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Abstract

Colitis-associated colorectal cancer (CACC) is one of the most serious complications of inflammatory bowel disease (IBD),
particularly in ulcerative colitis (UC); it accounts for approximately 15% of all-causes mortality among IBD patients. Because
CACC shows a worse prognosis and higher mortality than sporadic colorectal cancer, early detection is critical. Colonoscopy
is primarily recommended for surveillance and several advanced endoscopic imaging techniques are emerging. In addition,
recent studies have reported on attempts to develop clinically relevant biomarkers for surveillance using various
biosamples, which may become high-performance screening tools in the future, so the best approach and technique for
cancer surveillance in long-standing UC patients remain under debate. This review gives a comprehensive description and
summary about what progress has been made in terms of early CACC detection.
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Introduction

Inflammatory bowel disease (IBD) is a group of nonspecific
chronic inflammatory diseases of the gut, which includes
Crohn’s disease (CD), ulcerative colitis (UC) and indeterminate
colitis. The pathogenesis of IBD remains unclear, and it is char-
acterized by long-lasting and relapsing intestinal inflammation.
Colitis-associated colorectal cancer (CACC) is one of the most
serious complications of long-duration IBD, particularly UC.
Although CACC contributes to only 1–2% of colorectal cancers
(CRC) in the overall population, it accounts for approximately
15% of all-causes mortality among IBD patients [1] and its risk is
1.5–2.4-fold higher in IBD patients than in the normal popula-
tion [2, 3]. In China, according to a large population-based study
from Hong Kong, CACC incidence in UC patients is 0.81% [4],
which is lower than in Western countries (3.7%) [5]. However,
IBD incidence is increasing (up to 30 times in last decade) and
CACC incidence is expected to increase rapidly. CACC risk is

0.5–1% per year following UC diagnosis and it increases over
time, i.e. 1.6% at 10 years, 8.3% at 20 years and 18.4% at 30 years
after UC onset [5], and CACC is frequently diagnosed at an ad-
vanced stage [6]. Although several recent reports have indicated
a slight decline in CACC incidence in IBD patients [7, 8], which
might be attributed to the widespread use of 5-aminosalicylic
acid and immunosuppressive drugs [9, 10], as well as to wide-
spread endoscopic screening and early coloproctectomy, cur-
rent guidelines continue to recommend a regular surveillance
for early detection [11]. Moreover, because of worse prognosis
and higher mortality in CACC than in sporadic CRC [12], early
CACC detection is crucial. Colonoscopy is primarily recom-
mended for surveillance; however, newer technologies and
approaches, such as molecular biomarkers in different biosam-
ples, have emerged and the best approach and technique for
surveillance remain under debate. Here we provide an overview
of the methods for surveillance, focusing on the present and fu-
ture, to optimize early CACC detection in UC patients.
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Colonoscopic surveillance

CACC derives from the repeated inflammation–dysplasia–carci-
noma model [13], which is different from the classical model of
sporadic CRC (accumulated mutations–adenoma–cancer); thus,
CACC emphasizes on the importance of the early detection of
dysplastic alterations through endoscopy, which has been the
primary and conventional method for CACC screening in UC
patients over the past few decades. Indeed, evidence has sug-
gested that surveillance colonoscopy decreases CACC incidence
and mortality in UC [14–16]. It is generally recommended that
endoscopic screening for CACC should be initiated between 6
and 10 years after the diagnosis or onset of symptoms of UC,
1 year after the diagnosis of primary sclerosing cholangitis (PSC)
[17–20]; however, recommended surveillance intervals vary.
Knowledge of risk factors (such as the age at diagnosis, disease
duration, extent of inflammation, family history and combina-
tion of PSC) is also important to classify UC patients requiring
frequent surveillance or intense treatment. Both the British
Society of Gastroenterology (BSG) [21] and the American
Gastroenterological Association (AGA) [22] agree that regular
endoscopic surveillance is required in long-standing UC
patients, and they support the use of a risk-stratified approach
to determine surveillance intervals. Since 2014, the American
Society for Gastrointestinal Endoscopy has recommended that
these intervals can be appropriately extended for patients with
no apparent endoscopic and histological abnormalities found in
two successive endoscopies [19], which would improve the allo-
cation of limited medical resources.

