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Cancer initiation and progression is controlled by both genetic and epigenetic events. Epigenetics refers
to the study of mechanisms that alter gene expression without permanently altering the DNA sequence.
Epigenetic alterations are reversible and heritable, and include changes in histone modifications, DNA
methylation, and non-coding RNA-mediated gene silencing. Disruption of epigenetic processes can lead
to altered gene function and malignant cellular transformation. Aberrant epigenetic modifications occur
at the earliest stages of neoplastic transformation and are now believed to be essential players in cancer
initiation and progression. Recent advances in epigenetics have not only offered a deeper understanding
of the underlying mechanism(s) of carcinogenesis, but have also allowed identification of clinically rele-
vant putative biomarkers for the early detection, disease monitoring, prognosis and risk assessment of
cancer patients. At this moment, DNA methylation and non-coding RNA including with microRNAs (miR-
NAs) and long non-coding RNAs (lncRNAs) represent the largest body of available literature on epigenetic
biomarkers with the highest potential for cancer diagnosis. Following identification of cell-free nucleic
acids in systematic circulation, increasing evidence has demonstrated the potential of cell-free epigenetic
biomarkers in the blood or other body fluids for cancer detection. In this article, we summarize the cur-
rent state of knowledge on epigenetic biomarkers – primarily DNA methylation and non-coding RNAs –
as potential substrates for cancer detection in gastric and colorectal cancer, the two most frequent can-
cers within the gastrointestinal tract. We also discuss the obstacles that have limited the routine use of
epigenetic biomarkers in the clinical settings and provide our perspective on approaches that might help
overcome these hurdles, so that these biomarkers can be readily developed for clinical management of
cancer patients.

� 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Cancer is a major health problem in most developed nations
worldwide. Within the gastrointestinal tract, gastric cancer (GC)
and colorectal cancer (CRC), represent the two most frequent
malignancies. Even though the incidence of GC has declined rap-
idly in recent decades, GC remains the fourth most common cancer
and the second leading cause of cancer-related deaths in the world
[1]. Likewise, CRC is the third most common cancer worldwide,
with an estimated incidence of more than 1.2 million cases globally
[2]. An estimated 608,000 deaths from CRC occur worldwide each
year, accounting for 8% of all cancer deaths, making it the fourth
most common cause of cancer-related deaths [2]. Both GC and
CRC are characterized by relatively rapid progression of the disease
and late clinical presentation, which is primarily the underlying
reason for increased mortality and morbidity in patients suffering
from these malignancies. Both diseases are largely preventable if
these can be identified at early stages. However, in order to identify
patients with an early stage disease, availability of robust diagnos-
tic biomarkers could tremendously help in reducing overall mor-
tality rates [3]. Additionally, in spite of more frequent use of
highly sophisticated and sensitive imaging techniques for the diag-
nosis of GC and CRC, there is a significant amount of interest in
developing inexpensive, highly sensitive and specific, and non-
invasive biomarkers that could potentially also be useful for the
prognosis and surveillance of these patients.

Cancer, which was earlier thought to be mostly a ‘genetic’ dis-
ease, is now being recognized to involve frequent and widespread
‘epigenetic’ abnormalities. It is also becoming apparent that micro-
environment-mediated epigenetic perturbations play an important
role in the development of neoplasia [4]. Epigenetics refers to the
study of heritable changes in gene expression that are not attributed
to permanent changes in DNA sequence itself, but are sufficiently
powerful to regulate the dynamics of gene expression [5]. The prin-
cipal processes responsible for epigenetic regulation include DNA
methylation, histone modifications and posttranscriptional gene
regulation through non-coding RNAs (microRNAs, long non-coding
RNAs, small nucleolar RNAs etc) [6]. These mechanisms are critical
components in the normal development and growth of cells and
perturbations in these epigenetic expression patterns contribute
to specific and diverse neoplastic phenotypes [7].

Epigenetic alterations are believed to occur early in tumor
development and may precede genetic changes, thus providing a
rationale for developing molecular biomarkers for the early diag-
nosis and disease prevention [8]. The emergence of advanced tech-
nologies that now allow detection of genome-wide epigenetic
changes provide ample promise for advancing our capacity to
develop such biomarkers for detecting cancers at an early stage
[9]. DNA methylation, which is a result of the covalent addition
of a methyl group at the 50 position of the pyrimidine ring of cyto-
sines within the context of CpG dinucleotides, is important in
maintaining the genomic structure and regulation of gene expres-
sion [10]. Non-coding RNAs, such as microRNAs (miRNAs), regulate
gene expression by inhibiting or inactivating target messenger
RNAs (mRNAs). Of interest, a single miRNA can bind to several tar-
get mRNAs, making them more attractive and ideal from bio-
marker development viewpoint. Recent reports have shown that
methylated DNA and miRNAs could be readily detected in a wide
variety of tissues, as well as various body fluids, indicating that
these epigenetic biomarkers could represent the next generation
of biomarkers for cancer detection. In this review, we provide an
overview of recent advances in epigenetics and discuss the devel-
opment of DNA methylation and miRNA biomarkers for the identi-
fication of patients with GC and CRC (Fig. 1).

2. Potential of methylated DNA in cancer diagnostics

2.1. Overview of DNA methylation

The most widely studied epigenetic alteration in humans is
DNA methylation. Aberrant DNA methylation contributes to cancer
mainly through DNA hyper- or hypo-methylation. While DNA
hypermethylation refers to the gain of methylation at a locus that
was originally not methylated and usually results in stable tran-
scriptional silencing and reduced gene expression [11], DNA
hypomethylation represents the loss of DNA methylation, affecting
chromosomal stability and enhanced aneuploidy [12]. Global DNA
hypomethylation was discovered first, and is usually considered
one of the hallmarks of cancer cells, and some of the genes targeted
by hypomethylation overlap aberrant hypermethylation-vulnera-
ble genes [13].

During DNA hypermethylation, a methyl group is added to the
fifth carbon position of cytosine residues occurring in the context
of CpG dinucleotides. This process of cytosine methylation is cata-
lyzed by a group of enzymes, DNA methyl transferases (DNMTs)
[14]. There are three established DNMTs: DNMT1, DNMT3a and
DNMT3b. DNMT1 is involved in maintaining methylation by
methylating newly synthesized DNA strands during DNA replica-
tion [15], whereas DNMT3a and DNMT3b are mainly involved in
de novo methylation [16]. CpG dinucleotides are scattered
throughout the human genome, but are more concentrated either
in the CpG-rich regions (often referred to as ‘‘CpG islands’’) that
frequently occur in the 50-flanking promoters of genes, or in
regions of large repetitive sequences, such as centromeres and ret-
rotransposon elements [17–19]. Several direct mechanisms have
been proposed to explain DNA hypermethylation-induced tran-
scriptional repression. The first mechanism suggests that methyl-
ated CpG islands hinder the binding of activating transcription
factors to DNA sequences or recruit inhibitory proteins, such as
histone deacetylases (HDACs) [20,21]. Another possibility that
has garnered acceptance is that a family of proteins that recognize
methyl CpGs, known as methyl-CpG proteins (MBPs), could evoke
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Fig. 1. Sources of non-invasive DNA methylation and miRNA biomarkers in gastric and colorectal cancer. Cell free nucleic acids are released from primary tumor cells into
body fluids by multiple mechanisms, such as active secretion from tumor cell and passive secretion from apoptotic and necrotic tumor cells. Active secretion; tumor derived
miRNAs can circulate in secreted extracellular vesicles (e.g. apoptotic bodies and exosomes: red circles) Passive secretion; miRNAs from apoptotic and necrotic tumor cells
form complexes with specific RNA binding proteins (e.g. miRNAs bind to the AGO2 protein: blue square). Tumor cells release small fragments of cell-free DNA including
methylated and unmethylated DNA by passive secretion. Cancer associated epigenetic changes represent available non-invasive sources of diagnostic biomarkers of gastric
and colorectal cancer, such as the analysis of methylation status and miRNA expression. Abbreviations: AGO, Argonaute; miRNAs, microRNAs.
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the repressive potential of methylated DNA [22]. X-chromosome
inactivation and genomic imprinting are classical examples of such
an epigenetic regulatory mechanism [15]. Over the past decade we
have learnt that during the initiation and tumorigenesis of human
cancer, a large number of critical tumor suppressor genes undergo
methylation-induced transcriptional silencing, which leads to
altered cellular signaling that manifests in carcinogenesis [23].
Although from a biomarker perspective hypermethylated genes
may be more relevant, from a molecular standpoint hypomethyla-
tion of repetitive sequences is essential in preventing chromo-
somal instability and maintaining chromosomal integrity [12,24–
27]. At an individual gene level, DNA hypomethylation is often
associated with activation of proto-oncogenes and various retro-
transposon elements.

