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Abstract 
Detecting and removing high risk adenomas and early colorectal cancer (CRC) 
can reduce mortality of this disease. The non-invasive fecal occult blood test 
(FOBT; guaiac-based or immunochemical) is widely used in screening programs 
and although effective, it leaves room for improvement in terms of test accuracy. 
Molecular tests are expected to be more sensitive, specific and informative than 
current detection tests and are promising future tools for CRC screening. This 
review provides an update on the concepts underlying the use of molecular 
biomarkers for screening, how new biomarkers can be evaluated, and an overview 
of the performances of DNA, RNA and protein markers for CRC detection in stool 
and blood. Most emphasis currently is on DNA and protein markers. Among DNA 
markers there is trend to move away from mutation markers in favor of methylation 
markers or a combination hereof. The recent boost in proteomics research leads to 
many new candidate protein markers. In usually small series, some markers show 
better performance than the present FOBT. So far, no marker or panel of markers 
has yet been developed to the point where it has been evaluated in large unbiased 
population studies to assess performance across all stages of neoplasia and in all 
practical environments. 
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Introduction
Colorectal cancer (CRC) is the third most common cancer in developed countries with 
150,000 newly diagnosed patients each year in the USA1. Survival largely depends 
on tumor stage at time of diagnosis, reaching a five-year survival of up to 90% for 
localized disease, but only 10% for CRC with distant metastases. CRC does not often 
cause symptoms before it has reached an advanced stage and therefore only a minority 
of patients is diagnosed while the tumor is still localized1. An adenoma is the well-
defined precursor lesion of a colorectal carcinoma. Since it takes multiple years for an 
adenoma to progress into a carcinoma2, there is a window of opportunity for detecting 
and removing localized lesions (i.e. advanced adenomas or early stage CRC) via mass 
screening in order to reduce death rates from CRC at a population level. Screening 
programs using a guaiac based Fecal Occult Blood Test (FOBT), which detects small traces 
of blood derived from bleeding lesions, have proven to reduce incidence and mortality 
of CRC3,4. The performance-characteristics of guaiac based FOBT are sub-optimal and an 
immunochemical faecal blood test (FIT) has recently been demonstrated to have higher 
sensitivity5-7. Further improvement is expected by testing for molecules in stool or blood 
that are more directly related to the disease process.

CRC is caused by a disturbance of biological processes in the epithelial cells of the colon 
due to altered functions of proto-oncogenes and tumor suppressor genes. This is a 
complex process and different combinations of genes can be involved. The disturbance of 
biological processes is related to changes at the DNA, RNA and protein level. Consequently 
these molecules can be used as biomarkers that can be measured in body excrements 
and fluids such as stool and blood as indicators of disease. Research in this field mainly 
focuses on the development of new biomarkers with better test-characteristics, large-
scale validation of (combinations of) known markers, and optimization of test methods. 
An important aspect with respect to the latter is cost reduction. 

Many studies have investigated molecular non-invasive screening tests for the detection 
of colorectal cancer. In particular, demonstration of tumor-derived DNA in stool has been 
studied extensively. However, RNA and proteins have also been investigated for their 
potential as marker in stool for detecting CRC. In addition, detection of such markers 
in blood has been studied extensively as well. This review aims to provide an update 
on the concepts underlying the use of molecular biomarkers for screening, how new 
biomarkers can be evaluated, and to provide an overview of molecular markers for non-
invasive early detection of CRC. 

Proven simple screening tests
Multiple population-based randomized trials have proved that guaiac-based fecal occult 
blood tests (GFOBT) detect early-stage disease and result in a reduced mortality from and 
incidence of CRC3,4. In other words, early detection of lesions with a “bleeding phenotype” 
is beneficial in that one can be confident that treatment (surgery, polypectomy, etc.) will 
result in worthwhile gains. 

A single targeted population-based randomized trial has proved that flexible 
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sigmoidoscopy detects early-stage disease and results in a reduced mortality from and 
incidence of CRC8. Detection by endoscopic methods is independent of the bleeding 
phenotype and therfore probably independent of tumor phenotype or genotype. This is 
a crucial point because expression of a molecular biomarker by a tumor might reflect a 
certain biological behavior that reflects natural history. For example, a lesion might grow 
so slowly as to not even need treatment within a lifetime or, conversely, it might be so 
aggressive as to render curative treatment pointless. 

Evaluating new screening biomarkers
There are relatively few practical guidelines on how best to compare “new” with proven 
screening tests. It is clear that new tests cannot be initially subject to randomized 
controlled trials (RCTs) with mortality or incidence as the end point. Strategically, it 
is expedient to evaluate a biomarker’s diagnostic performance relative to a proven 
comparator screening test in highly selected cases with cancer9. But evaluation of test 
accuracy must be backed up by programmatic evaluation in the screening context where 
prevalence is low and non-neoplastic lesions are present10 such that we know how the 
test performs across the spectrum of prevalent neoplastic lesions. 

A phased evaluation of a new biomarker is recommended10. Initial evaluation of 
biomarkers will usually be undertaken in small numbers of highly selected cases, often 
retrospective (such as those with symptomatic cancer versus normal controls) and using 
colonoscopy as the reference standard11. If promising, evaluation should proceed to 
comparison with a proven screening test such as an FOBT (ideally a FIT12) but such need 
not include cancer-specific mortality as an end point provided that the comparator test’s 
effect on population mortality has been proven by a population randomized controlled 
trial9. Guaiac-FOBT effectiveness represents the minimum standard to be achieved 
by a new test since GFOBT are effective (albeit limited) and inexpensive. Finally, a 
prospective evaluation of performance across the continuum of neoplastic lesions 
from adenoma to cancer should be undertaken in large unselected typical screening 
populations. 

Such comparative studies focus initially on relative detection, but screening is about 
more than detection; it is about success when applied to many healthy people where 
disease prevalence is low and acceptability of the test is crucial. Demonstration of 
adequate accuracy in prescreening phases justifies progression to mass-population 
studies that address programmatic outcomes on an intention-to-screen basis followed 
by evaluation of cost-effectiveness in ongoing screening. 

It will be apparent from the following discussions that fecal molecular tests have 
not yet progressed to evaluation by randomized fashion in large unselected 
populations.

How might molecular markers improve screening outcomes?
Screening by existing proven methods has disadvantages one way or another. Endoscopic 
methods are invasive and inconvenient and when used as the primary screening tool 
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are used on many people who will prove to have no neoplastic lesions in the colon. 
FOBT methods, while simple and increasing the likelihood of neoplasia being present 
when positive, are not specific for neoplasia, and have somewhat limited sensitivity 
for cancer and especially adenomas11,13, although FIT are a major improvement over 
GFOBT12. 

It would be useful to have simple and acceptable noninvasive screening tests that are 
more specific for neoplasia, ie, have a lower false-positive rate. If so, this will reduce 
costs of diagnostic follow-up, workloads, and overall program cost. It would also be 
valuable if simple and acceptable noninvasive screening tests were more sensitive for 
curable cancer and more advanced adenomas, ie, return a higher true-positive rate. This 
would improve impact on mortality and incidence. Limitations of existing simple tests, 
namely FOBT, include lack of specificity for neoplasia and variation between tumors as 
to whether they bleed or not14. It needs to be shown, if simple molecular tests are to 
replace FOBT, that they do indeed point to molecular phenomena that are either more 
predictable than bleeding and/or more characteristic of neoplasia. Finally, sensitivity 
and specificity are both important and improving one at the expense of the other does 
not necessarily provide an advantage.

