of detection assays [18]. A study which enrolled 170 patients with positive FOBT 
investigated differences in KRAS mutation levels in plasma and tissue samples [43]. 
The rate of KRAS mutations in plasma (3%) was found to be lower compared with 
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routine clinical practice in a credentialed laboratory would require considerable 
scaling up, standardisation, and optimisation of methodological efficiency and 
accuracy, while minimising cost [5].

Earlier approaches such as Sanger sequencing and conventional polymerase 
chain reaction (PCR)-based methods have limited sensitivity for ctDNA detection, 
particularly for rare alterations [6]. A number of digital PCR-based approaches 
were subsequently developed, capable of improved limits of detection (up to 
0.001%), low frequency allele detection and nucleic acid quantitation. Commonly 
used digital PCR methods for ctDNA detection include BEAMing (beads, emulsion, 
amplification and magnetics) and droplet digital PCR (ddPCR). BEAMing which 
combines beads in emulsion and flow cytometry, was first described in 2003 [17] 
and facilitated serial tracking of mutant allele fractions in patients with CRC [9, 18]. 
This method and its variations are now widely applied in ctDNA analysis. DdPCR 
involves the massive partitioning of nucleic acids into thousands of droplets to 
enable highly sensitive and precise detection and quantitation of small concentra-
tions of DNA [19, 20].

Next generation sequencing (NGS) or massively parallel sequencing are broad 
terms describing a range of high throughput methods capable of the simultaneous 
analysis of thousands to millions of DNA molecules, and also encompasses both 
targeted and non-targeted approaches. Targeted sequencing platforms such as 
safe sequencing system (Safe-SeqS) [21] and tagged-amplicon deep sequencing 
(TAm-Seq) [22] have the advantage of improved multiplex capability and evaluat-
ing a larger number of loci simultaneously in the genomic areas of interest [15]. 
However, targeted PCR-based or NGS methodologies mostly rely on prior knowl-
edge of molecular changes and cannot identify variants located in areas that are not 
analysed.

In contrast, non-targeted genome or exome-wide sequencing allows discovery 
of de novo alterations as well as detection of structural changes including rearrange-
ments, gene fusions and copy number alterations [23]. These may be advantageous 
in patients who do not have accessible tumour tissue for biopsy. Several techniques 
have been described and used in the ctDNA setting. The personalised analysis of 
rearranged ends (PARE) method uses paired-end sequencing, and was utilised 
in a proof-of-principle study to identify unselected genome-wide chromosomal 
alterations characteristic of tumour DNA in cfDNA in patients with CRC and 
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Known point mutations

Digital PCR [18–20, 29] BEAMing
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PCR, polymerase-chain reaction; ARMS, amplification-refraction mutation system; Bi-PAP, bidirectional 
pyrophosphorolysis-activated polymerisation; BEAMing, beads, emulsion, amplification and magnetics; ddPCR, 
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breast cancer, including copy number changes and rearrangements [24]. Another 
group demonstrated the feasibility and utility of exome-wide sequencing in ctDNA 
to identify mutations associated with acquired therapeutic resistance in a small 
cohort of patients with advanced cancer [25]. Current limitations of non-targeted 
approaches include lower sensitivity and relatively prohibitive costs impeding 
routine clinical implementation [24]. Furthermore, due to the relatively large 
amount of resulting sequencing data, substantial bioinformatic expertise and filters 
are required to decipher somatic tumoural alterations from the structural variants 
commonly seen in germline DNA to avoid false positives [15].

3. CtDNA in screening

Five-year survival for CRC patients is highly dependent on the timing of disease 
detection and tumour stage. CRC screening can achieve early disease detection and 
treatment, including that of pre-malignant dysplastic lesions, and has been shown 
to improve CRC-related mortality. However, 60–70% of patients are diagnosed at 
mid- to late stage CRC despite recent advances in screening methods [33]. Screening 
approaches used to test asymptomatic people for a presence of unsuspected disease, 
which have proven efficacy in CRC include endoscopic visualisation and faecal 
occult blood tests (FOBT). The former is invasive and expensive with associated 
morbidity, thus affecting patient compliance and acceptance. FOBT measure 
the presence of haemoglobin in faeces and can be categorised into guaiac-based 
(gFOBT) and the newer haemoglobin-antibody-based faecal immunochemical test 
(FIT). FIT is used more commonly in current practice and has largely superseded 
gFOBT, due to its superior sensitivity for colorectal bleeding, improved analytical 
characteristics and it is also less likely to be affected by dietary and medication 
factors [34–37]. In addition, FIT has better acceptance and participation which 
improves population participation [38]. In a meta-analysis of 19 studies, FIT was 
found to have high accuracy and specificity, and moderately high sensitivity, 
although substantial heterogeneity was noted across studies [39].

This prompted the development of faecal-based tests targeting genetic and epi-
genetic alterations. Cologuard is the first commercially-approved faecal test which 
combines several technologies including molecular assays for aberrant NDRG4 and 
BMP3 methylation, β-actin (a reference gene for human DNA quantity), and KRAS 
mutations; and a haemoglobin immunoassay [40]. The haemoglobin component 
of the Cologuard test contributes to 80% of the cancer detection in the algorithm. 
A large randomised clinical trial comparing Cologuard and FIT screening showed 
that the sensitivity of Cologuard was superior to that of FIT in the detection of CRC 
and precancerous lesions [40]. However, the higher cost of Cologuard and its lower 
specificity compared with FIT has limited its adaptation as a screening tool [33].

CtDNA analysis may offer a more convenient screening approach compared 
with faecal-based tests. The malignant transformation pathway, from adenoma to 
carcinoma, is driven by mutations such as APC, KRAS and TP53 [41]. However, 
somatic mutational profiles are highly variable between patients. For example, 
KRAS and BRAF V600E are seen in approximately 40 and 7% of patients with 
CRC respectively [42]. To date, the vast majority of cancer patients evaluated 
with mutation-based blood plasma assays have advanced-stage disease. A chal-
lenge in early stage disease is the often-minute fraction of ctDNA present in the 
total circulating DNA—may be as low as <0.01%—which may be below the limit 
of detection assays [18]. A study which enrolled 170 patients with positive FOBT 
investigated differences in KRAS mutation levels in plasma and tissue samples [43]. 
The rate of KRAS mutations in plasma (3%) was found to be lower compared with 
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that observed in matched adenocarcinoma and high-grade intra-epithelial neoplasia 
tissues (45%) [43]. Although this is a small study, the results suggest that either 
this particular assay is not sufficiently sensitive, or that ctDNA was found at low or 
undetectable levels in the population tested.

The detection of epigenetic alterations characterised by aberrant DNA meth-
ylations is an alternative approach to mutational ctDNA analysis. Aberrant DNA 
methylation leads to transcription silencing of tumour suppressor genes, occurs 
early in CRC carcinogenesis, and may be more commonly seen and consistent in 
cancer patients compared with somatic mutations. Indeed, DNA methylation pro-
files in plasma have been used in biomarker development to identify emergence of 
early CRC by several groups [44]. One of the methylated promotors that has gained 
a lot of interest is the Septin 9 gene promoter. Methylation in the Septin 9 promoter 
demonstrated high sensitivity in preclinical studies and a small clinical cohort  
[45, 46], however a large prospective screening study demonstrated a sensitivity 
profile of only 48% [47]. In addition, the sensitivity to detect advanced adenomas 
was low (11%) [47]. Despite this, in 2016, the FDA approved the use of the Epi pro-
Colon, a plasma-derived Septin 9 methylation assay, for the screening of CRC. This 
decision occurred in the setting of encouraging results from a meta-analysis 
comparing the pooled sensitivity of methylated Septin 9 with FOBT as a screening 
tool [48], and the improved sensitivity and specificity results of a modified ver-
sion of the Epi proColon assay (2.0 version) [49, 50]. Recently, promising results 
have been reported in the utilisation of two methylation markers in the screening 
context—branched-chain amino acid transaminase 1 (BCAT1) and ikaros family zinc 
finger protein 1 (IKZF1)—where methylation of either gene identified close to 70% 
of CRC with specificity of 92% [51, 52].

To date, ctDNA is yet to demonstrate clinical utility in the CRC screening 
setting. Challenges lie in minimising false positive readings, whilst developing 
a test sensitive enough to detect small amounts of ctDNA. For example, normal 
physiological ageing is associated with the development of somatic mutations 
in the absence of malignant disease, and false positive readings may also be seen 
in patients with chronic inflammatory disease. False positive results can lead to 
unnecessary follow-up procedures and anxiety. Studies examining a large number 
of healthy control individuals will be essential to evaluate the specificity of poten-
tial screening assays. Yet another challenge with ctDNA-based screening is the 
identification of the underlying tissue of origin. Because the same gene mutations 
drive multiple tumour types, ctDNA tests based on genomic analysis alone gener-
ally cannot identify the anatomical location of the primary tumour.

4. CtDNA in detection of residual disease in early stage CRC

Although surgical resection can cure a high percentage of patients with CRC, 
tumour recurrence occurs in approximately 30–50% of all patients who undergo 
curative resection. The majority of these recurrences take place during the first 2 years 
after surgery and 90% recur within 5 years [53, 54]. Recommendation for adjuvant 
cytotoxic therapy is based on clinicopathological risk, although it may not be neces-
sary in many patients and toxicity is substantial. Thus, biomarkers that would aid in 
identifying patients at high risk of recurrence and who would benefit from adjuvant 
therapies is of utmost importance. Carcinoembryonic antigen (CEA), a blood protein-
based tumour marker, is currently used for monitoring CRC treatment and can also be 
detected at elevated levels in pancreatic, gastric, lung and breast cancers, as well as a 
number of benign conditions. Whilst CEA is upregulated in the majority of advanced 
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CRC, the sensitivity for recurrence detection has been shown to be unacceptably low, 
approximately 30% [55, 56], supporting the need for alternative markers.

It is well known that in CRC, there is high genomic concordance between the 
primary tumour and its metastases [57]. Therefore, a promising strategy to detect 
minimal residual disease or even relapsed disease, could be to use ctDNA to track and 
quantify key genomic aberrations (APC, KRAS, BRAF and TP53), which are recognised 
as playing a role in early CRC, and may persist in metastatic disease [18, 58]. Several 
studies have shown that peri-operative ctDNA detection is associated with higher rate 
of recurrence and in some cases, poorer overall survival; albeit with varying detection 
methodology, sensitivity and specificity [59–63]. Additionally, the aforementioned 
methylation markers BCAT1 and IKZF1 have also shown promise in a study of patients 
with resected stage I–IV CRC, where post-operative positivity for BCAT1/IKZF1 meth-
ylation was more sensitive (68%) for recurrence detection than CEA (32%, p < 0.05) 
and its odds of recurrence given a positive test (14.4, 95% CI: 5–39) was twice that of 
CEA (6.9, 95% CI: 2–22) [64]. However, they fail to detect advanced adenomas despite 
their frequent presence in cancer and adenoma tissue [65]. It would be reasonable to 
speculate that the release of any DNA from neoplasia seems to be a function of progres-
sion along the oncogenesis pathway and it is not a simple reflection of whether or not 
the change is present in tissue.

These preliminary studies support the need for large prospective trials evaluat-
ing pre- and post-operative ctDNA-based biomarkers to help predict recurrence 
and evaluate prognosis. However, it is not yet known whether ctDNA represents 
the molecular diversity of disease or whether only selective clones (for example, 
highly apoptotic clones) are secreted into the bloodstream. Furthermore, it is yet to 
be established whether early detection of recurrence can indeed improve survival 
outcomes, if treatment is followed soon after.

5. CtDNA in metastatic CRC (mCRC)

For the majority of patients with mCRC, the mainstay of treatment consists of 
palliative-intent systemic therapy with median overall survival (OS) approaching 
24 months. Three classes of cytotoxic agents (fluoropyrimidine, irinotecan and 
oxaliplatin) and two classes of molecularly-targeted agents (monoclonal antibodies 
targeting vascular endothelial growth factor [VEGF], and the epidermal growth 
factor receptor [EGFR]) are currently approved for use in mCRC, although the 
optimal sequencing and scheduling of these treatments are debated. To optimise 
their therapeutic ratio and minimise toxicity, effective and accurate means of 
assessing treatment response are needed. In the following section, we summarise 
the evidence on the use of ctDNA in mCRC management. These include prognos-
tication, monitoring tumour burden and predicting treatment efficacy, guiding 
targeted treatment selection, and detecting anti-EGFR therapy resistance.

5.1 CtDNA in mCRC: prognostic value and monitoring tumour burden

The association between the presence or high levels of ctDNA and adverse 
survival outcomes in mCRC has been demonstrated in several studies [66–69]. 
For example, in a landmark study, Bettegowda et al. observed a steady decrease in 
2-year survival rate as ctDNA concentration increased [69]. Moreover, a systematic 
review exploring the prognostic role of ctDNA in CRC (mostly mCRC) found that 
most studies, although not all, demonstrated a negative correlation between ctDNA 
and disease-free survival and OS [70].
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that observed in matched adenocarcinoma and high-grade intra-epithelial neoplasia 
tissues (45%) [43]. Although this is a small study, the results suggest that either 
this particular assay is not sufficiently sensitive, or that ctDNA was found at low or 
undetectable levels in the population tested.

The detection of epigenetic alterations characterised by aberrant DNA meth-
ylations is an alternative approach to mutational ctDNA analysis. Aberrant DNA 
methylation leads to transcription silencing of tumour suppressor genes, occurs 
early in CRC carcinogenesis, and may be more commonly seen and consistent in 
cancer patients compared with somatic mutations. Indeed, DNA methylation pro-
files in plasma have been used in biomarker development to identify emergence of 
early CRC by several groups [44]. One of the methylated promotors that has gained 
a lot of interest is the Septin 9 gene promoter. Methylation in the Septin 9 promoter 
demonstrated high sensitivity in preclinical studies and a small clinical cohort  
[45, 46], however a large prospective screening study demonstrated a sensitivity 
profile of only 48% [47]. In addition, the sensitivity to detect advanced adenomas 
was low (11%) [47]. Despite this, in 2016, the FDA approved the use of the Epi pro-
Colon, a plasma-derived Septin 9 methylation assay, for the screening of CRC. This 
decision occurred in the setting of encouraging results from a meta-analysis 
comparing the pooled sensitivity of methylated Septin 9 with FOBT as a screening 
tool [48], and the improved sensitivity and specificity results of a modified ver-
sion of the Epi proColon assay (2.0 version) [49, 50]. Recently, promising results 
have been reported in the utilisation of two methylation markers in the screening 
context—branched-chain amino acid transaminase 1 (BCAT1) and ikaros family zinc 
finger protein 1 (IKZF1)—where methylation of either gene identified close to 70% 
of CRC with specificity of 92% [51, 52].

To date, ctDNA is yet to demonstrate clinical utility in the CRC screening 
setting. Challenges lie in minimising false positive readings, whilst developing 
a test sensitive enough to detect small amounts of ctDNA. For example, normal 
physiological ageing is associated with the development of somatic mutations 
in the absence of malignant disease, and false positive readings may also be seen 
in patients with chronic inflammatory disease. False positive results can lead to 
unnecessary follow-up procedures and anxiety. Studies examining a large number 
of healthy control individuals will be essential to evaluate the specificity of poten-
tial screening assays. Yet another challenge with ctDNA-based screening is the 
identification of the underlying tissue of origin. Because the same gene mutations 
drive multiple tumour types, ctDNA tests based on genomic analysis alone gener-
ally cannot identify the anatomical location of the primary tumour.

4. CtDNA in detection of residual disease in early stage CRC

Although surgical resection can cure a high percentage of patients with CRC, 
tumour recurrence occurs in approximately 30–50% of all patients who undergo 
curative resection. The majority of these recurrences take place during the first 2 years 
after surgery and 90% recur within 5 years [53, 54]. Recommendation for adjuvant 
cytotoxic therapy is based on clinicopathological risk, although it may not be neces-
sary in many patients and toxicity is substantial. Thus, biomarkers that would aid in 
identifying patients at high risk of recurrence and who would benefit from adjuvant 
therapies is of utmost importance. Carcinoembryonic antigen (CEA), a blood protein-
based tumour marker, is currently used for monitoring CRC treatment and can also be 
detected at elevated levels in pancreatic, gastric, lung and breast cancers, as well as a 
number of benign conditions. Whilst CEA is upregulated in the majority of advanced 
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CRC, the sensitivity for recurrence detection has been shown to be unacceptably low, 
approximately 30% [55, 56], supporting the need for alternative markers.

It is well known that in CRC, there is high genomic concordance between the 
primary tumour and its metastases [57]. Therefore, a promising strategy to detect 
minimal residual disease or even relapsed disease, could be to use ctDNA to track and 
quantify key genomic aberrations (APC, KRAS, BRAF and TP53), which are recognised 
as playing a role in early CRC, and may persist in metastatic disease [18, 58]. Several 
studies have shown that peri-operative ctDNA detection is associated with higher rate 
of recurrence and in some cases, poorer overall survival; albeit with varying detection 
methodology, sensitivity and specificity [59–63]. Additionally, the aforementioned 
methylation markers BCAT1 and IKZF1 have also shown promise in a study of patients 
with resected stage I–IV CRC, where post-operative positivity for BCAT1/IKZF1 meth-
ylation was more sensitive (68%) for recurrence detection than CEA (32%, p < 0.05) 
and its odds of recurrence given a positive test (14.4, 95% CI: 5–39) was twice that of 
CEA (6.9, 95% CI: 2–22) [64]. However, they fail to detect advanced adenomas despite 
their frequent presence in cancer and adenoma tissue [65]. It would be reasonable to 
speculate that the release of any DNA from neoplasia seems to be a function of progres-
sion along the oncogenesis pathway and it is not a simple reflection of whether or not 
the change is present in tissue.

These preliminary studies support the need for large prospective trials evaluat-
ing pre- and post-operative ctDNA-based biomarkers to help predict recurrence 
and evaluate prognosis. However, it is not yet known whether ctDNA represents 
the molecular diversity of disease or whether only selective clones (for example, 
highly apoptotic clones) are secreted into the bloodstream. Furthermore, it is yet to 
be established whether early detection of recurrence can indeed improve survival 
outcomes, if treatment is followed soon after.

5. CtDNA in metastatic CRC (mCRC)

For the majority of patients with mCRC, the mainstay of treatment consists of 
palliative-intent systemic therapy with median overall survival (OS) approaching 
24 months. Three classes of cytotoxic agents (fluoropyrimidine, irinotecan and 
oxaliplatin) and two classes of molecularly-targeted agents (monoclonal antibodies 
targeting vascular endothelial growth factor [VEGF], and the epidermal growth 
factor receptor [EGFR]) are currently approved for use in mCRC, although the 
optimal sequencing and scheduling of these treatments are debated. To optimise 
their therapeutic ratio and minimise toxicity, effective and accurate means of 
assessing treatment response are needed. In the following section, we summarise 
the evidence on the use of ctDNA in mCRC management. These include prognos-
tication, monitoring tumour burden and predicting treatment efficacy, guiding 
targeted treatment selection, and detecting anti-EGFR therapy resistance.

5.1 CtDNA in mCRC: prognostic value and monitoring tumour burden

The association between the presence or high levels of ctDNA and adverse 
survival outcomes in mCRC has been demonstrated in several studies [66–69]. 
For example, in a landmark study, Bettegowda et al. observed a steady decrease in 
2-year survival rate as ctDNA concentration increased [69]. Moreover, a systematic 
review exploring the prognostic role of ctDNA in CRC (mostly mCRC) found that 
most studies, although not all, demonstrated a negative correlation between ctDNA 
and disease-free survival and OS [70].
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Another application for ctDNA that has been explored in mCRC is correlating 
longitudinal dynamics during systemic therapy with prediction of treatment response 
and tumour burden [71]. Currently, anatomical radiographic imaging—particularly 
computed tomography (CT)—is the chief modality to evaluate therapeutic benefit in 
mCRC. However, limitations include cost, operator- and reader-dependence, chal-
lenges in standardisation and radiographic lag behind clinical changes. Furthermore, 
changes in tumour size which form the basis of response measurement on CT does not 
account for changes in tumour density or morphology that may result from response 
to molecularly targeted agents commonly used in mCRC. CEA is also used in mCRC 
disease monitoring, usually in-between or in addition to radiology assessments. 
However, CEA is elevated in only approximately 70–80% of patients with mCRC and 
has limited sensitivity and specificity in detecting disease progression or treatment 
response [72].

A study of 53 mCRC patients undergoing standard first-line chemotherapy, 
found that significant decline in ctDNA levels using Safe-SeqS prior to cycle two 
chemotherapy was associated with objective radiological response at 8–10 weeks 
(p = 0.016) [73]. This study also found a trend between ctDNA reduction and 
improved progression-free survival. The more recent PLACOL study in 82 patients 
receiving chemotherapy for mCRC echoed these findings [7]. PLACOL utilised 
picodroplet-digital PCR assays based on either genomic or hypermethylation 
alterations. The investigators found that the baseline ctDNA concentration was 
prognostic for OS, and that early and deep ctDNA reductions were associated with 
improved objective response rate and longer survival (p < 0.001) [7]. Another 
recent study using digital PCR found methylation changes over time correlated with 
tumoural response in patients with mCRC [74].

These studies suggest that early changes in ctDNA during systemic therapy may 
be predictive for treatment efficacy and prognostic for survival outcomes, thus sug-
gesting a role for serial ctDNA monitoring during palliative treatment with systemic 
therapy. Indeed, with the advantages of a short half-life reflecting immediate-term 
changes [18] and high tumour-related specificity, ctDNA monitoring may be 
complementary to radiological assessments and blood biomarkers currently in 
use. In clinical circumstances where radiological assessments are indeterminate 
or ambiguous, such as the lack of measurable disease by imaging criteria or the 
presence of mixed response, ctDNA dynamics may be of particular value; although 
ctDNA may not always correspond to imaging findings [75]. Equally, it is also pru-
dent to acknowledge that no current evidence supports the strategy of biomarker-
monitoring of palliative therapy and that earlier adaptive treatments will augment 
survival or quality of life.

5.2 CtDNA in mCRC: genotyping to guide targeted treatment selection

It is now standard of care for patients with mCRC to undergo molecular profil-
ing on their tumour tissue in order to determine BRAF V600E and Rat sarcoma 
(RAS, particularly exon 2–4 KRAS) gene mutational status. This informs clinical 
decision-making regarding benefit from anti-EGFR therapy. The advantageous role 
of genotyping with ctDNA has already been established in the field of advanced 
non-small cell lung cancer. Circulating genetic aberrations of EGFR (for example, 
exon 19 deletions or exon 21 (L858R) substitution mutations) are now being used 
in standard practice, as a companion tool, to identify eligible patients for treat-
ment with erlotinib. This technology was approved by the US Food and Drug 
Administration in 2016 for this indication [76].

In mCRC, a meta-analysis of 21 studies on the diagnostic performance of 
ctDNA-based KRAS gene detection found overall high pooled specificity (96%) 
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and moderate sensitivity (67%) [77]. Not surprisingly, heterogeneity was noted to 
be high probably owing to varying molecular techniques, tumour stage and study 
designs [77]. Although a number of KRAS ctDNA assays have demonstrated high 
agreement (91–93%) with tumour tissue KRAS testing and are available for com-
mercial use [78, 79]; at present, tumour tissue testing remains the gold standard 
to establish KRAS mutational status. Given the appreciable discordance rate with 
tumour tissue genotyping, it is recommended that a negative ctDNA result should 
trigger tumour tissue variant analysis [5]. As will be discussed under Section 6, 
ctDNA assays in mCRC may also been utilised to select predictive immune-related 
biomarkers for immunotherapy selection.

5.3 CtDNA in mCRC: genotyping to monitor for targeted treatment response  
and resistance

The role of genomic alterations and their evolution in both the development and 
progression of CRC have culminated in the realisation that serial genotyping of the 
primary tumour, and its secondaries, is ideally required if we want to succeed in 
personalising patient care with precision [80]. Unfortunately, patients with mCRC 
who do not harbour a somatic RAS mutation pre-treatment, will typically develop 
acquired resistance to anti-EGFR therapy in a matter of months after initially show-
ing response. There is a battery of pre-clinical and clinical evidence which points to 
the acquisition of molecular mechanisms of resistance associated with aberrations 
in the RAS-MEK-mitogen-activated protein kinases (MAPK), pathway [2, 42, 81, 82].

Longitudinal ctDNA analysis can be used in this setting with high diagnostic 
precision to detect both primary resistance and early molecular changes that may 
confer acquired resistance. Several translational studies have successfully employed 
ctDNA to illustrate and verify the emergence of RAS mutations as a mechanism of 
acquired resistance to anti-EGFR therapy.

In a phase II trial of anti-EGFR antibody, panitumumab in mCRC, serial pro-
spective plasma analysis detected more emergent RAS mutations than serial tissue 
biopsies, suggesting that the former may be more comprehensive in evaluating 
global tumoural heterogeneity [83]. In a small retrospective study of 10 mCRC 
patients who developed resistance to anti-EGFR therapy (cetuximab or panitu-
mumab) in combination with chemotherapy, Misale et al. demonstrated that the 
onset of the emerging KRAS mutations was detected in serum ctDNA analysis as 
early as 10 months prior to radiological reporting of disease progression [2]. In 
this study, ctDNA analysis was also explored in a separate cohort of patients who 
were receiving chemotherapy alone (control group). No acquired KRAS mutations 
were identifiable at disease progression [2]. In the same year, Diaz et al. also dem-
onstrated the feasibility of using serum ctDNA to identify emerging resistance to 
panitumumab in a prospective cohort of 28 patients [81]. Thirty-eight percent of 
patients whose tumours were initially KRAS wild type developed detectable KRAS 
mutations in their sera, three of whom developed multiple different KRAS muta-
tions. These were detected approximately 5 months before radiological progression 
[81]. Another study subsequently made the intriguing observation that KRAS 
clones can fluctuate under the selective pressure of anti-EGFR therapy implying 
that there may be a role for ‘pulsing’ or re-challenging with anti-EGFR therapy [84].

Furthermore, in a prospective study of 108 patients, treated in the third line 
setting with cetuximab and irinotecan, Spindler et al. investigated the quantitative 
correlation between plasma cfDNA with tumour-specific plasma mutant KRAS 
levels [85]. This study revealed that (i) the majority of KRAS mutations that were 
detected in tumours were also found in the plasma, (ii) there was a strong correla-
tion between cfDNA and plasma mutant KRAS levels, and (iii) high levels of plasma 
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ing response. There is a battery of pre-clinical and clinical evidence which points to 
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this study, ctDNA analysis was also explored in a separate cohort of patients who 
were receiving chemotherapy alone (control group). No acquired KRAS mutations 
were identifiable at disease progression [2]. In the same year, Diaz et al. also dem-
onstrated the feasibility of using serum ctDNA to identify emerging resistance to 
panitumumab in a prospective cohort of 28 patients [81]. Thirty-eight percent of 
patients whose tumours were initially KRAS wild type developed detectable KRAS 
mutations in their sera, three of whom developed multiple different KRAS muta-
tions. These were detected approximately 5 months before radiological progression 
[81]. Another study subsequently made the intriguing observation that KRAS 
clones can fluctuate under the selective pressure of anti-EGFR therapy implying 
that there may be a role for ‘pulsing’ or re-challenging with anti-EGFR therapy [84].

Furthermore, in a prospective study of 108 patients, treated in the third line 
setting with cetuximab and irinotecan, Spindler et al. investigated the quantitative 
correlation between plasma cfDNA with tumour-specific plasma mutant KRAS 
levels [85]. This study revealed that (i) the majority of KRAS mutations that were 
detected in tumours were also found in the plasma, (ii) there was a strong correla-
tion between cfDNA and plasma mutant KRAS levels, and (iii) high levels of plasma 
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mutant KRAS were associated with 0% disease control rate [85]. More recently, 
a large retrospective exploratory analysis used BEAMing technology to identify 
KRAS, PIK3CA and BRAF mutations in the plasma ctDNA of 503 patients who 
enrolled in the CORRECT trial of regorafenib, a multi-kinase inhibitor in refrac-
tory mCRC [66]. Tumour-associated KRAS mutations were readily detected with 
BEAMing of plasma DNA and were identified in 48% of patients who had previ-
ously received anti-EGFR therapy and whose archival tumour tissues were KRAS 
wild type [66].

