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Abstract

Colorectal cancer (CRC) is the third most common cause of cancer-related death in the United
States. Early identification and treatment of pre-cancerous colorectal lesions, or node-negative
CRC are highly effective interventions that substantially reduce disease-specific mortality. Co-
lonoscopy remains a highly effective primary screening tool based on its excellent diagnostic ac-
curacy, and its ability to remove pre-cancerous lesions. However, the nature of the procedure
limits compliance with colonoscopy intended for population-based CRC screening. A significant
advance in the screening and care of these patients could be realized by blood-based biomarkers,
which could accurately identify patients at-risk for CRC development whom might benefit from
early and/or more frequent surveillance for disease. We reviewed and herein discuss the potential
for serum based DNA methylation biomarkers for screening and early detection of CRC.
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Introduction

Four decades ago a “war” was declared on can-
cer with the passing of the National Cancer Act of
1971, but only recently has the overall cancer-related
death rate begun to slowly decline as the death rate
for other diseases has plummeted.12 For the most part,
this relatively minor decline in mortality has been
attributed to increased disease prevention efforts,

improved treatments for advanced malignancy, and
early detection and treatment of localized cancers.?
Notwithstanding, cancer remains a major cause of
mortality in the United States (U.S.); in fact, it was the
second leading cause of death for all ages, genders,
and races in 2009 and is expected to top the list this
year.?
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Advances are urgently needed from the key
stakeholders in translational cancer research, which
will impact cancer-related mortality in the near-term.
It is felt that these advances will most likely come
from studies focusing on early detection of cancer
rather than the prevention or treatment of cancer, as
the latter require a fundamental understanding of the
underlying causes and complex mechanisms of can-
cer3 Numerous recent trials have already demon-
strated an improvement in survival for patients with
breast, colon, prostate and lung cancer when the dis-
ease is identified and treated early.*”

Colorectal cancer (CRC) is the third most com-
mon cause of cancer-related death in the US.! The
colorectal adenoma-carcinoma sequence is well es-
tablished. For CRC, the identification and treatment of
early stage, pre-malignant lesions are highly effective
interventions that substantially reduce CRC-specific
mortality. Due to its excellent diagnostic accuracy,
coupled with its ability to remove pre-cancerous le-
sions, colonoscopy continues to be the primary
screening tool. However, the nature of the procedure
limits its effectiveness as a screening method.? A sig-
nificant advance in the screening and care of these
patients could be realized by blood-based biomarkers,
which could accurately identify patients at-risk for
CRC development whom might benefit from early
and/or more frequent surveillance for disease. Ex-
tensive cancer research over the last decade has un-
covered numerous genomic alterations in CRC - epi-
dermal growth factor receptor (EGFR), BRAF, tumor
MSI-H expression (defects in DNA mismatch repair,
MSI phenotype), 18q Al expression, p53 expression
and KRAS mutation. But, these are poor targets for
early detection biomarkers for CRC due to their lack
of global expression across all CRC molecular sub-
types. Alongside these advances in the detection and
understanding of genomic modifications in CRC over
the past decade, an appreciation for the importance of
epigenetic modifications has emerged.

Epigenetic modifications refer to changes in gene
expression and cellular phenotype without corre-
sponding changes in the DNA sequence i.e. DNA
methylation and histone modification. An important
epigenetic mechanism for silencing tumor suppressor
genes during carcinogenesis is the hyper-methlyation
of CpG islands. This methylation of the base cytosine
in CpG islands is under intense investigation and it
has been reported, that in certain cancers such as col-
orectal, small bowel, and endometrial cancers, loss of
function of the DNA mismatch repair gene hMLH1 by
hyper-methylation of its promoter can be observed.’

DNA methylation studies have demonstrated
that dense methylation of promoter regions is associ-

ated with transcriptional silencing and that this si-
lencing, especially of tumor suppressor genes, is im-
portant in tumorigenesis. Furthermore, DNA meth-
ylation profiles are reportedly distinct between dis-
eased and benign tissues and may be useful in cancer
screening. The aim of our review is to discuss the po-
tential for serum-based DNA methylation biomarkers
for screening and early detection of CRC.