Detection of neoplasia using biomarkers
Colorectal oncogenesis follows several genetic pathways15,16. The process is protracted 
and takes years, perhaps decades, from the initial event that initiates oncogenesis until 
sufficient molecular events accumulate to change cell behavior and result in the invasive 
phenotype (ie, cancer)2,15. This sequence underlies the phenotypic progression known 
as the adenoma-carcinoma sequence. The stage of neoplasia at which a biomarker 
becomes expressed and detectable (ie, “positive”) is crucial to what we hope molecular 
biomarkers will detect in the screening context. A positive biomarker initiates diagnostic 
confirmation by colonoscopy.

Figure 1 provides a conceptual presentation of the most advanced stage of colorectal 
neoplasia reached by the time of death (“life-time state”) for a typical Western 
population14. Curable neoplastic lesions are the obvious target. Curable cancer (point 
C in the process in Fig. 1) is a key target, as the GFOBT RCTs showed that detection of 
curable cancer (ie, downstaging of cancer) leads to reduction in mortality3. Detection 
and removal of adenomas (particularly advanced adenomas, point B inFig. 1) is also a 
worthwhile target as the flexible sigmoidoscopy RCT showed a reduction in incidence 
as did one GFOBT RCT4,8. These studies support the recent US multi-society guidelines 
that recommended that screening target not just early-stage cancer but also “advanced” 
adenomas17. Advanced adenomas are defined as those of >9 mm, those with villous 
change, or those showing high-grade dysplasia18. It can be seen that different 
biomarkers might characterize different stages of oncogenesis and so vary in their 
usefulness.

Small, tubular, low-grade adenomas (point A in Fig. 1) are more common than large, 
high-grade, or villous lesions. Detection of early, small adenomas might not be useful 
in that they pose little risk for CRC19—detection of in consequential neoplastic lesions 
is referred to as overdiagnosis and is a major issue for prostate cancer screening20. 
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Detection of incurable neoplasia (biomarker point D in Fig. 1), likewise, would not 
lead to benefit. In other words, there is a gradation of probability of progression from 
adenoma to cancer, with the more advanced lesions more likely to progress to cancer; 
biomarkers for adenomas will vary in their capacity to predict likelihood of progression 
to cancer according to the stage detected, as not all small adenomas progress to 
advanced adenomas18,21,22, and test sensitivity. It also needs to be noted that with 
the different molecular pathways of oncogenesis, some molecular markers might be 
pathway specific. So, to reliably detect neoplasms, a panel of molecular markers might 
be needed.

How do molecular markers enter the stool or blood?
Most biomarkers are first “discovered” in neoplastic tissues but will be sought in biological 
samples where their chemical nature may be different. It is therefore important to 
understand the different mechanisms by which tumor markers end up in stool or blood, 
in order to judge the potential and pitfalls of molecular markers for CRC. 

Stool markers can be broadly divided in leaked markers, secreted markers and exfoliated 
markers (reviewed by Osborn and Ahlquist23). Leaked markers end up in the colon lumen 
by disturbed blood or lymph vessels due to the growth of a tumor. Leaking may not be 
a continuous process and also occurs with non-neoplastic lesions, yielding markers with 
limited sensitivity and specificity. The obvious example of a leaked marker is hemoglobin, 
detected by either FIT of gFOBT. Secreted markers are derived from the epithelial cells 
lining the colorectal lumen. An example is the secretion of mucus, used to protect the 

Figure 1: Conceptual presentation of the approximate proportion of a typical western population and 
the most advanced stage of colorectal neoplasia reached by the time of death (life-time “state”). Points 
A-D refer to examples of states at which a biomarker might provide information (see text for discussion). 
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luminal surface. Neoplastic cells secrete mucins that contain abnormally glycosylated 
proteins, thereby exposing epitopes that can be detected with specific antibodies. 
Protease and glycosidase activities of bacteria can disturb the specific detection of these 
markers, however. Exfoliated markers come from vital or apoptotic colonocytes that are 
shed in the colorectal lumen. These markers are thought to be very specific since they 
represent the tumor cells themselves. However, the heterogeneity of tumors makes it 
difficult to detect all cancers with a single marker. Many examples of DNA markers, RNA 
markers and protein markers from the latter category have been reported and will be 
discussed in this review. 

The mechanisms by which markers end up in the bloodstream are less well defined. 
Circulating tumor cells (CTC) are the best understood source of blood markers, and their 
detection is emerging as a useful marker, but rather in the context of early response 
monitoring in advanced CRC treated with systemic therapy than as a screening tool24. 
In addition, free floating DNA, RNA and proteins can be detected in the bloodstream25. 
Macrophages are thought to play an important role here as they are recruited into the 
tumor, phagocytose apoptotic or necrotic tumor cells, migrate back to the circulation, 
and subsequently release the marker molecules26. Moreover, microvesicles occur in 
the bloodstream, that are shed by a variety of cell types, including tumor cells, during 
growth or activation and can play a role in intercellular communication27,28. Tumor 
derived microvesicles have been found in plasma of CRC patients and contain RNA and 
proteins that can function as tumor markers27,29.

Molecular markers in stool

DNA markers in stool

Most studies about markers in stool have focused on the detection of aberrant tumor 
DNA. Several biological mechanisms help to increase the potential to specifically detect 
tumor DNA in stool. First, colonocytes are continuously shed in the faecal stream, 
providing stool samples with a gathering of colonocytes from the whole bowel. Second, 
DNA from stool is derived directly from the neoplasm and exfoliation of colonocytes 
from neoplasms is higher than from the normal healthy mucosa. Third, whereas DNA in 
normal cells is degraded upon induction of apoptosis, escape from apoptosis by tumor 
cells improves DNA integrity. Last, DNA aberrations such as point mutations in oncogenes 
or tumor suppressor genes are very specific alterations for cancer cells. These features 
create potential for the development of a highly specific and sensitive stool test. Table 1 
provides an overview of DNA markers that have been studied for their potential use as 
screening markers for early CRC detection in stool in the last decade. 

The first publication on the detection of tumor-derived DNA in stool dates back to 
1992 and reported the identification of mutated KRAS in stools from CRC patients30. 
Later, mutations in other key-genes in the carcinogenesis of CRC could be detected in 
stool as well, such as TP53 and APC31-33. The performance of single mutation markers 
in stool did not reach satisfactory levels of sensitivity and specificity for population 
screening purposes. The performance was improved using a combination of mutation 
markers and a marker for microsatellite instability (MSI)23,34. Most studies are based 
on the multitarget assay developed by Exact Sciences, called PreGen PlusTM. This 
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assay includes mutation analysis of KRAS, TP53 and APC, combined with a marker for 
MSI (BAT26) and a marker for long DNA (DNA Integrity Assay, DIA)35,36. The first study 
using this assay reported a sensitivity of 91% for detecting colorectal carcinomas, and 
82% for detecting colorectal adenomas larger than 1 cm, with a specificity of 93%36. 
Later studies however, showed lower sensitivities of 59-69% for detecting carcinoma, 
with specificities of around 98%37-39. An even lower sensitivity was obtained in a large 
blinded, multicenter, cross-sectional study with 2497 participants. 25% of patients with 
CRC and 17% of adenomas larger than 1 cm were detected with the stool DNA mutation 

Reference Marker Testing method Study population Sensitivity Specificity

Puig et al, 2000 KRAS mutation analysis

11 CRC 55%a

100%a22 A 27%a

30 controls  

Traverso et al, 2002a APC
mutation analysis 
(digital-protein-trun-
cation)

28 CRC 61%b

100%18 A > 1cm 50%b

28 controls  

Traverso et al, 2002b MSI MSI in BAT26

46 CRC 37%c

100%
5 A > 1 cm 0%

14 A < 1 cm 0%

69 controls  

Boyton et al, 2003 DIA presence of long DNA 
(four-site DIA)