Beyond KRAS mutations and amplifications, acquired genetic aberrations in 
other genes have been found to potentially lead to anti-EGFR therapy resistance, 
albeit in smaller subsets of patients. For example, emerging EGFR extracellular 
domain (ECD) mutations which lead to impaired antibody binding were found to 
be a resistance mechanism to anti-EGFR therapy in approximately 20% of patients. 
Interestingly, these mutations tend to arise later than RAS mutations during ther-
apy, and patients with EGFR ECD mutations had greater and more durable response 
to anti-EGFR therapy than patients with RAS mutations [86]. Interestingly, a phase 
I trial of a third generation EGFR-targeting agent that binds multiple regions of 
the EGFR ECD demonstrated efficacy in patients with EGFR ECD mutations and 
acquired resistance to prior EGFR blockade [87]. Other genomic alterations linked 
to acquired resistance to EGFR blockade include MET and ERBB2 amplifications 
[88, 89] and mutations in NRAS, BRAF and PIK3CA [6]. ERBB2 amplification was 
found in the plasma in four out of eight RAS wild type patients who derived no 
clinical benefit from anti-EGFR treatment, suggesting that it may also be a source of 
primary resistance [84].

Another innovative study provided proof-of-principle that parallel analysis 
of patient-derived xenografts and ctDNA allowed the identification of resistance 
mechanisms to a pan-tropomyosin-related kinase (TRK) inhibitor in mCRC, with 
validation in preclinical models [90]. In interpreting these translational findings, 
it is important to note that typically, multiple complex molecular abnormalities 
emerge rather than a singular clone and an overlap exists between abnormalities 
associated with primary and secondary resistance [6].

CtDNA genotyping has now paved the way for prospective clinical trials 
which aim to evaluate a range of targeted agents in mCRC and their resistance 
mechanisms. However, significant knowledge gaps exist in the field, including 
lack of standardisation of ctDNA techniques, clinical relevance of minority clones 
detected (for example, no threshold for KRAS allele frequency has been established 
to predict anti-EGFR therapy resistance) and it remains to be proven that chang-
ing treatment strategy according to ctDNA findings improves patient outcomes 
[6]. Challenges notwithstanding, it is foreseeable that in the near future, ctDNA 
genotyping may be used longitudinally to (i) identify RAS wild type patients with 
mCRC who may be suitable for anti-EGFR antibodies, (ii) dynamically assess 
treatment response, (iii) identify patients who are developing acquired resistance, 
(iv) delineate resistance mechanisms to therapy, and (v) discover new druggable 
targets.

6. Future directions

Despite growing enthusiasm, ctDNA in CRC remains largely unavailable for 
clinical application outside of the trial setting. Recently, there has been a surge of 
research to further investigate the utility of more sensitive and accurate technolo-
gies for ctDNA detection and analysis, and to further elucidate its clinical imple-
mentation and significance in the various settings of CRC management.
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6.1 Advancing ctDNA detection accuracy

Improved sensitivity techniques with the use of targeted-sequencing methods have 
been developed by several groups [9, 91]. For example, Lanman et al. validated the 
analytical and clinical use of a novel, ultra-high specific, digital sequencing technique 
(Guardant360) consisting of 54 clinically actionable cancer genes [91]. In 165 con-
secutively matched plasma and tumour tissue samples from patients with advanced 
cancer, this study demonstrated significantly improved sensitivity for Guardant360 in 
the plasma-derived cfDNA compared to that of tumour tissue. It also demonstrated the 
clinical success rate of the assay in 1000 consecutive plasma samples in the clinic (assay 
failure rate of 0.02%) due to its ability to eliminate false positives [91].

Other investigators have combined the use of DNA fragment sequencing by 
using molecular barcodes with relevant bioinformatics filtering steps to enhance 
sensitivity and specificity [30, 69, 92, 93]. In a study using cfDNA from mCRC 
patients, Mansukhani et al. showed that false positive mutation calls could be 
reduced by 98.6% when incorporating novel molecular barcodes for error correc-
tion and by applying custom solution hybrid capture enrichment [93].

6.2 Detecting aberrant DNA methylation

Several studies have explored the use of DNA methylation markers that may 
have a role in CRC screening and diagnosis, and which in some cases may have 
similar sensitivity and specificity to the aforementioned Septin 9 methylation assay 
(for example, APC, MGMT, RASSF2A, Wif-1, ALX4, NEUROG1) [94–99]. More 
compelling is the evidence suggesting that the use of a combination of DNA meth-
ylation markers—a multigene methylation signature—may enhance sensitivity 
and specificity compared with single biomarker detection [94, 96]. Such an assay, 
utilising the methylation of both BCAT1 and IKZF1, has shown promising results in 
this setting as previously discussed [51, 52, 64, 100].

6.3 Using CTC, extracellular vesicles, and microRNA as adjuncts biomarkers

This chapter has highlighted the recognisable potential for a paradigm shift 
with the use of ctDNA for the molecular diagnosis and monitoring of CRC, as well 
as its multiple drawbacks when used in isolation. Notably, ctDNA is largely unable 
to evaluate biomarkers other than genomic aberrations. An alternative approach 
is the use of tools such as CTC, extracellular vesicles, and circulating microRNAs 
(miRNA), in conjunction to ctDNA, to overcome these limitations.

6.3.1 CTC

A significant limitation of utilising CTC as a biomarker in CRC, particularly in 
early disease, is that they are difficult to detect in the blood due to a large propor-
tion being captured in the liver prior to entering the general systemic circulation 
[101–103]. Furthermore, there have been a number of heterogenous studies, 
systematic reviews and meta-analyses which demonstrate conflicting results for 
the role of CTC as a prognostic biomarker [104–106]. This makes interpretation 
very challenging. Nonetheless, it is worth noting that detectable ctDNA and CTC as 
biomarkers are distinct entities and, in isolation, neither can be regarded as optimal 
surrogates of the multiclonal malignant state in an individual CRC patient. As dis-
cussed earlier, ctDNA is likely to be released by apoptotic or necrotic tumour cells, 
rather than highly proliferative cells, within a multiclonal tumour [103]. However, 
we do not know whether all clones have the same apoptotic potential, and therefore 
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detectable ctDNA levels in CRC patients do not always correspond to the ability to 
detect CTC [102, 107]. As such, it would be worth exploring the concomitant use of 
both of these biomarkers in a liquid biopsy.

6.3.2 Extracellular vesicles

The clinical utility for these small, membrane-bound cell fragments, which are 
also thought to originate from apoptotic, necrotic or proliferating tumour cells, has 
also recently been considered [108]. Depending on their size and content, they fall 
under the categories of exosomes, microvesicles, and apoptotic bodies. In particular, 
tumour-derived exosomes are constitutively formed and released from tumour cells 
and can be found in the peripheral circulation, other body fluids and interstitial 
spaces. They can contain concentrated forms of RNA, miRNA, long non-coding 
RNA, nucleic acids, protein and lipids, but only very small amounts of double-
stranded DNA [109]. As such, exosome-derived nucleic acids from the serum of CRC 
patients may be used to identify genetic aberrations from the tumour that are not 
detectable by ctDNA, and therefore can be used in a complementary fashion with 
other biomarkers. To date, there is no published data that has alluded to their clinical 
application in CRC. Intriguingly, exosomes have recently been shown to have roles in 
cell-cell signalling which may affect tumour growth and development [110].

6.3.3 miRNA

The role of circulating, exosome-free miRNAs as potential diagnostic and prognos-
tic biomarkers in CRC has been extensively investigated over the past 5 years [111–116]. 
However, owing to extensive heterogeneity between several studies, it has been 
difficult to gauge their clinical worth in terms of sensitivity and specificity, which has 
often been described as ‘modest’. Encouragingly, recent studies have suggested that by 
using miRNA panels or signatures, the predictive accuracy of these assays can be sig-
nificantly enhanced [117, 118]. In mCRC, only a few studies have addressed the role of 
circulating miRNAs as predictive biomarkers to systemic therapy [119]. Conceptually, 
miRNA assays could be used in conjunction with ctDNA, or with the aforementioned 
biomarkers, to facilitate accurate read-outs for improved sensitivity and specificity.

6.4 Detecting microsatellite phenotype

The use of immune-checkpoint inhibitors has drastically changed the thera-
peutic landscape for several solid tumours, including a mCRC subset that harbours 
mutations in DNA mismatch repair (MMR) genes (for example, mutations in 
MLH1, MSH2, MSH6, PMS2, or MLH1 promoter hypermethylation) [120]. On a 
molecular level, impaired DNA MMR can lead to genomic hypermutability, includ-
ing uncontrolled expansion or contraction in DNA microsatellite repeats, termed 
microsatellite instability (MSI); and the consequent development of malignant 
neoplasms which have an MSI-high (MSI-H) phenotype. The MSI-H phenotype is 
present in approximately 15% of all primary CRC and may occur as a result of either 
inherited (hereditary non-polyposis colon cancer or lynch syndrome) or sporadic 
abnormalities. It is now common for institutions to screen for this in tumour tissue, 
either by immunohistochemistry for deficient MMR (dMMR) or PCR for MSI [121]. 
The identification of the MSI-H phenotype in CRC patients has important prognos-
tic and therapeutic implications, both in the adjuvant and advanced settings when 
considering conventional chemotherapeutic and targeted agents.

More recently, a small phase II clinical trial using pembrolizumab, an anti-
programmed cell death protein 1 (PD1) monoclonal antibody in dMMR mCRC 
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patients, demonstrated high rates of objective response (40%) and progression-free 
survival, while no responses were seen in proficient MMR patients [122]. Similarly, 
a phase II study of anti-PD1 antibody, nivolumab in dMMR/MSI-H mCRC showed 
31% objective response rate and 69% disease control rate (12 weeks or longer) [123]. 
In addition to these encouraging results, multiple trials using anti-PD1 agents, 
with or without other targeted therapies are ongoing (for example, NCT02460198, 
NCT02563002, NCT02060188), and it is expected that immunotherapy will rapidly 
become standard of care in dMMR/MSI-H mCRC.

In this setting, liquid biopsy might be useful in providing a potentially faster, cost-
efficient, and safer approach compared to tumour biopsy sampling in patients with 
suspected MSI-H tumours. Therefore, such assays need to be optimised for routine 
use in the future. The novel ctDNA techniques described earlier in this chapter could 
be adapted to identify dMMR CRC in several ways, such as change in microsatellite 
length, loss of heterozygosity, mutations, or hypermethylation of MMR-related genes 
[124]. However, similar drawbacks regarding their sensitivity and specificity apply 
in this setting [125]. To overcome these limitations, several groups have developed 
enrichment techniques which are able to enhance the presence of altered microsatel-
lites with enrichment probes and detect alterations at very low allele frequencies [126].

Moreover, ctDNA in the setting of immunotherapy can also be used (i) as a 
predictive marker to identify tumour mutational burden or specific response 
mutations (for example, PTEN loss or activating beta-catenin mutations), (ii) to 
monitor treatment response or resistance in conjunction with radiological imaging, 
and (iii) to identify neoepitopes and epigenetic or transcriptomic markers [124]; 
although the data for such techniques are preliminary at this stage.

6.5 Detecting ctDNA in other body fluids

This chapter has predominantly focused on the utility of ctDNA in the periph-
eral blood. Multiple studies have also demonstrated the presence of tumour-derived 
nucleic acids in other body compartments, such as the urine, stool, saliva, cere-
brospinal fluid, pleural fluid, and bronchial washings [40, 127–129]. Of course, 
topography of the primary tumour, and of any disseminated lesions, will have a 
significant effect on the concentration of ctDNA in different body fluids.

In a small study, Fujii et al. demonstrated the utility of detecting KRAS mutations 
in the urine of mCRC patients who were undergoing systemic treatment. Both NGS 
and enrichment PCR were used to detect KRAS in the urine, plasma and archival 
tumour tissue [128]. The results not only suggested good concordance between ctDNA 
in the urine and mutant KRAS in the tumour, but also demonstrated that ctDNA 
trends in the urine reflected the tumour dynamics in the plasma. As such, this may also 
represent an alternative approach to monitoring for therapeutic response or resistance.

7. Conclusion

The data generated from basic research, retrospective clinical studies, and 
limited prospective studies all support the potential role of ctDNA as a biomarker 
for early disease, minimal residual disease, recurrence, response to therapy, and 
emerging drug resistance mechanisms in the management of CRC. Nevertheless, 
multiple challenges need to be overcome before this promising technology can be 
adopted into routine clinical practice.

Firstly, a crucial question is whether the genomic aberrations detected in ctDNA 
actually drive tumour progression. It is also still unknown whether ctDNA will 
ever be able to mirror the heterogeneity or molecular subclones of CRC in a given 
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detectable ctDNA levels in CRC patients do not always correspond to the ability to 
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More recently, a small phase II clinical trial using pembrolizumab, an anti-
programmed cell death protein 1 (PD1) monoclonal antibody in dMMR mCRC 
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Clinical trial identifier Study title

Curatively treated CRC (recurrence surveillance and prognostication)

NCT02842203 Use of ctDNA for Monitoring of Stage III Colorectal Cancer

NCT02842203 Circulating Tumour DNA Analysis to Optimise Treatment for 
Patients With Colorectal Cancer (IMPROVE)

NCT03416478 The Implication of ctDNA in the Recurrence Surveillance of Stage 
II and III Colorectal Cancer

NCT03312374 ctDNA as a Prognostic Marker for Postoperative Relapse in Early 
and Intermediate Stage Colorectal Cancer

NCT02997241 Colon Cancer Treatment Decisions and Recurrence Predicting 
(CCTDRP)

NCT03189576 Measuring Molecular Residual Disease in Colorectal Cancer After 
Primary Surgery and Resection of Metastases

NCT03038217 Investigation of the Value of ctDNA in Diagnosis, Treatment, and 
Surveillance of Surgically Resectable Colorectal Cancer

NCT03615170 Application of Circulating Tumour DNA Test in the Diagnosis and 
Treatment of Patients With Advanced Rectal Cancer

mCRC—monitoring during chemotherapy

NCT02872779 Correlation Between Circulating Tumour Markers Early Variations 
and Clinical Response in First Line Treatment of Metastatic 
Colorectal Cancer (COCA-MACS)

NCT02948985 Evaluation of CTCs Combined With Tumour Marker Detection of 
Efficacy of Chemotherapy in mCRC

mCRC—RAS testing

NCT02502656 RAS Mutation Testing in the Circulating Blood of Patients With 
Metastatic Colorectal Cancer (RASANC)

NCT03227926 Rechallenge With Panitumumab Driven by RAS Dynamic of 
Resistance (CHRONOS)

NCT03259009 RAS Mutations in ctDNA and Anti-EGFR reINTROduction in 
mCRC (RASINTRO) (RASINTRO)

mCRC—MSI testing

NCT03561350 Detect Microsatellite Instability Status in Blood Sample of 
Advanced Colorectal Cancer Patients by Next-Generation 
Sequencing

NCT03594448 Detection of MSI in Circulating Tumour DNA of Colorectal 
Carcinoma Patients

Large multi-disease observational studies

NCT03517332 Circulating Tumour DNA Exposure in Peripheral Blood

NCT02838836 Tumour Cell and DNA Detection in the Blood, Urine and Bone 
Marrow of Patients With Solid Cancers

NCT03027401 Clinical Sequencing of Cancer and Tissue Repository: 
OncoGenomics

Other

NCT03546569 Tumour Cells, Tumour DNA and Immunological Response in 
Colonic Stent Placement (CISMO)

NCT03284684 Kinetics of Perioperative Circulating DNA in Cancer Surgery 
(Periop ctDNA)

NCT02579278 Circulating Tumour DNA (ctDNA) Rectal Cancer and the 
Relationship to Extramural Venous Invasion (ctDNA Trial)

Table 2. 
Currently recruiting and upcoming clinical trials assessing ctDNA in CRC (http://clinicaltrials.gov).
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patient. Further clarity is also needed regarding intra-patient variability in ctDNA 
levels, the dynamics of ctDNA release and ctDNA clearance. Such knowledge will 
inform the design of future studies, particularly regarding the optimal timing of 
ctDNA assessment relevant to the appropriate therapeutic intervention.

Secondly, to determine the true value of ctDNA analysis in guiding decision-mak-
ing, carefully designed and well-controlled prospective trials are needed to address 
clinically relevant questions for various settings. An important question, for example, 
is how to utilise ctDNA detection as a biomarker of minimal residual disease after 
resection of a stage I–III CRC. Can we use this biomarker to make decisions about the 
necessity, type and duration of adjuvant therapy and guide follow-up or surveillance 
scheduling? Another question is how to use ctDNA to monitor for the emergence of 
molecular resistance and can we use this approach to inform us about timely adapta-
tion of further treatment lines? Table 2 lists selected currently recruiting and upcom-
ing clinical trials assessing the utility of ctDNA in various settings in CRC.

Importantly, pre-analytical considerations, ctDNA detection techniques, 
and interpretation of results need to be standardised. On review of the current 
literature, it will be obvious to the reader that there is a high level of heterogene-
ity amongst various techniques. Consequently, results that are obtained from 
one study cannot be interpreted in the same way and applied to other techniques. 
Standardisation will ensure that there is consensus regarding the sensitivity and 
specificity of utilised techniques and that there are established cut-off levels, for 
each clinical setting. Finally, it is important to acknowledge that the use of promis-
ing novel technologies will have cost implications which may hinder their rapid 
entry into routine clinical practice.

Glossary

Allele 
frequency

The relative frequency of a gene variant in a specimen, expressed as a percentage or fraction

CfDNA Cell-free DNA. DNA fragments found circulating in body fluids, including plasma or 
serum. CfDNA may come from a variety of sources including tumour cells

CtDNA Circulating-tumour DNA. A proportion of cfDNA that is tumour-derived

Liquid 
biopsy

Sampling and analysis of tumour-based material (e.g. CTC, ctDNA, RNA, exosomes) from 
body fluids such as blood, urine and pleural fluid

NGS Next generation sequencing (NGS) or massively parallel sequencing are broad terms 
describing a range of high throughput methods capable of the simultaneous analysis of 
thousands to millions of DNA molecules

PCR Polymerase chain reaction. A laboratory technique used to make many copies 
(amplification) of a specific DNA sequence of interest

Pre-
analytical

The pre-analysis phase in the laboratory testing process and may include sample collection, 
handling, processing, transport and storage. These factors can affect the subsequent 
analysis outcomes

Clinical 
utility

The ability of an intervention or test to demonstrate benefit in patient care compared to not 
using the intervention or test
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Abstract

Colorectal cancer (CRC) is one of the most aggressive cancers worldwide and is 
known to develop through a stepwise process involving the accumulation of several 
genetic and epigenetic alterations. Furthermore, numerous studies have highlighted 
the significant role that certain epigenetic enzymes play in CRC pathogenesis, 
particularly those that govern chromatin components in the promoter regions of 
tumor suppressors and oncogenes. Here, we delineate the relationship between 
CRC-associated epigenetic marks, their modifying enzymes, and the classification 
of CRC into distinct molecular pathways or subtypes. Moreover, we discuss some 
of the most prominent methyltransferases, demethylases, acetyltransferases, and 
deacetylases, which have been targeted for preclinical and clinical CRC treatment. 
Notably, inhibitors against these epigenetic enzymes are a promising new class of 
anticancer drugs, with several obtaining Food and Drug Administration (FDA) 
approval for the treatment of blood and solid tumors. By highlighting the epigen-
etic molecular pathways leading to CRC development as well as providing an update 
on current CRC epigenetic therapies, this chapter sheds fresh insight into new and 
emerging avenues for future therapeutics.

Keywords: checkpoint, CIMP, CIN, CRC, demethylase, DNA methylation, DNMT, 
epigenetics, HAT, HDAC, methyltransferase, MSI

1. Introduction

Colorectal cancer (CRC) is the third leading cause of cancer-related deaths glob-
ally and is expected to be responsible for an estimated 1.1 million deaths by 2030 
[1]. With this growing global burden, prevention and treatment of CRC remains 
a significant public health challenge. CRC is thought to originate from sequential 
accumulation of genetic and epigenetic aberrations [2]. Of the identified genetic 
mutations, approximately 15 have been characterized as “driver mutations” and are 
thought to be functionally important during CRC initiation and progression [3, 4].  
These include genes affecting critical cellular pathways such as those governing 
proliferation, apoptosis, migration, adhesion, and DNA damage and repair [3]. 
Importantly, it is now well established that epigenetic alterations can also serve 
as major driver events in the pathogenesis of CRC [5–7]. However, unlike genetic 
mutations, epigenetic modifications consist of heritable changes in gene expression 
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[1]. With this growing global burden, prevention and treatment of CRC remains 
a significant public health challenge. CRC is thought to originate from sequential 
accumulation of genetic and epigenetic aberrations [2]. Of the identified genetic 
mutations, approximately 15 have been characterized as “driver mutations” and are 
thought to be functionally important during CRC initiation and progression [3, 4].  
These include genes affecting critical cellular pathways such as those governing 
proliferation, apoptosis, migration, adhesion, and DNA damage and repair [3]. 
Importantly, it is now well established that epigenetic alterations can also serve 
as major driver events in the pathogenesis of CRC [5–7]. However, unlike genetic 
mutations, epigenetic modifications consist of heritable changes in gene expression 
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without DNA sequence changes and are intrinsically reversible by nature. These 
epigenetic events include alterations in DNA methylation, histone modifications, 
and non-coding RNAs. Moreover, the reversibility of these modifications makes 
them attractive molecular targets for anticancer therapeutic interventions [3, 8].

CRC is a highly heterogeneous disease and can be classified into molecu-
larly and pathologically distinct pathways and subtypes [9]. Moreover, these 
classifications have significantly influenced patient stratification, prognosis, 
and therapeutic response [9, 10]. In this chapter, we focus on three epigenetic-
related primary molecular pathways, namely the microsatellite instability (MSI) 
phenotype, the chromosomal instability (CIN) phenotype, and the CpG island 
methylator phenotype (CIMP). Importantly, each pathway reflects the underly-
ing mechanisms of carcinogenesis as marked by certain aberrations such as a 
defective DNA mismatch repair (MMR) system, which is associated with MSI 
CRCs [11], or by widespread promoter DNA methylation within CpG islands as is 
the case with CIMP tumors [11, 12]. On the other hand, the CIN pathway, which 
manifests in majority of CRC cases (~85%), arises through widespread chromo-
somal imbalances [9, 13, 14]. We also make mention of the relationship between 
these defined pathways and the four consensus molecular subtyping classifica-
tions, with emphasis on the frequent overlap observed between two or more of 
the aforementioned pathways.

In the past few decades, several studies have analyzed epigenetic marks, the 
enzymes mediating these marks, and the extent of their active contribution to 
CRC tumor development and progression [2, 3]. For instance, several methylation-
related enzymes have been found to be clinically relevant to CRC [15]. Among 
these, some of the most prominent histone methyltransferases (HMTs) that have 
been targeted for preclinical and clinical treatment of CRC are discussed in Section 
4 of this chapter [15, 16]. On the other hand, a comparatively less number of histone 
demethylases (HDMs) have been validated as pertinent to CRC pathogenesis. As 
important regulators of colon cell transformation, histone deacetylases (HDAC) 
have also emerged as prominent markers of early carcinogenic events due to their 
unique role in maintaining higher-order chromatin structure [17].

In this chapter, we also highlight a few chemical inhibitors relevant to epigen-
etic therapy. However, we also noted that among the CRC-associated epigenetic 
enzymes, only a few of them have potent inhibitors available [15]. This suggests that 
the knowledge concerning targeting these enzymes for CRC is still insufficient and 
needs further evaluation. For example, only a few DNA methyltransferase (DNMT) 
and HMT inhibitors have been used in CRC cells [2], and a handful of Food and 
Drug Administration (FDA)-approved HDAC inhibitors are currently being 
explored for the treatment of solid tumors including CRC [18].

Unfortunately, the use of such epigenetic-based inhibitors has not been with-
out limitations. Major drawbacks, such as adverse side effects and lack of clinical 
efficacy, have limited their use as single agents. Therefore, many inhibitors show 
more promise in combination therapy with chemotherapies suggesting that the 
full therapeutic potential of epigenetic therapy will perhaps be best realized in 
combination with other anti-cancer agents [19, 20]. This is also complemented 
by the recent understanding that there is a strong interplay between immune and 
cancer cells within the tumor microenvironment [21]. Recent studies in CRC cells 
have shown promising combinations of epigenetic and immunomodulatory drugs. 
By reversing expression changes of genes involved in immune suppression and thus 
enhancing expression of tumor-associated antigens, cancer cells potentially become 
more sensitive to immune checkpoint inhibitors [22]. These and other discoveries 
have established a highly promising basis for studies using combined epigenetic and 
immunotherapeutic agents for treating CRC.
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2. Epigenetic modifications in CRC

2.1 Histone modifications

Over the past decade, significant advances in our understanding of the CRC 
“epigenome” have revealed that most CRC cases harbor alterations in their his-
tone modification states, particularly regarding aberrant histone methylation 
and acetylation [6, 15, 23]. Importantly, these abnormal histone marks are highly 
recurrent and have recently been used as biomarkers to predict the clinical outcome 
in CRC patients [2]. These include changes in the global patterns of specific histone 
modifications. For example, Tamagawa et al. showed that global changes in histone 
H3K4me2, H3K9ac, and H3K9me2 in metachronous liver metastasis correlated to 
overall survival of CRC patients [24]. Specifically, low H3K4me2 levels were shown 
to correlate with overall poor prognosis [24]. Likewise, other studies have identified 
reduced levels of H3K9me3 and H4K20me3 as diagnostic biomarkers for CRC in cir-
culating nucleosomes which correlated with poor patient outcome [25]. Conversely, 
high H4K20me3 and H3K9me3, as well as low nuclear expression of H3K4me3, were 
associated with a better prognosis for early-stage CRC patients [26].

Furthermore, since reduction or enrichment of these marks frequently occurs at 
the promoters of key CRC-related oncogenes and tumor suppressors, this results in 
detrimental changes in gene expression that form the basis of tumorigenesis [15, 27].  
For instance, H3K4me3, when found to be elevated in CRC primary tumors and 
cell lines, resulted in activated Wingless-type (WNT) signaling and target gene 
expression via interaction between SET domain-containing protein 1A (SETD1A) 
and β-catenin [28]. Meanwhile, another study revealed that low H3K4me1/2/3 levels 
were associated with hypoxia-induced silencing of MLH1 in SW480 cells, which 
is a key event in the DNA mismatch defects linked to the development of sporadic 
CRC [29]. Yokoyama’s group also demonstrated a role for the well-recognized 
repressive mark H3K9me3, revealing that its increased levels in metastatic CRC 
patient-derived cells correlated with enhanced cell motility [30]. Interestingly, this 
coincided with repression of Ataxia-telangiectasia mutated (ATM) and p53-associ-
ated KZNF protein (APAK), leading to a defect in p53-dependent apoptosis [30]. 
Moreover, enrichment of another repressive mark, H3K27me3, was associated with 
poor CRC patient prognosis while elevated H3K79me2 was shown to enhance inter-
leukin (IL)-22-induced stemness in CRC cells [31, 32]. Intriguingly, more recent 
studies have also shown that mutations in specific methylation sites could promote 
CRC development. For instance, the Shah and Lu groups identified histone 3 lysine 
36-to-methionine (H3K36M) substitution mutations in CRC patient samples, which 
promoted more undifferentiated sarcomas in vivo [33, 34]. This suggests that H3K36 
methylation potentially constitutes a major tumor suppressive epigenetic mark.

In addition to abnormal methylation, disruption of histone acetylation pat-
terns also contributes to CRC pathogenesis, particularly relating to transcriptional 
inactivation of tumor suppressor genes and, sometimes, activation of oncogenes. 
For example, Richon et al. showed that hypoacetylation at the promoter of the 
tumor suppressor p21WAF1 led to its repression, an effect that was reversed by 
inhibition of HDAC activity [35]. Conversely, mass spectrometry-based analyses 
used to quantify global alterations of histone modifications in CRC samples identi-
fied H3K27ac as a modification frequently upregulated in CRC [36]. In fact, one 
study highlighted the effects of aspirin in reducing the enrichment of H3K27ac in 
the promoters of inducible nitric oxide synthase (iNOS), tumor necrosis factor alpha 
(TNF-α), and IL-6 [37]. This in turn corresponded to the dramatic reduction of the 
mRNA and protein levels of these genes, which suppressed inflammatory colitis 
symptoms and CRC tumor burden [37]. Taken together, these studies emphasize 
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more sensitive to immune checkpoint inhibitors [22]. These and other discoveries 
have established a highly promising basis for studies using combined epigenetic and 
immunotherapeutic agents for treating CRC.
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2. Epigenetic modifications in CRC

2.1 Histone modifications
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“epigenome” have revealed that most CRC cases harbor alterations in their his-
tone modification states, particularly regarding aberrant histone methylation 
and acetylation [6, 15, 23]. Importantly, these abnormal histone marks are highly 
recurrent and have recently been used as biomarkers to predict the clinical outcome 
in CRC patients [2]. These include changes in the global patterns of specific histone 
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high H4K20me3 and H3K9me3, as well as low nuclear expression of H3K4me3, were 
associated with a better prognosis for early-stage CRC patients [26].
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study highlighted the effects of aspirin in reducing the enrichment of H3K27ac in 
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(TNF-α), and IL-6 [37]. This in turn corresponded to the dramatic reduction of the 
mRNA and protein levels of these genes, which suppressed inflammatory colitis 
symptoms and CRC tumor burden [37]. Taken together, these studies emphasize 
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the differential abundance of key repressive and activating histone methylation and 
acetylation marks in CRC and suggests their role in regulating genes associated with 
CRC development and progression.