Recent evidence suggests that epigenetic deregulation may
actually even precede classical genetic changes, such as mutations
and deletions in various tumor suppressors or oncogenes. These
data highlight that presence of DNA methylation may be a more
ideal representation and reflection of early molecular alterations
that take place in human cancers.

2.2. DNA methylation in gastric carcinogenesis

Histologically, GCs are divided into intestinal and diffuse types,
according to the Lauren classification [28]. Intestinal GC mostly
progresses through successive steps of normal gastric mucosa,
leading to acute and chronic gastritis, atrophic gastritis, intestinal
metaplasia, dysplasia, and finally GC [29]. In contrast, the sequence
of events in the development of diffuse GC is poorly understood,
although a subset of diffuse type GC appears to develop indepen-
dently of atrophic gastritis or intestinal metaplasia [30]. Each his-
tological type is a consequence of a progressive accumulation of
different genetic and epigenetic alterations, which play a central
role in gastric carcinogenesis [31].

Recent reports indicate that infections with Helicobacter pylori
(H. pylori) or Epstein-Barr virus (EBV), pathogens with a substantial
role in development of GC, are associated with elevated levels of
aberrant DNA methylation in GC [32]. Compare et al. suggested
that global DNA hypomethylation might be implicated in GC asso-
ciated with H. pylori infection at an early stage [33]. In contrast,
most reports have favored the school of thought that H. pylori
infection induces aberrant methylation in a number of gene pro-
moters in the gastric mucosa, including cell growth-related genes
p16 (INK4a), p14 (ARF) and APC; DNA-repair genes, MLH1, BRCA1
and MGMT; the cell adherence gene E-cadherin; as well as LOX,
FLNC, HRASLS, HAND1, and THBD, which are methylated in gastric
cancer patients [34–36]. The epithelial cadherin gene, CDH1, which
is a well-studied gene involved in cancer, is downregulated in gas-
tric tumors and is hypermethylated more frequently in the diffuse
type than in the intestinal type of GC. Loss of CDH1 expression dur-
ing tumor progression has led to the hypothesis that it is a tumor
suppressor gene [37]. Unlike the CDH1 gene, the p16 gene is hyper-
methylated, mainly in the intestinal type of GC [11,38]. This epige-
netic marker was associated recently with tumor location and
H. pylori infection in GC [39].

Other studies have described a number of other genes that are
silenced by hypermethylation in association with H. pylori or EBV
infection. According to Chan et al. [40], the eradication of H. pylori
infection significantly reduces the methylation index of the CDH1
promoter. In contrast, some studies have shown that aberrant
DNA methylation induced by H. pylori infection may persist even
after the infection has disappeared [41,42]. Shin et al. [43]
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observed that the methylation levels in MOS remained signifi-
cantly increased in patients with previous H. pylori infection com-
pared with H. pylori-negative subjects.

Moreover, hypermethylation of several gene promoters has also
been observed in the premalignant stages of GC, suggesting that
aberrant methylation occurs early during gastric carcinogenesis
[44–46]. For example, the methylation levels of the catalytic sub-
unit of the telomerase gene (hTERT) promoter were increased dur-
ing gastric carcinogenesis. Wang et al. [47] reported that the hTERT
promoter was more methylated in GC than in precancerous lesions
and non-neoplastic gastric tissues, highlighting that the degree of
methylation of the hTERT promoter may be useful for the early
diagnosis of GC and/or may have an impact on the anti-telomerase
strategy for cancer therapy. Recently, aberrant hypermethylation
of the newly associated metastatic suppressor gene RECK was
found to be associated with GC development, which may also serve
as a useful biomarker for early diagnosis and treatment [48]. These
findings delineate that specific epigenetic alterations occur during
different stages of gastric tumorigenesis.

2.3. DNA methylation in colonic carcinogenesis

Almost all CRCs progress from benign neoplasms into adenocar-
cinoma through a stepwise sequence characterized by histological
changes that start with aberrant crypt focus (ACF) and benign
tubular adenomas, which can progress to advanced adenomas with
a high risk of malignant progression, and can further proceed to
invasive adenocarcinoma [49]. Epigenetic alterations have now
been linked to specific steps in the adenoma-carcinoma sequence,
and are believed to play a central role in the initiation and progres-
sion of CRC [50,51].

In 1983, global DNA hypomethylation and deficiency of overall
5-methylcytosine content in CRC tissues was first observed by
Feinberg and Vogelstein [52]. These investigators demonstrated
that such loss of methylation events were predominantly observed
at CpG dinucleotides within the repetitive sequences, occurred
early and enhanced gradually in an age-dependent manner in
CRC patients. Global DNA hypomethylation in CRC tissues was
simultaneously accompanied by hypermethylation and transcrip-
tional silencing of tumor suppressor or DNA repair genes [53].
Hundreds of genes are believed to be aberrantly methylated in
the genome from CRC patients, but only a subset of these are likely
to be critical for the pathogenesis of this malignancy. Recent
reviews have revealed that several genes are frequently methyl-
ated in the multiple-step process from normal colonic epithelium
to adenocarcinoma [54–56]. For instance, six genes (CDH13,
CRBP1, SFRP1, SFRP2, SLC5A8, and RUNX3) and two loci (MINT1,
MINT31) are consistently methylated in during transformation of
normal colonic mucosa to ACF [54,57–60]. Additionally, other
genes (CDH1, CDKN2A/p16, ESR1, HLTF, ITGA4, and p14) are meth-
ylated during progression of ACF to adenoma/polyp. Furthermore,
four genes (CXCL12, ID4, IRF8, and TIMP3) are frequently methyl-
ated in the late stages of the adenoma-carcinoma sequence and
could have a role in CRC progression and metastasis [54,61–63].