27 CRC 56%
97%

77 controls  

Wan et al, 2004 KRAS
mutation analysis (al-
lele specific mismatch 
method)

23 CRC 57%

95%20 A 30%

20 controls  

Müller et al, 2004 SFRP2 methylation analysis
23 CRC 77-90%

77%d

26 controls  

Calistri et al, 2004 L-DNA FL-DNA, cut-off 25 ng
85 CRC 76%

93%
59 controls  

Lenhard et al, 2005 HIC1 methylation analysis

26 CRC 42%

98%d
13 A > 1cm 31%

9 hyperplastic polyps 0%

41 controls  

Chen et al, 2005 Vimen-
tin methylation analysis

94 CRC 46%
90%

198 controls  

Table 1A: DNA single markers in stool

Table summarizes studies with more than 20 cases and more than 20 controls reported since 2000.
Abbreviations: A = colorectal adenoma; APC = adenomatous polyposis coli; CRC = colorectal carcinoma; DIA = DNA Integrity As-
say; FL-DNA = Fluorescence Long DNA; HIC1 = hypermethylated in cancer 1; HPP1 = Hyperplastic polyposis protein 1; IBD = Inflam-
matory Bowel Disease; KRAS = kirsten rat sarcoma viral oncogene homolog; L-DNA = long DNA; MSI = microsatellite instability; 
aFailure of amplification in 7% of samples (failed samples included in calculations).
bMutant APC genes made up 0.4% to 14.1% of all APC genes in the stool. 
cProximal tumors only. 
dSpecificity is based on controls including IBD.
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test, although the specificity remained high (96%)40. After  technical improvement of the 
assay with gel-based DNA purification41, a large study with 4400 patients was performed, 
but the detection of carcinomas and adenomas only reached a sensitivity of 52% and 
15%, respectively, with a specificity of 94%42. Further improvement of the assay was 
obtained when stool samples were collected in a stabilization buffer43, increasing the 
sensitivity from 52% to 73% with comparable specificity. The increase in sensitivity was 
mainly due to the improvement of the DIA assay44. Indeed, also studies where DIA was 
used as a single marker yielded sensitivities of 56-79% and specificities of 89-97%35,45,46. 

Reference Marker Testing method Study population Sensitivity Specificity

Huang et al, 
2007a SFRP2 methylation analysis

52 CRC 94%

93%

10 advanced A 70%

11 A 36%

8 hyperplastic polyps 38%

6 ulcerative colitis 17%

24 controls  

Oberwalder et al, 
2008 SFRP2 methylation analysis

29 A 21%a

100%a13 hyperplastic polyps 15%a

26 controls  

Wang et al, 2008 SFRP2 methylation analysis

69 CRC 87%

93%
34 A > 1 cm 62%

26 hyperplastic polyps 42%

30 controls  

Calistri et al, 
2009 L-DNA FL-DNA, cut-off 25 ng

100 CRC 79%
89%b

100 controls  

Glöckner et al, 
2009 TFPI2 methylation analysis

73 CRC 76-89%
79-93%

75 controls  

Hellebrekers et 
al, 2009 GATA4 methylation analysis

75 CRC
51-71% 84-93%

75 controls

Melotte et al, 
2009 NDRG4 methylation analysis

75 CRC 53-61%
93-100%

75 controls  

Kim et al, 2009 OSMR methylation analysis
69 CRC 38%

95%
81 controls  

Li et al, 2009 Vimentin methylation analysis

22 CRC 41%

95%20 advanced A 45%

38 controls  

Table 1B: DNA single markers in stool

Table summarizes studies with more than 20 cases and more than 20 controls reported since 2000.
Abbreviations: A = colorectal adenoma; CRC = colorectal carcinoma; FL-DNA = Fluorescence Long DNA; GATA4 = GATA binding 
protein 4; L-DNA = long DNA; NDRG4 = N-myc downstream regulated gene 4; OSMR = oncostatin M receptor; SFRP2 = secreted 
frizzled-related protein 2; TFPI2 = tissue factor pathway inhibitor 2
aFailure of amplification in 37% of samples (failed samples included in calculations).
bControls were defined by FOBT.
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Reference Marker Testing method Study population Sensi-
tivity

Speci-
ficity

Ahlquist et 
al, 2000

KRAS / p53 / APC mutation analysis 22 CRC 91%

93%MSI MSI in BAT26 11A > 1cm 82%

DIA presence of long DNA (four-
site DIA) 28 controls  

Tagore et 
al, 2003

KRAS / p53 / APC mutation analysis 52 CRC 64%a

96%bMSI MSI in BAT26 28 advanced A 57%a

DIA presence of long DNA (four-
site DIA) 212 controls  

Calistri et 
al, 2003

DNA amplification   56 CRC 62%

97% KRAS / p53 / APC mutation analysis   

MSI  38 controls  

Leung et 
al, 2004

ATM / APC / 
MGMT / hMLH1 
/ HLTF

methylation analysis
20 CRC 70%

100%
20 controls  

Whitney 
et al, 2004

KRAS / p53 / APC mutation analysis 86 CRC 70%

96%MSI MSI in BAT26   

DIA presence of long DNA  
(four-site DIA) 100 controls  

Imperiale 
et al, 2004

KRAS / p53 / APC mutation analysis 31 CRC 52%

95%
MSI MSI in BAT26 403 advanced A 15%

DIA presence of long DNA  
(four-site DIA) 648 polyps 8%

  1423 controls  

Petko et 
al, 2005

CDKN2A / MGMT / 
hMLH1 methylation analysis

29 A 55%

72%10 hyperplastic polyps 40%

25 controls  

Kutzner et 
al, 2005

APC mutation analysis 57 CRC 65%

91%MSI MSI in BAT26   

DIA presence of long DNA  
(four-site DIA) 44 controls  

Matsu-
shita et al, 
2005

KRAS / p53 / APC mutation alalysis 116 CRC 71%
88%

MSI MSI in BAT26 83 controls  

Itzkowitz 
et al, 2007

Vimentin methylation analysis 40 CRC 88%
82%

DIA presence of long DNA  
(four-site DIA) 122 controls  

Abbasza-
degan et 
al, 2007

p16 methylation analysis 25 CRC 64%

95%MSI MSI in BAT26   

long DNA presence of long DNA  
(1476 bp fragment) 20 controls  

Table 1C: DNA multiple markers in stool
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A recent study using a technology called BEAMing (beads, emulsion, amplification and 
magnetics technology), showed promising results in the field of mutation detection. In a 
small sample set, the authors found a sensitivity of 92%, which was superior compared 
with conventional techniques for detecting mutations in the same samples (92% vs 60%, 
respectively)47.

Next to genetic alterations, epigenetic changes play an important role in deregulating 
gene expression in colorectal cancer. DNA promoter hypermethylation, which can 
cause silencing of tumor suppressor genes in many cancers, is a well-studied epigenetic 
phenomenon. Many genes have been reported to be hypermethylated in colorectal 
cancer48, and these alterations appear to be early events in carcinogenesis49. The first 
study of DNA methylation in stool appeared in 200450. Using SFRP2 as a methylation 
marker, a sensitivity of 77-90% was obtained for colorectal carcinoma, but specificity was 
only 77%. Several other studies with single methylation markers followed. Depending 
on which marker was used (GATA4, HIC1, ITG4, NDRG4, OSMR, SFRP1, SFRP2, TFPI2, 
or Vimentin) sensitivities of 38-94% (mean 63%) for CRC and 21-70% (mean 46%) for 
adenomas were observed, with specificities of 79-100% (mean 91%)51-62. Combining 
methylation markers (combinations of two to seven genes; APC, ATM, CDKN2A, GSTP1, 
HLTF, hMLH1, HPP1, MGMT, RASSF1, SFRP2, or Vimentin) increased sensitivity to 70-96% 
(mean 79%) for CRC, and 28-80% (mean 55%) for adenoma, with specificities of 72-96% 
(mean 89%)63-68. Also combinations of genetic and epigenetic markers have been tested. 
Combining KRAS and APC mutations with Vimentin methylation showed a sensitivity of 
40% for detecting curable CRC and adenomas larger than 2 cm in size, but the specificity 
of the test was not well defined40. The best results in combining genetic and epigenetic 
markers so far have been obtained by combining DIA and one methylation marker, i.e. 
Vimentin, with reported sensitivities of 83-88%, with a specificity of 82%44,69. Yet, the 
specificity of this combination is too low to merit clinical application.