Serum-based Cancer Biomarkers

The National Institute of Health (NIH) defines a
biological marker (biomarker) as a biological molecule
found in blood, other body fluids, or tissues that is an
objective indicator of normal or abnormal process, or
of a condition or disease!® Cancer biomarkers would
therefore signal the presence of cancer, and some
might expand upon the above definition in defining
cancer biomarkers to include any substance or process
that is indicative of the presence of cancer in the body.
A cancer biomarker might be either a molecule se-
creted by the tumor itself, or it could be a specific re-
sponse of the body to the presence of cancer. A bi-
omarker can exist as related to DNA, RNA, mi-
cro-RNA, epigenetic changes, protein and even anti-
body expression.

Body fluids, especially blood, contain molecules
from many tissues of the body, which have been re-
leased into the fluid for various reasons. These mole-
cules may signal the presence of cancer and thus
could be potential cancer biomarkers. Much work has
been conducted on blood in the pursuit of novel bi-
omarkers, of which proteins are probably the most
investigated. A number of first generation protein
biomarkers have been associated with CRC including
CEA, CA19-9 and CA125; however none have pos-
sessed sufficient specificity and sensitivity for the
purpose of CRC screening and early detection.

Nucleic acids represent obvious potential targets
for biomarker development, especially with the rela-
tive ease in which they can be amplified today.
DNA-based biomarkers developed using cell-free
circulating DNA (cfcDNA) in blood have been used
successfully for pre-natal diagnosis, with applications
for cancer detection and diagnosis, and monitoring of
treatment efficacy starting to emerge.!’ Micro-RNA
(miRNA)-based biomarkers are also emerging in the
realm of CRC after having demonstrated their supe-
rior stability in aqueous solutions as compared to
RNA, which has been shown to be chemically unsta-
ble and therefore suboptimal for study.™ Biomarker
discovery is increasing with the modern throughput
of medical research and related technology in ge-
nomics and proteomics. New biomarkers are building
upon growing information at the same time that high
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throughput research tools are becoming less expen-
sive, robust, and more efficient.

Optimal Cancer Biomarker Test Criteria

In order to detect and diagnose cancer through
the analysis of peripheral blood, the test must identify
the origin, or site of disease, as well as the nature of
the disease (benign neoplasm, inflammatory condi-
tion, malignant neoplasm).!’ In determining the na-
ture of the disease, different results for benign or ma-
lignant processes must be produced by the test, which
have been based upon well-defined diagnostic pa-
rameters, that recognize the differences in the diseas-
es.!l Ultimately, thresholds must be established to
define the diagnostic parameters. Unfortunately, by
their very nature, such thresholds will probably be
artificial and only remotely related to the underlying
biological complexity of developing cancer.!

The efficacy of a biomarker test is determined by
its sensitivity and specificity and these terms take on
precise meanings in the development of biomarker
tests for population-based screening.!? Sensitivity of a
biomarker refers to the proportion of case subjects
(with disease) who test positive for the biomarker
assay, while the specificity refers to the proportions of
control subjects (without disease) who test negative
for the biomarker assay. Clinical sensitivity is a com-
posite of 1) the marker prevalence in the tumor; 2) the
efficiency of transfer of the marker to the remote me-
dia being tested; and, 3) the analytical sensitivity of
the assay.!? In the development of a robust cancer
diagnostic tool, both sensitivity and specificity are
significant parameters. Ultimately, biomarkers must
show clinical utility, specificity, and most importantly
- an ultimate reduction in mortality.

cfcDNA and epigenetics

It was demonstrated more than 25 years ago that
cancer patients have increased levels of free DNA in
their serum, or cell free circulating DNA (cfcDNA),
which is considered to be released from apoptotic or
necrotic tumor cells or actively secreted from prolif-
erating cells.’314 Initially it was thought that simply a
measurement of the cfcDNA level could be used as a
cancer marker since high concentrations of cfcDNA
were identified in some cancer patients.! Unfortu-
nately, high variability in abnormal cfcDNA concen-
trations prevented it from becoming more than a
secondary biomarker, and it was subsequently de-
termined that not only cancer, but trauma, inflamma-
tion, stroke, and even extensive exercise could signif-
icantly increase circulating concentrations of
cfcDNA 11, 15-20