Curiously, some of genes that are aberrantly methylation in
CRC, including ESR1, IGF2 and TUSC3, are also methylated in histo-
logically normal colonic mucosa. Aberrant methylation of these
genes is thought to increase in an age-dependent manner, and
some of them are also implicated in the pathogenesis of CRC
[64–66]. The concept of ‘‘field cancerization or field defect’’ was
proposed to account for the multiple primary lesions within the
same organ, local recurrence or increased susceptibility of normal
tissue to malignant transformation [67]. Such field alterations are
subtle and may occur in normal epithelial cells, but these abnormal
modifications of the normal colonic mucosa could serve as poten-
tial biomarkers for assessing the risk for developing CRC later in
life. For example, it was reported that the SFRP gene, which is a
negative regulator of the WNT pathway, is hypermethylated, and
consequently downregulated in normal colonic mucosa from
patients with CRC [68]. Additionally, Kawakami et al. [69] demon-
strated that higher methylation levels of age-associated markers,
such as ESR1 and MYOD, occurred in the normal colonic mucosa
from patients with CpG Island Methylator Phenotype (CIMP)-posi-
tive CRCs. Recently, genome-wide DNA methylation analysis
revealed that the methylation levels of genes implicated in lipid,
carbohydrate and amino acid metabolic pathways are directly
influenced by diets, and were significantly different between the
normal colonic mucosa from the patients with and without CRC
[70]. Although accumulation of DNA methylation is now expected
to contribute to ‘‘field cancerization’’ in the colonic mucosa, further
research is required to establish useful surrogate markers for CRC
surveillance.
3. Methylated DNA in body fluids

3.1. Methods to detect DNA methylation in body fluids

The collection of body fluids is a relatively noninvasive proce-
dure, which enables early cancer detection or monitoring of mini-
mally recurrent disease after treatment. For gastrointestinal
cancers, typical body fluids include plasma or serum from blood,
as well as organ-specific fluids, such as gastric juice and fecal spec-
imens. In contrast to rare genetic mutations, analysis of DNA meth-
ylation biomarkers in bodily fluids is a far more compelling
strategy as it allows early detection of disease, and permits simul-
taneous measurement of frequently methylated genes/loci that
adequately represent tumor heterogeneity [71].

However, methodologies with high enough sensitivity and
specificity suitable to investigate bodily fluids are particularly chal-
lenging. For any diagnostic approach, candidate biomarkers and
methods with high sensitivity and specificity must be adopted to
allow the detection of rare cancer-specific methylation events in
the large background of normal DNA. Consequently, the choice of
optimal biomarkers with extremely low levels of background
methylation is preferable to avoid high false-positive rates and
decreased specificity of the assay.

Conventional methylation-specific PCR (MSP) is a very sensitive
method for methylation detection, and is frequently used for the
detection of low levels of DNA methylation [72]. MSP utilizes
PCR primers that contain multiple CpG dinucleotides, which allow
selection and amplification of methylated alleles. However, MSP is
unsuitable for use in a clinical setting for a variety of reasons. First,
conventional MSP is strictly a qualitative approach and indicates
just a ‘positive’ or ‘negative’ result for the methylation status of a
given gene/target. Second, conventional MSP generates high rates
of false-positive as well as false-negative results, particularly when
DNA is extracted from formalin fixed paraffin embedded samples
[73], making it an arduous task to standardize these assays
between independent laboratories [74]. In contrast, Quantitative
MSP-based approaches, such as MethyLight [75] or SMART-MSP
[76], offer a more suitable choice for use in molecular diagnostics,
as these allow a better handle on the selection of methylation
thresholds. In addition, SMART-MSP identifies incomplete bisulfite
conversion, which can be an important source of false positives. As
described above, the majority of diagnostic tests based on DNA
methylation levels have employed bisulfite conversion of cytosine
to uracil residues. However, in many important diagnostic scenar-
ios, DNA from the cancer cells represents only a small fraction of
the total DNA in the clinical samples from plasma, serum, feces
and other body fluids. For such purposes, there are several
advantages of using digital approaches. Li et al. [77] recently



Table 1
Aberrantly methylated genes as diagnostic biomarkers in body fluids, including serum, plasma and gastric juice in patients with gastric cancer.

Methylated DNA Source Sensitivity Specificity Methods Refs.

HLTF Plasma 20.8% 100% MSP [87]
Reprimo Plasma 95.3% 90.3% MSP [86]
SLC19A3 Plasma 85% 85% qMSP [88]
APC Serum 17% 100% qMSP [81]
CDH1 Serum 57.4% 100% MSP [80]
CYP26B1 Serum 73.9% 93.4% qMSP [85]
DAPK Serum 48.1% 100% MSP [80]
DLEC1 Serum 33.8% NA MSP [84]
E-cadherin Serum 13% 100% qMSP [81]
GSTP1 Serum 14.8% 100% MSP [80]
MLH1 Serum 41% 92% qMSP [81]
KCNA4 Serum 67.4% 97.4% qMSP [85]
p15 Serum 55.6% 100% MSP [80]
p16 Serum 51.9% 100% MSP [80]
p16 Serum 26% 100% MSP [185]
p16 Serum 26.9% 100% MSP [95]
RASSF1A Serum 34% 100% MSP [92]
RUNX3 Serum 95.5% 62.5% qMSP [91]
RUNX3 Serum 45.2% NA MSP [90]
SFRP2 Serum 66.7% 100% MSP [82]
SULF1 Serum 55% 81% MSP [83]
TFPI2 Serum 10% 100% qMSP [186]
TIMP3 Serum 17% 100% qMSP [81]
ADAM23 Stomach juice 70% 83.3% Pyrosequencing [96]
CDH1 Stomach juice Median levels of methylation (65%) Median levels of methylation (0%) qMSP [187]
GDNF Stomach juice 65% 89.6% Pyrosequencing [96]
MINT25 Stomach juice 90% 95.8% Pyrosequencing [96]
MLF1 Stomach juice 60% 85.4% Pyrosequencing [96]
PRDM5 Stomach juice 65% 93.7% Pyrosequencing [96]
RORAa Stomach juice 60% 85.4% Pyrosequencing [96]

MSP, methylation-specific PCR; qMSP, quantitative methylation-specific PCR.
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demonstrated a technology, called ‘‘Methyl-BEAMing’’, for direct
digital quantification of cancer-derived Vimentin DNA in plasma
and fecal DNA from CRC that is readily applicable to clinical sam-
ples from body fluids.

The way it stands currently, several challenges must be over-
come before DNA methylation-based biomarkers can be adopted
in the clinics. First, previous studies have failed to demonstrate
reproducibility of results using different analytical methods. The
absence of standard, reproducible methods have negatively
affected the credibility of DNA methylation assays as potential
diagnostic tools for cancer detection. Second, when considering
non-invasive approaches, the most important determinant could
be the experimental conditions under which plasma/serum, stool
or gastric juice was collected. Third, another critical problem
remains with regards to the efficiency of DNA extraction, quantifi-
cation of DNA and efficiency of bisulfite conversion. Collectively,
these limitations reinforce the notion that all these challenges
must be overcome and DNA methylation detection must be stan-
dardized to be permit efficient development of these biomarkers
for cancer detection [78]. Guidelines, including universal individ-
ual laboratory instructions, should be encouraged for the standard-
ization of methylated DNA analysis in body fluids.

3.2. Blood-based DNA methylation diagnostic biomarkers in gastric
cancer

The prognosis of GC patients is largely dependent on clinical or/
and pathological staging at diagnosis and treatment [79]. Diagnos-
tic tools, such as gastrointestinal endoscopy (GIS) followed by
pathological analysis or fluoroscopy are used clinically, but their
diagnostic capacity heavily relies upon the technical skills of the
endoscopist. In addition, endoscopy is neither comfortable nor free
from the risk of morbidity. Thus, there is an urgent need for the
development of less-invasive and more efficient strategies to
detect early GCs. DNA methylation is a major mechanism of
silencing tumor-related genes, such as tumor suppressor genes,
in neoplastic cells [14]. The advantages of gene methylation
biomarkers for the detection and diagnosis of cancer in biopsy
samples or body fluids, such as serum/plasma or gastric washes,
have persuaded several investigators to undertake studies to deter-
mine the diagnostic usefulness of these molecular signatures in
gastric cancer (Table 1).