2.2 DNA methylation

DNA methylation constitutes the first recognized epigenetic alteration in CRC 
[38]. Usually, global DNA hypomethylation is frequently seen, which occurs gradu-
ally and early in the process of CRC carcinogenesis [38]. More precisely, global 
DNA hypomethylation mainly takes place on cytosine guanine (CpG) dinucleotides 
within pericentromeric regions. Initially, this hypomethylation in CRC was hypoth-
esized to be associated mainly with widespread oncogene activation but has now 
been linked predominantly to increased genomic instability [3]. This increased 
accumulation of chromosome breakage and overall chromosomal instability con-
tributes to a prevalent subtype of CRCs known as the CIN phenotype as we briefly 
described in Section 1 [39].

Notably, hypomethylation typically occurs in concert with systematic and 
discrete DNA hypermethylation events at the promoters of genes involved in DNA 
repair, apoptosis, proliferation, angiogenesis, adhesion, and invasion [38, 40]. DNA 
hypermethylation is the most extensively characterized epigenetic alteration in 
CRC, occurring at CpG dinucleotide-dense regions, called CpG islands, which are 
present in about 60% of genes [6, 41]. Apart from CpG islands, DNA hypermeth-
ylation has also been extensively observed within the first exonic/intronic regions 
of some genes and generally results in transcriptional silencing [42]. Some of the 
most frequently hypermethylated genes in CRC include Adenomatous polyposis coli 
(APC), Cyclin-dependent kinase inhibitor 2A (p16INK4a/CDKN2A), Tissue inhibitor of 
metalloproteinases 3 (TIMP3), O-6-Methylguanine-DNA methyltransferase (MGMT), 
Secreted frizzled related protein 1 (SFRP1), Transmembrane protein with epidermal 
growth factor (EGF) like and two follistatin like domains 2 (TMEFF2), Heparan 
sulfate-glucosamine 3-sulfotransferase 2 (HS3ST2/3OST2), Ras association domain 
family member 1 (RASSF1A), and GATA binding protein 4 (GATA4) [43].

Another subtype of CRCs with extensive patterns of promoter methylation, 
known as the CIMP phenotype as described in Section 1, is also characterized by 
aberrant DNA methylation at genes with roles in CRC initiation or progression 
[44]. For instance, using a qPCR-based technique, one group identified genes 
with the highest percentage of methylation in CRC patients including Runt related 
transcription factor 3 (RUNX3), Protocadherin 10 (PCDH10), Secreted frizzled related 
protein 5 (SFRP5), Insulin-like growth factor 2 (IGF2), and Hepatocyte nuclear 
factor 1 homeobox A (HNF1) homeobox B (Hnf1b) [45]. Moreover, these genes were 
observed to have the most promising biomarker potential because of the frequent 
gene repression patterns [45]. Other commonly hypermethylated genes, such as 
Sex-determining region Y (SRY)-related HMG-box (SOX17) and Apoptosis-associated 
speck-like protein containing a CARD (ASC)/target of methylation-induced silencing 
(TMS1), were differentially methylated based on the staging of the disease [46–48], 
whereas MLH1, p16, Death-associated protein kinase 1 (DAP-kinase), Ras association 
domain family member 2 (RASSF2A), and WNT inhibitory factor 1 (Wif-1) were 
regarded as plasma or serum detection markers for CRC [49].

In summary, these data strongly support the promising utility of DNA methyla-
tion as a critical diagnostic marker for CRC. Unfortunately, this has not necessarily 
translated into their prognostic or predictive use in clinical practice [50]. This can 
be attributed to significant variability in sensitivity, specificity, and reproducibility 
between diverse patient cohorts and gene expression platforms, which ultimately 
impacts the prognostic value of many tests. Currently, two FDA-approved 
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commercial tests, Epi proColon® and Cologuard, have been used for screening 
alterations in methylation of common genes, such as SEPT9, NDRG4, and BMP3, 
for early detection of CRC [51]. However, they also generally lack prognostic value 
and require improvements in terms of sensitivity and specificity. Several other 
methylation biomarker assays have also been suggested, but validation in indepen-
dent and large population screening studies is still needed [52].

2.3 Noncoding RNAs

Another epigenetic regulatory mechanism frequently deregulated in CRC 
involves the role of noncoding RNA (ncRNAs). Specifically, aberrations of microR-
NAs (miRNAs) expression, a major class of ncRNAs, are often observed in CRC and 
are considered to play a major role in tumorigenesis and CRC progression [23, 53].  
These observations are consistent with the fact that miRNAs tend to exert onco-
genic or tumor-suppressive effects. For example, miRNAs, such as miR-141, miR-
200c, miR-145, miR-373, miR-520c, miR-135a, and miR-135b, have all been shown 
to affect CRC by regulating epithelial differentiation, WNT signaling, and CRC cell 
migratory and invasive potential [54]. Other miRNAs implicated in CRC include 
miRNA-124a and miRNA-34b/34c, which were shown to regulate the cell cycle and 
TP53 pathway, respectively [55]. Several miRNAs are also associated with epithelial-
to-mesenchymal transition (EMT) in CRC. miR-15/16, miR-140, and miR-200 
family members were shown to be associated with suppression of EMT and tumor 
cell metastatic potential while miR-21 enhanced this process [56].

Other studies have highlighted that alterations in the expression pattern of miRNAs 
in CRC were considered diagnostic, prognostic, or chemosensitivity markers [57]. 
For instance, high levels of miR-320 and miR-498 were correlated with progression-
free survival in stage II CRC [58], while miR-21 abundance was associated with poor 
patient response to 5-fluorouracil adjuvant chemotherapy [59]. On the other hand, 
induced suppression of miR-21 promoted the sensitization of CRC cells to chemother-
apeutic regimens [60, 61]. Another study by Toiyama et al. demonstrated a correlation 
between elevated serum miR-200c levels and stage IV CRC compared to earlier stages. 
Furthermore, high serum miR-200c showed a significantly positive correlation with 
lymph node metastasis, distant metastasis, and prognosis [62]. A comprehensive look 
of miRNAs as CRC biomarkers is reviewed by several other sources [60].

There is also ample evidence of miRNAs being downregulated in CRC and thus 
playing tumor-suppressive roles [63]. Arndt et al. showed that reduced levels of 
miR-133a as well as enrichment of miR-224 were associated with CRC initiation [64]. 
Moreover, this study and others also revealed that CRC patients at the adenomatous 
and carcinoma stages consistently exhibited reduced steady-state levels of miR-143 and 
miR-145 [63, 64]. Another classic example includes the miR-34 family. Transfection of 
miR-34a into CRC cells led to induction of apoptosis and inhibition of cell proliferation 
in part by amplifying the p53-mediated apoptotic response [65, 66]. Intriguingly, p53 
has been shown to regulate miR-34a, suggesting a positive feedback loop between the 
two in which miR-34a could partly mediate the tumor-suppressive roles of p53 [55].

Interestingly, miRNA deregulation can also induce aberrant activity of many 
of the components of the epigenetic machinery [67]. Take DNMT3A for example, 
which has been identified as a miR-143 target and is associated with CRC via down-
regulation of miR-143 and subsequent increase in DNMT3A expression levels [68]. 
Other examples include miR-140 and miR-449, which have been shown to target 
and downregulate HDAC1 and 4, respectively, thus exerting their tumor-suppres-
sive effects [69, 70]. Taken together, these findings underscore the importance of 
miRNAs in exerting both oncogenic and antitumor roles in CRC, which may serve 
as the basis for the development of novel prognostic and therapeutic markers.
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3.  Classification of CRC pathways and subtypes using epigenetic 
features

The development of CRC occurs via aberrations in multiple genetic and 
epigenetic pathways. These pathways can be defined by three principal molecular 
phenotypes (Figure 1). As aforementioned in Section 1, these include the MSI 
phenotype, which is characterized by mutations in DNA MMR genes; the CIN 
phenotype characterized by mutations in APC/Wnt/β-catenin pathway; and a 
third CIMP, defined by global CpG island hypermethylation, which results in 
widespread silencing of tumor suppressor genes [9, 71]. Notably, each pathway 
is characterized by distinct epigenetically related pathological features that drive 
the process of tumor initiation and development. In this section, we will describe 
various epigenetic aspects of these CRC phenotypes as well as how the molecular 
aspects of each pathway have been employed as useful diagnostic and prognostic 
tools to guide the clinical management of CRC patients. Finally, we also briefly 
acknowledge how these pathways may overlap within broader systems of subtype 
classification and highlight some of the current challenges in precisely defining 
CRC subtypes.

Figure 1. 
Schematic depicting epigenetic alterations in CRC and their association with CRC molecular subtypes. The 
CRC “epigenome” harbors alterations in their histone modification states, particularly regarding aberrant 
histone methylation (blue dot) and acetylation (yellow dot). These global histone aberrations serve as 
biomarkers to predict the clinical outcome in CRC patients. DNA methylation is another major epigenetic 
alteration seen in CRC. Usually, global DNA hypomethylation occurs gradually and early in the process of CRC 
carcinogenesis. This occurs in concert with systematic and discrete CpG island hypermethylation events at the 
promoters of genes involved in DNA repair, apoptosis, proliferation, angiogenesis, adhesion, and invasion. This 
generally results in transcriptional silencing. Aberrations of micro-RNAs (miRNAs) expression, a major class 
of ncRNAs, are also often observed in CRC and are considered to play a major role in tumorigenesis and CRC 
progression. This figure also illustrates three main epigenetic-related molecular subtypes of CRC, namely the 
microsatellite instability (MSI) phenotype, the chromosomal instability (CIN) phenotype, and the CpG island 
methylator phenotype (CIMP). MSI CRCs arise from a defective DNA mismatch repair (MMR) system, which 
is associated with frameshift mutations and base pair substitutions in genes. CIMP CRCs are characterized 
by widespread promoter CpG island hypermethylation, whereas the CIN CRCs arise through widespread 
imbalances in chromosome number (aneuploidy), global hypomethylation, and loss of heterozygosity (LOH).
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3.1 Microsatellite instability phenotype (MSI)

Approximately 15–20% of all CRC cases harbor MSI [72]. Microsatellites are 
defined as repetitive one to six base pair DNA sequences distributed along coding 
and noncoding regions of the genome. Importantly, the repetitive nature of these 
regions makes them particularly susceptible to mismatch errors [72]. Tumors with 
the MSI phenotype are therefore driven by the inactivation of MMR genes, which 
are involved in repairing DNA recombination and replication errors as well cel-
lular responses to DNA damage [12]. The net effect of defective MMR machinery 
is accumulation of single base-pair mismatches, which results in a hypermutable 
cellular state [72].

MSI tumors are typically classified as MSI-high (MSI-H) or MSI-low (MSI-L). In 
MSI-H CRCs, usually two or more of the five microsatellite markers show instabil-
ity, whereas in MSI-L tumors, only one of the five markers shows instability [12]. 
If none of the markers show instability, however, these are classified as microsatel-
lite stable (MSS) CRC tumors, which account for approximately 80–85% of CRC 
patients [12]. Although majority of MSI-H tumors sporadically arise, a few are also 
linked to a familial hereditary syndrome known as Lynch syndrome or hereditary 
non-polyposis CRC (HNPCC) which account for about 3–5% of all CRC cases [12]. 
Sporadic MSI tumors are generally affected by epigenetic inactivation at the MLH1 
promoter via CpG island hypermethylation, whereas Lynch syndrome is caused by 
germline mutations in MLH1, PMS2, MSH6, or MSH2 [12].

Importantly, unlike MSS, MSI tumors are poorly differentiated and are more 
often located in the proximal colon. MSI tumors also harbor a mucinous or signet 
ring type histology and increased number of tumor-infiltrating lymphocytes 
[72]. Additionally, when MSI was first identified in CRC patients, it was shown 
that MSI-H patients tended to have a better patient prognosis compared with MSS 
tumors and had an overall lower tumor stage at diagnosis [12]. Moreover, random-
ized phase III clinical trials along with several prospective studies have shown 
that the MMR status of these patients is also predictive of response to adjuvant 
5-FU-based chemotherapy [12, 73]. The consensus was that patients with MSI-H 
tumors did not benefit from adjuvant 5-FU therapy compared to their non-MSI-H 
counterparts [73]. Furthermore, these data are consistent with other studies that 
revealed that human CRC cell lines with MSI-H phenotypes displayed resistance to 
DNA damaging agents, such as 5-FU, which could be overcome by the restoration of 
normal MMR function [74, 75].

3.2 Chromosomal instability (CIN) phenotype

The acquisition of genomic or chromosomal instability is a key feature in CRC 
development [39]. In fact, CIN has been found in approximately 85% of CRC cases 
and is characterized by increased chromosomal losses and gains as well as increased 
loss of heterozygosity [13, 14]. Although the exact mechanisms underlying CIN 
remain incompletely understood, it has been attributed to defects in genes related to 
the DNA damage response, telomere stability, and chromosomal segregation [39]. 
Unfortunately, standardizing the precise quantitative criteria that define a “CIN-
positive” tumor has been challenging due to difficulties in the detection approaches 
of chromosomal instability [39]. The approaches currently in use include cytom-
etry, karyotyping, and loss of heterozygosity analyses [76].

Along with the typical chromosomal abnormalities, accumulation of a char-
acteristic set of mutations in specific tumor suppressor genes and oncogenes is 
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also a prominent feature observed in CIN tumors [39]. These include mutations in 
APC, p53, Cyclooxygenase-2 (COX-2), and KRAS as well as 18q alterations [39]. 
Interestingly, many studies have sought to determine the prognostic value of KRAS, 
TP53, or 18q alterations. So far, evidence of increased risk of relapse or mortality in 
CRC patients with KRAS mutations has been presented, but other studies have failed 
to confirm this correlation [77]. Consequently, some of these putative individual 
prognostic markers are still undergoing rigorous study. However, several compelling 
studies indicate that the overall CIN phenotype is associated with a less favorable out-
come in patients than those with the MSI phenotype, and unlike MSI tumors, it is not 
significantly influenced by adjuvant therapy in patients with stage II–III CRC [78].

Several ongoing phase I and II clinical trials are underway to therapeutically 
target pathways that directly or indirectly initiate and perpetuate CIN. Some of 
these include small-molecule inhibitors of COX-2, Polo-Like Kinases (Plks), Eg5, 
and Centromere protein E (CENP-E) [39]. Swanton et al. also showed that CIN-
positive tumors are intrinsically resistant to taxanes due to the similarity between 
pathways that regulate the chromosomal segregation and those implicated in the 
taxane response [79]. These and other studies have collectively prompted the 
Chromosomal Instability and Anti-Tubulin Response Assessment (CINATRA) 
trial to assess whether patients with MSI-positive solid tumors derive benefit from 
EPO906 (new microtubule stabilizer) compared to patients with CIN-positive 
cancers [80]. Overall, phase I trials showed encouraging tumor control and 
response rates in patients with metastatic CRC (mCRC), although the trial was 
prematurely closed due to toxicity issues [80]. In summary, these data support the 
role of the CIN pathway in guiding patient stratification and the clinical manage-
ment of CRC. However, more studies to better define the mechanisms underlying 
CIN and determine how CIN influences progression will be critical to advance our 
understanding of the most common form of genetic instability in CRC. Moreover, 
the feasibility of standardizing detection of CIN-positive tumors and thus be able to 
target chromosomally unstable cells, will be critical.

3.3 CpG island methylator phenotype (CIMP)

The term “CpG island methylator phenotype,” or CIMP, was coined in 1999 by 
Toyota and Issa to denote the CRC tumor subtypes characterized by widespread 
promoter DNA hypermethylation at certain tumor suppressor genes [81]. More than 
50% of genes have promoters found within CpG islands [44]. Hence, the frequency 
of CIMP CRCs depends on which promoters are examined for methylation, with 
some promoters being more beneficial than others for identifying CIMP. Several 
studies have revealed that this methylation is common at the promoters of a diverse 
spectrum of genes, including Phosphatase and tensin homolog (PTEN), RUNX3, and 
Unc-5 netrin receptor C (UNC5C), making these key genes part of the expression 
signature profile in the evolution of CIMP CRCs [44]. Moreover, based on a panel 
of CIMP-specific markers coupled with the B-Raf proto-oncogene (BRAF) muta-
tional status, CIMP tumors may be further classified according to the fraction of 
promoters that exceed a certain threshold of DNA methylation as being CIMP high, 
low, or negative [44]. Although CIMP-high and CIMP-low CRCs are significantly 
associated with biological sex as well as BRAF and KRAS mutational status, these 
classifications need additional refinement [44]. Nonetheless, it is reminiscent of the 
classification of CRCs based on degrees of MSI [82].

Notably, several of the clinicopathological characteristics of CIMP-high tumors 
have also been correlated to MSI tumors [82, 83]. For example, like MSI, CIMP 
tumors also represent a clinically distinct group characterized by epigenetic instabil-
ity, distinct histological and pathological features, and discrete precursor lesions [84].  
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Pathologically, CIMP tumors also originate similarly to MSI tumors in the proximal 
colon, with a mucinous and poorly differentiated histological type and are fre-
quently diagnosed in elderly and female patients [84, 85]. However, the determina-
tion of which specific methylated loci should be used to define CIMP remains a 
major challenge in the evaluation of CIMP tumors. Currently, several studies have 
proposed the classic panel containing the genes hMLH1 and p16 as well as Munc-
18-interacting (MINT) proteins MINT1, MINT2, and MINT31. This panel has been 
further developed to contain the genes Calcium voltage-gated channel subunit alpha1 
G (CACNA1G), Cellular retinoic acid binding protein 1 (CRABP1), IGF2, Neurogenin 
1 (NEUROG1), RUNX3, Suppressor of cytokine signaling 1 (SOCS1), Hypermethylated 
in cancer 1 (HIC1), IGF-binding protein 3 (IGFBP3), and Werner syndrome ATP-
dependent helicase (WRN) [86].

In recent years, the use of DNA hypermethylation of specific genes to predict 
CRC patient outcome and therapeutic approach has received much attention. 
Although further validation is warranted, many studies have found a correlation 
between MSS CIMP+ CRC patients and poor prognosis [87]. Furthermore, the cor-
relation between CIMP status and response to chemotherapy has been investigated. 
CIMP status predicts poor survival in metastatic MSS CRC patients treated with 
chemotherapeutic agent 5-FU [88]. Overall, patients who did not receive chemo-
therapy treatment but had tumors identified as MSS and CIMP had a worse survival 
outcome [89]. In contrast, two separate studies reported better outcomes for patients 
with CIMP tumors, a conflict that could be attributed to differences in the criteria 
used across the studies to define CIMP status. Additionally, this also suggests that the 
heterogeneous nature of CIMP tumors may warrant further classification [44].

Intriguingly, many studies have also found an association between CIMP status 
and other important epidemiological factors [90]. For instance, reports of an asso-
ciation between cigarette smoking, obesity, and CIMP showed that the number of 
cigarettes smoked as well as body mass index (BMI) had a significant relationship to 
CIMP tumor development [90, 91]. Furthermore, associations of CIMP status with 
smoking and obesity were evident only for females [90]. Taken together, the above 
evidences support a critical role of the CIMP pathway in the pathogenesis of CRC, 
which has also become a significant part of the current management of CRC. In the 
future, it will also be essential to have a consensus on a standardized panel of loci to 
define CIMP, similar to that utilized to identify MSI CRCs.

3.4 Consensus molecular subtypes

The three molecular pathways described so far also fall within several consensus 
classification systems for CRC. These systems vary in terms of the number of pro-
posed subtypes, which can range from three to six depending on the combinations 
of genetic, epigenetic, clinical, and histopathological parameters used as well as 
the extent of the overlap between the three molecular pathways. For instance, the 
Consensus Molecular Subtypes (CMS) consortium has been suggested as one of the 
most robust classification systems and describes four groups (CMS1–4) based on 
expression profiling data from multiple studies [92]. While the majority of MSI-H 
CRCs fall into the CMS1 category, CMS2–4 display higher CIN. However, CMS3 
samples have a distinctive profile compared with other CIN tumors. They tend to have 
lower CIN, higher prevalence of CIMP and close to 30% of the tumors are hypermu-
tated which confers significant overlap with MSI status tumors [93]. Additionally, the 
Cancer Genome Atlas study also demonstrated that CIMP overlaps with the MSI path-
way because of the fact that sporadic MSI-H CRCs usually harbor CIMP-high clini-
copathological features [94]. Meanwhile, CMS4 are defined as CIN-heterogeneous 
tumors with mesenchymal characteristics that occur in later disease stages [93].
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It is also noteworthy that many CRC tumors demonstrate mixed characteristics 
compatible with two or more of these subtypes, which may represent a transition 
phenotype or intratumoral heterogeneity, while others cannot be precisely classified 
into any of these pre-defined subgroups [95]. Furthermore, these classifications 
often lack incorporation of the molecular markers used for traditional TNM staging 
of CRC [96]. Taken together, these challenges as well as the existing incongruity 
between the various systems illustrate the need to further refine these consensus 
classifications by developing more progressive and integrated approaches.

4.  The role of major epigenetic enzymes in CRC and therapeutic 
strategies for targeting them

4.1 Histone methyltransferases and demethylases

As discussed so far, aberrant changes in epigenetic modifications can signifi-
cantly contribute to CRC progression. It is therefore unsurprising that many of 
the epigenetic enzymes mediating these modifications are themselves deregulated 
during the initiation and progression of CRC. Here, we describe the significance 
of changes in the expression levels of two such families of enzymes that oppose 
each other in terms of function, namely histone methyltransferases (HMTs) and 
demethylases (HDMs). Although changes in the expression or activity levels of 
several methylation-related enzymes have been linked to CRC, in most cases only 
a limited knowledge regarding the molecular mechanisms by which these enzymes 
contribute to disease development exists [15]. We summarize current knowledge 
regarding some of the preclinical validated implications of these enzymes as proof 
of principle for the employment of epigenetic agents in CRC. We also briefly discuss 
potential mechanisms of action of these enzymes as well as the advantages of 
targeting them using combinatorial over monotherapy approaches.

Histone lysine methyltransferases (HKMTs) have been widely studied across 
multiple solid tumor types including CRC [97]. For instance, studies in a preclini-
cal model of CRC found that increased expression and activity of SET and MYND 
domain containing 3 (SMYD3), a well-known HKMT, was strongly correlated 
with tumorigenesis. Moreover, RNAi-mediated depletion of SMYD3 significantly 
impaired CRC cell proliferation, indicating a crucial role of SMYD3 in maintain-
ing CRC malignancy [98]. More recent studies suggest a putative mechanism by 
which this overexpression might occur by demonstrating that hypomethylation 
of the SMYD3 promoter was observed in CRC tumor tissues compared to adjacent 
normal tissues. Further subgroup clinicopathological analyses showed that this 
hypomethylation was observed with stage III and IV tumors as defined by moderate 
to well-differentiated histology and positive lymph node metastasis [99].

Another well-studied HKMT, enhancer of zeste 2 (EZH2), is also frequently 
deregulated in CRC. Both mRNA and protein levels of EZH2 were found to be sig-
nificantly increased in CRC tissues compared to non-cancerous counterparts [16]. 
Additionally, increased EZH2 expression was directly correlated with tumor size, 
metastases, and overall worse disease-free survival of CRC patients [100]. He et al. 
also showed that siRNA-mediated depletion of EZH2 inhibited the proliferation and 
migration of SW620 CRC cells, while inducing apoptosis and G0/G1 cell cycle arrest 
[101]. Another mechanistic study also revealed that knockdown of EZH2 signifi-
cantly reduced CRC cell invasion and matrix metalloproteinases 2/9 (MMP2/9) 
secretion in vitro while promoting increased overall survival and decreased lung 
metastasis in vivo [102]. Furthermore, this EZH2-induced CRC cell invasion was 
mediated by direct binding of Signal transducer and activator of transcription 3 
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(STAT3) to the EZH2 promoter, resulting in downregulation of the vitamin D 
receptor (VDR) [102]. Interestingly, an association between a missense variant 
in EZH2 and risk of CRC was discovered by the Li group. They identified that the 
presence of the rs2302427 variant showed a significant association with increased 
CRC susceptibility [103]. Recent studies point to other mechanistic roles of HKMTs 
in CRC. For example, depletion of SETD1A, a member of the trithorax (TrxG) fam-
ily of HMTs, inhibited CRC cell growth and colony formation in part by decreasing 
expression of approximately 50% of Wnt/β-catenin target genes [28]. Finally, in 
a mouse model, IL-22-mediated activation of disruptor of telomeric silencing 1-like 
(DOT1L) promoted CRC stemness and tumorigenic potential and was considered a 
predictor of poor survival outcome in CRC patients [32].

Protein arginine methyltransferases (PRMTs), although studied to a lesser 
extent, have also been shown to play critical roles in CRC malignancy via activa-
tion of Wnt/β-catenin and NF-ĸB signaling [104]. CARM1, for example, is an 
important positive modulator of Wnt/β-catenin transcription and was found to 
promote survival and anchorage-independent growth of CRC cells with aberrantly 
activated Wnt/β-catenin signaling [105]. Meanwhile, our lab and others have shown 
that protein arginine methyltransferase 5 (PRMT5) was overexpressed in CRC cells 
and patient-derived primary tumors, which correlated with increased cell growth, 
migration, invasion, and NF-ĸB activation as well decreased overall patient sur-
vival [106–109]. The enzymes catalyzing removal of methylation marks, HDMs, 
are perhaps the least studied among the enzymes mentioned thus far and only a 
few have been implicated as playing tumor suppressive or oncogenic roles in CRC. 
LSD1, KDM4B, KDM4C, and KDM5B have all been shown to play pro-tumorigenic 
roles by promoting CRC cell growth and metastasis, whereas HDMs, such as JMJD3 
and JMJD1B, have been implicated as tumor suppressors [15]. Taken together, these 
data provide strong support for the continued development of selective and potent 
small-molecule inhibitors against these methylation-modifying enzymes as promis-
ing therapeutic agents for CRC.

4.2 Targeting HMTs and HDMs in CRC

Disruption of epigenetic regulation in CRC mediated by deregulated HMTs, 
DNMTs, and HDMs has garnered increasing interest in recent years. In this section, 
we aim to review the current status on the development of therapeutic strategies 
to modulate histone methylation for CRC treatment. The current therapeutics 
including pre-clinical and clinical agents that target epigenetic enzymes in CRC 
are listed in Table 1. Thus far, more than 20 histone-methylation enzymes have 
been found to be clinically relevant to CRC, including 17 oncoproteins and 8 tumor 
suppressors, although their exact mechanisms of action are not fully understood 
[15]. Furthermore, more than 20 small-molecule inhibitors targeting HMTs, 
DMNTs, and HDMs have been employed for preclinical or clinical studies. For 
example, treatment of DLD1 colon cell line and primary CRC cells with a potent 
HKMT inhibitor EPZ004777 (anti-DOT1L) resulted in significant reduction in 
sphere formation in vitro, thus inhibiting cell growth [32]. Other HKMT inhibitors, 
such as BCI-121 and Chaetocin, have significantly suppressed CRC cell growth and 
migration by inhibiting SMYD3 and SUV39H1, respectively [98]. Notably, inhibi-
tors against the HKMT EZH2 have yielded some of the most promising results for 
treating CRC. DZNep, an indirect EZH2 inhibitor, induced apoptosis in CRC cell 
lines and stem cells, while GSK346 impaired the migratory potential of CRC cells 
and reduced H3K27me3 levels in Colo205 and HT-29 cells (Table 1) [110].