RNA markers in stool

The use of RNA markers in stool has not been studied as extensively as DNA markers, 
but recent developments show promising results. Although mRNA is thought to be more 
prone to degradation in stool environment compared to DNA, preservation buffers such 
as RNAlater can circumvent this problem70. Moreover, the high amounts of transcripts 
produced by a single (tumor) cell make RNA an interesting target when small cell 
numbers need to be determined. Table 2 shows an overview of the performance of RNA 
markers in stool in the last decade. 

The first studies on mRNA markers in stool for CRC were based on single mRNA markers. 
Although different isolation methods and markers were used, overall performance 
characteristics were comparable. Sensitivities ranged from 41-90% with remarkably high 
specificities ranging from 87-100%66,71-75.

Two studies have included larger sample sizes. One study tested the expression of PTGS2 

Table summarizes studies with more than 20 cases and more than 20 controls reported since 2000.
Abbreviations: A = colorectal adenoma; APC = adenomatous polyposis coli; ATM = ataxia telangiectasia mutated homolog; 
CDKN2A = cyclin-dependent kinase inhibitor 2A; CRC = colorectal carcinoma; DIA = DNA Integrity Assay; HLTF = helicase-like 
transcription factor; hMLH1 = human mutL homolog 1; KRAS = kirsten rat sarcoma viral oncogene homolog; MGMT = O-
6-methylguanine-DNA methyltransferase; MSI = microsatellite instability; 
aHigh numbers of distal tumors.
bSpecificity is based on controls including polyps.
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Reference Marker Testing method Study population Sensi-
tivity

Speci-
ficity

Leung et al, 
2007

ATM / APC / 
MGMT / hMLH1 
/ HLTF / SFRP2 / 
GSTP1

methylation analysis

20 CRC 75%

90%30 A 68%

30 controls  

Huang et al, 
2007b

SFRP2 / HPP1 / 
MGMT methylation analysis

52 CRC 96%

96%

10 advanced A 80%

11 non-advanced A 64%

8 hyperplastic polyps 38%

6 ulcerative colitis 17%

24 controls  

Onouchi et al, 
2008 KRAS / p53 / APC mutation analysis 

(PCR-SSCP)
33 CRC 55%

89%
63 controls  

Ahlquist et al, 
2008

KRAS / p53 / APC mutation analysis 12 CRC 25%

96%

MSI MSI in BAT26 135 A > 1 cm 17%

DIA presence of long DNA 
(four-site DIA) 469 A < 1 cm 4%

  341 hyperplastic polyps 5%

  1473 controls  

Ahlquist et al, 
2008

KRAS / APC mutation analysis 19 CRC 58%

84%Vimentin methylation analysis 103 A > 1 cm 46%

  75 controls  

Itzkowitz et al, 
2008

Vimentin methylation analysis 42 CRC 86%
73%

DIA presence of long DNA 
(two-site DIA) 241 controls  

Baek et al, 
2009

MGMT/hMLH1/
Vimentin methylation analysis

60 CRC   

22 advanced A  

87%30 non-advanced A  

37 controls  

Nagasaka et al, 
2009

 

RASSF1/SFRP2
methylation analysis

84 CRC  

89%

27 advanced A  

29 non-advanced A  

12 hyperplastic polyps  

4 ischemic colitis  

2 ulcerative colitis  

113 controls  

Table 1D: DNA multiple markers in stool

Table summarizes studies with more than 20 cases and more than 20 controls reported since 2000.
Abbreviations: A = colorectal adenoma; APC = adenomatous polyposis coli; ATM = ataxia telangiectasia mutated homolog; CRC 
= colorectal carcinoma; DIA = DNA Integrity Assay; GSTP1 = glutathione S-transferase pi 1; HLTF = helicase-like transcription 
factor; hMLH1 = human mutL homolog 1; HPP1 = Hyperplastic polyposis protein 1; KRAS = kirsten rat sarcoma viral oncogene 
homolog; MGMT = O-6-methylguanine-DNA methyltransferase; MSI = microsatellite instability; PCR-SSCP = PCR single strand 
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and MMP7 in stool from 62 CRC patients and 29 controls. This resulted in a sensitivity 
of 90% with a specificity of 100%76. Another study tested four different RNA markers in 
stool from 166 CRC patients and 134 healthy volunteers. The expression profile of these 
markers, MMP7, MYBL2, PTGS2 and TP53, could discriminate CRC patients from healthy 
individuals with a sensitivity of 58% and a specificity of 88%77. Compared to other 
studies, these results were disappointing, especially since RNA in approximately 25% 
of stool samples from both CRC patients and healthy volunteers could not be detected, 
meaning that the real sensitivity and specificity are actually lower.

More recent studies focus on gene expression profiles, so called transcriptomics. For 
this purpose, mRNA expression profiles from tissue or stool samples are measured 
with oligonucleotide microarrays, from which cancer specific gene expression profiles 
are built and used to discriminate between cancer and non-cancer in a stool-based 
setting78,79. Using this approach, one study revealed a gene expression profile of 9 genes 
(PAP, REG1A, DPEP1,  SEPP1, RPL27A, ATP1B1, EEF1A1, SFN, and RPS11), which showed 
a sensitivity of 78% (18/23) for detecting Dukes A-C tumors in stool, with a specificity of 
100%. The use of focused microarrays, as used in this study, could provide an effective 
test assay for fecal RNA80. The sample sizes that have been used in studies of RNA markers 
in stool so far, have been rather small (n=15-34). 

Protein markers in stool, other than hemoglobin

The immunochemical variant of FOBT (Fecal Immunochemical Test, or FIT) is a test to 
detect the human protein hemoglobin. This protein is not derived from tumor cells but 
from red blood cells which end up in the lumen of the colon, either due to bleeding of 
tumors or to bleeding by non-tumor lesions. Therefore it would be of interest to develop 
a test using proteins that are specifically derived from neoplastic cells. The detection 
of proteins in stool is relatively easy since small sample volumes can be used and the 
protein of interest can be isolated and measured using a simple centrifugation step 
followed by Enzyme-Linked Immuno Sorbent Assay (ELISA)81. Moreover, using a sensitive 
and specific marker, protein detection in stool could give better results than protein 
detection in blood, as has been shown for CEA82. However, most protein markers tested 
to date are blood-borne markers and therefore not specific for CRC. Like with DNA and 
RNA molecules, proteins are prone to degradation in stPDFool environment creating 
false-negative result, thus care should be taken to sampling and storage methods83,84. An 
overview of the performance of protein markers in stool, other than hemoglobin, in the 
last decade is shown in table 3. 