In one of the first studies on analysis of plasma/sera-based DNA
methylation in patients with GC, Lee and colleagues observed high
prevalence of hypermethylation of various genes such as DAPK,
CDH1, GTSP1, p15 and p16, in the serum of GC patients [80]. There-
after, research on plasma/serum have continued, demonstrating
that methylation of APC, Reprimo, MLH1, TIMP3, SFRP2, HSurf-1,
DLEC1, CYP26B1, KCNA4, HLTF and SLC19A3 could be easily
detected in blood circulation; and that their methylation in circu-
lating nucleic acids released by GC cells significantly correlated
with methylation levels of these genes in GC tissues [81–88].
RUNX3, one of the RUNX family members that plays important
roles in both normal developmental processes and carcinogenesis,
is frequently inactivated by methylation-induced silencing [89]. In
addition, hypermethylation of RUNX3 was detected in 45.2% GC
patients, which was significantly higher than that in healthy
donors [90]. The quantification of serum RUNX3 methylation has
a great potential to detect and diagnose GC, as well as use this bio-
marker for postoperative monitoring of tumor recurrence in these
patients [91]. In addition, serum RASSAF1A methylation in GC
patients was significantly higher (34%) than those with benign dis-
ease (3.3%) or in healthy donors (0%). Importantly, even though the
sensitivity of serum RASSAF1A methylation in detecting GC
patients was relatively low, the specificity of this biomarker was
extremely high [92]. Furthermore, a recent meta-analysis revealed
that the frequency of p16 promoter methylation in GC tissues was
higher than those of normal and adjacent tissues. Based on these
results, several studies have focused on developing p16 methyla-
tion assay in cell-free DNA from serum and plasma, and have
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concluded that detection of p16 DNA methylation is serum may be
an important biomarker for the early detection of GC [93–95].

3.3. Gastric juice-based DNA methylation diagnostic biomarkers in
gastric cancer

The use of gastric juice as a molecular diagnostic or predictive
tool has been attempted, but shown to be not practical due to
denaturation of DNA in the high acidity in the stomach. However,
since free circulating mucosal cells can be frequently found in the
stomach juice, detection of DNA methylation in these cells presents
a plausible platform for the development of a noninvasive diagnos-
tic approach for the detection of GC. Bisulfite pyrosequencing is a
quantitative approach for measuring DNA methylation, which
has recently been used to detect DNA methylation in gastric
washes, including methylation of MINT25, RORA, GDNF, ADAM23,
PRDM5 and MLF1 [96]. Among these targets, MINT25 methylation
demonstrated the highest sensitivity and specificity to differenti-
ate GC patients from normal healthy controls. These findings sug-
gest that DNA from gastric washes could be an appropriate
alternative to DNA from biopsied tissues for GC screening.

3.4. Blood-based DNA methylation diagnostic biomarkers in colorectal
cancer

CRC is a preventable disease, and can be easily cured by surgical
procedures if the cancer is diagnosed early before metastasis is
established. Early detection of CRC is thus a decisive step in the
successful and complete cure of the disease. Among currently
available screening tests for CRC, colonoscopy and fecal occult
blood tests are most frequently used tests [97]. While colonoscopy
is highly sensitive, it often requires hospitalization of the patient, is
invasive and expensive: in contrast, fecal-occult tests are relatively
simple to use, but have a low positive predictive value [98,99].
Table 2
Aberrantly methylated genes as diagnostic biomarkers in body fluids, including serum, pl

Methylated DNA Source Sensitivity

ALX4 Plasma 40%
MGMT Plasma 39%
NGFR Plasma 51%
RARb2 Plasma 24%
RASSF2A Plasma 58%
SEPT9 Plasma 69%
SEPT9 Plasma 72% (training set), 68% (validation)
SEPT9 Plasma 48% (training set), 58% (validation)
SEPT9 Plasma 73%
SEPT9 Plasma 48%
TMEFF2 Plasma 65%
Vimentin Plasma 59%
Wif-1 Plasma 74%
ALX4 Serum 83%
NEUROG1 Serum 61%
CDKN2A/P16 Stool 31% (adenoma)
FBN1 Stool 72%
GATA4 Stool 71% (training set), 51% (validation)
HIC1 Stool 42% (CRC), 31% (adenoma)
ITGA4 Stool 69% (adenoma)
MGMT Stool 48% (adenoma)
NDRG4 Stool 61% (training set), 53% (validation)
OSMR Stool 38%
PGR Stool 78%
SFRP2 Stool 83%
SFRP5 Stool 78%
Vimentin Stool 46%
Vimentin Stool 72.5%
Vimentin Stool 41% (CRC), 45% (adenoma)
SFRP2 Stool 63.1% (CRC), 32.1% (adenoma)
RASSF2 Stool 45.3% (CRC), 12.6% (adenoma)

MSP, methylation-specific PCR; qMSP, quantitative methylation-specific PCR; COBRA, Co
For the diagnosis of colon cancer, biomarkers that have high
sensitivity and specificity are paramount. Conventional cancer
markers, such as carcino-embryonic antigen (CEA), were developed
by quantifying a small amount of circulating proteins. These mark-
ers are specific for certain types of cancer, permitting early detec-
tion of cancers and monitoring cancer relapse and cancer
prognosis. However, this approach suffers from well-documented
limited sensitivity and specificity [100]. Thus, the potential utility
of nucleic acid markers in body fluids, such as serum and plasma,
has been an area of intense investigation in recent years. PCR-
based assay of small amounts of nucleic acids can detect and quan-
tify genetic and epigenetic alterations in circulating tumor DNA
[101]. Using the same principle, recent research has focused on
the detection of methylated DNA in serum and plasma of patients
with cancer vs. its absence in healthy controls [102]. In CRC, pro-
moter hypermethylation analysis of blood and fecal DNA also has
the potential to be used as a noninvasive test for the early diagno-
sis of CRC, and efforts are underway to develop these molecular
markers for clinical applications. In Table 2, we summarize some
of the key data on aberrantly methylated genes in stool and
serum/plasma samples of patients with CRC.

Lofton-Day et al. recently described a sieving strategy for iden-
tifying high-performing markers that detect CRC-specific methyl-
ated DNA in plasma [103]. Three methylated genes, TMEF2, NGFR
and SEPT9, selected from a list of 56 candidates were selected for
further validation. All three genes demonstrated over 50% sensitiv-
ity in plasma DNA from CRC patients and over 69% specificity in
controls. In particular, SEPT9 methylation had the highest proba-
bility of correctly distinguishing CRC patients from healthy con-
trols, with 69% sensitivity and 86% specificity. Other reports
concluded that the presence of aberrantly methylated SEPT9 in
plasma is a valuable and non-invasive blood-based PCR test, show-
ing a sensitivity of almost 70% and a specificity of 90% in detecting
CRC patients [104–107]. Researchers have evaluated the possibility
asma and feces as in patients with colorectal cancer.

Specificity Methods Refs.

82% qMSP [106]
96% MSP [188]
84% qMSP [103]
100% MSP [188]
100% MSP [188]
86% qMSP [103]
93% (screening), 89% (validation) qMSP [104]
93% (screening), 90% (validation) qMSP [105]
91% qMSP [106]
92% qMSP [115]
69% qMSP [103]
93% Methyl-BEAMing [77]
98% MSP [188]
70% qMSP [108]
91% qMSP [109]
84% MSP [50]
93% MSP [119]
84% (screening), 93% (validation) qMSP [116]
97% MSP [189]
79% qMSP [189,190]
73% MSP [50]
93% (screening), 100% (validation) qMSP [117]
95% qMSP [118]
69% qMSP [191]
74% qMSP [191]
65% qMSP [191]
90% MSP [192]
86.9% qMSP [123]
95% Methyl-BEAMing [77]
92% COBRA [120]
94.7% COBRA [120]

mbined bisulfite restriction analysis.
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of including the methylation analysis of additional genes, such as
ALX4 [108] and HLTF [109], which were known to be potential
diagnostic markers of CRC, respectively, to further enhance the
sensitivity of this serum/plasma based test [106,107].