Unlike HKMTs, the development of inhibitors against PRMTs has only recently 
gained prominence in the cancer field, and only a couple of these have made it 
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Unlike HKMTs, the development of inhibitors against PRMTs has only recently 
gained prominence in the cancer field, and only a couple of these have made it 
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to the clinical trial phase thus far. AMI-1, which inhibits PRMT1 and PRMT5, 
demonstrated antiproliferative activity in CRC cells and xenograft mouse mod-
els [106]. However, further in vivo validation studies are needed, and it has not 

Table 1. 
Overview of pre-clinical and clinical drugs that target epigenetic enzymes in CRC.
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entered clinical trial yet. Another promising PRMT5 inhibitor that recently made 
it to Phase I clinical trials is GSK3326595, which potently inhibited tumor growth 
in vitro and in vivo [111]. Trials with GSK3326595 are currently being conducted 
in adult subjects with relapsed and/or refractory solid tumors (NCT02783300). 
Additionally, inhibitors targeting HDMs are even fewer in number and have shown 
limited efficacy in suppressing CRC cell growth. For example, KDM4A/C inhibi-
tors were ineffective in blocking HCT116 CRC cell growth when used in isolation 
[112]. However, they exhibited potent antiproliferative effects in combination with 
another HDM inhibitor, NCL-2, which targets LSD1 [113]. These data suggest a 
potential for synergy between the two classes of HDM inhibitors.

Finally, the use of DNMT inhibitors for CRC treatment has also shown some 
exciting promise. In studies using CRC cell lines, suppression of DNMT1 and 
DNMT3B resulted in significant reduction in methylation, which correlated with 
the re-expression of tumor suppressor genes. This also resulted in induction of 
apoptosis as well as reduced cell proliferation and stemness [114]. Notably, stud-
ies with the DNMT1 inhibitor, 5-aza-2′-deoxycytidine (decitabine), exhibited its 
ability to re-sensitize colorectal tumors to both irinotecan and 5-FU, thus becoming 
a major component of the treatment regimen for CRC in the clinic [19]. Another 
recent preclinical study showed that combination of the anti-EGFR inhibitor, gefi-
tinib and decitabine showed highly synergistic inhibition of CRC cell proliferation 
and migration [115]. Additional combination regimens are outlined in Table 1.

4.3 Acetyltransferases and deacetylases

Acetylation of histones by acetyltransferases (HATs) and removal of these 
acetyl marks by HDACs are essential events for the maintenance of normal chro-
matin organization and function [116]. However, as is often the case in cancer, 
these enzymes are dysregulated, leading to increased chromosomal instability 
and aberrant gene expression changes [117]. To date, only a handful of HATs 
have been reported as contributing to the pathogenesis of CRC. Here, we describe 
the role of a few of these HATs namely p300/CREB-binding protein (p300/CBP), 
GCN5, N-Acetyltransferase 10 (Nat10), and Human males absent on the first (hMOF). 
Assessment of 262 CRC samples from patients receiving 5-FU treatment dem-
onstrated that low expression of p300/CBP in CRC tissue was closely associated 
with poor clinical response to 5-FU based-chemotherapy [118]. Furthermore, low 
p300/CBP expression also correlated with poor disease-free survival and increased 
early disease progression in the same patients [118]. Mechanistic studies also 
uncovered that 5-FU induced degradation of p300/CBP which was dependent on 
chaperone-mediated autophagy involving heat-shock cognate protein 70 kDa (hsc70) 
and lysosomal-associated membrane protein 2A (LAMP2A). In short, degradation of 
p300/CBP was found to be relevant to chemoresistance to 5-FU, since blocking this 
degradation also enhanced 5-FU’s cytotoxicity in CRC cells [118].

Conversely, another HAT GCN5 has been implicated in promoting CRC cell 
growth via its upregulation rather than downregulation. One study found that 
GCN5 overexpression in human colon adenocarcinoma tissues was attributed to the 
activities of the transcription factors, c-Myc and E2F transcription factor 1 (E2F1) 
[119]. Depletion of c-Myc inhibited CRC cell proliferation mainly by downregulat-
ing GCN5 transcription, an effect that was rescued by ectopic expression of GCN5. 
However, ectopic overexpression of E2F1 had the opposite effect by suppressing 
GCN5 levels, thus inducing cell death. Furthermore, inhibition of GCN5 with 
CPTH2, a HAT inhibitor, also suppressed CRC cell growth, revealing an avenue 
of great therapeutic potential [119]. Other HATs implicated in CRC include Nat10 
and hMOF, which were downregulated in CRC tissues. Particularly, recent studies 
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[119]. Depletion of c-Myc inhibited CRC cell proliferation mainly by downregulat-
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of great therapeutic potential [119]. Other HATs implicated in CRC include Nat10 
and hMOF, which were downregulated in CRC tissues. Particularly, recent studies 
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showed that Nat10 downregulation and subcellular redistribution were associated 
with increased cellular motility and invasion in CRC cells [120]. Meanwhile, low 
expression of hMOF correlated with clinicopathological features of CRC such as 
lymph node metastasis and advanced tumor stage [121].

In CRC, HDACs are also frequently overexpressed and represent another attrac-
tive class of targets for anticancer therapy. HDAC1–3 and HDAC5–8 have emerged 
as some of the most relevant deacetylases in CRC. Although all are highly overex-
pressed in CRC, only few studies have explored the relevance of this overexpression 
to disease [23]. For example, knockdown of HDAC1, 2, and 3 reduced the growth 
of several CRC cells by largely unknown mechanisms [122]. Interestingly however, 
a mechanistic link between HDAC2 expression and sensitivity of CRC cells to other 
anticancer agents was recently established. Alzoubi et al. demonstrated that deple-
tion of HDAC2 specifically enhanced the combined anti-tumor effect of the pan-
HDAC inhibitor suberoylanilide hydroxamic acid (SAHA) and the DNA-damaging 
agents, 5-FU and oxaliplatin, in SW480 and HT29 cells. On the other hand, overex-
pression of HDAC2 conferred resistance to these agents, which were independent 
of the p53 mutational status [123]. In summary, these findings strongly suggest that 
HATs and HDACs are critical biomarkers for CRC and influence the sensitivity of 
CRC cells to certain therapeutics as evidenced by their frequent combination with 
other anticancer agents (Table 1).

4.4 Targeting HATs and HDACs in CRC

Like methylation, several studies have demonstrated that inhibitors targeting 
HATs and HDACs also induce epigenetic alterations that modulate the expression 
of genes or pathways critical for CRC treatment. One study showed that direct 
inhibition of p300/KAT3B histone acetyltransferase, a coactivator of β-Catenin with 
rimonabant, induced downregulation of Wnt/β-catenin target genes in HCT116 
cells [124]. Furthermore, rimonabant also significantly reduced tumor growth in 
HCT116 xenografts [124]. The general HAT inhibitors such as garcinol and ana-
cardic acid have also been shown to inhibit CRC tumor growth in mice as well as 
sensitize cancer cells to irradiation [125].

Compared to HATs, a far greater number of studies have been dedicated to 
investigating the efficacy of HDAC inhibitors at both the preclinical and clinical 
level. Overall, the use of HDAC inhibitors in preclinical solid tumor models has 
shown some early promise albeit their progress to the clinic has been hindered by 
serious limitations including ineffective concentrations and cardiac toxicity [126]. 
In CRC specifically, these inhibitors are mainly being administered as combina-
tion therapy with conventional chemotherapy or other agents [127]. In pre-clinical 
models for instance, treatment of irinotecan-resistant CRC cells with HDAC 
inhibitors conferred sensitization of these cells to irinotecan, whereas HDAC inhibi-
tor CG2 showed an additive effect when used with irinotecan, 5-FU, or oxaliplatin 
in HCT116 xenografts [128]. Meanwhile, a small molecular inhibitor of HDAC6, 
ACY-1215, was able to enhance the anticancer activity of oxaliplatin by promoting 
apoptosis and blocking cell proliferation in CRC cells and xenograft models [129].

4.5 Benefits and pitfalls of epigenetic enzyme inhibitors

Despite their potential, a large gap still remains between the biological activity 
of epigenetic enzyme inhibitors in preclinical studies and their potential clinical 
utility. For example, the development of HAT inhibitors poses several challenges [130]. 
Because of their function in complexes consisting of many proteins which play mul-
tiple roles in HAT target specificity, this significantly limits inhibitor use in vivo [130].  
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Additionally, many undesired effects such as reactivity or lack of selectivity 
between different HAT subtypes are often associated with HAT inhibitors [130]. 
Hence, studies geared towards the development of more potent and selective inhibi-
tors by carefully studying the catalytic mechanism and enzyme kinetics of various 
HATs are needed. As far as HDAC inhibitors are concerned, they have shown 
preferential efficacy against hematological malignancies, and therefore, drugs such 
as vorinostat (SAHA) and romidepsin (FK228) have achieved FDA approval for the 
treatment of cutaneous T cell lymphoma [131, 132]. Unfortunately, the evidence 
regarding HDAC inhibitors efficacy for solid tumors has not been as convincing and 
encouraging although they are well tolerated at low but not high doses. Currently, 
adverse side effects and inadequate clinical efficacy are the major limitations to 
their use, and more efforts are underway to generate specific HDAC inhibitors for 
solid tumors such as CRC [133]. Nonetheless, a few early phase clinical trials using 
vorinostat in combination with other chemotherapeutic agents have shown some 
early promise for mCRC patients. These include combinatorial regimens of vorino-
stat with 5-FU, leucovorin, and oxaliplatin (FOLFOX) as well as randomized phase 
II trial studies investigating the efficacy of vorinostat and hydroxychloroquine or 
regorafenib in refractory mCRC patients [134, 135]. Other regimens are outlined in 
Table 1. Similarly, while DNMT inhibitors have also met with some degree of suc-
cess for treating blood cancers such as myelodysplastic syndrome (e.g., decitabine 
and 5-azacitidine), the major drawbacks of these compounds in solid tumors are 
harsh side effects and transient demethylation, which revert after drug removal 
[136, 137]. Interestingly, however, some studies have suggested that this transient 
demethylation that occurs with DNMT inhibition (e.g., 5-azadeoxycytidine) poten-
tially creates a therapeutic window that can be leveraged for epigenetic reprogram-
ming and/or combinatorial therapies with cytotoxic drugs [138].

Other general limitations regarding the use of epigenetic therapy in solid tumors 
deal with the unfavorable pharmacokinetic properties of these drugs, including 
instability, toxicity, and short half-life [137]. Some of these invariably contribute 
in some way to common toxicities associated with HDAC and DNMT inhibitors 
in CRC including thrombocytopenia, neutropenia, diarrhea, nausea, vomiting, 
and fatigue [139]. Furthermore, maintaining therapeutically relevant levels of the 
drugs necessary for clinical benefit is particularly difficult, and as of yet, no FDA-
approved epigenetic treatments exist for CRC despite promising preclinical studies. 
This signifies the overall marginal clinically compelling responses to these agents in 
CRC patients. To overcome some of these limitations, newer formulations have been 
made to render these inhibitors more bioavailable, stable, and ultimately usable at 
lower doses with less toxicity and greater therapeutic efficacy. Examples of these 
include the oral HDAC inhibitor, entinostat, used in in vitro and in vivo models of 
CRC and an orally active formulation of 5-azacitidine, cc-486 [140].

4.6 Emerging immunomodulatory and epigenetic combinatorial therapies

Compared to MSS tumors, there are an exponentially higher number of muta-
tions acquired in MSI-H CRCs. Interestingly, these mutations have the potential 
to elevate the production of neo-antigens [141]. The result is increased tumor 
immunogenicity, which is further complemented by the fact that these tumors 
also harbor a high number of tumor-infiltrating lymphocytes. Within this context, 
CRC patients with MSI-H represent a subgroup more likely to benefit from immune 
checkpoint inhibitors compared to those with MSS tumors. Immune checkpoint 
inhibitors have shown unprecedented benefit across multiple tumor types. These 
agents specifically target the proteins programmed death ligand-1 (e.g., durvalumab) 
and programmed death-1 (e.g., nivolumab, pembrolizumab) and are administered 
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as monotherapies or in combination with other anticancer agents. At the present 
time, several ongoing early and late-phase II and III clinical trials investigating 
the efficacy of immune checkpoint inhibitors in MSI-H and MSS CRC patients are 
being extensively explored including pembrolizumab (Keytruda), which recently 
obtained FDA approval (e.g., NCT01876511 and NCT02060188) [142].

Moreover, the possibility of combining epigenetic therapy and immunotherapy 
has also been recently explored, and several ongoing clinical trials in CRC investigat-
ing the combination strategies of HDACi and DNMTi with checkpoint inhibitors 
have been undertaken. Specifically, these epigenetic therapies have been shown to 
augment the effect of checkpoint inhibitors and are currently in early and late phase 
clinical trials [143]. However, since MSS subtypes represent the larger fraction of CRC 
cases, the marginal activity displayed by drugs such as pembrolizumab for treating 
MSS CRCs has been less than encouraging [144]. Hence, overcoming the clinical 
ineffectiveness of this class of drugs for this subtype remains an important need. 
Intriguingly, however, recent studies showed that treatment with 5-azacitidine and 
entinostat in CRC cell lines conferred a shift towards a CIMP+ signature, which would 
predictively convert them into a more immunogenic state [145]. This increased sen-
sitivity to immunotherapy has prompted a clinical trial evaluating this strategy, with 
the combination regimen of romidepsin (HDAC inhibitor) and cc-486 with pembro-
lizumab in MSS-CRC patients (NCT02512172) [145]. Finally, romidepsin was also 
found to potentiate 5-FU cytotoxicity in HCT-116, HT29, and SW48 cells by inducing 
apoptosis and cell cycle arrest [146]. Interestingly, MHC class II gene expression was 
also induced with this combination, once again supporting the possible cooperation 
of epigenetic therapy with immunomodulatory agents [146]. In summary, the above 
evidences support a cooperative role between epigenetic and immune therapies, 
although further efforts to optimize the epigenetic control of immune-related gene 
expression will be necessary to successfully translate these notions to the clinic.

5. Conclusion and perspectives

In this chapter, we have highlighted the pivotal contribution of epigenetic 
deregulation, specifically, DNA methylation, histone alterations, and miRNAs to the 
initiation, progression, and prognosis of CRC. We also underscored the relevance of 
these epigenetic mechanisms in terms of classifying CRC subtypes as well as their 
importance in guiding strategies for therapeutic intervention. Moreover, we empha-
sized the epigenetic enzymes that are involved in these aberrant pathways and 
presented some up-to-date findings on pre-clinical and clinical trials of epigenetic 
drugs used as single agents or in combination with conventional anticancer agents in 
CRC. Furthermore, mounting evidence demonstrates that epigenetic drugs are also 
capable of altering the immunogenicity of the CRC microenvironment and creating 
opportunities for potentiating the effects of immune checkpoint inhibitors.

Understandably, drugs targeting the cancer epigenome are also plagued 
with major challenges including lack of specificity, toxicity, and short half-life. 
Fortunately, these challenges have facilitated re-evaluation of the dosing and for-
mulation strategies for epigenetic drugs, leading to superior therapeutic drugs with 
lower toxic profiles. Another underexplored avenue includes targeting less com-
monly manipulated epigenetic mechanisms such as the use of miRNA mimics [147]. 
Furthermore, in light of the advent of personalized therapies, more intricate studies 
are also needed to elucidate the relationship between individual driver genetic 
mutations and epigenetic alterations, thus providing a pathway-driven basis for 
developing selective therapeutic strategies. This may call for a more stringent con-
trol of gene expression in CRC cells via selective targeting of epigenetic regulatory 
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enzymes. This includes the prospects of CRISPR/Cas9/Cas13-based genome and 
RNA editing, which may provide validated starting points for further development 
towards novel CRC therapeutic agents [148].
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HAT   histone acetyltransferase
HDAC   histone deacetylase
HDM   histone demethylase
HIC1   hypermethylated in cancer 1
HKMT   histone lysine methyltransferase
HKMTs   histone lysine methyltransferases
hMLH1   human mutL homolog 1
hMOF   human males absent on the first
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as monotherapies or in combination with other anticancer agents. At the present 
time, several ongoing early and late-phase II and III clinical trials investigating 
the efficacy of immune checkpoint inhibitors in MSI-H and MSS CRC patients are 
being extensively explored including pembrolizumab (Keytruda), which recently 
obtained FDA approval (e.g., NCT01876511 and NCT02060188) [142].

Moreover, the possibility of combining epigenetic therapy and immunotherapy 
has also been recently explored, and several ongoing clinical trials in CRC investigat-
ing the combination strategies of HDACi and DNMTi with checkpoint inhibitors 
have been undertaken. Specifically, these epigenetic therapies have been shown to 
augment the effect of checkpoint inhibitors and are currently in early and late phase 
clinical trials [143]. However, since MSS subtypes represent the larger fraction of CRC 
cases, the marginal activity displayed by drugs such as pembrolizumab for treating 
MSS CRCs has been less than encouraging [144]. Hence, overcoming the clinical 
ineffectiveness of this class of drugs for this subtype remains an important need. 
Intriguingly, however, recent studies showed that treatment with 5-azacitidine and 
entinostat in CRC cell lines conferred a shift towards a CIMP+ signature, which would 
predictively convert them into a more immunogenic state [145]. This increased sen-
sitivity to immunotherapy has prompted a clinical trial evaluating this strategy, with 
the combination regimen of romidepsin (HDAC inhibitor) and cc-486 with pembro-
lizumab in MSS-CRC patients (NCT02512172) [145]. Finally, romidepsin was also 
found to potentiate 5-FU cytotoxicity in HCT-116, HT29, and SW48 cells by inducing 
apoptosis and cell cycle arrest [146]. Interestingly, MHC class II gene expression was 
also induced with this combination, once again supporting the possible cooperation 
of epigenetic therapy with immunomodulatory agents [146]. In summary, the above 
evidences support a cooperative role between epigenetic and immune therapies, 
although further efforts to optimize the epigenetic control of immune-related gene 
expression will be necessary to successfully translate these notions to the clinic.

5. Conclusion and perspectives

In this chapter, we have highlighted the pivotal contribution of epigenetic 
deregulation, specifically, DNA methylation, histone alterations, and miRNAs to the 
initiation, progression, and prognosis of CRC. We also underscored the relevance of 
these epigenetic mechanisms in terms of classifying CRC subtypes as well as their 
importance in guiding strategies for therapeutic intervention. Moreover, we empha-
sized the epigenetic enzymes that are involved in these aberrant pathways and 
presented some up-to-date findings on pre-clinical and clinical trials of epigenetic 
drugs used as single agents or in combination with conventional anticancer agents in 
CRC. Furthermore, mounting evidence demonstrates that epigenetic drugs are also 
capable of altering the immunogenicity of the CRC microenvironment and creating 
opportunities for potentiating the effects of immune checkpoint inhibitors.

Understandably, drugs targeting the cancer epigenome are also plagued 
with major challenges including lack of specificity, toxicity, and short half-life. 
Fortunately, these challenges have facilitated re-evaluation of the dosing and for-
mulation strategies for epigenetic drugs, leading to superior therapeutic drugs with 
lower toxic profiles. Another underexplored avenue includes targeting less com-
monly manipulated epigenetic mechanisms such as the use of miRNA mimics [147]. 
Furthermore, in light of the advent of personalized therapies, more intricate studies 
are also needed to elucidate the relationship between individual driver genetic 
mutations and epigenetic alterations, thus providing a pathway-driven basis for 
developing selective therapeutic strategies. This may call for a more stringent con-
trol of gene expression in CRC cells via selective targeting of epigenetic regulatory 
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enzymes. This includes the prospects of CRISPR/Cas9/Cas13-based genome and 
RNA editing, which may provide validated starting points for further development 
towards novel CRC therapeutic agents [148].
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hsc70  heat-shock cognate protein 70 kDa
IGF2  insulin-like growth factor 2
IGFBP3  insulin-like growth factor binding protein 3
IL-6  interleukin 6
iNOS  inducible nitric oxide synthase
KDM  lysine demethylase
KRAS  Kirsten rat sarcoma 2 viral oncogene
LAMP2A  lysosomal-associated membrane protein 2A
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mCRC  metastatic colorectal cancer
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MINT  Munc-18-interacting
miRNA  microRNA
MLH1  mutL homolog 1
MSH2, 6  MutS protein homolog 2, 6
MSI  microsatellite instability
MSS  microsatellite stable
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               follistatin-like domains 2
TNF-α  tumor necrosis factor alpha
UNC5C  Unc-5 netrin receptor C
Wif-1  WNT inhibitory factor 1
WNT  wingless type
WRN  Werner syndrome ATP-dependent helicase
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Abstract

The treatment for patients with metastatic colorectal cancer has progressively 
improved over the past few decades with the development of more effective anti- 
cancer drugs and multi-disciplinary management approaches that combine sequential 
lines of non-cross-resistant drugs and increased use of potentially curative surgery 
for metastases of the liver and lung. In this setting, the introduction of monoclonal 
antibody therapies that target the epidermal growth factor receptor (EGFR) (cetux-
imab and panitumumab) has made an important contribution to improved patient 
outcomes. However, the efficacy of therapies is generally limited to a small proportion 
of patients and associated with toxicity and high cost. There is an urgent clinical need 
for robust predictive biomarkers to guide the effective use of therapy options. In 
this chapter we review clinical and molecular predictive markers of primary therapy 
response for metastatic colorectal cancer, focusing on anti-EGFR antibody therapies, 
discussing both currently approved and emerging biomarkers.

Keywords: metastatic colorectal cancer, epidermal growth factor receptor (EGFR), 
cetuximab, panitumumab, predictive biomarkers

1. Introduction

Metastatic colorectal cancer (mCRC) remains a major contributor to cancer-
related morbidity and mortality worldwide. Among patients diagnosed with 
colorectal cancer, approximately 20–25% present with distant metastases, while 
another 20–35% develop metastases following curative-intent treatment for early-
stage cancer [1]. The median overall survival for mCRC has improved significantly 
over the past few decades, increasing from 10 to 12 months for 5-fluorouracil plus 
leucovorin to currently beyond 30 months [2]. Improvements have been driven by 
advancements in surgery for metastatic disease, the expansion of chemotherapy 
options and the introduction of targeted therapies such as monoclonal antibodies 
against the epidermal growth factor receptor (EGFR) or the vascular endothelial 
growth factor A (VEGFA) [2]. Presently, there are 11 therapeutics approved by the 
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growth factor A (VEGFA) [2]. Presently, there are 11 therapeutics approved by the 
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United States Food and Drug Administration (FDA) for the treatment of mCRC, 
including 5-fluorouracil, irinotecan, capecitabine, oxaliplatin, bevacizumab, cetux-
imab, panitumumab, ziv-aflibercept, regorafenib, ramucirumab, and trifluridine-
tipiracil. The expansion of treatment options has resulted in an increased clinical 
need for predictive biomarkers to guide the effective use of therapy. Only a small 
proportion of patients will respond to any given therapy, and treatments are associ-
ated with significant toxicities and often with high financial costs.

Predictive biomarkers for anti-cancer agents are best developed prospectively as 
companion diagnostics during the drug development process. However, these can 
also be developed retrospectively through analysis of samples and data from previ-
ously conducted randomized clinical trials. Another avenue for marker discovery 
are longitudinal studies of patients analyzing the emergence of drug resistant tumor 
clones, although mechanisms of intrinsic (primary) and acquired (secondary) 
drug resistance may differ. Predictive markers can provide either drug sensitivity 
(positive prediction of response) or resistance (negative prediction of response) 
information depending on the biomarker-drug relationship.

There are many challenges in the biomarker development process, such as 
the choice of analyte (e.g. urine, blood, tissue), cancer sampling procedures (e.g. 
circulating tumor cells, primary cancer, metastatic lesions), technology for marker 
evaluation (e.g. DNA, RNA or protein) and determination of clinically relevant 
cut-offs. In this chapter, we review development efforts for predictive biomarkers 
for patients with mCRC focusing on anti-EGFR antibody therapies. Our discussion 
will concentrate on markers of primary drug resistance; markers of acquired drug 
resistance have been summarized in recent reviews [3, 4].

2. Anti-EGFR therapy

EGFR is a tyrosine kinase transmembrane receptor that belongs to the ErbB 
protein family. EGFR-mediated signaling has important roles in cell proliferation, 
survival and differentiation, and dysregulation is a central driver in multiple malig-
nancies including colorectal cancer [4–6]. EGFR interacts with multiple ligands 
including epidermal growth factor (EGF), transforming growth factor alpha 
(TGF-α), amphiregulin (AREG), epiregulin (EPR), betacellulin (BTC), heparin-
binding EGF (HB-EGF), epigen (EPN), and neuregulin 1-4 (NRG1-4). Activation 
of EGFR following ligand binding triggers a variety of signaling cascades, including 
the RAS/MAPK, PI3K/AKT, PLCγ/PKC, SRC tyrosine kinase and STAT pathways. 
In addition, ligand binding can induce EGFR translocation to the nucleus where 
EGFR behaves as a co-transcriptional activator regulating key genes such as Aurora 
Kinase A (AURKA), Cyclin D1 (CCND1), Prostaglandin-Endoperoxide Synthase 2 
(PTGS2) and MYB Proto-Oncogene Like 2 (MYBL2).

EGFR is overexpressed in colorectal tumors, with most estimates between 40% 
and 80% depending on the methods and cut-offs used, highlighting the receptor 
as a prime drug target in this malignancy [7, 8]. Two monoclonal antibodies tar-
geting EGFR have been clinically approved for the treatment of mCRC including 
cetuximab (Erbitux®), a chimeric mouse-human IgG1 antibody, and panitumumab 
(Vectibix®), a humanized IgG2 antibody. Both antibodies bind the extracellular 
domain of EGFR, inhibiting ligand-induced tyrosine kinase activation and leading 
to EGFR cellular internalization and degradation, thereby preventing the activation 
of downstream signaling (Figure 1). Panitumumab has a higher binding affinity for 
EGFR than cetuximab [9], and cetuximab is thought to additionally lead to activa-
tion of the immune response through antibody-dependent cell-mediated cytotoxic-
ity (ADCC) due to the IgG1 chimeric antibody structure [10, 11]. With respect to 
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toxicity, panitumumab treatment is associated with significantly lower occurrence 
of grade 3–4 infusion reactions (allergic reactions) than cetuximab due to its fully 
humanized nature [12]. Despite these differences, cetuximab and panitumumab 
showed clinical equivalence in efficacy in refractory patients [12], and both are 
approved for use in combination with chemotherapy in the first and second line 
setting or as monotherapy for refractory disease.

In unselected patient populations, the response rate to anti-EGFR therapy is 
typically less than 30% [13], and for patients who initially respond to treatment most 
tumors become refractory within 3–12 months [14]. The need to identify biomarkers 
predictive of EGFR response is therefore vital, and numerous studies have explored 
resistance mechanisms to EGFR blockade. Findings have unraveled a variety of 
biomarkers and pathways that are associated with resistance to anti-EGFR therapy. 
As discussed below, this work has led to the endorsement of predictive testing for 
tumor RAS (KRAS and NRAS) mutation status and consideration of primary tumor 
location to guide the use of anti-EGFR therapy. Efforts to discover and validate 
additional biomarkers is ongoing to further refine treatment delivery are ongoing.

2.1 Current predictive biomarkers for anti-EGFR therapy

2.1.1 KRAS and NRAS mutations

Genes of the RAS type GTPase family, comprising KRAS, NRAS and HRAS, are 
principal downstream mediators of activated EGFR signaling [15]. In colorectal 
cancer, KRAS and NRAS are major oncogenes, with activating mutations found in 
approximately 40% and 3–5% of cases, respectively [16]. Constitutive downstream 
signaling through oncogenic RAS proteins activates processes contributing to tumor 
progression and metastasis, independent of EGFR and other cell surface receptor 

Figure 1. 
Targeting of the EGFR signaling pathway with anti-EGFR monoclonal antibodies. EGFR activation is triggered by 
ligand binding which results in the formation of receptor homo- or hetero-dimers. Receptor autophosphorylation 
at tyrosine residues within the cytoplasmic tail acts as a docking site for proteins with Src homology2 (SH2) and 
phosphotyrosine-binding domains (PTB), initiating cellular signaling via the RAS/MAPK, PI3K/AKT, STAT and 
PLCγ/PKC pathways. Ligand binding can further stimulate EGFR translocation into the nucleus, with nuclear 
EGFR interacting with transcription factors to drive expression of target genes including NOS2, PTGS2, AURKA, 
MYBL2 and CCND1. EGFR signaling in tumor cells promotes cell proliferation and survival, and this can be 
blocked with antibodies against the receptor (cetuximab and panitumumab).
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the choice of analyte (e.g. urine, blood, tissue), cancer sampling procedures (e.g. 
circulating tumor cells, primary cancer, metastatic lesions), technology for marker 
evaluation (e.g. DNA, RNA or protein) and determination of clinically relevant 
cut-offs. In this chapter, we review development efforts for predictive biomarkers 
for patients with mCRC focusing on anti-EGFR antibody therapies. Our discussion 
will concentrate on markers of primary drug resistance; markers of acquired drug 
resistance have been summarized in recent reviews [3, 4].