Several proteins such as calprotectin, CEA, lysozyme, albumin, alpha 1-antitrypsin, 
MUC1, lactoferrin, alpha-defensin 1, DAF, M2-PK and CLU have been tested for their 
performance as markers for the detection of CRC85-92, but the majority of them are not 
sensitive and/or specific enough for population screening. The largest problem is that 
many markers also detect samples from patients with inflammatory bowel diseases (IBD) 
with high sensitivity. For example, calprotectin is a frequently tested protein in stool, and 
once held promise as a tumor marker. However, elevated levels were also detected in 
stool samples from IBD patients. Although sensitivities of up to 94% have been reported 

conformational polymorphism; RASSF1 = Ras association (RalGDS/AF-6) domain family member 1; SFRP2 = secreted frizzled-
related protein 2
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for detecting CRC93, a quantitative meta-analysis that compared fecal calprotectin levels 
in 5983 patients with IBD and CRC from 30 studies, revealed a sensitivity and spcificity 
of only 36% and 81% for detecting CRC, and a much higher sensitivity and specificity of 
95% and 91% for detecting IBD94. 

A few studies have reported promising results. Using fecal extracts from patients with 
colorectal cancer as the antigen for immunization, one antibody appeared to react 
specifically with stool from CRC patients, after which the protein haptoglobin was 
identified. Using this protein as a marker, CRC could be detected with a sensitivity of 
92% and a specificity of 98%. Sensitivity could even reach 100% when the assay was 
combined with occult blood testing95. A later study used the hemoglobin-haptoglobin 
complex in stool and detected large adenomas and CRC with sensitivities of 73% and 
83%, respectively, with a specificity of 96%96. These numbers should be interpreted with 
care, however, since haptoglobin is an acute-phase response protein whose expression 
is mediated by inflammatory stimuli, which could cause false-positive results97. MCM2 
has also been shown to be a promising stool marker, as a sensitivity and specificity 

Reference Marker Testing method Study population Sensitivity Specificity

Single markers

Kanaoka et 
al, 2004 COX-2 nested RT-PCR

29 CRC 90%
100%

22 controls  

Chien et al, 
2007

KRAS codon 12 
mutant

nested RT-PCR and 
RFLP

29 CRC 41%
95%

20 controls

Leung et al, 
2007 COX-2 RT-PCR

20 CRC 50%

93%30 A 4%

30 controls  

Multiple markers

Ahmed et al, 
2007

IGF2 / FLNA / 
TGFBI / CKS2 / 
CSE1L / CXCL3 / 
DPEP1 / KLK10 / 
GUCA2B / Il-12

quantitative RT-PCR

20 A > 1cm >95%a

>95%a,b10 IBD  

20 controls  

Koga et al, 
2008

MMP7 / MYBL2 
/ PTGS2 (COX-2) 
/ TP53

quantitative RT-PCR
166 CRC 58%c

88%c

134 controls

Takai et al, 
2009 COX-2 / MMP7 nested RT-PCR

62 CRC 90%
100%

29 controls  

Table summarizes studies with more than 20 cases and more than 20 controls reported since 2000.
Abbreviations: A = colorectal adenoma; CKS2 = CDC28 protein kinase regulatory subunit 2; COX2 = cyclooxygenase 2; CRC = 
colorectal carcinoma; CSEI1L = chromosome segregation 1-like; CXCL3 = chemokine (C-X-C motif) ligand 3; DPEP1 = dipepti-
dase 1; FLNA = filamin A alpha; GUCA2B = guanylate cyclase activator 2B; IBD = Inflammatory Bowel Disease; IGF2 = insulin-like
growth factor 2; Il-12 = interleukin 12; KLK10 = kallikrein-related peptidase 10, MMP7, matrix metallopeptidase 7; MYBL2 = 
v-myb myeloblastosis viral oncogene homolog (avian)-like 2; PTGS2 = prostaglandin-endoperoxide synthase 2; RFLP = restric-
tion fragment length polymorphism; RT-PCR = reverse transcriptase PCR; TGFBI = transforming growth factor, beta-induced
aExact sensitivity and specificity not reported.
bNot clear whether specificity is based on controls including or excluding IBD.
cFailure of amplification in 25% of samples (included in calculation).

Table 2: RNA markers in stool
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of 93% and 100%, respectively, was observed. However, this marker was tested by 
immunocytochemical analysis of retrieved colonocytes, which might not be the preferred 
test for large screening sets98. A recent study including 186 CRC, 113 advanced adenoma, 
and 252 control patients, investigated the combination of S100A12 and hemoglobin-
haptoglobin and revealed sensitivities of 88%, with a specificity of 95%. Adding TIMP-1 to 
this combination increased specificity to 98% and resulted in a sensitivity of 82%. These 
rates were significantly higher than the ones obtained with FIT alone99. 

Molecular markers in blood
The use of blood as screening material could have several advantages above stool. 
Although somewhat invasive, drawing blood can be less inconvenient for participants 
than collecting stool, plus handling and storage of blood samples is easier compared 
to stool samples. Moreover, there is no microflora that could hamper the detection of 
target molecules. Most studies have investigated protein markers in blood. In contrast 
to stool studies, blood studies mostly investigated the performance in samples from 
individuals with CRC, but not in samples from individuals with adenoma. A detailed 
overview of blood markers for early detection of CRC is described in a review by Hundt 
and collaborators100. 

DNA markers in blood

A few years after the first reports on the detection of DNA mutations in stool, the first 
small studies on the detection of DNA mutations in plasma of CRC patients started to 
appear, mainly focusing on point mutations in KRAS. Although it was feasible to detect 
gene mutations in serum and plasma, the sensitivity of detecting CRC was only 43% or 
lower, with good specificity of more than 93%101-104. In contrast to what was observed 
in stool samples, combining multiple DNA mutation markers or combining mutation 
markers with a methylation marker (CDKN2A) did not increase the sensitivity105-107. One 
study looked at mutant APC in plasma using the above mentioned new technology called 
BEAMing. They showed a sensitivity of 63% in detecting early colorectal cancers, but also 
indicated a low percentage of mutant APC of the total APC fragments detected in plasma, 
ranging from 0.01% in early cancers to 8% in advanced CRC26. In a later study from the 
same group, an improved version of the technique was applied to detect mutations in 
stool samples and plasma samples from a number of the same patients. This resulted in 
a sensitivity of 92% in stool samples but only 50% in plasma samples47. 

A few studies have investigated exclusive use of methylation markers in plasma for 
detecting CRC. The sensitivities for single markers (TMEFF2, NGFR, SEPT9, or Vimentin) 
reported in these studies ranged from 48-72%, with specificities of 69-93%61,108,109. A 
higher sensitivity was obtained when measurement replicates were included108. Like 
observed for stool samples, combinations of methylation markers in plasma or serum 
improved test-performances with sensitivities of 57-87% and specificities of 90-96%110-

112.