Although many efforts have been made to discover novel meth-
ylated DNA markers for CRC detection, combined analysis of sev-
eral genes rather than a single gene has shown to improve the
clinical efficacy. Array-based methylation profiling implicated in
carcinogenesis demonstrated that methylation analysis of a gene
panel containing CYCD2, HIC1, PAX5, RASSF1A, RB1 and SRBC could
differentiate CRC patients and controls with 84% sensitivity and
68% specificity [110]. Moreover, a genome-scale marker discovery
approach revealed that analysis of methylated THBD and C9orf50
outperformed CEA serum measurement and resulted in a highly
sensitive and specific test for the early detection of colorectal can-
cer [111].

During clinical validation, parameters such as area under ROC
curve (AUC) are common indicators used for evaluating efficiency
of a diagnostic assay. In addition, the sample size used in each
study directly affects the significance of the results. However, most
of the biomarkers identified till date lack convincing ROC analysis,
primarily because of the limited number of cases enrolled in vari-
ous reports. Moreover, most studies have only included a small
number of healthy controls; leading to poor characterization of
normal patterns of DNA methylation. Importantly, some methyla-
tion markers did not yield positive results, even in benign diseases
or heavy smokers [112,113]. These results indicate the relatively
poor specificity of these potential biomarkers [103,114], and high-
light the need for validation of such methylation biomarkers in
large-scale clinical trials, preferably prospective trials, for the
determination of their true specificity and sensitivity. The first
commercially available DNA methylation test for diagnosis of early
CRC is the detection of SEPT9 methylation. In a prospective trial
with 7941 asymptomatic average risk individuals undergoing
screening, the first generation of the SEPT9 methylation test
detected up to 48.2% of cancer cases, with a specificity as 91.5%.
However, the low sensitivity (11.2%) for advanced adenoma hin-
dered its clinical utility for cancer screening [115]. Currently,
blood-based assays that detect methylated SEPT9 are being mar-
keted as colorectal cancer screening tests under names of Epi pro-
Colon 1.0 (Epigenomics), ColoVantage™ (Quest Diagnostic) and
RealTime ms9 (Abbott).

3.5. Fecal-based DNA methylation diagnostic biomarkers in colorectal
cancer

Identification of tumor-derived DNA alterations in stool is also
an approach with high potential as a noninvasive detection tool
for CRC. Recently, increasing numbers of genes methylated in tis-
sue and stool from CRC patients have been identified. High inci-
dence of NDRG4 and GATA4/5 methylation was found in
colorectal adenomas and cancers [116,117]. Based on these obser-
vations, the potential value of NDRG4 and GATA4/5 as early diag-
nostic markers was evaluated by two cohorts of stool specimens
from CRC patients and healthy controls. The results demonstrated
that aberrant methylation of NDRG4 was detected in more than
50% of fecal DNA from CRC patients with 100% specificity [117].
In addition, GATA4 methylation in stool also differentiated CRC
patients from healthy controls with high sensitivity (>50%) and
specificity (>84%) [116]. Methylation of Oncostatin M receptor-B
(OSMR), which is an intelukin-6 cytokine family member, was also
detected in the stool of 38% of CRC patients with 95% specificity
[118]. Collectively, the high specificities of NDRG4, GATA4 and
OSMR emphasize the value of methylation markers for stool-based
CRC detection. A more recent study revealed that hyper-methyl-
ated FBN1 was found in stool DNA from CRC patients and showed
72% sensitivity and >90% specificity for detecting CRC [119].
Another study from our laboratory demonstrated that methylation
of RASSF2 and SFRP2 promoters in fecal DNA from patients with
gastric and colorectal cancer had a very high sensitivity and spec-
ificity in identifying cancer patients, as well as allowed discrimi-
nating between patients with GC vs. CRC [120]. Several other
hypermethylated genes isolated from stool samples have been
identified as biomarkers for the detection of CRC or colorectal ade-
noma, including APC, p16, hMLH1, MGMT, SFRP1 and VIM [121],
however, the sensitivity and specificity reported for these DNA
methylation markers was highly variable. A recent meta-analysis
showed that the mean sensitivity for CRC and adenoma were
64% and 62%, with mean specificities of 90% and 89%. Collectively,
these findings are encouraging, and build the promise that the per-
formance of methylation testing in fecal DNA is reasonably accu-
rate and perhaps better than conventional FOBT, which has a
sensitivity of less than 15% for the detection of CRC or adenoma
and a specificity of over 90% [121,122]. As a testament to this
approach, at this time, stool-based methylated VIM is already clin-
ically validated as a marker for early detection of CRC, with a sen-
sitivity and specificity of almost 80%, and is now commercially
available in the United States under the name ColoGuard assay
(LabCorp) [123,124].
4. Potential of non-coding RNAs in cancer diagnostics

4.1. Overview of non-coding RNAs

The central dogma of gene expression is that DNA is transcribed
into mRNA, which then serves as the template for protein synthe-
sis. [125,126]. Extensive research over the last few decades has
focused on the role of protein-coding genes in the pathogenesis
of human cancer. However, recent technological advances, such
as tiling arrays and RNA sequencing (RNA-seq), have made it pos-
sible to survey the transcriptomes of many organisms to an
unprecedented degree, the results of which have led to both great
insights and unexpected conundrums. In fact, a minority of the
transcripts are protein coding genes (1.5%), and the rest, which
used to be referred as ‘‘dark matter’’, are now known to be the
non-coding RNA (ncRNA) transcripts [127], which have significant
gene regulatory function in complex organisms.

Based on their transcript size, ncRNAs can be grouped into two
major classes. Those transcripts that are shorter than 200 nucleo-
tides (nt) are usually recognized as small ncRNAs, which include
Piwi-interacting RNAs, small-interfering RNAs, miRNAs and some
bacterial-regulatory RNAs. Among these, miRNAs have been most
widely explored and cited in the present literature. The miRNAs
are about 19–24 nt long and serve as major regulators of gene
expression through their ability to bind and post-transcriptionally
mediate the expression of targeted mRNAs [128]. MiRNAs play a
central role in cellular differentiation, development, proliferation
and apoptosis, in a variety of cell types, including cancer cells. In
cancer, all of these processes are deregulated through altered
expression of miRNAs, suggesting that miRNAs are involved in car-
cinogenesis and could contribute to the initiation and progression
of cancer [129]. In addition to their biological role in cancer, tumor-
specific miRNA expression profiles have been found to be more
informative and discriminatory compared with mRNA profiles
between healthy and malignant cells, which provides the basis of
their exploitation as potential for development as cancer biomark-
ers [130].

In addition to the relatively well-described miRNAs, increasing
knowledge of the mammalian non-coding transcriptome has
revealed that the genome is also replete with long ncRNAs (lncR-
NAs). LncRNA are classified as over 200 nt long transcripts that lack
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a functional open reading frame. These lncRNAs are also involved
in cellular differentiation and proliferation. The mechanisms
through which they act are as molecular scaffolds, which are asso-
ciated with the transcriptional machinery as post-transcriptional
regulators of splicing or as molecular decoys for miRNAs
[131,132]. LncRNA research is a relatively young field that is
emerging in molecular genetics; and thus far only a small number
of lncRNAs have been partially characterized. Compared to
miRNAs, there is a very small body of literature on lncRNAs at this
time. Nonetheless this limited evidence still touts the promise that
lncRNAs may also have the potential for development as biomark-
ers for diagnosis and prognosis in cancer patients. In this section,
we will highlight the potential of miRNAs in cancer diagnosis,
and will focus this article specifically on miRNAs that have been
studied as noninvasive biomarkers in body fluids.