2. Anti-EGFR therapy

EGFR is a tyrosine kinase transmembrane receptor that belongs to the ErbB 
protein family. EGFR-mediated signaling has important roles in cell proliferation, 
survival and differentiation, and dysregulation is a central driver in multiple malig-
nancies including colorectal cancer [4–6]. EGFR interacts with multiple ligands 
including epidermal growth factor (EGF), transforming growth factor alpha 
(TGF-α), amphiregulin (AREG), epiregulin (EPR), betacellulin (BTC), heparin-
binding EGF (HB-EGF), epigen (EPN), and neuregulin 1-4 (NRG1-4). Activation 
of EGFR following ligand binding triggers a variety of signaling cascades, including 
the RAS/MAPK, PI3K/AKT, PLCγ/PKC, SRC tyrosine kinase and STAT pathways. 
In addition, ligand binding can induce EGFR translocation to the nucleus where 
EGFR behaves as a co-transcriptional activator regulating key genes such as Aurora 
Kinase A (AURKA), Cyclin D1 (CCND1), Prostaglandin-Endoperoxide Synthase 2 
(PTGS2) and MYB Proto-Oncogene Like 2 (MYBL2).

EGFR is overexpressed in colorectal tumors, with most estimates between 40% 
and 80% depending on the methods and cut-offs used, highlighting the receptor 
as a prime drug target in this malignancy [7, 8]. Two monoclonal antibodies tar-
geting EGFR have been clinically approved for the treatment of mCRC including 
cetuximab (Erbitux®), a chimeric mouse-human IgG1 antibody, and panitumumab 
(Vectibix®), a humanized IgG2 antibody. Both antibodies bind the extracellular 
domain of EGFR, inhibiting ligand-induced tyrosine kinase activation and leading 
to EGFR cellular internalization and degradation, thereby preventing the activation 
of downstream signaling (Figure 1). Panitumumab has a higher binding affinity for 
EGFR than cetuximab [9], and cetuximab is thought to additionally lead to activa-
tion of the immune response through antibody-dependent cell-mediated cytotoxic-
ity (ADCC) due to the IgG1 chimeric antibody structure [10, 11]. With respect to 
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toxicity, panitumumab treatment is associated with significantly lower occurrence 
of grade 3–4 infusion reactions (allergic reactions) than cetuximab due to its fully 
humanized nature [12]. Despite these differences, cetuximab and panitumumab 
showed clinical equivalence in efficacy in refractory patients [12], and both are 
approved for use in combination with chemotherapy in the first and second line 
setting or as monotherapy for refractory disease.

In unselected patient populations, the response rate to anti-EGFR therapy is 
typically less than 30% [13], and for patients who initially respond to treatment most 
tumors become refractory within 3–12 months [14]. The need to identify biomarkers 
predictive of EGFR response is therefore vital, and numerous studies have explored 
resistance mechanisms to EGFR blockade. Findings have unraveled a variety of 
biomarkers and pathways that are associated with resistance to anti-EGFR therapy. 
As discussed below, this work has led to the endorsement of predictive testing for 
tumor RAS (KRAS and NRAS) mutation status and consideration of primary tumor 
location to guide the use of anti-EGFR therapy. Efforts to discover and validate 
additional biomarkers is ongoing to further refine treatment delivery are ongoing.

2.1 Current predictive biomarkers for anti-EGFR therapy

2.1.1 KRAS and NRAS mutations

Genes of the RAS type GTPase family, comprising KRAS, NRAS and HRAS, are 
principal downstream mediators of activated EGFR signaling [15]. In colorectal 
cancer, KRAS and NRAS are major oncogenes, with activating mutations found in 
approximately 40% and 3–5% of cases, respectively [16]. Constitutive downstream 
signaling through oncogenic RAS proteins activates processes contributing to tumor 
progression and metastasis, independent of EGFR and other cell surface receptor 

Figure 1. 
Targeting of the EGFR signaling pathway with anti-EGFR monoclonal antibodies. EGFR activation is triggered by 
ligand binding which results in the formation of receptor homo- or hetero-dimers. Receptor autophosphorylation 
at tyrosine residues within the cytoplasmic tail acts as a docking site for proteins with Src homology2 (SH2) and 
phosphotyrosine-binding domains (PTB), initiating cellular signaling via the RAS/MAPK, PI3K/AKT, STAT and 
PLCγ/PKC pathways. Ligand binding can further stimulate EGFR translocation into the nucleus, with nuclear 
EGFR interacting with transcription factors to drive expression of target genes including NOS2, PTGS2, AURKA, 
MYBL2 and CCND1. EGFR signaling in tumor cells promotes cell proliferation and survival, and this can be 
blocked with antibodies against the receptor (cetuximab and panitumumab).
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kinases [15]. As anticipated from the biological mechanism, mutations in KRAS and 
NRAS genes have been found to render tumors insensitive to anti-EGFR therapy.

The majority of KRAS mutations (85–90%) in colorectal cancer occur in exon 2 
at codons 12 and 13 [16]. Analyses of clinical trials of cetuximab or panitumumab 
over the last decade have provided conclusive evidence that patients with KRAS 
mutations in exon 2 do not benefit from anti-EGFR therapy when given as a single 
agent or combined with chemotherapy (Table 1) [17–24]. Retrospective analyses of 
the randomized phase III CO.17 and 20020408 studies which evaluated cetuximab 
or panitumumab plus best supportive care (BSC) vs BSC alone in patients with 
chemotherapy-refractory mCRC, respectively, found a significant improvement in 
outcomes for patients with wild-type KRAS exon 2 tumors, but no benefit of anti-
EGFR therapy in patients who had mutant KRAS exon 2 tumors [19, 22]. Similar 
results for the first-line setting were subsequently reported for both retrospective 
and prospective analyses of several randomized clinical trials, including the phase 
II OPUS and phase III PRIME studies which examined cetuximab or panitumumab 
plus oxaliplatin, fluorouracil, and leucovorin (FOLFOX4) vs FOLFOX4 alone, 
respectively [23, 25], and the phase III CRYSTAL study which assessed the addition 
of cetuximab to irinotecan, infusional fluorouracil, and leucovorin (FOLFIRI) [18]. 
Prospective analysis of the randomized phase III 20050181 study which evaluated 
panitumumab plus FOLFIRI in the second-line setting further confirmed the 
predictive value of KRAS exon 2 mutation status [24].

There is evidence that KRAS codon 12 and 13 mutations may exhibit differential 
biological effects, including variable ratios of these codon mutations between tumor 
types [16] and weaker in vitro transforming activity for KRAS codon 13 as compared 
to codon 12 mutant proteins [26]. Accordingly, some studies have suggested that 
patients with KRAS glycine (G)-to-aspartate (D) transitions at codon 13 (G13D), the 
most common codon 13 variant in colorectal cancer, might derive some benefit from 
anti-EGFR therapy [27, 28]. A retrospective consortium analysis assessing patients 
with chemotherapy-refractory mCRC treated with cetuximab who participated in 
multiple clinical trials (CO.17, BOND, MABEL, EMR202600, EVEREST, BABEL and 
SALVAGE) or who received off-study treatment reported longer overall and progres-
sion-free survival among individuals with KRAS G13D-mutated tumors than with 
other KRAS-mutated tumors [27]. An analysis of the updated pooled data sets from 
the CRYSTAL and OPUS studies also reported that addition of cetuximab to first-line 
chemotherapy appeared to benefit patients with KRAS G13D-mutant tumors [28]. In 
contrast, a retrospective analysis of 110 patients treated with cetuximab, found that 
patients with KRAS G13D mutations were unlikely to respond to therapy [29], and 
similar findings were reported for a retrospective pooled analysis of three randomized 
phase III trials evaluating panitumumab therapy (20050203, first line; 20050181, 
second line; and 20020408, monotherapy) [30]. To resolve this controversy, the ran-
domized phase II ICECREAM study prospectively assessed cetuximab monotherapy 
and cetuximab plus irinotecan in patients with KRAS G13D-mutated chemotherapy-
refractory mCRC. In this study, no statistically significant improvement in disease 
control was observed for patients with this rare molecular subtype [31].

More recently, several retrospective analyses have indicated that not only KRAS 
exon 2 mutations but also KRAS exons 3 and 4 and NRAS exons 2, 3, and 4 muta-
tions are negative predictive markers for anti-EGFR therapy [23, 32–36]. These 
additional mutations are observed in approximately 15–20% of wild-type KRAS 
exon 2 tumors [23, 32]. Reassessment of the randomized OPUS and PRIME studies 
of cetuximab or panitumumab plus FOLFOX4 vs FOLFOX4 alone in the first-line 
setting found that additional RAS mutations predicted a lack of response [23, 34], 
and corresponding observations were reported for the CRYSTAL study of cetuximab 
plus FOLFIRI [32]. Accordingly, analyses of single arms of the phase III FIRE-3 study 
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evaluating cetuximab plus FOLFIRI and the phase II PEAK study evaluating panitu-
mumab plus modified fluorouracil, leucovorin, and oxaliplatin (mFOLFOX6) in the 
first-line setting reported a more pronounced survival advantage for the wild-type 
RAS population as compared to the wild-type KRAS exon 2 population [36, 37]. 
Retrospective analysis of the randomized 20050181 study of panitumumab plus 

Study Treatment 
arms

Number of 
patients

PFS 
(months)

HR 
PFS

95% CI p-Value

RAS wild-type

CRYSTAL FOLFIRI + C 178 11.4 0.56 0.41–
0.76

p < 0.001

FOLFIRI 189 8.4

FIRE-3 FOLFIRI + C 199 10.3 0.97 0.88–
1.99

0.77

FOLFIRI +B 201 10.2

OPUS FOLFOX + C 38 12 0.53 0.27–
1.04

0.0615

FOLFOX 49 5.8

PEAK FOLFOX + P 50 13 0.65 0.44–
0.96

0.029

FOLFOX + B 60 9.5

PRIME FOLFOX + P 259 10.1 0.72 0.58–
0.90

0.004

FOLFOX 253 7.9

20050181 FOLFIRI + P 208 6.4 0.7 0.54–
0.90

0.007

FOLFIRI 213 4.6

20020408 P + BCS 107 12.3 wks 0.45 0.34–
0.59

p < 0.001

BSC 110 7.3 wks

CO.17 C + BSC 117 3.7 0.4 0.3–0.54 p < 0.001

BSC 113 1.9

RAS mutant

CRYSTAL FOLFIRI + C 246 7.4 1.1 0.85–
1.42

0.47

FOLFIRI 214 7.5

FIRE-3 FOLFIRI + C n.a n.a n.a n.a n.a

FOLFIRI +B n.a n.a

OPUS FOLFOX + C 92 5.6 1.54 1.04–
2.29

0.0309

FOLFOX 75 7.8

PEAK FOLFOX + P n.a n.a n.a n.a n.a

FOLFOX + B n.a n.a

PRIME FOLFOX + P 272 7.3 1.3 1.07–
1.60

p < 0.001

FOLFOX 276 8.7

20050181 FOLFIRI + P 299 4.8 0.86 0.71–
1.05

0.14

FOLFIRI 294 4

20020408 P + BCS 76 7.4 wks 0.99 0.73–
1.36

n.r.

BSC 95 7.3 wks

CO.17 C + BSC 81 1.8 0.99 0.73–
1.35

0.96

BSC 83 1.8

Abbreviations: PFS, progression-free survival; HR, hazard ratio; CI, confidence interval; FOL, folinic acid; F, 
fluorouracil; IRI, irinotecan; OX, oxaliplatin; B, bevacizumab; C, cetuximab; P, panitumumab; n.r., not reported; 
BSC, best supportive care.

Table 1. 
Summary of clinical trials and treatment effects within subgroups defined by RAS status in patients with 
metastatic colorectal cancer.
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kinases [15]. As anticipated from the biological mechanism, mutations in KRAS and 
NRAS genes have been found to render tumors insensitive to anti-EGFR therapy.

The majority of KRAS mutations (85–90%) in colorectal cancer occur in exon 2 
at codons 12 and 13 [16]. Analyses of clinical trials of cetuximab or panitumumab 
over the last decade have provided conclusive evidence that patients with KRAS 
mutations in exon 2 do not benefit from anti-EGFR therapy when given as a single 
agent or combined with chemotherapy (Table 1) [17–24]. Retrospective analyses of 
the randomized phase III CO.17 and 20020408 studies which evaluated cetuximab 
or panitumumab plus best supportive care (BSC) vs BSC alone in patients with 
chemotherapy-refractory mCRC, respectively, found a significant improvement in 
outcomes for patients with wild-type KRAS exon 2 tumors, but no benefit of anti-
EGFR therapy in patients who had mutant KRAS exon 2 tumors [19, 22]. Similar 
results for the first-line setting were subsequently reported for both retrospective 
and prospective analyses of several randomized clinical trials, including the phase 
II OPUS and phase III PRIME studies which examined cetuximab or panitumumab 
plus oxaliplatin, fluorouracil, and leucovorin (FOLFOX4) vs FOLFOX4 alone, 
respectively [23, 25], and the phase III CRYSTAL study which assessed the addition 
of cetuximab to irinotecan, infusional fluorouracil, and leucovorin (FOLFIRI) [18]. 
Prospective analysis of the randomized phase III 20050181 study which evaluated 
panitumumab plus FOLFIRI in the second-line setting further confirmed the 
predictive value of KRAS exon 2 mutation status [24].

There is evidence that KRAS codon 12 and 13 mutations may exhibit differential 
biological effects, including variable ratios of these codon mutations between tumor 
types [16] and weaker in vitro transforming activity for KRAS codon 13 as compared 
to codon 12 mutant proteins [26]. Accordingly, some studies have suggested that 
patients with KRAS glycine (G)-to-aspartate (D) transitions at codon 13 (G13D), the 
most common codon 13 variant in colorectal cancer, might derive some benefit from 
anti-EGFR therapy [27, 28]. A retrospective consortium analysis assessing patients 
with chemotherapy-refractory mCRC treated with cetuximab who participated in 
multiple clinical trials (CO.17, BOND, MABEL, EMR202600, EVEREST, BABEL and 
SALVAGE) or who received off-study treatment reported longer overall and progres-
sion-free survival among individuals with KRAS G13D-mutated tumors than with 
other KRAS-mutated tumors [27]. An analysis of the updated pooled data sets from 
the CRYSTAL and OPUS studies also reported that addition of cetuximab to first-line 
chemotherapy appeared to benefit patients with KRAS G13D-mutant tumors [28]. In 
contrast, a retrospective analysis of 110 patients treated with cetuximab, found that 
patients with KRAS G13D mutations were unlikely to respond to therapy [29], and 
similar findings were reported for a retrospective pooled analysis of three randomized 
phase III trials evaluating panitumumab therapy (20050203, first line; 20050181, 
second line; and 20020408, monotherapy) [30]. To resolve this controversy, the ran-
domized phase II ICECREAM study prospectively assessed cetuximab monotherapy 
and cetuximab plus irinotecan in patients with KRAS G13D-mutated chemotherapy-
refractory mCRC. In this study, no statistically significant improvement in disease 
control was observed for patients with this rare molecular subtype [31].

More recently, several retrospective analyses have indicated that not only KRAS 
exon 2 mutations but also KRAS exons 3 and 4 and NRAS exons 2, 3, and 4 muta-
tions are negative predictive markers for anti-EGFR therapy [23, 32–36]. These 
additional mutations are observed in approximately 15–20% of wild-type KRAS 
exon 2 tumors [23, 32]. Reassessment of the randomized OPUS and PRIME studies 
of cetuximab or panitumumab plus FOLFOX4 vs FOLFOX4 alone in the first-line 
setting found that additional RAS mutations predicted a lack of response [23, 34], 
and corresponding observations were reported for the CRYSTAL study of cetuximab 
plus FOLFIRI [32]. Accordingly, analyses of single arms of the phase III FIRE-3 study 
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evaluating cetuximab plus FOLFIRI and the phase II PEAK study evaluating panitu-
mumab plus modified fluorouracil, leucovorin, and oxaliplatin (mFOLFOX6) in the 
first-line setting reported a more pronounced survival advantage for the wild-type 
RAS population as compared to the wild-type KRAS exon 2 population [36, 37]. 
Retrospective analysis of the randomized 20050181 study of panitumumab plus 

Study Treatment 
arms

Number of 
patients

PFS 
(months)

HR 
PFS

95% CI p-Value

RAS wild-type

CRYSTAL FOLFIRI + C 178 11.4 0.56 0.41–
0.76

p < 0.001

FOLFIRI 189 8.4

FIRE-3 FOLFIRI + C 199 10.3 0.97 0.88–
1.99

0.77

FOLFIRI +B 201 10.2

OPUS FOLFOX + C 38 12 0.53 0.27–
1.04

0.0615

FOLFOX 49 5.8

PEAK FOLFOX + P 50 13 0.65 0.44–
0.96

0.029

FOLFOX + B 60 9.5

PRIME FOLFOX + P 259 10.1 0.72 0.58–
0.90

0.004

FOLFOX 253 7.9

20050181 FOLFIRI + P 208 6.4 0.7 0.54–
0.90

0.007

FOLFIRI 213 4.6

20020408 P + BCS 107 12.3 wks 0.45 0.34–
0.59

p < 0.001

BSC 110 7.3 wks

CO.17 C + BSC 117 3.7 0.4 0.3–0.54 p < 0.001

BSC 113 1.9

RAS mutant

CRYSTAL FOLFIRI + C 246 7.4 1.1 0.85–
1.42

0.47

FOLFIRI 214 7.5

FIRE-3 FOLFIRI + C n.a n.a n.a n.a n.a

FOLFIRI +B n.a n.a

OPUS FOLFOX + C 92 5.6 1.54 1.04–
2.29

0.0309

FOLFOX 75 7.8

PEAK FOLFOX + P n.a n.a n.a n.a n.a

FOLFOX + B n.a n.a

PRIME FOLFOX + P 272 7.3 1.3 1.07–
1.60

p < 0.001

FOLFOX 276 8.7

20050181 FOLFIRI + P 299 4.8 0.86 0.71–
1.05

0.14

FOLFIRI 294 4

20020408 P + BCS 76 7.4 wks 0.99 0.73–
1.36

n.r.

BSC 95 7.3 wks

CO.17 C + BSC 81 1.8 0.99 0.73–
1.35

0.96

BSC 83 1.8

Abbreviations: PFS, progression-free survival; HR, hazard ratio; CI, confidence interval; FOL, folinic acid; F, 
fluorouracil; IRI, irinotecan; OX, oxaliplatin; B, bevacizumab; C, cetuximab; P, panitumumab; n.r., not reported; 
BSC, best supportive care.

Table 1. 
Summary of clinical trials and treatment effects within subgroups defined by RAS status in patients with 
metastatic colorectal cancer.
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FOLFIRI in the second-line setting further found no benefit of panitumumab addi-
tion in patients with RAS mutations beyond KRAS exon 2 [35]. Low response rates 
for additional RAS mutations were also reported by a European consortium analyz-
ing tumor samples from a large cohort of patients with chemotherapy-refractory 
mCRC treated with cetuximab and chemotherapy [38].

A systematic review and meta-analysis of nine randomized controlled trials 
for anti-EGFR therapy comprising a total of 5948 participants evaluated for RAS 
mutations has confirmed tumors without any RAS mutations to have significantly 
superior progression-free (PFS) and overall survival (OS) as compared to tumors 
with RAS mutations. No difference in PFS or OS benefit was evident between 
tumors with KRAS exon 2 mutations and tumors with other RAS mutations [33]. 
Treatment guidelines for mCRC now recommend RAS testing prior to start of anti-
EGFR antibody therapy to exclude patients with mutated RAS [2, 21]. However, 
RAS mutations only account for approximately 35–50% of nonresponsive patients, 
and the search for additional biomarkers that predict resistance continues to be an 
active area of research as surveyed below.

2.1.2 Primary tumor location

Colorectal cancers can be broadly grouped by their primary tumor location within 
the colon [39]. The left-sided colon, comprising the distal third of the transverse 
colon, splenic flexure, descending colon, sigmoid colon and rectum, are derived from 
the embryonic hindgut. The right-sided colon, comprising the proximal two-thirds 
of the transverse colon, ascending colon and caecum, is derived from the embryonic 
midgut. Baseline differences exist along the colorectal tract such as cell composi-
tion and function of the epithelium, the microbiome and gene expression. Strong 
evidence for the prognostic effect of primary tumor location is available from clinical 
studies in patients with mCRC, with right-sided tumors exhibiting a worse prognosis 
[40, 41]. Right- and left-sided cancers differ in their clinical and molecular character-
istics: right-sided colon cancers are more likely to be diploid and have high-grade or 
mucinous histology, DNA mismatch-repair deficiency and microsatellite instability, 
CpG island methylation, BRAF, TGFBR2 and PIK3CA mutations [41, 42], while 
left-sided cancers often show chromosome instability, APC, KRAS, SMAD4 and TP53 
mutations [43]. Right-sided tumors have also been associated with more frequent 
overexpression of the EGFR ligands, EREG and AREG, and amplification of EGFR 
and human epidermal growth factor receptor 2 (HER2) [44, 45]. In cohort studies, 
the classification of tumor sidedness is variable, with right-sided tumors commonly 
defined as comprising the region from the ceacum to the splenic flexure.

Clinically, primary tumor location was not considered of particular interest 
in metastatic patients treated with anti-EGFR therapy, until the importance of 
sidedness as a biomarker was recognized. Retrospective surveys of clinical trials 
have indicated that while anti-EGFR therapy provides clinical benefit to patients 
with RAS wild-type mCRC, this benefit is specific to patients with left-sided tumors 
(Table 2). In the CRYSTAL and FIRE-3 studies of cetuximab in the first-line set-
ting, patients with RAS wild-type left-sided tumors had better outcomes compared 
to the respective comparators (FOLFIRI alone and FOLFIRI plus bevacizumab), 
while limited efficacy was observed in patients with RAS wild-type right-sided 
tumors [46]. Benefit from cetuximab treatment specific to patients with KRAS 
wild-type left-sided tumors was further observed for the randomized phase III 
CALGB/SWOG 80405 study of cetuximab or bevacizumab with either irinotecan/5-
FU/leucovorin (FOLFIRI) or oxaliplatin/5-FU/leucovorin (mFOLFOX6) [47]. 
Similar results for patients with RAS wild-type left-sided as compared to right-sided 
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tumors were reported for panitumumab for analyses of the PRIME (comparator: 
FOLFOX alone) and PEAK studies (comparator: FOLFOX plus bevacizumab) [48]. 
A meta-analysis integrating these data for the first-line setting is available [49]. For 
the second-line setting, a retrospective analysis of FIRE-3 study also found evidence 
of better outcomes for cetuximab treatment in patients with KRAS wild-type left-
sided tumors as compared to right-sided tumors (comparator: bevacizumab) [50]. 
Similar results for panitumumab were reported in a preliminary efficacy analysis 
of the 20050181 study for RAS/BRAF wild-type patients (comparator FOLFIRI) 
[51]. A retrospective analysis of the CO.17 study in the treatment-refractory set-
ting further observed that only individuals with KRAS wild-type left-sided tumors 
appeared to benefit from cetuximab as compared to BSC [52].

Given the above evidence, NCCN guidelines now recommend the use of anti-
EGFR antibody therapies for the treatment of RAS wild-type left-sided colon 
cancers only [53].

Study Treatment arms Number 
of 
patients

PFS 
(months)

HR 
PFS

95% 
CI

p-Value

Left-sided colorectal cancer

CRYSTAL FOLFIRI 138 8.9 0.5 0.34–
0.72

<0.001

FOLFIRI + C 142 12

PRIME FOLFOX 159 9.2 0.72 0.57–
0.90

n.r.

FOLFOX + P 169 12.9

CALGB/
SWOG 
80405

FOLFOX/FOLFIRI + B 152 11.2 0.84 0.66–
1.06

0.15

FOLFOX/FOLFIRI + C 173 12.7

FIRE-3 FOLFIRI + B 149 10.7 0.9 0.71–
1.14

0.38

FOLFIRI + C 157 10.7

PEAK FOLFOX + P 53 14.6 0.65 0.21–
2.0

n.r.

FOLFOX + B 54 11.5

Right-sided colorectal cancer

CRYSTAL FOLFIRI 51 7.1 0.87 0.47–
1.62

0.66

FOLFIRI + C 33 8.1

PRIME FOLFOX 49 7 0.8 0.50–
1.26

n.r.

FOLFOX + P 39 7.5

CALGB/
SWOG 
80405

FOLFOX/FOLFIRI + B 78 10.2 1.64 1.15–
2.36

0.006

FOLFOX/FOLFIRI + C 71 7.5

FIRE-3 FOLFIRI + B 50 9 1.44 0.92–
2.26

0.11

FOLFIRI + C 38 7.6

PEAK FOLFOX + P 22 8.7 0.84 0.18–
3.79

n.r.

FOLFOX + B 14 12.6

Abbreviations: PFS, progression-free survival; HR, hazard ratio; CI, confidence interval; FOL, folinic acid; F, 
fluorouracil; IRI, irinotecan; OX, oxaliplatin; B, bevacizumab; C, cetuximab; P, panitumumab; n.r., not reported; 
BSC, best supportive care.

Table 2. 
Summary of clinical trials and treatment effects within subgroups defined by primary tumor location in 
patients with metastatic colorectal cancer.
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FOLFIRI in the second-line setting further found no benefit of panitumumab addi-
tion in patients with RAS mutations beyond KRAS exon 2 [35]. Low response rates 
for additional RAS mutations were also reported by a European consortium analyz-
ing tumor samples from a large cohort of patients with chemotherapy-refractory 
mCRC treated with cetuximab and chemotherapy [38].

A systematic review and meta-analysis of nine randomized controlled trials 
for anti-EGFR therapy comprising a total of 5948 participants evaluated for RAS 
mutations has confirmed tumors without any RAS mutations to have significantly 
superior progression-free (PFS) and overall survival (OS) as compared to tumors 
with RAS mutations. No difference in PFS or OS benefit was evident between 
tumors with KRAS exon 2 mutations and tumors with other RAS mutations [33]. 
Treatment guidelines for mCRC now recommend RAS testing prior to start of anti-
EGFR antibody therapy to exclude patients with mutated RAS [2, 21]. However, 
RAS mutations only account for approximately 35–50% of nonresponsive patients, 
and the search for additional biomarkers that predict resistance continues to be an 
active area of research as surveyed below.

2.1.2 Primary tumor location

Colorectal cancers can be broadly grouped by their primary tumor location within 
the colon [39]. The left-sided colon, comprising the distal third of the transverse 
colon, splenic flexure, descending colon, sigmoid colon and rectum, are derived from 
the embryonic hindgut. The right-sided colon, comprising the proximal two-thirds 
of the transverse colon, ascending colon and caecum, is derived from the embryonic 
midgut. Baseline differences exist along the colorectal tract such as cell composi-
tion and function of the epithelium, the microbiome and gene expression. Strong 
evidence for the prognostic effect of primary tumor location is available from clinical 
studies in patients with mCRC, with right-sided tumors exhibiting a worse prognosis 
[40, 41]. Right- and left-sided cancers differ in their clinical and molecular character-
istics: right-sided colon cancers are more likely to be diploid and have high-grade or 
mucinous histology, DNA mismatch-repair deficiency and microsatellite instability, 
CpG island methylation, BRAF, TGFBR2 and PIK3CA mutations [41, 42], while 
left-sided cancers often show chromosome instability, APC, KRAS, SMAD4 and TP53 
mutations [43]. Right-sided tumors have also been associated with more frequent 
overexpression of the EGFR ligands, EREG and AREG, and amplification of EGFR 
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tumors were reported for panitumumab for analyses of the PRIME (comparator: 
FOLFOX alone) and PEAK studies (comparator: FOLFOX plus bevacizumab) [48]. 
A meta-analysis integrating these data for the first-line setting is available [49]. For 
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[51]. A retrospective analysis of the CO.17 study in the treatment-refractory set-
ting further observed that only individuals with KRAS wild-type left-sided tumors 
appeared to benefit from cetuximab as compared to BSC [52].