With the discovery of tumor-specific mutations
found in cfcDNA, the advent of early cancer diagnos-
tic tests based upon mutation analysis in cfcDNA
seemed possible.’ 21 However, this possibility cur-
rently remains unrealized due to low representation
of mutated sequences early in disease development,
the inability of mutation detection to indicate tumor
location, and technical problems with mutation dis-
covery.!' However, cfcDNA carries not only tu-
mor-specific mutations in its sequences, but also dis-
tinctive epigenetic marks, namely DNA methylation
in certain GC-rich fragments.

DNA methylation

For decades, we have known and taught that the
coding potential for life comprises the varying com-
binations of the four bases adenine, cytosine, guanine,
and thymine. Yet in recent history, the list has ex-
panded and now includes 5-methylcytosine - the
“fifth base”. 5-methylcytosine arises from the enzy-
matic methylation of cytosine, which tends to occur in
mammals in GC-rich fragments known as CpG dinu-
cleotides. These GC-rich fragments are usually locat-
ed near the 5" ends of genes within the promoters and
first exons, comprising CpG islands. CpG islands
were first described by Adrian Bird, and are currently
defined as a contiguous window of DNA of at least
500 base pairs with a G:C content of at least 55%, and
an observed over expected CpG frequency of at least
0.65.1222

DNA hypermethylation is defined as an in-
creased level of DNA methylation in a DNA sample at
either an individual CpG dinucleotide or a CpG is-
land relative to a reference DNA sample that is usu-
ally derived from normal tissue.”? DNA hy-
per-methylation is associated with gene silencing, as it
causes the DNA's double helix to fold even tighter
upon itself  preventing transcription.  Hy-
per-methylation of CpG islands is a common event in
carcinogenesis and is the most frequent mechanism
for gene inactivation in cancer. Cancer-specific DNA
methylation patterns can be found in detached tumor
cells in body fluids and biopsies, and they can be de-
tected in free floating DNA that is released from dead
cancer cells.”? Analysis of DNA methylation test re-
sults from cfcDNA in CRC patients could facilitate the
development of accurate biomarkers for early detec-
tion and diagnosis of CRC, prognosis and clinical de-
cision support (Figure 1). Currently, evaluation for
SEPT9 methylated DNA in peripheral blood is one
such marker which has demonstrated feasibility as a
blood-based biomarker for all stages and locations of
CRC.2425
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Potential for Development of DNA
Methylation-based Biomarker Tests for
CRC Screening

Analysis of DNA methylation using cfcDNA can
facilitate the development of very accurate bi-
omarkers for screening and early detection if re-
searched and developed appropriately. The compara-
tively high frequency of aberrant DNA methylation
found in tumors creates an advantage of using meth-
ylation loci over other DNA-type abnormalities (e.g.
mutations) as markers to identify various epithelial
malignancies (Table 1).12 Additionally, organ-specific
benign and inflammatory disease have distinct meth-

ylation patterns within cfcDNA, which are different
from the pattern of a malignant tumor of the same
organ.’9% In establishing DNA methylation-based
tests, sensitivity and specificity must be optimized
through the identification of markers that show the
highest differences in methylation between the cancer
and the background. This can be achieved by com-
paring the degree of DNA methylation in the target
cancer with that in a healthy tissue sample from the
same organ, healthy blood samples, and organs from
which cells could be present in the bloodstream as a
result of disease conditions associated with the tested
population.1219.26

Table 1. Blood — based detection of cancer using DNA methylation markers (source: Peter W. Laird. The power and the
promise of DNA methylation markers. Nature Reviews Cancer 3, 253-266 (April 2003).