5. Potential microRNAs in cancer diagnosis

5.1. MiRNA stability and function in body fluids

The development of any biological molecules as biomarkers
that can be potentially evaluated in human specimens depends
on their stability and resistance to storage and handling. RNase,
present in body fluids such as blood, rapidly degrades RNA mole-
cules, particular mRNA, and thus affects their stability [133]. As a
result, the development of RNA-based molecular biomarkers has
been challenging in the last couple of decades. In contrast, endog-
enous miRNAs in serum or plasma have been shown to remain sta-
ble, even when subjected to extreme conditions such as boiling,
very low or high pH levels, extended storage time and multiple
freeze-thaw cycles [133,134]. In addition, miRNAs have been easily
detectable in archival tissues, and human serum specimens stored
for more than a decade, highlighting their stability and resistance
to degradation [135]. These unique features of miRNAs in body flu-
ids provide a compelling advantage of these new and more useful
biomarkers for cancer diagnosis [134,136]. In general, cancer-
related miRNAs function as oncogenes (oncomiRs), tumor
suppressor genes (tsmiRs) or both, in a tissue-specific context
[3]. In addition, circulating miRNAs have a large number of biolog-
ical effects proximally or distally to various types of cells, and
could be delivered independent of cell contact or adhesion.
Additionally, circulating miRNAs could also deliver multiple
messages on each occasion and control numerous target genes
simultaneously [137].

5.2. Methods to detect miRNAs in body fluids

The main techniques to detect miRNA expression in biological
specimens include microarrays, deep sequencing or next-genera-
tion sequencing (NGS), and quantitative reverse transcription poly-
merase chain reaction (qRT-PCR). Microarrays have long been used
to determine miRNA expression profiles and identify cancer-
related miRNAs. However, this technique can only screen expres-
sion of previously known miRNAs only. In contrast, NGS has sev-
eral advantages over conventional microarrays in characterizing
the miRNA transcriptome including its ability to identify novel pre-
viously unknown miRNAs, as well as detection of low abundance
miRNAs exhibiting expression differences between distinct sam-
ples [138,139]. Importantly, NGS offers a highly robust, accurate
and scalable system for rapid and productive investigation of miR-
NAs expression on a genome-wide scale [138,139]. However, both
microarrays and NGS systems are expensive and labor-intensive
techniques, requiring a large amount of RNA sample and need
complex bioinformatics data analysis. Furthermore, analysis of
the large number of genes, including those whose changes are
not associated with cancer, in clinical settings is not ordinarily nec-
essary. In contrast, qRT-PCR can be more easily performed and is a
cost-effective technique. Importantly, this technique has already
been widely used in clinical settings for analysis of other disease-
biomarkers. Therefore, qRT-PCR could be applied in laboratory set-
tings to examine the expression of miRNA-based biomarkers.

Although qRT-PCR demonstrates promising performance in the
determination of miRNA expression in clinical samples, several
obstacles still must be overcome before this technique can be rou-
tinely employed in clinical settings. For example, miRNAs exist as
single stranded molecules; therefore, methods that amplify these
molecules usually use one specific and one universal primer, which
results in somewhat lower specificity compared to the use of two
strand-specific primers [140]. The other limitation is that different
sample preparation methods make it difficult to compare miRNA
expression profiles among experiments carried out at different
times. Extraction of miRNAs from serum and plasma is relatively
easy. However, some miRNAs are highly expressed in blood cells,
and the levels of circulating miRNA biomarkers can be altered sig-
nificantly by extent of hemolysis [141]. Thus, detection approaches
that combine measurement of hemoglobin levels and expression of
hemolysis-related miRNAs, like miR-15b and miR-16, may be
required to determine whether such samples are suitable for fur-
ther quantification of target miRNAs [142,143]. Another key hurdle
in the analysis of circulating miRNAs is the lack of consensus on
suitable reference genes to normalize the expression of unknown
target miRNA in body fluids. The most commonly used internal
controls or reference genes are miR-16 or the small nucleolar
RNA RNU62 and SNORD43. Furthermore, synthetic versions of spe-
cific C. elegans miRNAs, like cel-miR-39, cel-miR-54 and cel-miR-
238, have also been used as internal control genes. However, as
described above, miR-16 is highly expressed in erythrocytes and
its levels in circulation can be affected by hemolysis [141]. In addi-
tion, RNU62 is a poor representative because it is not synthesized
by the same polymerases that synthesize precursor miRNAs
[144]. Therefore, at present, the standardization of sample process-
ing and normalization of miRNAs analysis methodology are the
most urgent requirements for preclinical screening and validation,
which once resolved will promote the development of miRNA bio-
markers in body fluids for clinical applications.

5.3. MiRNAs as diagnostic biomarkers in body fluids

Detecting the pre-malignant or early stage cancers currently
represents one of the major challenges in modern medicine. The
ability to identify cancers in their earliest stages of growth would
allow for rapid intervention and, consequently, improve patient
outcomes while reducing the necessity for invasive procedures.
In this section, we summarize the recent findings with regards to
cancer-related circulating miRNAs in GC and CRC. We also present
a comprehensive summary of cell-free miRNAs present in circula-
tion, gastric juice or feces, which are associated with cancer
diagnosis.

5.3.1. Blood-based miRNA biomarkers in gastric cancer
Despite promising developments in treatment, the overall out-

come of patients suffering from GC remains poor. Availability of
suitable biomarkers that can facilitate early detection and clinical
management of GC are highly desirable [145]. Table 3 summarizes
key studies that have explored the diagnostic significance of miR-
NA biomarkers in body fluids of patients with gastric neoplasia. In
order to develop circulating miRNA biomarkers for early detection
of GC, Tsujiura et al. first determined expression of five miRNAs in
plasma, based on their previous findings in GC tissues, in 69 GC
patients and 30 healthy controls [146]. Plasma miR-17-5p, -21,
-106a and -106b were observed to be at significantly higher levels,
whereas let-7a expression was lower in GC patients compared to



Table 3
Circulating miRNAs as diagnostic biomarkers in patients with gastric cancer.

miRNA Sample Type of biomarker miRNA levels and clinical significance Refs.

let-7a Plasma Diagnosis Decreased [146]
miR-1 Serum Diagnosis Increased; correlated to TNM stage [147]
miR-17-5p Plasma Diagnosis Increased [146]
miR-17-5p Plasma Diagnosis/prognosis Increased; correlated to TNM stage, a poor OS [154]
miR-20a Serum Diagnosis Increased; correlated to TNM stage [147]
miR-20a Plasma Diagnosis/prognosis Increased; correlated to TNM stage, a poor OS; independent

risk predictor for prognosis
[154]

miR-20a Plasma Diagnosis Increased [152]
miR-21 Plasma Diagnosis Increased; decrease in post-operative samples [146]
miR-21 Plasma Diagnosis Increased [151]
miR-27a Serum Diagnosis Increased; correlated to TNM stage [147]
miR-34 Serum Diagnosis Increased; correlated to TNM stage [147]
miR-106a Plasma Diagnosis Increased; decrease in post-operative samples [146]
miR-106b Plasma Diagnosis Increased [146]
miR-106b Plasma Diagnosis Increased [152]
miR-151-5p Plasma Diagnosis Increased; decrease in post-operative samples [153]
miR-187⁄ Serum Diagnosis Increased [148]
miR-199a-3p Plasma Diagnosis Increased; decrease in post-operative samples; associated with lymph node

metastasis and TNM staging
[153]

miR-218 Plasma Diagnosis Decreased [151]
miR-221 Serum Diagnosis Increased in cancer and dysplasia compared to controls; correlated with

poor differentiation of cancer; showed retrospective correlation in pre-diagnostic
samples