RNA markers in blood

Many studies have investigated the use of mRNA markers in blood for diagnostic and 
prognostic purposes. Reverse transcriptase PCR (RT-PCR) is used for the detection of 
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Reference Marker Testing method Study population Sensitivity specificity

Kronborg et 
al, 2000 Calprotectin Immunoassay, cut-off 

level 10 mg/l

23 CRC 74%

64%203 A 43%a

488 controls  

Johne et al, 
2001 Calprotectin Immunoassay, cut-off 

level 50 mg/l

28 asymptomatic CRC 64-79%

59-67%b149 symptomatic CRC 87-91%

145 controls

Tibble et al, 
2001 Calprotectin Immunoassay, cut-off 

level 10 mg/l

62 CRC 90%

 72%c29 A 55%

96 controls  

Kristinsson et 
al, 2001 Calprotectin Immunoassay, cut-off 

level 10 mg/l

5 CRC 80%

47%73 A 56%

114 controls

Davies et al, 
2002 MCM2

immunocytochemical 40 CRC 93%c

100%banalysis of retrieved 
colonocytes 25 controls  

Pant and Mc-
Cracken, 2002

Abnormal 
mucin with 
STn epitope

Immunoassay (slot 
dot), cut-off level 15 
μg/ml

6 CRC 83%

97%e

22 A 27%

8 ulcerative colitis 13%

58 controls

Kim et al, 
2003 CEA Immunoassay, cut-off 

level 10 ng/mg

28 CRC 86%

93%20 benign intestinal 
disorders 10%

240 controls  

Limburg et al, 
2003 Calprotectin Immunoassay, cut-off 

level 50 μg/ml

3 CRC
37%f

63%b94 A

315 controls

Mizano et al, 
2003 DAF Immunoassay, cut-off 

9 ng/g
100 CRC 72%

92%
100 controls  

Hoff et al, 
2004 Calprotectin Immunoassay, cut-off 

level 50 μg/ml

16 CRC 63%

76%
195 advanced A 27%

592 A 26%

1518 controls

Hardt et al, 
2004

Tumor 
M2-PK

Immunoassay, cut-off 
4U/ml

60 CRC 73%
78%

144 controls  

Table 3A: Protein Single Markers in Stool, Other Than Hemoglobin

Table summarizes studies with more then 20 cases and more then 20 controls reported since 2000. Heme markers measured 
by Fecal Occult Blood Test (gFOBT or iFOBT) are excluded.
Abbreviations: A = colorectal adenoma; CEA = carcinoembryonic antigen; CRC = colorectal carcinoma; DAF = decay accelerating 
factor for complement (also known as CD55); IBD = inflammatory bowel disease; MCM2 = minichromosome maintenance 
complex component 2
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mRNA of various tumor and epithelial specific genes, which is stated to detect one cancer 
cell out of 10 million background cells113. As free mRNA was thought to be unstable in 
blood, many studies focused on the isolation of RNA from circulating tumor cells (CTC) 
in whole blood, with or without enrichment of epithelial cells with immunomagnetic 
separation methods114,115. Interestingly, a recent study reported that an important fraction 
of the mRNA detected in plasma is not unstable at all, but highly protected in vesicle-like 
structures, and that its origin could be an active release by proliferating tumor cells29. 
Several studies have looked at mRNA markers in plasma. The performances of these 
assays were comparable to the assays performed on whole blood.

Most studies have investigated the performance of mRNA molecules encoding for CEA, 
CK19 and CK20 for the detection of CRC. The variety in study design concerning sample 
collection, sample preparation, and sample size makes it difficult to compare the reported 
results. Overall, the sensitivities for these markers ranged from 32-72% for CEA, from 
41-75% for CK19, and from 8-67% for CK20. The sensitivity increased slightly to 60-89% 
when combinations of these markers were used, or when these markers were combined 
with other markers116-120. The specificity ranged from 78-100% for most studies when 
healthy control samples were evaluated116-119,121-126. The specificity for colorectal cancer 
was much lower, however, when controls with IBD or controls with other types of cancer 
were included. For example, CEA or CK20 mRNA could be detected in more than 56% 
of patients with IBD127,128. Non-CRC tumors, such as head and neck, breast, esophagus, 
pancreatic and gastric cancer were also frequently detected in plasma with these 
markers121,122,129-131. Some other markers have been less extensively tested, such as CGM2 
(CEACAM7)132, EGFR122,133, L6134, hTERT118,135,136, TYMS (TS)137, LISCH7 (LSR)138, and Survivin 
(BIRC5)117,139,140. Only a few studies showed promising results, for example, a study with 
187 patients and 45 controls looked at L6 mRNA in serum and reported a sensitivity of 
79% and a specificity of 100%134. A recent study in plasma of 49 CRC patients and 43 
healthy controls reported a sensitivity of 92%, with a specificity of 100% when hTERT 
mRNA levels were measured136. However, these studies need to be validated in large 
randomized trials to determine their value for screening purposes.

Dysregulation of microRNA (miRNAs) have been associated to a variety of diseases, 
including colorectal cancer. Since miRNAs are small nucleic acid molecules (18–25 
nucleotides in length), they are more stable in serum or plasma then other nucleic acid 
molecules141. Their use as biomarkers is now being evaluated. One study reported a 69 
miRNA signature discriminating serum of CRC patients from healthy controls. However, 
a large number of these miRNAs could also be found in serum of lung cancer patients142. 
Two studies reported discriminating miRNA levels in plasma from CRC patients and 
healthy controls. One study included plasma samples of 90 CRC patients and of 50 
healthy controls and reported a sensitivity and specificity of 89% and 70%, respectively, 
for miR-92 over expression. Interestingly, the expression levels of this miRNA were 
lower in IBD patients compared to healthy controls143. Another study evaluated the 
performance of the combination of miR29-a and miR-92a in plasma of 100 CRC patients, 

aSixty-five percent of adenomas were < 1 cm.
bControls include patients with benign bowel diseases.
cControls represent asymptomatic healthy individuals, no colonoscopy performed.
dUndetected tumors were distal tumors.
eSpecificity is based on controls excluding the patients with IBD.
fSensitivity is based on carcinoma and adenoma together. Seventy-seven percent of adenomas were < 1 cm.



Chapter 2

46

Table 3B: Protein Single Markers in Stool, Other Than Hemoglobin
Reference Marker Testing method Study population Sensitivity specificity

Yuan et al, 
2006 Adnap-9 Immunoassay, ODR ≥ 

0.05

105 CRC 59%

90%a

29 A 83%

27 IBD 33%

8 hyperplastic polyps 0%

80 controls  

Hirata et al, 
2007 Lactoferrin Immunoassay, cut-off 

65 ng/mL

36 CRC 50%

91%a

157 A 16%

62 ulcerative colitis 47%

40 Crohn 63%

73 diverticulosis 19%

142 hemorrhoids 28%

318 controls

Mulder et al, 
2007

Tumor 
M2-PK

Immunoassay, cut-off 
4U/ml

52 CRC 85%

90%a
47 A 28%

19 IBD 79%

63 controls  

Shastri et al, 
2008 

Tumor 
M2-PK

Immunoassay, cut-off 
4U/ml

55 CRC 78%

74%69 A 38%

516 controls

Haug et al, 
2008

Tumor 
M2-PK

Immunoassay, cut-off 
4U/ml

106 advanced A 22%

82%216 A 23%

649 controls  

Damms and 
Bischoff, 
2008

Calprotectin Immunoassay, cut-off 
level 50 μg/ml

8 CRC 100%

79%a

29 A 55%

18 diverticulosis 22%

18 active IBD 100%

11 intestinal infections 64%

56 controls

Yoo et al, 
2008

Galgranulin 
B (S100A9)

Immunoassay, cut-off 
level 24.4 ng/mg

77 CRC 72%
77%

75 controls  

Pucci et al, 
2009 Clusterin

dot blot immunodos-
age, cut-off level  34.6 
μg/g

63 CRC 67%

50 controls  84%

Table summarizes studies with more then 20 cases and more then 20 controls reported since 2000. Heme markers measured 
by Fecal Occult Blood Test (gFOBT or iFOBT) are excluded.
Abbreviations: A = colorectal adenoma; CRC = colorectal carcinoma; IBD = inflammatory bowel disease; M2-PK = pyruvate 
kinase, type M2; 
aSpecificity is based on controls excluding the patients with IBD.
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37 patients with advanced adenomas and 59 controls. Sensitivities of 83% and 73% were 
observed for detecting CRC and advanced adenomas, respectively, with a specificity of 
80-85%144.