Given the above evidence, NCCN guidelines now recommend the use of anti-
EGFR antibody therapies for the treatment of RAS wild-type left-sided colon 
cancers only [53].

Study Treatment arms Number 
of 
patients

PFS 
(months)

HR 
PFS

95% 
CI

p-Value

Left-sided colorectal cancer

CRYSTAL FOLFIRI 138 8.9 0.5 0.34–
0.72

<0.001

FOLFIRI + C 142 12

PRIME FOLFOX 159 9.2 0.72 0.57–
0.90

n.r.

FOLFOX + P 169 12.9

CALGB/
SWOG 
80405

FOLFOX/FOLFIRI + B 152 11.2 0.84 0.66–
1.06

0.15

FOLFOX/FOLFIRI + C 173 12.7

FIRE-3 FOLFIRI + B 149 10.7 0.9 0.71–
1.14

0.38

FOLFIRI + C 157 10.7

PEAK FOLFOX + P 53 14.6 0.65 0.21–
2.0

n.r.

FOLFOX + B 54 11.5

Right-sided colorectal cancer

CRYSTAL FOLFIRI 51 7.1 0.87 0.47–
1.62

0.66

FOLFIRI + C 33 8.1

PRIME FOLFOX 49 7 0.8 0.50–
1.26

n.r.

FOLFOX + P 39 7.5

CALGB/
SWOG 
80405

FOLFOX/FOLFIRI + B 78 10.2 1.64 1.15–
2.36

0.006

FOLFOX/FOLFIRI + C 71 7.5

FIRE-3 FOLFIRI + B 50 9 1.44 0.92–
2.26

0.11

FOLFIRI + C 38 7.6

PEAK FOLFOX + P 22 8.7 0.84 0.18–
3.79

n.r.
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Abbreviations: PFS, progression-free survival; HR, hazard ratio; CI, confidence interval; FOL, folinic acid; F, 
fluorouracil; IRI, irinotecan; OX, oxaliplatin; B, bevacizumab; C, cetuximab; P, panitumumab; n.r., not reported; 
BSC, best supportive care.

Table 2. 
Summary of clinical trials and treatment effects within subgroups defined by primary tumor location in 
patients with metastatic colorectal cancer.
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2.2 Future predictive biomarkers for anti-EGFR therapy

2.2.1 Skin toxicity

Dermatological toxicities such as papulopustular rash (acneiform eruption), 
erythema, and skin fissures are common side effects of treatment with anti-EGFR 
antibodies, as EGFR is involved in the normal development and physiology of the 
epidermis [54]. Both undifferentiated and proliferating keratinocytes in the basal 
and suprabasal layers of the epidermis express EGFR, and keratinocytes depend on 
EGFR to regulate proliferation, differentiation, migration, and survival [55]. The 
emergence of skin toxicity has therefore been investigated as an on-target marker 
for anti-EGFR therapy efficacy in patients with mCRC.

Subset analyses of outcomes by skin toxicity severity suggest that improvements 
in outcome are associated with a higher grade of severity for patients treated with 
either panitumumab or cetuximab. For example, in the CRYSTAL trial of cetuximab 
as a first-line therapy, PFS was 11.3 months compared with 5.4 months in patients 
with G3 and G0-1 skin reactions, respectively [56]. Similarly, the randomized phase 
III EPIC study of cetuximab plus irinotecan vs irinotecan after fluoropyrimidine and 
oxaliplatin failure in patients with EGFR-expressing mCRC observed a median PFS of 
15.6 months for patients who developed G3-4 rash compared to 5.8 months for those 
with no rash [57]. In the PRIME study of panitumumab plus FOLFOX4 (first line) and 
20050181 study of panitumumab plus FOLFIRI (second line) the addition of a targeted 
agent even appeared detrimental for outcomes in patients with G0-1 skin toxicity as 
compared to the control arms [58, 59]. Better outcomes in patients with higher-grade 
skin toxicity were further noted for both arms in a randomized trial of cetuximab 
monotherapy and cetuximab plus irinotecan in irinotecan-refractory metastatic 
colorectal cancer [60]. A meta-analysis by Petrelli et al of 14 studies including a total 
of 3833 patients, found that the occurrence of skin toxicity was a predictive factor for 
survival (HR 0.51; 95% CI 0.40–0.64) and progression (HR 0.58; 95% CI 0.49–0.68). 
However, 12 of the studies included patients with either KRAS wild-type or mutated 
tumors, and data on skin toxicity by KRAS mutation status remains limited.

Analysis of skin toxicity in the randomized phase III ASPECCT study of panitu-
mumab vs cetuximab in chemorefractory wild-type KRAS exon 2 mCRC observed 
improved outcomes in patients with higher grade of severity for both antibodies, 
although patients with higher-grade skin toxicity had longer median duration of 
treatment [61]. Two retrospective trial analyses (PRIME and AIO CRC-0104 [cetux-
imab with CAPOX or CAPIRI, first-line]) suggest that the relationship between skin 
toxicity and outcome may not only apply to patients with wild-type RAS tumors, 
but perhaps also to patients mutant RAS tumors [62, 63]. A recent meta-analysis of 
skin toxicity identified seven and five studies that reported information on PFS and 
OS stratified by KRAS mutation status, respectively [64]. Improved clinical outcome 
in the presence of higher grade severity was observed for both patients with wild-
type KRAS tumors and those with mutant KRAS tumors (PFS for wild-type KRAS, 
HR = 0.60, 95% CI (0.51, 0.70); mutant KRAS, HR = 0.60, 95% CI (0.45, 0.80), OS 
for wild-type KRAS, HR = 0.54, 95% CI (0.46, 0.65), mutant KRAS, HR = 0.64, 95% 
CI (0.50, 0.81), P < 0.001]. However, only mCRC patients with wild-type KRAS 
tumors who suffered grade 2+ skin toxicity derived absolute benefit from anti-EGFR 
treatment additional to best BSC or chemotherapy (PFS HR = 0.58, 95% CI (0.41, 
0.82), OS HR = 0.73, 95% CI (0.61, 0.88)).

These data raise the question whether wild-type RAS patients receiving anti-EGFR 
therapy who do not develop skin toxicity should receive a dose escalation to induce 
skin toxicity or whether treatment should be discontinued. Further prospective data 
are needed to establish the clinical value of skin toxicity as a predictive biomarker.
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2.2.2 EGFR gene copy number

EGFR is localized on chromosome 7p11.2 which exhibits DNA copy number gain 
in approximately 35% of colorectal cancers [65]. Based on this observation, EGFR 
gene copy number has been investigated as a predictive biomarker for anti-EGFR 
therapy in multiple post hoc analyses. Study results have been aggregated in three 
meta-analyses [66-68], which broadly concurred in identifying gain of EGFR gene 
copy number as associated with improved outcomes among patients receiving 
cetuximab or panitumumab treatment. This association was found to be retained in 
subgroup analyses for patients with KRAS wild-type tumors, with one meta- 
analysis suggesting that this difference was not present in patients with KRAS 
mutated tumors [69]. However, the methodologies and criteria used for scoring 
increased EGFR gene copy number were highly inconsistent across different studies, 
and more research is required to clarify the predictive potential of this biomarker.

2.2.3 Amphiregulin (AREG) and epiregulin (EREG) expression

The EGFR ligands AREG and EREG are overexpressed in colorectal cancer at 
both the mRNA and protein levels [70, 71], and suppression of AREG or EREG gene 
expression reduces the therapeutic efficacy of cetuximab in tumor cell lines [72]. 
Accordingly, multiple studies have found evidence that the extent of expression of 
these ligands is related to efficacy of anti-EGFR therapy [71, 73–79].

For example, in the randomized phase III PICCOLO study of panitumumab and 
irinotecan vs irinotecan alone in fluorouracil-resistant mCRC, high messenger RNA 
(mRNA) expression of EREG or AREG (defined as either EREG or AREG in the top 
tertile for mRNA level) was a predictive marker for anti-EGFR therapy benefit in 
patients with wild-type RAS tumors. In contrast, patients with mutant RAS tumors 
gained no panitumumab therapy benefit regardless of ligand status [80]. Similarly, 
in the CO.17 study of cetuximab in chemotherapy-refractory mCRC, wild-type 
KRAS patients with high EREG gene expression obtained benefit from cetuximab 
therapy, while no benefit was observed in patients with low EREG expression; 
patients with mutant KRAS tumors showed no improvement on anti-EGFR 
therapy irrespective of EREG expression levels [76]. A retrospective analysis of the 
single-arm phase II NCT 00508404 study of first-line panitumumab plus FOLFIRI 
similarly also found a higher overall response rate for patients with wild-type RAS 
tumors and high vs low AREG expression [81]. A meta-analysis including eight 
studies that used anti-EGFR therapy alone or in combination with chemotherapy 
reported that AREG/EREG mRNA overexpression was associated with longer 
overall survival in patients with wild-type RAS tumors who received cetuximab or 
panitumumab treatment; AREG overexpression was further associated with longer 
PFS. In contrast, AREG and EREG was found not to have predictive value in patients 
with mutant KRAS tumors [82]. Given these encouraging data, further examination 
of these ligands in prospective controlled trials appears warranted.

2.2.4 BRAF mutation

The BRAF gene encodes a serine-threonine protein kinase that is an integral 
member of the RAS/MAPK signaling pathway. Approximately 10% of colorectal 
cancers harbor activating mutations in BRAF, with a valine (V) to a glutamic acid 
(E) substitution at codon 600 (V600E) accounting for more than 95% of altera-
tions [16]. Mutations in BRAF are mutually exclusive with KRAS mutations in CRC 
[83]. Patients with mCRC who possess a BRAF mutation have significantly poorer 
prognosis as measured by PFS and OS, and mutational analysis is recommended 
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for prognostic stratification in guidelines from the American Society for Clinical 
Pathology, College of American Pathologists, Association for Molecular Pathology, 
and American Society of Clinical Oncology [84]. The relatively low mutation preva-
lence and strong association with prognosis in the metastatic setting have hampered 
conclusive evaluation of BRAF status as a predictive biomarker for anti-EGFR 
therapy in individual trials.

Two meta-analyses of randomized studies of anti-EGFR antibodies have been 
conducted with inconsistent findings. The first meta-analysis of eight randomized 
controlled trials published in seven studies concluded that there was insufficient 
evidence to demonstrate that mCRC patients with wild-type RAS/mutant BRAF 
tumors attain a different treatment benefit from anti-EGFR therapy as compared 
to patients with wild-type RAS/wild-type BRAF tumors [85]. However, the second 
meta-analysis of 10 randomized controlled trials from nine reports focusing on 
wild-type RAS/mutant BRAF tumors reported that anti-EGFR therapy provided 
no benefit in these patients, indicating presence of mutation as a marker of drug 
resistance. Based on these uncertain data, current guidelines for the treatment of 
mCRC do not recommend BRAF mutations as a biomarker for response to anti-
EGFR therapy [84].

2.2.5 PIK3CA mutation

Phosphoinositide 3-kinases (PI3K) are a family of heterodimeric lipid kinases 
which consist of regulatory (p85) and catalytic (p110) subunits. PI3K is a key 
signaling mediator downstream of EGFR involved in the regulation of cell metabo-
lism, growth, proliferation and survival. The PIK3CA gene encodes the catalytic 
subunit, p110α, which, when mutated in cancer, results in constitutively active PI3K 
signaling. PIK3CA mutations are present in approximately 10–20% of colorectal 
cancers, with missense mutations in exon 9 (helical domain) and exon 20 (kinase 
domain) being the most common alterations [86, 87]. Notably, biochemical studies 
comparing mutant p110α proteins have established that exon 9 and exon 20 substi-
tutions have different mechanisms of action. Exon 9-mutant p110α protein induces 
cell transformation independently of binding to p85 but requires interaction with 
RAS-GTP, whereas exon 20-mutant p110α protein is active in the absence of RAS-
GTP binding but is dependent on the interaction with p85 [88].

PIK3CA mutations have been investigated as a potential predictor of anti-EGFR 
therapy efficacy, with studies considering mutation status overall or for exons 9 and 20 
separately. Again, conclusive analyses from individual studies have been hampered by 
the relatively low mutation prevalence, with PIK3CA mutations tending to co-occur 
with KRAS mutations [87]. A series of meta-analyses have been conducted to consoli-
date findings, indicating that PIK3CA mutations as a whole are associated with a lack 
of anti-EGFR therapy response in patients with wild-type RAS tumors [89–93]. Some 
studies further suggest that the predictive power may be confined to exon 20 muta-
tions, although sample size remains limited [90, 91, 94]. However, these meta-analyses 
have included many of the same studies, as well as observed and acknowledged 
between-study heterogeneity. Further investigations are needed before definitive 
conclusions regarding the predictive value of PIK3CA mutations for clinical decision 
making can be drawn, and PIK3CA mutational analysis of colorectal carcinoma tissue 
for therapy selection outside of a clinical trial is currently not recommended [84].

2.2.6 PTEN loss

PTEN is a negative regulator of the PI3K/AKT pathway downstream of 
EGFR through its lipid phosphatase activity. PTEN is a tumor suppressor gene 
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in colorectal cancer, with inactivating mutations or loss of protein expression 
observed in approximately 5% and 30% of sporadic colorectal cancers [87, 95, 96].

With respect to response to anti-EGFR therapy, a number of studies have 
indicated an association with PTEN loss and lack of response to cetuximab and 
panitumumab [97–100], although other reports have not identified this relation-
ship [101–103]. There are also data to suggest that some discordance in PTEN 
protein expression may exist between primary tumors and metastases [104]. 
Several meta-analyses have considered published findings, supporting the notion 
that loss of PTEN protein expression and/or mutation are predictive of worse out-
comes in patients with wild-type KRAS tumors treated with anti-EGFR therapy 
[91, 92, 105]. However, given a high level of variability in methods for assessment 
of PTEN expression between studies, including IHC scoring algorithms, and the 
potential inconsistency in expression between primary and metastatic tumor 
samples, loss of PTEN expression cannot yet be regarded as a reliable predic-
tive biomarker. Further investigation and prospective large randomized clinical 
trials are still required to fully confirm the role of PTEN in anti-EGFR therapy 
resistance.

3. Conclusion

The introduction of multiple chemotherapy and biological therapy options 
for the treatment of CRC over the past few decades have driven an increased 
need for predictive biomarkers to select the most appropriate therapy for each 
patient. Biomarker guided treatment selection is critical to improving patient 
outcomes, reducing exposure to ineffective lines of treatment that are associated 
with significant toxicities and costs. For the use of the anti-EGFR antibodies 
cetuximab and panitumumab, current best clinical practice mandates that 
assessment of all common mutations in KRAS and NRAS be undertaken at the 
time of diagnosis of mCRC. Sidedness is also an important factor and it is rec-
ommended to limit anti-EGFR therapy to cases with left-sided primary tumor 
location [53].

Mutations and amplifications of several genes other than RAS have been inves-
tigated as potential predictive biomarkers of response to anti-EGFR therapy. These 
include EGFR gene copy number, BRAF and PIK3CA mutation as well as PTEN 
loss (mutation and loss of protein expression). The individual frequencies of all 
of these mutations and amplifications are low and methodologies to determine 
DNA copy number or protein expression have been highly variable across studies, 
thus whether these alterations are true biomarkers for anti-EGFR therapy resis-
tance remains uncertain. Expression of the EGFR ligands AREG and EREG are an 
interesting avenue to explore, but current evidence is insufficient to recommend 
routine testing in clinical practice. Skin toxicity is a potential predictive marker in 
wild-type RAS patients receiving anti-EGFR therapy, but prospective randomized 
data are required to demonstrate clinical utility and determine how this informa-
tion is best used to inform patient management (dose escalation vs treatment 
discontinuation).

While significant progress has been made in identifying predictive biomarkers 
for anti-EGFR therapy, with RAS mutation status and tumor sidedness endorsed 
as clinical diagnostics, many patients treated with cetuximab and panitumumab as 
selected by these parameters still do not experience treatment benefit. Further basic 
biology and clinical studies are clearly warranted to improve our understanding 
of EGFR signaling to identify novel biomarkers predictive of anti-EGFR therapy 
response and to develop more refined companion diagnostics.
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EGFR through its lipid phosphatase activity. PTEN is a tumor suppressor gene 
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in colorectal cancer, with inactivating mutations or loss of protein expression 
observed in approximately 5% and 30% of sporadic colorectal cancers [87, 95, 96].

With respect to response to anti-EGFR therapy, a number of studies have 
indicated an association with PTEN loss and lack of response to cetuximab and 
panitumumab [97–100], although other reports have not identified this relation-
ship [101–103]. There are also data to suggest that some discordance in PTEN 
protein expression may exist between primary tumors and metastases [104]. 
Several meta-analyses have considered published findings, supporting the notion 
that loss of PTEN protein expression and/or mutation are predictive of worse out-
comes in patients with wild-type KRAS tumors treated with anti-EGFR therapy 
[91, 92, 105]. However, given a high level of variability in methods for assessment 
of PTEN expression between studies, including IHC scoring algorithms, and the 
potential inconsistency in expression between primary and metastatic tumor 
samples, loss of PTEN expression cannot yet be regarded as a reliable predic-
tive biomarker. Further investigation and prospective large randomized clinical 
trials are still required to fully confirm the role of PTEN in anti-EGFR therapy 
resistance.

3. Conclusion

The introduction of multiple chemotherapy and biological therapy options 
for the treatment of CRC over the past few decades have driven an increased 
need for predictive biomarkers to select the most appropriate therapy for each 
patient. Biomarker guided treatment selection is critical to improving patient 
outcomes, reducing exposure to ineffective lines of treatment that are associated 
with significant toxicities and costs. For the use of the anti-EGFR antibodies 
cetuximab and panitumumab, current best clinical practice mandates that 
assessment of all common mutations in KRAS and NRAS be undertaken at the 
time of diagnosis of mCRC. Sidedness is also an important factor and it is rec-
ommended to limit anti-EGFR therapy to cases with left-sided primary tumor 
location [53].

Mutations and amplifications of several genes other than RAS have been inves-
tigated as potential predictive biomarkers of response to anti-EGFR therapy. These 
include EGFR gene copy number, BRAF and PIK3CA mutation as well as PTEN 
loss (mutation and loss of protein expression). The individual frequencies of all 
of these mutations and amplifications are low and methodologies to determine 
DNA copy number or protein expression have been highly variable across studies, 
thus whether these alterations are true biomarkers for anti-EGFR therapy resis-
tance remains uncertain. Expression of the EGFR ligands AREG and EREG are an 
interesting avenue to explore, but current evidence is insufficient to recommend 
routine testing in clinical practice. Skin toxicity is a potential predictive marker in 
wild-type RAS patients receiving anti-EGFR therapy, but prospective randomized 
data are required to demonstrate clinical utility and determine how this informa-
tion is best used to inform patient management (dose escalation vs treatment 
discontinuation).

While significant progress has been made in identifying predictive biomarkers 
for anti-EGFR therapy, with RAS mutation status and tumor sidedness endorsed 
as clinical diagnostics, many patients treated with cetuximab and panitumumab as 
selected by these parameters still do not experience treatment benefit. Further basic 
biology and clinical studies are clearly warranted to improve our understanding 
of EGFR signaling to identify novel biomarkers predictive of anti-EGFR therapy 
response and to develop more refined companion diagnostics.
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Abstract

Colorectal cancer (CRC) is a common and treatable disease if diagnosed early. 
Current population screening programs are suboptimal, and consequently, there 
is a need for the development of new methodologies for early diagnosis of CRC. In 
the past 10 years, unprecedented technological advancements in the field of mass 
spectrometry (MS)-based proteomics have progressively increased the sophistica-
tion and utility of these investigations, leading to the draft mapping of the human 
proteome. These exciting studies have shaped our mechanistic understanding of 
the human genome and begun to provide us with a suite of novel biomarkers to 
predict the onset, progression and severity of many debilitating diseases. Thus, 
sophisticated MS workflows coupled with revolutionary protein quantification 
techniques hold promise for the field of MS-based plasma proteomics, particularly 
valuable in the context of early stage identification of curable CRC. However, 
within the last 40 years, no new plasma protein biomarkers of CRC have been 
translated into clinical practice. Here. we discuss the application of proteomic 
technologies within the field of CRC, highlighting contemporary MS-based plasma 
proteomic strategies that could be exploited to deliver on the promise of a panel 
of sensitive and specific plasma-based biomarkers with which to non-invasively 
detect early stage CRC.

Keywords: colorectal cancer, colonic adenomas, polyps, proteomics, SWATH, mass 
spectrometry, isobaric tag

1. Introduction

Colorectal carcinoma (CRC) is a common form of cancer that is estimated to 
be responsible for approximately 694,000 deaths worldwide each year [1]. It is the 
third most common form of cancer in males and the second in females, with an 
estimated 1.4 million new cases diagnosed annually. The natural history of progres-
sion of adenomatous polyps to CRC has been well described by the adenoma-carci-
noma sequence, a stepwise process which recognizes that the majority CRC arises 
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from adenomatous polyps (Figure 1) [2]. Colon and rectal cancer is staged from 
radiological, histopathological and intraoperative findings with the TNM (tumor-
nodes-metastasis) system [3] or historically with the Dukes staging system [4]. The 
stage at diagnosis correlates to prognosis; the 5-year survival of patients with stage 
one disease is 90%, stage two is 71%, stage three 53% and stage four is only 14% [5]. 
Therefore, diagnosis and treatment of early stage disease is associated with signifi-
cantly better outcomes than late stage disease.

Screening programs aim to detect asymptomatic patients with early stage disease 
where there is a conferrable survival benefit. Investigations used for screening 
require appropriate levels of sensitivity and specificity, this is to ensure adequate 
probability of disease detection and to reject patients without the disease in ques-
tion. Fecal immunochemical tests (FIT) stool screening tests suffer from low 
predictive values for CRC and as such, positive tests can lead to unnecessary inves-
tigation with colonoscopy and other modalities. When considering the discovery of 
a biomarker for clinical use, the test must have both high sensitivity and specificity 
to capture the appropriate patient cohort without falsely reassuring patients. In 
addition, it must be specific in early stage disease, where the natural history of the 
disease can be successfully altered by surgical intervention. Currently, the par-
ticipation in CRC screening programs is suboptimal, particularly given that early 
diagnosis and subsequent treatment significantly correlate to improved outcomes. 
Depending on the country or region, and the screening test offered, participation 
can be as low as 40% of the target population [10]. In the context of this poor com-
pliance and subsequent effects on patient morbidity and mortality, there has been 
increased interest in the role of plasma-based biomarkers as a screening tool for the 
detection of early stage CRC.

Early stage screening for CRC is via stool-based tests or endoscopic or radiologi-
cal investigations. Stool-based tests include guaiac-based fecal occult blood (FOB) 
tests or fecal immunochemical tests (FIT) [6, 7]. Other methods include; colo-
noscopy, computed tomography colonography, flexible sigmoidoscopy or capsule 
colonoscopy [8]. Currently, FIT testing is the main method of population based 
screening for average risk patients as it has 83% sensitivity and 93% specificity 
[9]. However, the FIT test sufferers from low compliance rates [10]. Colonoscopy 
is also used for screening and diagnosis but it is a procedure associated with risk, 
with complications estimated to occur between 0.5–2.8 per 1000 procedures and a 
mortality rate of 0.007% [11]. Patients who participate in screening programs and 

Figure 1. 
Summary of plasma protein biomarkers according to disease stage. (A) Normal mucosa, (B) adenomatous 
polyp, (C) stage one and two adenocarcinoma (D) and stage three and four adenocarcinoma. Beneath each 
image representing each clinical stage, corresponding plasma protein biomarkers are listed. Each biomarker is 
placed corresponding to the earliest point where it has been identified. Images (A–C) are 40× objective lens. 
Image (D) 12.5× objective lens, hematoxylin-eosin staining. After deparaffinization and rehydration of colon 
sections were counterstained with hematoxylin (Gill’s formulation, vector laboratories, California, USA). 
Imaging was performed on an Axioplan-2 microscope (Carl Zeiss AG, Oberkochen, Germany).
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Analyzer Technology Advantages Disadvantages References

Quadruple Parallel 
cylindric 
magnets to 
filter ions 
based on the 
mass to charge 
ratio (m/z).

Clinical mass 
spectra
Good 
reproducibility
Lower cost
Efficient 
conversion of 
precursor to 
product
Preferential for 
targeted analysis

Poorer resolution
Peak heights 
represented as a 
function of mass
Limited application 
for pulsed ionization 
methods

[129, 130]

Ion trap Combination 
of radio 
frequency 
and direct 
current (DC) 
electrical 
fields which 
allow ions to 
be trapped for 
analysis.

High sensitivity
High resolution
Multi-stage MS
Compact mass 
analyzer

Poor quantitation
Poor dynamic range
Affected by space 
charge effects 
and ion molecule 
reactions
Collision energy not 
well defined
Many parameters 
which can affect the 
quality

[129, 130]

Time of flight Utilizes 
different ion 
velocities 
allowing 
separation 
based on 
mass.

Fast
Can be used 
for pulsed 
ionization 
methods
High ion 
transmission
Good mass 
range

Requires pulsed 
ionization method or 
ion beam switching
Analyzers used 
can have limited 
dynamic range
Limited precursor 
selectivity

[129, 130]

Orbitrap Utilizes DC 
between 
electrodes 
which results 
in orbiting 
ions. The 
ions oscillate 
at various 
frequencies 
which enable 
mass-to-
charge 
measurement.

High resolution
Accurate-mass 
detection
Good for 
non-targeted 
analysis

Decay of coherent 
ion packets

[129, 130]

Ionization

• Surface-enhanced 
laser desorption/
ionization

• Matrix-assisted laser 
desorption ionization

Uses a laser 
energy 
absorbing 
matrix 
to create 
ions from 
molecules.

High-throughput
Fast
Minimal 
fragmentation 
required
Rapid 
identification
Good 
sensitivity for 
low abundant 
proteins

Poorer 
reproducibility
Requires small 
sample volume
Detection limits at 
attomole level
Limited to detection 
of proteins of 
relatively low 
molecular mass
Dependent of 
change in expression 
profiles

[131, 132]

Table 1. 
Overview of common MS analytical technologies.
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Figure 1. 
Summary of plasma protein biomarkers according to disease stage. (A) Normal mucosa, (B) adenomatous 
polyp, (C) stage one and two adenocarcinoma (D) and stage three and four adenocarcinoma. Beneath each 
image representing each clinical stage, corresponding plasma protein biomarkers are listed. Each biomarker is 
placed corresponding to the earliest point where it has been identified. Images (A–C) are 40× objective lens. 
Image (D) 12.5× objective lens, hematoxylin-eosin staining. After deparaffinization and rehydration of colon 
sections were counterstained with hematoxylin (Gill’s formulation, vector laboratories, California, USA). 
Imaging was performed on an Axioplan-2 microscope (Carl Zeiss AG, Oberkochen, Germany).
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Analyzer Technology Advantages Disadvantages References

Quadruple Parallel 
cylindric 
magnets to 
filter ions 
based on the 
mass to charge 
ratio (m/z).

Clinical mass 
spectra
Good 
reproducibility
Lower cost
Efficient 
conversion of 
precursor to 
product
Preferential for 
targeted analysis

Poorer resolution
Peak heights 
represented as a 
function of mass
Limited application 
for pulsed ionization 
methods

[129, 130]

Ion trap Combination 
of radio 
frequency 
and direct 
current (DC) 
electrical 
fields which 
allow ions to 
be trapped for 
analysis.

High sensitivity
High resolution
Multi-stage MS
Compact mass 
analyzer

Poor quantitation
Poor dynamic range
Affected by space 
charge effects 
and ion molecule 
reactions
Collision energy not 
well defined
Many parameters 
which can affect the 
quality

[129, 130]

Time of flight Utilizes 
different ion 
velocities 
allowing 
separation 
based on 
mass.

Fast
Can be used 
for pulsed 
ionization 
methods
High ion 
transmission
Good mass 
range

Requires pulsed 
ionization method or 
ion beam switching
Analyzers used 
can have limited 
dynamic range
Limited precursor 
selectivity

[129, 130]

Orbitrap Utilizes DC 
between 
electrodes 
which results 
in orbiting 
ions. The 
ions oscillate 
at various 
frequencies 
which enable 
mass-to-
charge 
measurement.

High resolution
Accurate-mass 
detection
Good for 
non-targeted 
analysis

Decay of coherent 
ion packets

[129, 130]

Ionization

• Surface-enhanced 
laser desorption/
ionization

• Matrix-assisted laser 
desorption ionization

Uses a laser 
energy 
absorbing 
matrix 
to create 
ions from 
molecules.