[149]

miR-221 Plasma Diagnosis Increased [152]
miR-223 Plasma Diagnosis Increased; associated with helicobacter pylori infection [151]
miR-371-5p Serum Diagnosis Increased [148]
miR-376c Serum Diagnosis Increased; correlated with poor differentiation of cancer; showed retrospective

correlation in pre-diagnostic samples
[149]

miR-378 Serum Diagnosis Increased [148]
miR-423-5p Serum Diagnosis Increased; correlated to TNM stage [147]
miR-451 Plasma Diagnosis Increased; decrease in post-operative samples [150]
miR-486 Plasma Diagnosis Increased; decrease in post-operative samples [150]
miR-744 Serum Diagnosis Increased; showed retrospective correlation in pre-diagnostic samples [149]
miR-21 Gastric juice Diagnosis Decreased in GC; correlated with TNM stage. High expression in intestinal

type compared to diffuse type.
[159]

miR-106a Gastric juice Diagnosis Decreased in GC; correlated with TNM stage. [159]
miR-129-1-3p Gastric juice Diagnosis Decreased in GC [158]
miR-129-2-3p Gastric juice Diagnosis Decreased in GC [158]
miR-421 Gastric juice Diagnosis Decreased in GC [157]

TNM, primary tumor (T), regional nodes (N), and metastasis (M); OS, overall survival.
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healthy controls. In addition, the investigators observed a signifi-
cant drop in the levels of miR-21 and -106b in postoperative
plasma samples, as well as a correlation between tissue and
plasma levels, suggesting that the levels of plasma miRNAs
reflected the expression levels of matched primary GC [146]. In
contrast, Liu et al. utilized Solexa sequencing to carry out global
miRNA screening using pooled serum samples from patients with
GC and healthy individuals. A biomarker signature comprising of
5 miRNAs (miR-1, -20a, -27a, -34a and -423-5p) was identified
for the diagnosis of GC with high sensitivity and specificity. The
discriminatory ability of this biomarker panel was claimed to be
even higher than the currently established tumor marker (CEA or
CA19-9), highlighting that the use of multiple miRNAs related to
tumorigenesis is a more comprehensive approach to diagnosing
GC than a conventional single protein marker [147]. With respect
to serum miR-187, -371-5p and -378, identified by genome-wide
miRNA expression profiles followed by qRT-PCR, further validation
indicated that miR-378 by itself had a strong potential in detecting
patients with GC [148]. Another study using miRNA profiling dem-
onstrated that analysis of a three-miRNA panel (miR-221, -376c
and -744) in serum could distinguish GC patients from healthy
controls. Moreover, this combination of miRNAs also accurately
classified early GC patients, indicating that it represents a bio-
marker for early detection of GC [149]. An interesting approach,
comparing pre- and post- operative matched serum samples, iden-
tified candidate GC-associated miRNAs (miR-451 and -486) that
were expressed significantly lower in post-operative serum. Vali-
dation data confirmed that both miRNAs were present in higher
amounts in GC patients compared with controls [150]. Another
study assessing the diagnostic significance in plasma samples from
GC patients demonstrated that while miR-21 and -223 were
higher, miR-218 was significantly lower in cancer patients com-
pared to healthy controls. An interesting finding of this study
was that plasma levels of miR-223 associated with H. pylori infec-
tion, which were correlated significantly with gastric carcinogene-
sis etiologically [151]. Recently, Cai et al. re-assessed the clinical
utility of 15 miRNAs that were previously identified as potential
diagnostic biomarkers for GC in various independent studies
[146–150]. Expression of three of the 15 miRNAs (miR-106b, -
20a and -221) in serum was confirmed as potential biomarkers
for the early detection of GC [152]. Other miRNAs proposed as
diagnostic markers for GC include miR-151-5p and -199a-3p,
which are expressed at very high levels in the plasma of GC
patients. Of these, miR-199a-3p was significantly associated with
lymph node metastasis and progression of TNM [primary tumor
(T), regional nodes (N), and metastasis (M)] staging, thus empha-
sizing the diagnostic significance of these miRNA biomarkers [153].

Of the above-described miRNAs, miR-17-5p, miR-20a and miR-
21 were tested in an independent study and shown to be elevated
in GC patients, and correlate with tumor progression and poor
prognosis [154,155]. Cox regression analysis in these two articles
revealed that the elevated levels of circulating miR-20a and miR-
21 significantly correlated with overall survival, indicating poor
prognosis. On the other hand, high levels of circulating miR-196a,
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which is associated with epithelial-to-mesenchymal transition clo-
sely correlated with tumor recurrence, suggesting its potential util-
ity as a disease monitoring biomarker following surgery [156].

5.3.2. Gastric juice-based miRNA biomarkers in gastric cancer
As shown above, several independent research groups have

now demonstrated that circulating miRNAs in serum or plasma
can be potential diagnostic biomarkers for GC. However, an impor-
tant issue that needs to be addressed is that several types of can-
cers share most of these miRNAs, when measured in systemic
circulation. Therefore, for the diagnosis of GC, perhaps the analysis
of miRNAs in gastric juice has obvious advantages because gastric
juice is present only in the stomach. Recently, few studies have
provided proof-of-principle data in which it was demonstrated
that the expression of several miRNAs were stable in gastric juice.
In these reports, the expression of miR-21, miR-106a, miR-129-1-
3p, miR-129-2-3p and miR-421 was analyzed in gastric juice, and
all of these miRNAs were expressed at higher levels in GC tissues,
suggesting their potential usefulness as biomarkers for screening
patients with GC [157–159].

5.3.3. Blood-based miRNA biomarkers in colorectal cancer
Several studies have specifically addressed the role of circulat-

ing miRNAs in patients with CRC (Table 4). These reports revealed
Table 4
Circulating miRNAs as diagnostic biomarkers in patients with colorectal cancer.

miRNA Sample Type of biomarker miRNA levels and cl

miR-15b Plasma Diagnosis Increased
miR-17-3p Plasma Diagnosis Increase; decrease in
miR-18a Plasma Diagnosis Increased in CRC an
miR-18a Serum Diagnosis Increase in stage III
miR-19a Plasma Diagnosis Increased
miR-21 Plasma Diagnosis Increased
miR-21 Serum Diagnosis Increased in CRC an
miR-21 Serum Diagnosis/

prognosis
Increased in CRC an

miR-21 Serum Prognosis Correlates with the
miR-29a Plasma Diagnosis Increased in CRC an
miR-29a Plasma Diagnosis Increased
miR-29a Serum Diagnosis Increased in CRC wi
miR-29a Serum Diagnosis Increase in stage III
miR-92 Plasma Diagnosis Increase; decrease in

cancer, IBD and con
miR-92a Plasma Diagnosis Increased in CRC an
miR-92a Serum Diagnosis/