Like for RNA markers in stool, genome wide gene expression profiles in plasma are 
now being explored with the aim of identifying new CRC specific markers for screening 
purposes. Micro array experiments on plasma or peripheral blood from CRC patients and 
healthy controls reveal panels of genes that are differentially expressed between patients 
and individuals without malignant disease145-148. In this way, a gene panel consisting of 
three up regulated genes in CRC (EPAS1, UBE2D3, and KIAA0101) was identified, which 
could correctly assign 77% of pre-surgery samples to the CRC group and post-surgery 
samples from the same patients to the healthy group145. A more recent study led to a 
gene-panel with five other genes, consisting of two up regulated genes (CDA, MGC20553 
(FRMD3)) and three down regulated genes (BANK1, BCNP1 (FAM129C), and MS4A1) in 
CRC. This five-gene marker combination correctly identified 88% (27 of 42) and 94% 
(47 of 50) CRC samples and 64% (27 of 42) and 77% (33 of 43) non-CRC samples in 
two independent sample sets147. No overlap of identified markers was seen in these 
studies and previously mentioned studies. In addition, the performance of these assays 
is not good enough to use them for screening yet. Hence, although these studies show 
promising results, more research is needed to define their value in a CRC screening 
test.

Protein markers in blood

Protein markers have been the subject of research for many years. CEA was the first 
blood marker linked to the presence of CRC149. Together with carbohydrate antigens 

Table 3C: Protein Multiple Markers in Stool, Other Than Hemoglobin
Reference Marker Testing method Study population Sensitivity specificity

Zou et al, 2007 HNP1-3 Immunoassay, cut-
off not reported

20 CRC 35%

90%a

10 A > 1 cm 40%

10 upper GI cancer 40%

10 IBD 80%

30 controls  

Karl et al, 2008
S100A12 / 
hemoglobin-
haptoglobin

Immunoassay, cut-
off not reported

186 CRC 79 - 88%

95 - 98%b113 advanced A 9-22%

252 controls

Karl et al, 2008

S100A12 / 
hemoglobin-
haptoglobin / 
TIMP-1

Immunoassay, cut-
off not reported

186 CRC 82-88%

95 - 98%b113 advanced A 12-20%

252 controls  

Table summarizes studies with more then 20 cases and more then 20 controls reported since 2000. Heme markers measured 
by Fecal Occult Blood Test (gFOBT or iFOBT) are excluded.
Abbreviations: A = colorectal adenoma; CRC = colorectal carcinoma; GI = gastrointestinal; HNP1-3 = human neutrophil peptide 
1 and 3 (also known as defensin 1 and 3); IBD = inflammatory bowel disease; S100A12 = S100 calcium binding protein A12; 
TIMP-1 = TIMP metallopeptidase inhibitor 1 
aSpecificity is based on controls excluding the patients with IBD.
bControls include patients with benign bowel diseases.
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(CAs, mainly CA19-9), CEA is the most commonly used and studied protein marker 
for diagnosis and prognosis of CRC, and for recurrence after treatment150. The use 
of CAs and CEA for early detection of CRC is not recommended however, due to low 
sensitivity and reliability of these markers. Overall sensitivities range from 18-69%, with 
sensitivities of greater than 50% only in non-localized disease (reviewed in 100). Most 
other single protein markers have been tested in only one study, and many of them 
show low sensitivities. A few of them however, show promising results and could be 
followed up in larger studies to test their real performance. Among these are sCD26 
(90% sensitive, 90% specific)151, Alfa-defensin 1 (69% sensitive, 100% specific)152, Laminin 
(89% sensitive, 89% specific)153, CCSA-2 (89-97% sensitive, 78-84% specific)154,155, TIMP-1 
(60% sensitive, 98% specific)156, and Clusterin (56% sensitive, 100%specific)92. TIMP-1 
is currently being tested in a large prospective study including 5000 individuals who 
underwent colonoscopy157.

The emerging field of proteomics provides a promising avenue for the identification 
of new protein markers or profiles for early detection of CRC. Proteomics technology 
allows to analyze large-scale global patterns of peptides and proteins with the possibility 
to detect post-translational modifications89,158. Using techniques such as matrix-assisted 
laser desorption ionization time-of-flight (MALDI-TOF) and surface-enhanced laser 
desorption/ionization (SELDI-TOF), peptide patterns can be identified in serum that 
discriminate CRC from healthy control samples, with sensitivities and specificities of more 
than 90%159-163. Most studies use unidentified peaks to classify patients and validation of 
these results in independent samples appear to be challenging163. Serum proteomics has 
also been shown to discriminate persons with and without colon adenomas (larger than 
or equal to 1cm) with a sensitivity of 78%, albeit with a low specificity of 53%164. New 
candidate protein markers are now being discovered using proteomics techniques, such 
as N-linked glycan patterns (sialyation and fucosylation in complement C3, histidine-rich 
glycoprotein and kininogen-1)165, S100A8 and S100A9166 and desmin167 in plasma from 
CRC patients, and NNMT168 and PSME3169 in serum from CRC patients. A nice example 
is a study in which the secretomes of 21 cancer cell lines derived from 12 cancer types 
were analyzed by SDS-PAGE combined with MALDI-TOF MS. From 325 proteins identified, 
CRMP-2 (DPYSL2) was selected for evaluation as a potential marker for CRC detection. 
A significantly higher level of CRMP-2 was observed in plasma samples from 201 CRC 
patients compared to plasma from 201 healthy controls. As marker for detection of 
CRC, sensitivity and specificity values were 61% and 65%. When combined with CEA, 
the sensitivity and specificity of the test increased to 77% and 95%170. In another study, 
CEA was combined with a panel of six autoantibodies that were identified by screening 
the autoantibody signature of 24 colon cancer sera and 24 healthy sera. The sensitivity 
and specificity of this combination were 92% and 96%, respectively171.

Another way to identify serum markers with high sensitivity and specificity is by 
characterizing autoantibody profiles of CRC patients172-174. Antibodies are very stable 
serum molecules, and their well-known application in immunoassays makes them 
promising markers for a screening test175. The possibility to identify cancer specific 
autoantibody patterns was shown in a study including serum samples from 43 patients 
with colorectal cancer and 40 control patients. The serum samples were profiled on a 
37,830 clone recombinant human protein array and in this way 18 antigens associated 
with cancer and 4 associated with the absence of cancer were identified and verified176. 
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Another study analyzed sera from 94 colorectal cancer patients and 54 normal controls 
on seropositivity to a combination of five antigens (CCCAP (SDCCAG8), HDAC5, TP53, 
NMDAR or NY-CO-16 (UTP14A)) and observed a sensitivity of 59% and a specificity of 
93%. Combining this analysis with serum CEA detection increased the sensitivity to 
78%177. A combination of another two autoantibodies (MAPKAPK3 and ACVR2B) was 
identified by using commercial protein micro arrays containing 8,000 human proteins 
in 20 sera from CRC patients and healthy subjects. An independent set of 94 sera of 
different stages of progression and control subjects showed a sensitivity of 83% and a 
specificity of 83%178.

For the moment, existing protein markers in blood are not sensitive enough for 
screening purposes. Although the new field of proteomics shows promising results and 
new markers are being identified, it is in an experimental phase and validation in large 
studies is needed. 

Stability of markers in stool and blood
Besides test performance of DNA, RNA and protein markers, another important aspect 
that should be considered for a screening test is the impact of pre-analytical storage 
conditions and storage duration on the stability of markers in stool or blood. As an 
example, it has been reported for the immunochemical fecal occult blood test (FIT) that 
delayed sample return increased false negative test results179 and that storage at 20oC or 
28oC decreased test values by 20-40%180.