High-throughput
Fast
Minimal 
fragmentation 
required
Rapid 
identification
Good 
sensitivity for 
low abundant 
proteins

Poorer 
reproducibility
Requires small 
sample volume
Detection limits at 
attomole level
Limited to detection 
of proteins of 
relatively low 
molecular mass
Dependent of 
change in expression 
profiles

[131, 132]

Table 1. 
Overview of common MS analytical technologies.
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undertake colonoscopy examination have an estimated 90% decreased incidence 
of colon cancer than those who do not [12]. Early detection of polypoid disease and 
subsequent removal of polyps therein prevents progression to CRC [8].

Over the last 2 decades, unprecedented technological advancement in protein-
based mass spectrometry (proteomics) has radically changed the landscape of 
biomarker research [13] (Table 1). This has facilitated the characterization of 
complex cellular proteomes [14–19], research that has identified hundreds of over 
and under expressed proteins in carcinoma patients using tumor tissue, histologi-
cal sections, plasma or fecal samples when compared to matched normal tissues 
[20–24]. Despite this, with the exception of Carcinoembryonic antigen (CEA) and 
Cancer antigen 19-9 (CA 19-9) [25], no new protein biomarkers have made it into 
routine clinical practice [21, 26, 27]. In this book chapter, we have sought to pres-
ent an overview of the diagnostic and prognostic protein biomarkers of early stage 
CRC to aid in the development of accommodating future screening tools that will 
continue to increase the rate at which early stage CRC is diagnosed and treated. We 
also review the use of contemporary proteomic approaches to address many of the 
long-standing challenges in the field of human CRC plasma proteomics and specu-
late on the future clinical applications of these technologies (Figure 2).

Figure 2. 
Overview, and advantages and disadvantages of using gel-free quantitative proteomic approaches for the 
identification of plasma protein biomarkers of early stage colorectal carcinoma.
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2. Proteomic technologies for the identification of plasma proteins of 
early stage CRC

The use of blood or plasma for screening or diagnosis of CRC is the most 
attractive non-invasive material available for the identification of clinically rel-
evant protein biomarkers. Most commonly, candidate protein biomarkers of early 
stage CRC are identified using MS-based proteomics techniques. Below we list the 
limitations and advantages of the most common sample preparation and proteomics 
techniques specifically to identify candidate biomarkers in the plasma of early stage 
CRC. These techniques face a number of limiting factors, which have reduced the 
utility of proteins revealed by proteomics. Indeed, factors including the extreme 
dynamic range of proteins within plasma [28], the variability in collection and pro-
cessing methods [21], preanalytical and analytic processes [29], and the inherent 
heterogeneity of patient samples [30], have all hindered uniform consent for which 
biomarkers are the most relevant for use in the setting of early stage disease.

As a small number of highly abundant proteins such as; albumin, IgG, anti-
trypsin, IgA, transferrin, haptoglobin, fibrinogen, comprise 90% of the human 
plasma proteome [31], therefore little capacity is left for the identification of lower 
abundance proteins to be used as early stage markers of CRC [32]. Researchers have 
thus turned to immunodepletion strategies to enrich for low abundant proteins, 
resulting in a 25% increase in identified proteins and 4-fold increased enrichment 
of non-targeted plasma proteins using peptide isoelectric focusing (IEF), followed 
by liquid chromatography-tandem mass spectrometry (LC-MS/MS) [31]. These 
pioneering studies have paved the way for high-resolution LC-MS/MS studies 
employed on depleted samples, routinely affording researchers with the capacity 
to identify 100 s if not 1000 s of plasma proteins during the course of a proteomics 
investigation [21] (Figure 2).

In the context of proteogenomic approaches to biomarker discovery [33], recent 
studies have also made some progress in reducing variability during collection and 
processing, revealing the suitability of human plasma proteins for qualitative and 
quantitative proteomic analysis after collection and storage for up to 48 hours at 
room temperature in cell free DNA-optimized blood collection tubes [21]. These 
tubes have been developed to overcome some of the issues that delays in processing 
time, temperature, and handling contribute to the deterioration of non-protein–
based biomarkers [34] and now protein biomarkers [21]. Although not yet in 
widespread use, future studies may show that these cell stabilization tubes reduce 
plasma contamination by proteins originating from blood cells during collection 
and storage, thus increasing the reproducibility of proteomics-based biomarker 
discovery projects (Figure 2).

2.1 Gel-based separation platforms

Two-dimensional electrophoresis (2DE) coupled to mass spectrometry is a very 
accurate and sensitive method of large-scale protein separation using human CRC 
tissue [35]. The application of this preparative platform, which facilitates the reso-
lution of protein mixtures on the basis of proteins isoelectric point and molecular 
weight has been extensively employed using CRC tissue [36–38]. These techniques 
can be combined with any analytical MS platform to identify changes in protein 
abundance between samples. Results of these studies are most commonly validated 
using orthogonal immunological-based techniques using plasma including; ELISA, 
flow cytometry, immunoblotting. Recently, two-dimensional fluorescence dif-
ference gel electrophoresis (2D-DIGE) was employed on early and late stage CRC 
plasma samples, identifying apolipoprotein A1 (APOA1) as a potential marker 
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to identify 100 s if not 1000 s of plasma proteins during the course of a proteomics 
investigation [21] (Figure 2).
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processing, revealing the suitability of human plasma proteins for qualitative and 
quantitative proteomic analysis after collection and storage for up to 48 hours at 
room temperature in cell free DNA-optimized blood collection tubes [21]. These 
tubes have been developed to overcome some of the issues that delays in processing 
time, temperature, and handling contribute to the deterioration of non-protein–
based biomarkers [34] and now protein biomarkers [21]. Although not yet in 
widespread use, future studies may show that these cell stabilization tubes reduce 
plasma contamination by proteins originating from blood cells during collection 
and storage, thus increasing the reproducibility of proteomics-based biomarker 
discovery projects (Figure 2).

2.1 Gel-based separation platforms

Two-dimensional electrophoresis (2DE) coupled to mass spectrometry is a very 
accurate and sensitive method of large-scale protein separation using human CRC 
tissue [35]. The application of this preparative platform, which facilitates the reso-
lution of protein mixtures on the basis of proteins isoelectric point and molecular 
weight has been extensively employed using CRC tissue [36–38]. These techniques 
can be combined with any analytical MS platform to identify changes in protein 
abundance between samples. Results of these studies are most commonly validated 
using orthogonal immunological-based techniques using plasma including; ELISA, 
flow cytometry, immunoblotting. Recently, two-dimensional fluorescence dif-
ference gel electrophoresis (2D-DIGE) was employed on early and late stage CRC 
plasma samples, identifying apolipoprotein A1 (APOA1) as a potential marker 
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of early stage CRC [39]. Interestingly, this study also showed decreased levels of 
galectin-7 (GAL-7) in patients with early stage disease compared to healthy con-
trols. CRC tissue examination of GAL-7 revealed 100% negative immunoreactivity 
implying that it may not might not be originating from the tumor tissues [39].

Gel-based separation approaches coupled to mass spectrometry face signifi-
cant limitations related to their reproducibility, low sample number capacity, 
poor resolution of low abundant potential biomarker proteins, poor resolution of 
highly acidic/basic proteins and of proteins with extreme size or hydrophobicity, 
and co-migration of multiple proteins in a single spot that renders comparative 
quantification rather inaccurate [40]. Therefore, more recently researchers have 
largely focused on gel-free approaches for the identification of biomarkers of early 
stage CRC.

2.2 Surface-enhanced laser desorption/ionization time-of-flight mass spectro-
metry (SELDI-TOF MS)

SELDI-TOF MS also known as ProteinChip® technology, is a high-throughput 
technique that can purify and identify plasma protein biomarkers [41]. The method 
offers simplicity as proteins are bound to a solid-phase chromatographic surface, 
which helps protein isolation from crude mixtures, with non-bound proteins being 
washed away. The remaining bound proteins are mixed with an energy-absorbing 
matrix such as sinapinic acid (SPA) or α-cyano-4-hydroxycinnamic acid (CHCA) 
to induce ionization and desorption of the proteins on the surface of the plate. 
MALDI-TOF MS is then used to generate a unique mass-to-charge ratio (m/z) of 
the desorbed molecules, which are analyzed as they fly down the TOF tube and 
detected as peaks in a mass spectrum [42]. The normalized peak intensity is directly 
proportional to the concentration of the corresponding protein molecule in the 
sample.

One of the earliest reports of SELDI-TOF MS for the identification of early stage 
CRC plasma biomarkers identified a four protein peak m/z profile (m/z: 3191.5, 
3262.9, 3396.3 and 5334.4) that was able to discriminate CRC from healthy controls 
with a sensitivity and specificity exceeding 90% [43]. Furthermore, two additional 
protein peaks (m/z: 9184.4 and 9340.9) were described as being able to discriminate 
plasma from patients with primary CRC from those with metastatic CRC [43]. In 
the same year, a similar study employing SELDI-TOF revealed a set of two protein 
peaks (m/z: 8132 and 4002) that could discriminate CRC from control again with 
>90% sensitivity and specificity [44]. This study was followed up some years later 
using an independent, patient case-control series of blood samples collected at mul-
tiple sites. However the latter study failed to discriminate plasma from CRC patients 
from healthy controls using these two protein peaks. Rather, the study identified 
two new protein peaks (m/z: 3961 and m/z 5200) in CRC plasma compared to 
healthy controls, again yielding very high sensitivity and specificity [45]. Drift and 
intensity of m/z were suggested to be responsible for the variation in reproducibility 
between the studies, an inherent limitation of SELDI-TOF based biomarker discov-
ery projects, mostly underpinned by the wide dynamic range of human plasma.

2.3 Chromatographic separation platforms

While the analysis of intact proteins by 2DE is likely to continue to play an 
important role in comparative studies of the CRC tissue proteome, recent technical 
developments have heralded a new era in proteomics where the emphasis is placed 
on peptides rather than on whole proteins. Trypsin-based proteomics is now well 
recognized at the starting point in any proteomics investigation. Hydrolysis of 
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peptide bonds in proteins is achieved using proteolytic enzymes resulting in the 
generation of an even more complex peptide mixture. However, the smaller size 
of peptides makes them much more homogenous structures than proteins. This 
coupled with the continued maturation of nanoscale chromatographic strategies, 
and the revolution of electrospray ionization MS (ESI-MS) [46] have meant that the 
rapid and detailed analysis of the human proteome using tryptic peptides is now 
common place in the MS laboratories of the world [47] (Figure 2).

Tryptic digestion at the whole proteome level increases the complexity of a 
protein sample, therefore peptide purification techniques including reversed-
phase high performance liquid chromatography (RP-HPLC) are key for achieving 
increased sensitivity through flow separating eluting peptides entering the MS over 
time. RP-HPLC is most commonly used for one-dimensional (1D) peptide purifica-
tion in proteomics. In RP-HPLC, peptides are generally retained due to hydrophobic 
interactions with the stationary silica phase. Polar mobile phases, such as water 
mixed with acetonitrile, are subsequently used to elute the bound peptides in order 
of decreasing polarity (increasing hydrophobicity). While reversed phase chro-
matography can be used as the sole separation procedure for moderately complex 
peptide mixtures prior to LC-MS/MS analysis, it is generally considered to have 
insufficient resolution for the analysis of more complex mixtures. This reflects the 
fact that although an MS instrument can perform mass measurements on several 
co-eluting peptides, if many peptides co-elute, the instrument cannot fragment 
them all and valuable information is likely to be irretrievably lost. Therefore, 
2D-HPLC fractionation strategies including ion exchange chromatography (IEX), 
strong cation exchange (SCX), hydrophilic interaction liquid chromatography 
(HILIC), electrostatic repulsion-hydrophilic interaction chromatography (ERLIC) 
and hydrophilic strong anion exchange chromatography (hSAX) are commonly 
employed prior to RP-HPLC. These 2D approaches were used in the draft mapping 
of the human proteome [48, 49], and continue to be a key preparative step in the 
successful application of whole proteome based investigations.

2.4 Quantitative proteomics

2.4.1 Isobaric labeling

In addition to their utility in building an in-depth understanding of the CRC 
plasma proteome, gel-free strategies have also proven to be particularly amenable 
for use in comparative profiling applications. Indeed, since peptides are inherently 
less variable than their parent proteins, it has been argued that they constitute a 
more reliable basis for quantitative comparisons. This property has been exploited 
for the development of a suite of isobaric-tag based labeling strategies, which 
facilitate the simultaneous comparison of complex proteomic mixtures using 
different sample populations. The most common of these approaches used in 
plasma introduces a isobaric tag covalently bound to the N-terminus and side chain 
amines of plasma peptides [e.g. isobaric tags for relative and absolute quantitation 
(iTRAQ ) [50] and tandem mass tags (TMT)] [51]. Each of these approaches allows 
for relative quantification between samples based on the intensities of the reporter 
produced by precursor-ion fragmentation in the low m/z region of spectra. In each 
technique, the isobaric tags possess identical chemical properties to ensure similar 
behavior during chromatographic peptide separation and MS1 applications, but 
thereafter present as an easily distinguishable mass difference. As such, chro-
matographic separation platforms have become viable alternatives to 2DE for the 
differential analysis of complex protein mixtures [52, 53]. The MS operates in Data 
Dependent Acquisition (DDA) mode so that during each duty cycle the MS cycles 
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through a short survey scan of the eluting peptides or precursor-ions, then a series 
of n (~10–15) MS2 scans, during which each of the precursor-ions are isolated, frag-
mented and their fragment-ions are detected. Database searching is then performed 
on the MS2 fragmentation spectra and used to identify the sequence of their MS1 
parent peak. Limitations in this technology underpin some of the variation seen in 
MS based biomarker studies since MS2 spectra rarely allow unambiguous identi-
fication of the precursor-ions. Nevertheless, the application of quantitative DDA 
(iTRAQ ) to investigate a panel of 10 CRC plasma samples revealed Orosomucoid 2 
(ORM2) to be elevated compared to 10 healthy control samples [54]. ORM2 expres-
sion was confirmed in CRC tissues compared with corresponding adjacent normal 
mucosa; however no significant association between ORM2 concentrations and 
TNM stage or histological grade was shown. Nevertheless, an interesting finding 
to arise from this work was that plasma levels of ORM2 were higher in patients 
with inflammatory bowel disease, than in patients presenting with either a normal 
colorectum, hyperplastic polyps, or adenoma [54]. Thus, ORM2 appears to func-
tion in modulating the activity of the immune system, potentially mediating escape 
from immune recognition; an important first step during transformation.

A recent study by our group assessed whether the plasma samples of CRC 
patients stored in specialized blood collection tubes (e.g., PAXgene or STRECK; 
referred to as “BCT”), designed to reduce plasma DNA (pDNA) contamination 
and enhance low-abundance DNA target detection, was amenable for comparative 
and quantitative proteomics [21]. Eight patients with Stage I–IIA, and one patient 
with Stage IIIB were collected pre- and post- resection, in both BCT and EDTA 
tubes, and subjected to comparative and quantitative analyses using TMT. Of the 
641 unique proteins identified across all samples, 184 proteins showed ±0.5 log2 
fold-change in peptide abundance pre- versus post-operation. Label-free targeted 
proteomics validation using parallel reaction monitoring (PRM, discussed below) 
showed the most well recognized blood marker of CRC, CEA, was significantly 
more abundant pre- compared to post-operation in patients with early stage disease 
when collected and stored in BCT prior to MS. The same trend was also seen for 
gelsolin (GSN), structural maintenance of chromosomes protein 1B (SMC1B), 
E3 ubiquitin-protein ligase SHPRH (SHPRH), and semaphorin-3C (SEMA3C), 
highlighting the importance of preanalytical considerations during biomarker 
investigations using proteomic-based techniques [21].

2.4.2 Label-free quantification

Label-free mass spectrometry has recently emerged as a quantitative tool for the 
analysis of CRC plasma proteins. In the absence of isobaric-tagged based modifica-
tions, this rapid, low-cost technology relies on a workflow in which individual 
samples are analyzed (e.g. by LC-MS or LC-MS/MS) separately prior to protein 
quantitation via precursor ion (intact peptide) signal intensity or via spectral 
counting. The development of high-resolution accurate mass time-of-flight (TOF), 
and Orbitrap MS facilitates the extraction of precursor ion peaks at the MS1 level, 
permitting identification based at MS2 level (Table 1). The m/z ratios for all ions 
are detected and their signal intensities at a particular chromatographic retention 
time recorded. Owing to the tight correlation between signal intensity and ion 
concentration, relative peptide levels between samples can be determined directly 
from these peak intensities. Similarly, spectral counting exploits the strong correla-
tion between protein abundance and the number of MS/MS spectra. This approach 
involves counting the number of peptide-specific spectra identified in different 
biological samples and the subsequent integration of these data for all measured 
peptides of the protein(s) that are quantified.
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Examples of the application of label-free based proteomic profiling in the 
context of CRC include comparative analyses of the plasma samples from a cohort 
of 118 CRC patients compared with 96 healthy controls [55]. This study reported 
the identification of 373 plasma proteins, with 69 linked to CRC. Of the 69 CRC 
associated proteins, 2 proteins; Macrophage mannose receptor 1 (MRC1) and 
S100A9, were verified as being upregulated in CRC by immunoblot analysis and 
proved effective in identifying CRC from healthy controls with high accuracy, using 
ELISA analyses [55].

2.4.3 Multiple and parallel reaction monitoring (MRM/PRM)

Targeted proteomics, using multiple (MRM) (also known as; selected reaction 
monitoring or SRM) [56] or parallel reaction monitoring (PRM) [57] technologies 
enables absolute quantitation of multiple peptides per chromatographic experiment 
by exploiting the unique capabilities of triple quadrupole (QQQ ) and quadrupole 
Orbitrap MS and the unique characteristics of the targeted peptides. Analysis 
is performed by the acquisition of selected events across the chromatographic 
retention time, of predefined pairs of precursor-ion and product-ion masses for 
MRM, or individual precursor-ions for PRM. The technique becomes an absolute 
quantitation tool by spiking isotopically labeled synthetic peptide(s) into the 
complex sample of interest, which act as internal standards for any peptide(s) of 
interest. The labeled peptide standards are designed to mimic those generated by 
tryptic sample digestion, differing by only a few Daltons dependent on the isotopic 
label used. This enables endogenous and isotope-labeled peptides to be subjected 
to targeted MS/MS analysis and differentiated by the unique MS2 mass spectra 
provided by the isotopic label. MRM assay development and optimization are key 
elements for this method of targeted quantitation. This is somewhat mitigated 
using PRM-based targeted proteomics, owing to the high-resolution mass accuracy 
of quadruple Orbitrap MS for precursor-ion selection and the monitoring of all MS2 
fragment-ions used for quantitation in parallel.

High-throughput targeted proteomics using MRM in immunodepleted blood 
plasma has previously been employed to measure the abundance of large numbers 
of candidate CRC plasma proteins using 137 [23] and 1045 [20] confirmed CRC 
patients. These powerful studies highlight the capabilities of current MS technolo-
gies. Indeed, no less than 187 and 392 candidate marker proteins were simultaneous 
monitored, respectively. These analyses have aided in the development of candidate 
panels of plasma protein markers that can be monitored simultaneously to identify 
CRC in the symptomatic population [20, 23].

2.4.4 SWATH MS

Sequential windowed acquisition of all theoretical fragment-ion mass spectra 
(SWATH-MS) is a quantitative MS approach heralded as among the most important 
recent developments in proteomics research [58]. Driven by the recent advances 
in speed and sensitivity of the new generation of high resolution Triple-TOF MS, 
these technologies afford the ability not only to determine which proteins are 
present in the proteome, but also to accurately quantitate without the need for 
label-based methods, or by limited numbers of targeted peptides. This is due to the 
lower duty cycle of a Triple-TOF MS compared to an Orbitrap-based mass analyz-
ers [59]. SWATH-MS operates in Data Independent Acquisition (DIA) in which all 
ions within a selected m/z range are fragmented and analyzed in a second stage of 
tandem mass spectrometry. In combining the unique advantages of traditional DDA 
(high-throughput) and MRM (high reproducibility and consistency) technologies, 
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through a short survey scan of the eluting peptides or precursor-ions, then a series 
of n (~10–15) MS2 scans, during which each of the precursor-ions are isolated, frag-
mented and their fragment-ions are detected. Database searching is then performed 
on the MS2 fragmentation spectra and used to identify the sequence of their MS1 
parent peak. Limitations in this technology underpin some of the variation seen in 
MS based biomarker studies since MS2 spectra rarely allow unambiguous identi-
fication of the precursor-ions. Nevertheless, the application of quantitative DDA 
(iTRAQ ) to investigate a panel of 10 CRC plasma samples revealed Orosomucoid 2 
(ORM2) to be elevated compared to 10 healthy control samples [54]. ORM2 expres-
sion was confirmed in CRC tissues compared with corresponding adjacent normal 
mucosa; however no significant association between ORM2 concentrations and 
TNM stage or histological grade was shown. Nevertheless, an interesting finding 
to arise from this work was that plasma levels of ORM2 were higher in patients 
with inflammatory bowel disease, than in patients presenting with either a normal 
colorectum, hyperplastic polyps, or adenoma [54]. Thus, ORM2 appears to func-
tion in modulating the activity of the immune system, potentially mediating escape 
from immune recognition; an important first step during transformation.

A recent study by our group assessed whether the plasma samples of CRC 
patients stored in specialized blood collection tubes (e.g., PAXgene or STRECK; 
referred to as “BCT”), designed to reduce plasma DNA (pDNA) contamination 
and enhance low-abundance DNA target detection, was amenable for comparative 
and quantitative proteomics [21]. Eight patients with Stage I–IIA, and one patient 
with Stage IIIB were collected pre- and post- resection, in both BCT and EDTA 
tubes, and subjected to comparative and quantitative analyses using TMT. Of the 
641 unique proteins identified across all samples, 184 proteins showed ±0.5 log2 
fold-change in peptide abundance pre- versus post-operation. Label-free targeted 
proteomics validation using parallel reaction monitoring (PRM, discussed below) 
showed the most well recognized blood marker of CRC, CEA, was significantly 
more abundant pre- compared to post-operation in patients with early stage disease 
when collected and stored in BCT prior to MS. The same trend was also seen for 
gelsolin (GSN), structural maintenance of chromosomes protein 1B (SMC1B), 
E3 ubiquitin-protein ligase SHPRH (SHPRH), and semaphorin-3C (SEMA3C), 
highlighting the importance of preanalytical considerations during biomarker 
investigations using proteomic-based techniques [21].

2.4.2 Label-free quantification

Label-free mass spectrometry has recently emerged as a quantitative tool for the 
analysis of CRC plasma proteins. In the absence of isobaric-tagged based modifica-
tions, this rapid, low-cost technology relies on a workflow in which individual 
samples are analyzed (e.g. by LC-MS or LC-MS/MS) separately prior to protein 
quantitation via precursor ion (intact peptide) signal intensity or via spectral 
counting. The development of high-resolution accurate mass time-of-flight (TOF), 
and Orbitrap MS facilitates the extraction of precursor ion peaks at the MS1 level, 
permitting identification based at MS2 level (Table 1). The m/z ratios for all ions 
are detected and their signal intensities at a particular chromatographic retention 
time recorded. Owing to the tight correlation between signal intensity and ion 
concentration, relative peptide levels between samples can be determined directly 
from these peak intensities. Similarly, spectral counting exploits the strong correla-
tion between protein abundance and the number of MS/MS spectra. This approach 
involves counting the number of peptide-specific spectra identified in different 
biological samples and the subsequent integration of these data for all measured 
peptides of the protein(s) that are quantified.
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Examples of the application of label-free based proteomic profiling in the 
context of CRC include comparative analyses of the plasma samples from a cohort 
of 118 CRC patients compared with 96 healthy controls [55]. This study reported 
the identification of 373 plasma proteins, with 69 linked to CRC. Of the 69 CRC 
associated proteins, 2 proteins; Macrophage mannose receptor 1 (MRC1) and 
S100A9, were verified as being upregulated in CRC by immunoblot analysis and 
proved effective in identifying CRC from healthy controls with high accuracy, using 
ELISA analyses [55].

2.4.3 Multiple and parallel reaction monitoring (MRM/PRM)

Targeted proteomics, using multiple (MRM) (also known as; selected reaction 
monitoring or SRM) [56] or parallel reaction monitoring (PRM) [57] technologies 
enables absolute quantitation of multiple peptides per chromatographic experiment 
by exploiting the unique capabilities of triple quadrupole (QQQ ) and quadrupole 
Orbitrap MS and the unique characteristics of the targeted peptides. Analysis 
is performed by the acquisition of selected events across the chromatographic 
retention time, of predefined pairs of precursor-ion and product-ion masses for 
MRM, or individual precursor-ions for PRM. The technique becomes an absolute 
quantitation tool by spiking isotopically labeled synthetic peptide(s) into the 
complex sample of interest, which act as internal standards for any peptide(s) of 
interest. The labeled peptide standards are designed to mimic those generated by 
tryptic sample digestion, differing by only a few Daltons dependent on the isotopic 
label used. This enables endogenous and isotope-labeled peptides to be subjected 
to targeted MS/MS analysis and differentiated by the unique MS2 mass spectra 
provided by the isotopic label. MRM assay development and optimization are key 
elements for this method of targeted quantitation. This is somewhat mitigated 
using PRM-based targeted proteomics, owing to the high-resolution mass accuracy 
of quadruple Orbitrap MS for precursor-ion selection and the monitoring of all MS2 
fragment-ions used for quantitation in parallel.

High-throughput targeted proteomics using MRM in immunodepleted blood 
plasma has previously been employed to measure the abundance of large numbers 
of candidate CRC plasma proteins using 137 [23] and 1045 [20] confirmed CRC 
patients. These powerful studies highlight the capabilities of current MS technolo-
gies. Indeed, no less than 187 and 392 candidate marker proteins were simultaneous 
monitored, respectively. These analyses have aided in the development of candidate 
panels of plasma protein markers that can be monitored simultaneously to identify 
CRC in the symptomatic population [20, 23].

2.4.4 SWATH MS

Sequential windowed acquisition of all theoretical fragment-ion mass spectra 
(SWATH-MS) is a quantitative MS approach heralded as among the most important 
recent developments in proteomics research [58]. Driven by the recent advances 
in speed and sensitivity of the new generation of high resolution Triple-TOF MS, 
these technologies afford the ability not only to determine which proteins are 
present in the proteome, but also to accurately quantitate without the need for 
label-based methods, or by limited numbers of targeted peptides. This is due to the 
lower duty cycle of a Triple-TOF MS compared to an Orbitrap-based mass analyz-
ers [59]. SWATH-MS operates in Data Independent Acquisition (DIA) in which all 
ions within a selected m/z range are fragmented and analyzed in a second stage of 
tandem mass spectrometry. In combining the unique advantages of traditional DDA 
(high-throughput) and MRM (high reproducibility and consistency) technologies, 
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SWATH-MS can be deployed for both discovery and quantitation of all detectable 
peptides present in complex biological samples.

SWATH-MS also affords the added advantage that it does not rely on prior knowl-
edge of the precursor peptide ions, instead acquiring information in a DIA manner 
and thus avoiding laborious assay development. The SWATH-MS workflow involves 
two key steps beginning with the generation of a spectral library (e.g. via conven-
tional LC-MS/MS) through which acquired peptides are identified. During this 
acquisition mode, the mass spectrometer is programed to step within 2–4 s cycles 
through a set of precursor acquisition windows covering the mass range accessible by 
a quadrupole mass analyzer and also that in which most tryptic peptide precursors 
should fall (400–1200 m/z). During each cycle, the mass spectrometer fragments 
peptide precursors and records a complete, high accuracy fragment ion spectrum for 
all precursors that elute on the chromatograph. This is then followed by acquisition 
of SWATH-MS data for each sample under analysis, interrogation and matching 
against the spectral library to identify peptides, and finally extraction of specific 
peptide ions to enable area-under-the-curve quantitation between samples.

The first SWATH-MS study of CRC plasma also simultaneously assessed pro-
tein biomarkers from pancreatic cancer, lung cancer, prostate cancer, and ovarian 
cancer, all from patients diagnosed with early forms of these diseases. This sophis-
ticated study employed sample enrichment and subsequent detection of tissue-
specific secreted protein profiles via SWATH-MS. These data were used to generate 
a digital representation of the proteins from within each plasma sample that could 
be queried for the presence and quantity of specific peptides using a targeted data 
analysis [60]. Tumor specific biomarkers were detected for individual cancer 
types, as well as a common biomarker Thrombospondin-1 (THBS1), which was 
significantly altered in the blood of four of five carcinomas (CRC, lung, prostate 
and ovarian) [61]. These ground breaking studies highlight the potential of the new 
generation of analytical MS techniques for the detection of early stage.