prognosis
Increased in CRC an
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OS, overall survival; DFS, disease free survival; IBD, inflammatory bowel disease.
that blood-based (serum or plasma) miRNA biomarkers might con-
stitute an accurate diagnostic method for CRC [160]. The first study
on the diagnostic usefulness of serum-based miRNA biomarkers in
CRC reported that a subset of 69 miRNAs was highly expressed in
CRC patients compared to healthy controls. Additionally, 14 of
these serum-based miRNAs from CRC patients were not detectable
in those with lung cancer, highlighting the CRC-specificity of these
miRNAs [134]. In a follow-up study, Ng and colleagues performed a
more systematic and comprehensive analysis by profiling miRNAs
in matched tissue and plasma specimens, and discovered 95 CRC-
specific miRNAs in plasma samples [161]. Ultimately, miR-17-3p
and miR-92, both belonging to the same miRNA gene cluster and
known to be oncogenic, were confirmed to be elevated in both
CRC tissues and plasma. In addition, these two miRNAs were signif-
icantly reduced following surgical resection of the tumors in
patients with CRC, reinforcing their potential role as disease mon-
itoring biomarkers for patients that undergo curative surgeries.
More interestingly, plasma miR-92 has the potential to differenti-
ates CRC from other diseases, such as GC and inflammatory bowel
disease [161]. The diagnostic ability of miR-92a was further veri-
fied by another study in plasma, which also illustrated that miR-
29a was increased in CRC, and was reduced following removal of
tumors by surgery. A more important finding of this study was that
miR-92a and miR-29a could even discriminate patients with
inical significance Refs.
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premalignant colorectal adenomas with high accuracy, which
might further influence their diagnostic utility [162]. Another
study indicated that miR-29a levels in serum could differentiate
metastatic and non-metastatic patients with CRC, especially hepa-
tic metastases [163]. Furthermore, by undertaking miRNA profiling
followed by analytical validation of results, miR-601 and miR-760
were found to be decreased in patients with colorectal adenomas
and cancers, indicating the promise of these as screening biomark-
ers for colorectal neoplasia [164]. In addition, a combination of
miR-760, miR-29a and miR-92a improved the detection sensitivity
of early stages of CRC, when complemented with CEA [165]. Addi-
tionally, a genome-wide miRNA profiling of plasma identified miR-
15b, -19a, -19b, -29a and -335 expression levels to discriminate
CRC patients from healthy controls, whereas miR-18a was able to
also discriminate patients with advanced adenomas from healthy
controls [164].

One of the most commonly studied miRNAs in cancer, which is
also upregulated in CRC compared to normal colonic mucosa, is
miR-21. The miR-21 is known to be an onco-miR that functions
by increasing cell proliferation and invasion, and by inhibiting cel-
lular apoptosis [166,167]. Recently, using a strategy that profiled
miRNAs between CRC and normal tissues followed by validation
of the candidate miRNAs in plasma, miR-21 was identified to be
a biomarker for the early detection of CRC [168]. The diagnostic
potential of circulating miR-21 was further confirmed in other
studies. Liu and coworkers demonstrated that serum miR-21 and
miR-92a levels could be promising diagnostic markers of advanced
adenomas and CRC [169]. Likewise, work from our laboratory has
also revealed that tumor-derived serum miR-21 could differentiate
patients with CRC and advanced adenoma from healthy controls,
and its levels dramatically were reduced after curative resection,
indicating that circulating miR-21 is a promising diagnostic marker
of CRC incidence and recurrence after curative surgery [170]. In
spite of being designated as a pseudo-miRNA, miR-1246 has also
been proposed as a possible candidate biomarker for CRC in both
serum and plasma, as well as an early predictive marker for
response to chemo- and radiation therapy because of its plum-
meted levels following surgical resection [171].

Although all the studies described above have introduced the
diagnostic potential of circulating miRNAs in CRC, to date, limited
effort has been made with regard to their prognostic usefulness.
Circulating miR-141 and miR-200c, which belong to the miR-200
family that is associated with epithelial-to-mesenchymal transi-
tion, were significantly higher in CRC patients with metastases
than in those without, and were proposed as useful prognostic bio-
markers in CRC [172,173]. In addition, oncogenic miR-21 and miR-
221 in circulation were identified to have prognostic utility in
addition to being diagnostic biomarkers for CRC [170,174,175].

5.3.4. Fecal-based miRNA biomarkers in colorectal cancer
Although a blood test appears to be easier to perform because of

its higher compliance and acceptance, it is likely that the earliest
detectable changes in the expression pattern of specific miRNAs
may be in feces rather than blood. Furthermore, because of their
stability and ease of detection, fecal miRNAs also represent a novel
and promising noninvasive approach for the early detection of
colorectal neoplasia. Thus far, only a handful of studies have
reported the potential of fecal miRNA biomarkers, a concept that
requires validation in large prospective, or even retrospective, tri-
als. Initial evidence for the feasibility of fecal miRNAs as screening
markers for CRC was presented by Ahmed et al. [176]. These
researchers reported that the expression levels of several miRNAs
are disease-specific, and can distinguish healthy controls from
patients with inflammatory bowel disease, including ulcerative
colitis, Crohns’ disease and CRC; and could differentiate among dif-
ferent Dukes’ stages in CRC patients.
We reported the feasibility of direct miRNA detection in fecal
specimens from healthy subjects and patients with colorectal ade-
nomas and cancers [177]. In this study, we developed a one-step
fecal miRNA extraction and amplification method (called direct
miRNA analysis or DMA), and demonstrated that the levels of fecal
miR-21 and miR-106a were significantly increased in patients with
colorectal adenomas and cancers compared to healthy controls.

In the largest cohort study to date, Koga and colleagues [178]
used immune-magnetic beads conjugated with an EpCAM mono-
clonal antibody to isolate colonocytes from stools. Using the iso-
lated colonocytes, the authors reported that fecal miR-17-92
cluster and miR-135 were significantly overexpressed in CRC
patients, with very high specificity and specificity, respectively.
Although the expression levels of miR-21 were increased in cancer
tissues, in fecal samples, this difference was not significantly differ-
ent between CRC patients and healthy volunteers [178]. In con-
trast, a subsequent study demonstrated that patients with CRC
had significantly higher fecal miR-21 and miR-92a levels compared
with normal controls, and the expression levels of these miRNAs
decreased significantly following tumor resection [179]. Likewise,
it was recently shown that miR-144 was overexpressed in fecal
specimens, and that it could be a viable candidate diagnostic mar-
ker for CRC detection, with a sensitivity of 74% and a specificity of
87% [180]. Taken together, there is lot of excitement and promise
that both circulating miRNAs in blood and fecal miRNAs have the
potential for development as noninvasive diagnostic and prognos-
tic biomarkers in patients with CRC.
6. Conclusions and perspectives

In recent years, the role of epigenetic alterations in carcinogen-
esis has received greater attention than before. After the initial elu-
cidation of the fundamental role of epigenetic changes in human
carcinogenesis, considerable efforts have been dedicated to the
identification and development of epigenetic biomarkers for can-
cer detection, disease monitoring for tumor recurrence and prog-
nostic outcomes [9,181]. The presence of cell-free methylated-
DNA and miRNAs in circulation provide a paradigm-shifting per-
spective in the development of cancer biomarkers for non-invasive
early detection of these two malignancies. Promising data have
been gathered using advanced, state-of-the-art technologies to
measure levels of circulating nucleic acids with a very high degree
of sensitivity and specificity. Undoubtedly, the clinical significance
of epigenetic markers individually, or as biomarker panels, is
poised to lead the way for the development of actionable, highly
promising assays that will play a pivotal role in the personalized
care of patients suffering from this highly morbid cancers
[110,182]. However, before we get to that stage, we must act col-
laboratively and overcome some of the limitations discussed previ-
ously, and develop standardized methodologies, including sample
storage, DNA or RNA extraction and quantification of circulating
epigenetic biomarkers. To genuinely reap the benefits of all the fas-
cinating research that has been conducted in the recent years, we
must conduct carefully designed, sufficiently powered, prospective
clinical trials to validate the true significance of these biomarkers –
a step that would be truly clinically transformative, in routine diag-
nosis and management of patients afflicted with gastrointestinal
and other cancers [183,184].
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