Disease DNA source Markers
Bladder cancer Plasma CDKNZA (ARF)
Plasma CDKNZA (INK4A)
Serum CDKNZA (INK4A)
Breast cancer Plasma CDKNZA (INK4A)
Plasma CDKNZA (INK4A)
Colorectal cancer Serum MLH1
Serum CDKNZA (INK4A)
Serum CDKNZA (INK4A)
Plasma CDKNZA (INK4A)
Oesophageal cancer Plasma (AC) APC
Plasma (SCC) APC
Serum (SCC) CDKNZA (INK4A)
Gastric cancer Serum CDH1
Serum CDKNZA (INK4A)
Serum CDKNZB (INK4B)
Serum DAPK1
Serum GSTP1
Serum Panel of five
Head and neck cancer ~ Serum CDKNZ2A (INK4A)
Serum DAPK1
Serum MGMT
Serum Panel of three
Plasma DAPK1
(nasopharyngeal)
Liver cancer Plasma/serum CDKNZ2A (INK4A)
Plasma/serum CDKNZB (INK4B)
Plasma/serum Panel of two
Lung cancer Serum (NSCLC) CDKNZ2A (INK4A)
Serum (NSCLC) DAPK1
Serum (NSCLC) GSTP1
Serum (NSCLC) MGMT
Serum (NSCLC) Panel of four
Plasma CDKNZA (INK4A)
Plasma/serum APC
Plasma CDKNZA (INK4A)
Plasma (NSCLC) CDKNZ2A (INK4A)
Prostate cancer Plasma/serum GSTP1
Plasma GSTP1

Analytical Clinical Specificity References
sensitivity sensitivity

13/15 (87%) 13/27 (48%) N/A 64
2/5 (40%) 2127 (1%) N/A 64
12/14 (86%) 19/86 (22%) 31/31 (100%) 151
5/8 (63%) 5/35 (14%)" N/A 152
6/10 (60%) 6/43 (14%)" N/A 61
3/9 (33%) 3/18 (17%) N/A 63
14/20 (70%) 14/52 (27%) 44/44 (100%)* 65
13/44 (30%) 13/94 (11%) N/A 69
21/31 (68%) 21/58 (36%) N/A 73
13/48 (27%) 13/52 (25%) 54/54 (100%)} 52
2/16 (13%) 2/32 (6%) 54/54 (100%)} 52
7131 (23%) 7/38 (18%) N/A 153

31/41 (76%,

) 31/54(57%
28/36 (78%)

)

)

(57%) 30/30 (100%) 70
28/54 (52%) 30/30 (100%) 70
30/37 (81% 30/54 (56%) 30/30 (100%) 70

(48%) (100%)

(100%)

(100%)

26/38 (68%, 26/54 (48% 30/30(100%, 70
8/10 (80%) 8/54 (15%) 30/30 (100%, 70
45/54 (83%) 45/54 (83%) 30/30(100%, 70
8/26 (31%) 8/95 (8%) N/A 68
3/17 (18%) 3/95 (3%) N/A 68
14/31 (45%) 14/95 (15%) N/A 68
21/52 (40%) 21/95 (22%) N/A 68
6/12 (50%) N/A N/A 71
13/16 (81%) 13/22 (45%) 48/48 (100%) 66
4/16 (25%) 4/25 (16%) 35/35 (100%) 154
17/23 (74%) 17125 (68%) 35/35(100%) 154
3/9 (33%) 3/22 (14%) N/A 67
4/5 (80%) 4/22 (18%) N/A 67
1/2 (50%) 1/22 (5%) N/A 67
4/6 (67%) 4/22 (18%) N/A 67
11/15 (73%) 11/22 (50%) N/A 67
1/10 (10%) N/A N/A 155
N/A 42/89 (47%) 50/50 (100%) 89
64/73 (88%) 77/105 (73%) N/A 72
12/22 (55%) 12/35 (34%) 15/15 (100%) 156
12/16 (75%) 23/33 (70%) 22/22 (100%)* 62
25/63 (40%) 25/69 (36%) 31/31(100%) ¥ 76