3. Overview of biomarkers of colorectal adenocarcinoma

Plasma biomarkers used in clinical practice include Carcinoembryonic antigen 
and Cancer antigen 19-9, however these investigations have limited use in early 
diagnosis of CRC [6]. A variety of plasma and histological biomarkers of early and 
late stage CRC including heat shock proteins, matrix metalloproteinases, comple-
ment component proteins, Annexins and S100 proteins are discussed and summa-
rized in Table 2.

3.1 Carcinoembryonic antigen

Carcinoembryonic antigen (CEA) is a cell-surface high molecular weight 
glycoprotein important for cell adhesion, discovered in 1965 by Gold and Freedman 
as a component of human colon carcinoma and foetal tissue [62]. The production of 
CEA typically ceases at birth and it is present in very low concentrations in healthy 
patients. It can, however, be elevated in CRC, other types of cancer and non-malig-
nant conditions [63]. CEA is one of the most commonly used biomarkers of CRC 
worldwide, however its sensitivity for the detection of CRC is not good enough to be 
useful as a diagnostic tool, with plasma elevation >5 μg/L in Dukes type A, B, C and 
D reportedly 3, 25, 45 and 65% respectively [63, 64] . Limited evidence supports 
a role of CEA as a marker of CRC prognosis and recurrence; its sensitivity as an 
indicator of recurrence is estimated to be 80% [65] and post-operative elevation is 
particularly sensitive for the detection of hepatic and retroperitoneal metastases.
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SWATH-MS can be deployed for both discovery and quantitation of all detectable 
peptides present in complex biological samples.

SWATH-MS also affords the added advantage that it does not rely on prior knowl-
edge of the precursor peptide ions, instead acquiring information in a DIA manner 
and thus avoiding laborious assay development. The SWATH-MS workflow involves 
two key steps beginning with the generation of a spectral library (e.g. via conven-
tional LC-MS/MS) through which acquired peptides are identified. During this 
acquisition mode, the mass spectrometer is programed to step within 2–4 s cycles 
through a set of precursor acquisition windows covering the mass range accessible by 
a quadrupole mass analyzer and also that in which most tryptic peptide precursors 
should fall (400–1200 m/z). During each cycle, the mass spectrometer fragments 
peptide precursors and records a complete, high accuracy fragment ion spectrum for 
all precursors that elute on the chromatograph. This is then followed by acquisition 
of SWATH-MS data for each sample under analysis, interrogation and matching 
against the spectral library to identify peptides, and finally extraction of specific 
peptide ions to enable area-under-the-curve quantitation between samples.

The first SWATH-MS study of CRC plasma also simultaneously assessed pro-
tein biomarkers from pancreatic cancer, lung cancer, prostate cancer, and ovarian 
cancer, all from patients diagnosed with early forms of these diseases. This sophis-
ticated study employed sample enrichment and subsequent detection of tissue-
specific secreted protein profiles via SWATH-MS. These data were used to generate 
a digital representation of the proteins from within each plasma sample that could 
be queried for the presence and quantity of specific peptides using a targeted data 
analysis [60]. Tumor specific biomarkers were detected for individual cancer 
types, as well as a common biomarker Thrombospondin-1 (THBS1), which was 
significantly altered in the blood of four of five carcinomas (CRC, lung, prostate 
and ovarian) [61]. These ground breaking studies highlight the potential of the new 
generation of analytical MS techniques for the detection of early stage.

3. Overview of biomarkers of colorectal adenocarcinoma

Plasma biomarkers used in clinical practice include Carcinoembryonic antigen 
and Cancer antigen 19-9, however these investigations have limited use in early 
diagnosis of CRC [6]. A variety of plasma and histological biomarkers of early and 
late stage CRC including heat shock proteins, matrix metalloproteinases, comple-
ment component proteins, Annexins and S100 proteins are discussed and summa-
rized in Table 2.

3.1 Carcinoembryonic antigen

Carcinoembryonic antigen (CEA) is a cell-surface high molecular weight 
glycoprotein important for cell adhesion, discovered in 1965 by Gold and Freedman 
as a component of human colon carcinoma and foetal tissue [62]. The production of 
CEA typically ceases at birth and it is present in very low concentrations in healthy 
patients. It can, however, be elevated in CRC, other types of cancer and non-malig-
nant conditions [63]. CEA is one of the most commonly used biomarkers of CRC 
worldwide, however its sensitivity for the detection of CRC is not good enough to be 
useful as a diagnostic tool, with plasma elevation >5 μg/L in Dukes type A, B, C and 
D reportedly 3, 25, 45 and 65% respectively [63, 64] . Limited evidence supports 
a role of CEA as a marker of CRC prognosis and recurrence; its sensitivity as an 
indicator of recurrence is estimated to be 80% [65] and post-operative elevation is 
particularly sensitive for the detection of hepatic and retroperitoneal metastases.
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3.2 Cancer antigen 19-9

Cancer (or Carbohydrate) antigen 19-9 (CA 19-9) is a clinical biomarker used 
in various diseases. Elevation can occur in benign conditions such as biliary and 
pancreatic disease, pulmonary disease, renal failure and autoimmune disease as 
well as malignant conditions of the pancreas, colon, rectum, liver, ovary and lung. 
CA 19-9 is therefore considered a non-specific biomarker of CRC [66] and is a clas-
sical marker for late stage disease and metastasis. For this reason it is not appropri-
ate for use as a screening, or diagnostic, marker of carcinoma [67]. CA 19-9 can be 
used in tandem with CEA for post-operative monitoring to detect recurrence, or as 
a prognostic indicator as pre-operative elevation without correspond elevation of 
CEA is associated with a poorer 5-year survival [68]. When the combination of pre-
operative elevation of both CEA and CA19-9 occurs, this is predictive of increased 
cancer mortality compared to non-elevated pre-operative levels [69].

3.3 Heat shock proteins

Heat shock proteins (HSP) are a type of stress-inducible protein that are present 
in all organisms [70] and their cells at low levels in normal physiological conditions. 
They have been functionally linked to cell apoptosis, protein homeostasis, cell growth 
mediation as play an important role during fertilization [70–76]. HSPs also function 
as chaperones, and act in protein assembly and unfolding. Various member of the HSP 
family have been postulated to have roles in antigen presentation and as a chaperones 
of peptides to major histocompatibility complex class I and class II [75, 76]. HSPs are 
typically classified into five subunits or families according to their molecular weight; 
Large HSP (HSP110, glucose-regulated protein 170), HSP90, HSP70, HSP60 and small 
HSPs (HSP27, HSP40). Significant research has focused around the role of HSPs in 
disease progression and on their role as therapeutic targets and as biomarkers.

3.3.1 HSP27

HSP27 is a member of the small HSP family, it has an anti-apoptotic role and 
acts as a chaperone to prevent misfolded protein aggregation. It is considered to be 
modulated by mitogen-activated protein kinase through phosphorylation. Abnormal 
HSP27 expression has been demonstrated in various cancer types, including ovar-
ian, prostate, breast and colon cancer, as well as non-malignant conditions such as 
neurological and cardiovascular disease [76]. The overexpression of HSP27 in histo-
logical colon and rectal cancer samples was assessed in a large cohort of 404 patients 
with 2DE and tandem mass spectrometry (MS/MS) combined with a large validation 
set using tissue microarrays (TMA). The authors found that overexpression of HSP27 
was present in both colon and rectal cancer and associated with poorer cancer-free 
survival in the rectal cancer cohort [77]. Furthermore the use of immunohistochem-
istry (IHC) and TMA analytical approaches has revealed that high HSP27 and HSP70 
are associated with poorer clinical outcomes in primary resected CRC [78].

3.3.2 HSP40

HSP40 is also a member of the small HSP family and act as co-chaperones to 
HSP70. This family are further subdivided into DNAJA, DNAJB, and DNAJC; sub-
groups that have been shown to participate in both tumor progression or conversely, 
in tumor suppression in different types of cancer [75]. HSP40 overexpression in 
CRC has been demonstrated (along with HSP70) in 50 histological samples using 
IHC and immunoblotting [79].
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3.2 Cancer antigen 19-9

Cancer (or Carbohydrate) antigen 19-9 (CA 19-9) is a clinical biomarker used 
in various diseases. Elevation can occur in benign conditions such as biliary and 
pancreatic disease, pulmonary disease, renal failure and autoimmune disease as 
well as malignant conditions of the pancreas, colon, rectum, liver, ovary and lung. 
CA 19-9 is therefore considered a non-specific biomarker of CRC [66] and is a clas-
sical marker for late stage disease and metastasis. For this reason it is not appropri-
ate for use as a screening, or diagnostic, marker of carcinoma [67]. CA 19-9 can be 
used in tandem with CEA for post-operative monitoring to detect recurrence, or as 
a prognostic indicator as pre-operative elevation without correspond elevation of 
CEA is associated with a poorer 5-year survival [68]. When the combination of pre-
operative elevation of both CEA and CA19-9 occurs, this is predictive of increased 
cancer mortality compared to non-elevated pre-operative levels [69].

3.3 Heat shock proteins

Heat shock proteins (HSP) are a type of stress-inducible protein that are present 
in all organisms [70] and their cells at low levels in normal physiological conditions. 
They have been functionally linked to cell apoptosis, protein homeostasis, cell growth 
mediation as play an important role during fertilization [70–76]. HSPs also function 
as chaperones, and act in protein assembly and unfolding. Various member of the HSP 
family have been postulated to have roles in antigen presentation and as a chaperones 
of peptides to major histocompatibility complex class I and class II [75, 76]. HSPs are 
typically classified into five subunits or families according to their molecular weight; 
Large HSP (HSP110, glucose-regulated protein 170), HSP90, HSP70, HSP60 and small 
HSPs (HSP27, HSP40). Significant research has focused around the role of HSPs in 
disease progression and on their role as therapeutic targets and as biomarkers.

3.3.1 HSP27

HSP27 is a member of the small HSP family, it has an anti-apoptotic role and 
acts as a chaperone to prevent misfolded protein aggregation. It is considered to be 
modulated by mitogen-activated protein kinase through phosphorylation. Abnormal 
HSP27 expression has been demonstrated in various cancer types, including ovar-
ian, prostate, breast and colon cancer, as well as non-malignant conditions such as 
neurological and cardiovascular disease [76]. The overexpression of HSP27 in histo-
logical colon and rectal cancer samples was assessed in a large cohort of 404 patients 
with 2DE and tandem mass spectrometry (MS/MS) combined with a large validation 
set using tissue microarrays (TMA). The authors found that overexpression of HSP27 
was present in both colon and rectal cancer and associated with poorer cancer-free 
survival in the rectal cancer cohort [77]. Furthermore the use of immunohistochem-
istry (IHC) and TMA analytical approaches has revealed that high HSP27 and HSP70 
are associated with poorer clinical outcomes in primary resected CRC [78].

3.3.2 HSP40

HSP40 is also a member of the small HSP family and act as co-chaperones to 
HSP70. This family are further subdivided into DNAJA, DNAJB, and DNAJC; sub-
groups that have been shown to participate in both tumor progression or conversely, 
in tumor suppression in different types of cancer [75]. HSP40 overexpression in 
CRC has been demonstrated (along with HSP70) in 50 histological samples using 
IHC and immunoblotting [79].
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3.3.3 HSP60

HSP60 is a chaperone protein with functions including transport and mitochon-
drial protein folding. This protein has been associated with a wide range of cancers 
including prostate, breast, cervical bladder, hepatic and CRC [71]. HSP60 is also 
elevated in non-cancer conditions such as chronic hepatitis and liver cirrhosis [80]. 
2DE coupled to LC-MS–MS/MS using 28 histological adenocarcinoma samples 
and a 789 patient IHC validation set revealed that HSP60 was overexpressed along 
with S100A9 and translationally controlled tumor protein (p < 0.001 for each) 
[81]. This study also identified the beta subunit of 14-3-3 as a prognostic marker 
[69]. Additionally, IHC and immunoblot were used to demonstrate, in histological 
samples of 44 patients, that HSP60 was elevated in tumor tissues and there was a 
significant association between HSP60 levels, tumor differentiation, and tumor 
stage [82]. Comparison of colonic tumor samples and matched normal tissue 
confirmed overexpression of HSP60 (3.25-fold change ratio) with 2D-DIGE and 
immunoblotting) [83]. The authors of this study also developed an immunoassay 
for serum HSP60 detection, confirming a statistically significant elevation in serum 
HSP60 levels in CRC compared to controls (P = 0.0001) [83].

3.3.4 HSP70

HSP70 has 13 subgroup family members. It is associated with cytosolic calcium 
level homeostasis and, inhibition of HSP70 expression, has been shown to stimulate 
release of intra-cellular calcium in cell culture. Calcium induces cell death by the 
caspase dependent mechanism in CRC cell lines, and functions in the stabilization 
of lysosomes and inhibition of apoptosis [84]. Importantly, in other types of cancer 
such as pancreatic and prostate cancer, HSP70 has been shown to upregulate cell 
survival [84]. In a study of 33 CRC patient plasma samples, using ELISA assays, 
serum levels of HSP70 were significantly elevated (≥2.25 ng/ml) in cancer patients 
compared to healthy controls, The sensitivity and specificity of elevated serum 
HSP70 in the CRC group was reported as 96.77% and 96.96% respectively [85]. It 
has been further demonstrated using ELISA testing that high serum concentration 
of HSP70 is associated with increased mortality (p = 0.005) [86]. Additionally 
the use of immunostaining has shown that mitochondrial HSP70 overexpression 
correlates to poor survival (p = 0.04) [87]. Independent IHC analyses of 81 primary 
CRC tissues revealed that HSP70, as well as HSP110, overexpression is associated 
with highly advanced clinical stages and positive lymph node involvement [88].

3.3.5 HSP90

HSP90 activates Hypoxia-inducible factor-1 and Nuclear Factor-κB which 
in turn regulate epithelial to mesenchymal transition, invasion and motility of 
CRC [89]. HSP90 has been shown in various studies to be overexpressed in CRC 
and may serve as a potential biomarker for CRC. In a small study of histological 
adenocarcinoma samples with an iTRAQ labeling method and QStar LC-MS/MS 
approach, a total of 82 altered proteins were found in CRC patients, which included 
overexpression of HSP90α and significant downregulation of Gelsolin. The results 
also suggested that HSP70 had decreased expression in the same samples [90]. 
Further validation using immunoprecipitation, MALDI-TOF-MS and immunoblot-
ting confirmed that HSP90α is overexpressed in tumor cells and is correlated with 
poor prognosis and metastatic disease [91]. Plasma HSP90α serum levels were also 
significantly elevated in an analysis of 77 CRC patients compared to controls [92], 
thus highlighting the potential biomarker utility of this protein.
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3.4 Matrix metalloproteinases and their tissue inhibitors

Matrix metalloproteinases (MMPs) are a diverse class of at least 25 zinc-dependent 
endopeptidases, which have important physiological applications and have also been 
implicated in the invasion, progression and metastasis of CRC. Accordingly, MMPs 
have been implicated as therapeutic targets, diagnostic and prognostic biomarkers. 
MMP subclasses have been demonstrated in various types of cancer, including breast 
and melanoma, and therefore are not cancer specific biomarkers [93].

3.4.1 MMP1 and MMP13: collagenases

MMP1 functions to degrade type I, II and III collagen. MMP13 is structur-
ally similar to MMP1, and likewise it also cleaves collagens, as well as degrading 
extracellular matrix proteins including fibrillar collagen, fibronectin, tenascin C 
and aggrecan core protein 1 [94]. Demonstration by immunostaining of 133 CRC 
samples showed that MMP1 expression was significantly correlated with hematog-
enous colorectal metastasis [95]. Increased expression is also associated with poor 
prognostic factors such as invasion level, lymph node and hepatic metastasis [96]. 
Similarly, MMP13 overexpression in CRC has also been shown to be associated with 
poor prognosis [93].

3.4.2 MMP2 and MMP9: gelatinases

The gelatinase group of MMPs also function to degrade the extracellular matrix; 
their main substrates being collagen and gelatin. Overexpression of MMP2 may 
promote CRC invasiveness due to its degradation of β1 integrins, thereby enhancing 
motility and decreasing cell adhesion [97]. Quantification of tumor, normal tissue 
and plasma samples using ELISA in 72 patients identified upregulation of MMP1, 
MMP2, MMP3 and MMP9 in carcinoma. MMP2 overexpression was also signifi-
cantly associated with lymph node metastasis [98].

3.4.3 MMP7: matrilysin

MMP7 promotes tumor invasion by proteolytic cleavage of extracellular matrix 
proteins such as proMMP2 and proMMP9, and it is also involved in cellular prolifera-
tion and apoptosis regulation. Overexpression of MMP7 is found in 80% of CRC [99], 
and is associated with poor prognosis. This protein has been shown to have a sensitiv-
ity of greater than 92% to identify colonic adenomas in mouse models, Additionally 
mouse models have implicated overexpression of MMP7 in tumourigenesis [100, 101] 
whilst in humans, MMP7 has been implicated in progression of adenoma to carcinoma. 
Accordingly, MMP7 has been demonstrated in numerous studies using IHC to be 
overexpressed in adenoma and various stages of carcinoma [102–104].

3.4.4 MMP12: metalloelastase

MMP12 is predominantly expressed in macrophages and degrades a wide range 
of substrates. MMP12 levels have been shown to be overexpressed in CRC, however 
this increased expression is associated with decreased risk of hepatic metastasis and 
decreased vascular endothelial growth factor expression [105, 106]. It is therefore 
postulated that MMP12 may have a protective role; a notion supported by a range of 
pro-tumourigenic effects being recorded following MMP12 inhibition [106, 107]. 
Conversely, along with MMP7 and MMP10, elevated serum levels of MMP12 have 
been suggested to be associated with poor CRC prognosis [108].
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of HSP70 is associated with increased mortality (p = 0.005) [86]. Additionally 
the use of immunostaining has shown that mitochondrial HSP70 overexpression 
correlates to poor survival (p = 0.04) [87]. Independent IHC analyses of 81 primary 
CRC tissues revealed that HSP70, as well as HSP110, overexpression is associated 
with highly advanced clinical stages and positive lymph node involvement [88].
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HSP90 activates Hypoxia-inducible factor-1 and Nuclear Factor-κB which 
in turn regulate epithelial to mesenchymal transition, invasion and motility of 
CRC [89]. HSP90 has been shown in various studies to be overexpressed in CRC 
and may serve as a potential biomarker for CRC. In a small study of histological 
adenocarcinoma samples with an iTRAQ labeling method and QStar LC-MS/MS 
approach, a total of 82 altered proteins were found in CRC patients, which included 
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3.4 Matrix metalloproteinases and their tissue inhibitors
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ity of greater than 92% to identify colonic adenomas in mouse models, Additionally 
mouse models have implicated overexpression of MMP7 in tumourigenesis [100, 101] 
whilst in humans, MMP7 has been implicated in progression of adenoma to carcinoma. 
Accordingly, MMP7 has been demonstrated in numerous studies using IHC to be 
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3.4.4 MMP12: metalloelastase

MMP12 is predominantly expressed in macrophages and degrades a wide range 
of substrates. MMP12 levels have been shown to be overexpressed in CRC, however 
this increased expression is associated with decreased risk of hepatic metastasis and 
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postulated that MMP12 may have a protective role; a notion supported by a range of 
pro-tumourigenic effects being recorded following MMP12 inhibition [106, 107]. 
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been suggested to be associated with poor CRC prognosis [108].
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3.4.5 Tissue inhibitors of metalloproteases

Tissue inhibitors of metalloproteases (TIMPs) have been implicated in tumouri-
genesis. TIMP1 overexpression is associated with advanced stages of CRC [109]. 
IHC studies have demonstrated a significant correlation between TIMP2 expression 
in inflammatory cells, increasing tumor size, lymph node involvement and pres-
ence of metastasis [110]. TIMP3 has been described as independent prognostic 
marker for CRC, where strong cytoplasmic staining has been associated with longer 
survival in rectal cancer patients [111].

3.5 Annexins

Annexins are phospholipid-binding membrane-binding calcium regulated 
proteins from a multigene family. They function in membrane processes such as 
structural control as well as cell transport and as linkers between membranes, or 
between membranes and cytoskeleton as well as calcium regulated exocytosis. In 
humans the annexin family consists of subfamilies; A1–A11 and A13 [112]. The 
sensitivities of annexins A3, A4, and A11 peptides for detecting early-stage CRC 
have been reported to exceed those of CEA, and as such these peptides are promis-
ing biomarkers for early detection of CRC [26].

A shotgun proteomics analysis (LC-MS/MS) of extracellular vesicle proteins 
with selected reaction monitoring performed on CRC cell culture lines has demon-
strated annexin A3, annexin A4, and annexin A11 overexpression, particularly in 
early stage CRC patients. Reported sensitivities of annexin A3, A4, A11 for stage one 
disease are in the range of 82.1–85.7%, and for stage two disease between 89.3–
96.4% [26], therefore highlighting a potential role for these annexins as an early 
stage disease biomarker. Notably, the same study reported the sensitivity of CEA for 
early stage disease to be as low as 38.8% [26]. Importantly, progressive increases in 
annexin A3 abundance have been shown to strongly correlate with disease progres-
sion from normal tissue, to adenoma and finally to carcinoma [26].

Confirmation of Annexin A2 overexpression in a small cohort of histological 
samples has been described using a 2D-LC-MS/MS approach with iTRAQ labeling; 
with results being validated with immunoblot and IHC [90]. Conversely a study 
examining serum levels of Annexin A2 found that the protein was significantly 
lower in CRC patients compared to healthy controls; Annexin A2 levels were also 
inversely related to tumor size and stage [113]. In addition to Annexin A2, altered 
Annexin A4 expression has been demonstrated in CRC via the application of a label 
free LC-MS/MS approach, with validation in CRC serum samples confirming its 
overexpression and thus potential as a biomarker of the disease [114]. Annexin A10 
is not frequently overexpressed in CRC with an estimated elevation being recorded 
in only 5.8% of patients. However, it too is associated with poor overall survival and 
poorer progression-free survival particularly in late stage cancers. As such, Annexin 
A10 may be considered as a prognostic marker when present [115], similarly 
annexin A13 expression is associated with lymph node metastasis, however it is not 
associated with tumor stage or differentiation [116].

3.6 Complement component proteins

3.6.1 Complement component C3

Complement component C3 (C3), and its fragment C3 anaphylatoxin (C3a), 
overexpression has been demonstrated in fecal, serum and histological samples 
from CRC patients. C3 is also a component of the innate immune system, with 
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functions including promotion of phagocytosis, local inflammatory responses 
and aiding in the adaptive immune response. C3 may also have a role in host 
cell damage when up regulated and aid in foreign pathogen invasion [117]. C3 
overexpression in stool samples of CRC was demonstrated in two different cohort 
studies [118, 119], the second also showing a down-regulation of Proteinase 3 
(PRTN3) and ataxia-telangiectasia mutated protein (ATM). Elevated levels of 
C3a overexpression were further demonstrated in serum samples using SELDI-
TOF-MS and validated with MS and ELISA; the authors reporting a sensitivity of 
96% and specificity of 96.21%. They also found C3a to be increased in the serum 
of 81.6% of adenomas [120].

3.6.2 Complement component C9

Complement component C9 (C9) is a constituent of the complement system 
that has important functions in the innate immune system. It is a terminal constit-
uent of the membrane attack complex (MAC) and thereby aids in immune system 
response to cell death [121]. Changes in C9 expression have been described in both 
fecal and plasma samples, in a series of 315 stool samples using a combination of 
LC separation, LTQ-FT hybrid MS and QE-Label free-MS; C9 and C3 in addition 
with S100A8, S100A9 were found to be overexpressed [118]. A UHPLC–LC-MS 
approach and plasma-based immunoassay using 187 proteins previously described 
in the literature, demonstrated significant elevation of C9 in CRC plasma samples 
[23]. Similarly, an analysis of 31 CRC plasma samples revealed overexpression of 
C9 compared to healthy controls as well as reduced expression of Apolipoprotein 
AI [122].

3.7 S100 proteins

S100 are a family calcium-binding proteins, which consists of 24 members 
subdivided into three groups; broadly those with intracellular regulatory func-
tions only, extracellular functions only and those with both intracellular and 
extracellular functions [123]. The proteins, S100A8 and S100A9, form a hetero-
complex that is postulated to function in myeloid differentiation, cell transport, 
nuclear factor interaction and calcium related phagocytosis [123]. Mouse 
models have demonstrated accumulation of S100A8/A9 positive cells in areas 
of dysplasia and adenoma as well as promotion of MAPK and NF-κB activation 
signaling pathways [124]. IHC staining has demonstrated overexpression of 
S100A8, S100A9, Adenosylhomocysteinase (AHCY) and Nm23-H1 in CRC tumor 
cell cytoplasm, in the same study, S100A8 and S100A9 were also significantly 
increased in the plasma of CRC patients [36]. S100A8 has also been shown to 
have increased expression at progressive CRC stages (Duke’s A-D) compared with 
controls [125]. Minichromosome maintenance complex component 4 (MCM4) 
and S100A9 overexpression have also been shown in proximal colonic fluid 
mouse proteome, using label free MS [126]. The same study identified Chitinase 
3 like 1 (CHI3L1) protein overexpression in adenomas and advanced adenomas 
and CRC, the overexpression was further confirmed to be present in the serum 
of all three patient subtypes compared to controls [126]. A 2DGE LC-MS/MS 
based analysis of Dukes stage B CRC also identified S100A9, HSP60 and TCTP as 
overexpressed proteins. In addition to histological and plasma samples, S100A8 
and S100A9 have been shown to be overexpressed in fecal samples also using 
a LC-MS/MS approach [118, 119]. Additionally, S100A11 has been identified 
among a cohort of 23 upregulated proteins in CRC samples using a combined 
targeted LC-MS/MS and SRM approach [22].
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4. Conclusions

The development of non-invasive modalities with high patient compliance that 
can unequivocally detect and diagnose early stage CRC will afford the greatest 
opportunity for early intervention strategies to treat asymptomatic patients and 
ultimately improve the survival of patients with CRC. However, current screening 
methods are inadequate and there remains a pressing need to establish reliable 
biomarkers of early stage CRC disease. The resolution that is now achievable with 
advanced quantitative MS-based proteomic workflows and instrumentation hold 
the promise of unlocking the secrets of early stage disease that could be exploited 
to prevent or cure CRC. However, the inherent issues that have plagued MS-based 
biomarker discovery projects over the last 20 years moderate optimism. Sample 
size, particularly in the early stage setting, coupled with the wide dynamic range of 
blood plasma and the observed low concentrations of early stage specific individual 
protein biomarkers and the lack of reproducibility of MS investigations have meant 
that no new biomarkers of early stage CRC have entered the clinical setting since 
the discovery of CEA.

Over the coming years, the limitations of most current MS-based biomarker 
discovery projects will be resolved, mostly thanks to the recent developments in 
sophisticated techniques and technologies that not only simplify pre-analytical 
issues but address analytical limitations. Improvements in sample preparation 
techniques that potentially do away with immunodepletion, or the enrichment 
techniques that are currently absolutely necessary for the successful implementa-
tion of MS-based plasma biomarker investigation, will increase the reproduc-
ibility of future projects [127]. Analytic techniques that employ wider MS/MS 
windows for the simultaneous detection and quantification of low-abundant 
potential biomarkers using SWATH-MS strategies are important developments 
that will continue to arm our ever-evolving arsenal of MS technologies and 
resolve the issue of both detection and quantitation of low-abundant potential 
marker of early stage disease.

It is likely in the age of proteogenomics, that the greatest increase in resolution 
of early stage disease markers will come from the high-throughput simultaneous 
detection and quantification of protein and non-protein based biomarkers. Indeed, 
the combination of ctDNA and protein biomarkers in patient plasma with resect-
able pancreatic ductal adenocarcinomas showed a staggering 99.5% specificity, 
providing hope of early stage diagnosis for one of the most aggressive forms of 
gastrointestinal cancer [128]. Non-invasive blood tests combining non-protein 
and protein biomarkers represents an exciting approach for the early detection of 
any cancer type and holds the greatest potential for the increased survival of CRC 
patients worldwide.
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