For stool-based DNA tests, a substantial improvement has been made when a stabilization 
buffer was introduced after which test-sensitivities increased, in particular of the DNA 
integrity test (DIA)41,43. Also RNA markers can be protected from degradation in stool by 
using preservation buffers70. Like DNA and RNA, protein molecules are also prone for 
degradation in stool83,84. However, no preservation buffers for proteins in stool have been 
reported thus far. 

Due to the absence of microflora, molecular markers might be more stable in blood 
than in stool. DNA and RNA molecules have been shown to be stable in unprocessed 
EDTA tubes or non-centrifuged clotted blood for 24 hours at room temperature, but 
total levels fluctuate due to release of molecules by necrotic and/or apoptotic blood 
cells. Storage at 4oC and processing within 6 hours from collection, at least for serum, 
is therefore advised181. RNA molecules were thought to be more unstable than DNA in 
blood, but appear to be highly protected in microvesicles27,29. Especially microRNAs, 
because of their small lengths, are more stable in blood than other nucleic acids and 
therefore interesting candidate markers to evaluate further141. 

Proteins appear to be quite stable in blood, concentrations only changing a few percent 
when stored in unprocessed EDTA tubes at room temperature for 7 days, but this can vary 
per protein182. At the practical level, it is important to take the degradation problems at 
(ambient) room temperature during transport and storage into account. 
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Discussion
The tumorigenesis of colorectal cancer follows a well-described sequence from normal 
mucosa to colorectal adenoma to colorectal carcinoma. Genetic and epigenetic changes 
underlying this neoplastic process are the focus for identification and development of 
markers for early detection. Both stool and blood markers have been under investigation 
and improvements continue to be made. A variety of markers have been reported 
which detect different biological targets. Some of these markers are derived from the 
tumor cells themselves while others are derived from non-tumor cells in the tumor 
microenvironment or represent blood spills. DNA and RNA markers are mostly derived 
from tumor cells and can therefore theoretically be very specific. Since these molecules 
can be amplified a robust signal can be created, thereby reaching a high analytical 
sensitivity. Protein markers might be the easiest to use for large screening sets, because 
they can be measured in small samples volumes with simple and relatively cheap 
assays. 

The use of stool samples for marker detection is not standardized and therefore the 
performance of different markers is difficult to compare. Sample collection, storage and 
handling are very important issues and have a large influence on the performance of a 
specific test. Sample collection ranged from 4 mg to whole stool in reported studies. The 
buffers used to collect and store the stool samples also varied. The method of DNA or 
RNA isolation is a crucial step, because isolating human DNA and RNA in a low bacterial 
background with a minimum amount of PCR inhibitors is challenging. Additional steps 
to enrich the abundance of target genes evade this problem, but only a minority of 
studies included such a procedure. Blood collection is more standardized and accepted 
by the general population, even though it must be done by a health professional and 
is more invasive compared to stool collection. It is important to include these issues of 
practicality when evaluating compliance with screening.

Much effort has been put into development of blood- or stool-based molecular tests 
for the early detection of colorectal cancer.  Combinations of markers generally perform 
better than single markers. In stool, predominantly combinations of different DNA 
mutations in APC, KRAS and p53, MSI and DNA integrity are tested36,37,40-42,183,184. Of 
these, DNA integrity assays (DIA) seems to perform very well provided a buffer is used 
to prevent DNA degradation. Although sensitivity and specificity vary for the different 
markers, the use of a marker panel not always contributes substantially to the accuracy 
of the single markers and, at the same time, involves a higher cost and time required 
to carry out the assay. Stool-based DNA tests are now heading towards less laborious 
and less expensive markers. In this view, DIA analysis could still be a good candidate 
and its performance could further increase, pending appropriate evaluation of DNA 
degradation in test samples. Methylation markers seem to be promising markers as 
well, as single methylation markers reach sensitivity and specificity levels comparable 
to a panel of mutation markers. SFRP2 is the best studied methylation marker so 
far50,53,55,56,65,66. DNA markers in blood are less well studied. In general, the use of DNA 
mutation markers in blood seem to perform less well than the same markers in stool, 
although only one study examined one marker on blood and stool from the same 
patients47. Recently some promising results were obtained using methylation markers 
in blood108,109.
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RNA markers are also becoming useful as screening markers, especially with new 
developments in transcriptomics, which can potentially identify highly sensitive and 
specific gene expression profiles. Their performance is mainly tested in blood samples and 
showed high sensitivities and specificities. Most markers are tested in one study only and 
therefore need to be validated and tested in larger study populations.

Protein markers seem to be the easiest to apply for screening, because they can be 
measured in small sample volumes with simple and relatively cheap assays. Leakage 
and secretion of proteins by tumor tissues is a common phenomenon, and therefore 
many of such proteins may serve as cancer biomarkers. However, because tumors often 
induce inflammatory reactions, some of the markers that initially looked promising 
to detect tumors now appear to also detect a wide range of other bowel diseases, in 
particular inflammatory bowel diseases such as ulcerative colitis and Crohn’s disease, 
but also diverticula and hemorrhoids. Recent research has shown promising results 
and similar to transcriptomics, proteomics could boost the discovery of novel protein 
markers. In particular the advances in tandem mass spectrometry platforms, which now 
allow for comprehensive discovery as well as for highly multiplexed targeted analyses of 
candidates in blood and faeces, may provide us with highly sensitive and specific protein 
markers in the future.

A variety of molecules have been tested as candidate screening markers in stool and 
blood. Although in initial studies some of these showed a better performance than the 
FIT or gFOBT, for most markers we are still awaiting large-scale validation studies in a 
screening population. Ideally, in such a study both stool and blood samples would be 
collected and multiple molecular tests would be evaluated against each other in parallel 
with FIT and colonoscopy185,186. 

Besides sensitivity, specificity should be evaluated carefully in those studies, since the 
clinical specificity of some markers may be higher than one would assume. Detectable 
molecular markers may come from neoplastic lesions that are missed by colonoscopy 
like flat and/or small tumors, which wrongly would lead to such a test outcome being 
classified as false positive. Indeed, although colonoscopy is the gold standard for 
detecting colorectal neoplasia, up to 27% of neoplastic lesions < 5 mm can be missed 
with this procedure187.

Ultimately, costs remain a crucial aspect of population-based screening. Cost-effectivity 
for molecular tests has only been analyzed for stool-based DNA testing42,44, which 
is cost-effective compared to no screening, but still is less cost-effective than FOBT/
FIT or colonoscopy188-190. However, molecular approaches are getting more accurate, 
and ongoing technical innovations will improve the cost-effectiveness profile of these 
molecular tests.

Conclusion
The search for molecular biomarkers useful for screening for colorectal cancer has not 
yet led to a simple test that can replace FOBT. While good sensitivity has been achieved 
for cancer, sensitivity for adenomas has not been adequately explored. Furthermore, 
molecular tests are not proving to be any more specific for neoplasia than are FOBT, 
especially as tests are configured to optimize sensitivity. DNA tests have been improved 



Chapter 2

52

by combining mutation detection with assessment of DNA integrity plus epigenetic 
markers of neoplasia. RNA-based approaches are just beginning to explore the full 
power of transcriptomics. So far, no protein-based fecal test has proved better than 
fecal immunochemical tests for hemoglobin. DNA, RNA and protein markers as well as 
the use of stool and blood samples each have their own advantages and challenges 
to be implemented in a screening setting. Standardization of sample preparation and 
test-protocols are important for wide deployment of the technology and for allowing 
a useful comparison of results from different studies. In addition, large well-controlled 
studies, e.g. in the context of already operational screening programs are now needed 
to establish true value of molecular markers for CRC screening in asymptomatic 
populations. Special considerations should be given to specificity of markers by including 
well defined disease controls when (new) markers are tested for their use as biomarkers 
for CRC. 
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