Analytical sensitivity is defined as the fraction of cases in which methylation of a marker is found in serum or plasma for cases with confirmed methylation of the same
marker in the associated tumour (see TABLE 2). Clinical sensitivity is defined as the fraction of confirmed cases of disease, in which methylation of a marker is found in
serum or plasma, regardless of whether methylation of that marker is present in the associated tumour, or regardless of whether the associated tumour has been
analysed for the presence of the marker. Cases in which serum or plasma are not analysed are excluded from both sensitivity calculations. Cases of failed analyses of
serum or plasma are included in the calculation of sensitivities, as these failures are largely due to limiting amounts of retrievable DNA in the serum or plasma, which
should be factored into the calculation of the sensitivity of the technology. Specificity is defined as the fraction of controls without the disease that show a lack of
detectable methylation in serum or plasma. In some cases, this includes control individuals that are known to be at high risk for the disease, or with premalignant
conditions, as indicated*. Sensitivities and specificities are listed as ratios of the actual number of cases, followed by the percentages in parentheses. These percentages
have been newly calculated for this review, as some of the original publications did not perform these calculations, or did not use the same criteria for sensitivities and
specificity. *Possible overlap in samples. fIncluded high-risk individuals or cases with non-malignant disease. SNested methylation-specific polymerase chain reaction.
AC, adenocarcinoma; N/A, not available; NSCLC, non-small-cell lung cancer; SCC, squamous-cell carcinoma.
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The advantages of utilizing DNA methyla-
tion-based tests in screening and early CRC detection
also include the ability to compare test results to ab-
solute reference points (completely methylated or
completely unmethylated DNA), which simplifies the
design of internal references for methylation assays.!2
Additionally, methylation assays for individual
markers tend to be universal, just like gene-expression
markers. Lastly, DNA methylation profiles represent
a more chemically and biologically stable source of
molecular diagnostic information with patterns that
remain fairly stable over time, and do not fluctuate in
response to short term stimuli, unlike gene expression
profiles.12

The development of DNA methylation-based
tests for the early detection of CRC also faces signifi-
cant challenges. The search for early-stage diagnostic
methylation markers hinges on identifying methyla-
tion loci with high sensitivity in the early,
pre-invasive stages of CRC, such as adenomas and
premalignant polyps. However, the majority of DNA
methylation markers reported in the literature are

associated with later tumorigenic stages rather than
even earlier tumor stages.!? These markers are there-
fore useful in prognosis and measuring therapeutic
response, but not in early detection and screening of
CRC (Figure 1). Even if pre-invasive markers are
identified, isolating and detecting cfcDNA in complex
samples like blood in patients with low-to-no tumor
burden is a challenge. Additional challenges to the
discovery of such biomarkers are technological and
encompass a lack of uniform standards across tech-
nologies, which has prevented cross validation stud-
ies, as well as the difficulty inherent in analyzing het-
erogeneous clinical samples.’’ Moreover, sample
preparation is time- and labor-intensive, adding con-
siderable expense to the diagnostic assay. Lastly, the
discovery of differentially methylated markers typi-
cally produces large numbers of potential candidates
complicating the selection processes critical for iden-
tifying clinically relevant markers that have the
properties necessary to perform adequately in future
tests.
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Table 2. Current available DNA methylation tests for colorectal carcinoma.

Biomarker (s) Application Specimen  Test Name (Company)

- Methylated SEPT9 Early Detection of CRC PB Epi proColon® 1.0 (Epige-
nomics)

- Methylated SEPT9 Aid in detection of CRC PB ColoVantage®
(Quest Diagnostics)

- Methylated SEPT9 Detection of CRC PB Real Time mS9 (Abbott)

- Methylated BMP3 and NDRG4 Early detection of advanced adenomatous Stool sDNA-MT (Exact Sciences)*

- Mutant KRAS, beta actin polyps and CRC

- Fecal hemoglobin

PB = Peripheral Blood * = currently still investigational.

Conclusion

DNA methylation-based tests appear to have a
promising role in early CRC detection and screening.
Identifying and treating early stage, pre-malignant
lesions has been shown to substantially reduce
CRC-specific mortality.® The feasibility of using DNA
methylation based biomarkers for early detection of
cancer has been shown, as has the use of site-specific
assays, which can detect specific methylation patterns
for particular tumors. A list of current assays specific
to CRC is presented in Table 2. An accurate,
non-invasive, early detection method would increase
adherence with CRC screening guidelines and reduce
the number of patients reluctant to be screened.
However, many obstacles still must be surpassed in
order to make blood-based DNA methylation
screening for CRC a reality and a useful component of
standard clinical practice.
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