Standard white-light endoscopy with randomized
biopsies

Traditionally, primary dysplasia lesions in long-standing UC
have been considered to be flat and multifocal. Together with
the complex background of mucosal changes due to chronic in-
flammation, it is difficult to pinpoint dysplastic alterations
through the naked eye under general surveillance gastroentero-
scopy because these lesions can be either invisible or very diffi-
cult to identify. Consequently, the previous AGA and BSG
guidelines recommend white-light endoscopy (WLE) with ran-
dom biopsies (four random biopsies should be collected at every
10 cm of the entire colorectum and the total number of biopsies
can be �33) [23, 24]. Navaneethan et al. [25] showed an increased
dysplasia detection with WLE (random biopsies) in patients
with UC and PSC. Another study has shown that at least 34 and
64 biopsies should be ‘blindly’ taken in order to achieve 90% and
95% confidence, respectively [26]. However, even when an ade-
quate number of biopsies were obtained, evidence showed that
this approach only sampled approximately 0.3% of the colonic
mucosa [27], and it is time-consuming and less cost-effective.

High-definition endoscopy or chromoendoscopy with
targeted biopsies

With dramatic advances in endoscopic devices [such as high-
definition (HD) endoscopy], most UC dysplasia can be endoscop-
ically visualized [28, 29] and the approach focusing on targeted
biopsies of any mucosal abnormalities has been recommended
[19]. According to a recent randomized controlled trial (n¼ 246)
by Watanabe, targeted and random biopsies demonstrated sim-
ilar abilities to identify neoplasia under surveillance endoscopy;
however, the targeted biopsy approach appeared to be superior
to random biopsy when cost-effectiveness analysis was consid-
ered [30]. In addition, the detection and further delineation of

any mucosal abnormalities are thought to be improved by the
application of chromoendoscopy (CE) as well as HD endoscopy.
HD endoscopy has a high-definition monitor and a high-
resolution charge-coupled device. HD endoscopy can provide
images of substantially higher resolution than standard video
endoscopy, but it requires no additional time or skills in com-
parison to standard WLE. Therefore, HD endoscopy may repre-
sent an alternative to CE with similarly improved dysplasia
detection and minimal drawbacks. In a recent retrospective
study in IBD patients who underwent surveillance colonosco-
pies, HD endoscopy showed a higher dysplasia detection rate
compared with standard WLE [31]. CE can improve the imaging
of subtle mucosal changes that are suggestive of neoplasia in
the presence of staining with methylene blue or indigo carmine
in the intestine; indigo carmine contrast dye highlights irregu-
larities in the mucosal architecture. A recent meta-analysis has
found an 8.9-fold greater likelihood of detecting dysplasia, a 5.2-
fold greater likelihood of detecting nonpolypoid dysplasia and a
14-fold lower likelihood of missing dysplasia with CE (targeted
biopsies) than with WLE (random biopsies) [32]. Furthermore, it
has been suggested that high-definition CE leads to a better de-
tection of dysplastic lesions as compared to HD endoscopy
alone. Notably, the latest guidelines from AGA and European
Crohn’s and Colitis Organisation have also indicated that tar-
geted biopsies with the help of CE are more appropriate for en-
doscopic surveillance than random biopsies under WLE if the
operator is well trained or experienced [12, 17], and the SCENIC
consensus statement also suggests that endoscopists consider
using CE to enhance the detection of dysplasia in surveillance
[33]. However, criticisms such as difficulty in standardization of
techniques, requirement for specialized disposable equipment,
the need for additional training and longer procedure time re-
main important concerns, and more research over the best
method of endoscopic surveillance for long-term UC patients is
in need.

Image-enhanced endoscopy

So far, novel digital image-enhanced endoscopy techniques, in-
cluding Fujinon intelligent colour enhancement (FICE) and i-
Scan digital contrast (i-Scan), which emphasize subtle changes
of the mucosal surface through the reconstruction of a certain
wavelength (computed spectral estimation technology), have
already been developed to improve the positive percentage of
primary neoplasia, although relevant research and data are cur-
rently limited and their potential for surveillance colonoscopy
is currently under investigation [34, 35]. One recent piece of re-
search found HD colonoscopy combination with i-Scan is supe-
rior in the detection of adenomas and advanced lesions
compared to HD colonoscopy alone. Other advanced endoscopic
imaging techniques, such as narrow-band imaging (NBI) and
magnifying endoscopy, can also contribute to the early detec-
tion of CACC. NBI allows a better assessment of the vascular
pattern and mucosal structures. Efthymiou et al. [36] have
reported that NBI is not superior to CE in terms of sensitivity to
pinpoint dysplasia, but it is more convenient to enhance the
sensitivity of targeted biopsies because it only requires one
press on a particular button to reveal a suspicious lesion.
Magnifying endoscopy may assist us to further visualize deli-
cate surface patterns, although chronic inflammation and its
sequela in UC patients make pit pattern analysis less useful
[37]. Overall, these novel virtual CE techniques have the advan-
tages of being available on demand, easy to use and relatively
inexpensive. Nevertheless, no published study has reported on
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the utility of these digital endoscopy for CACC surveillance in
UC.

Confocal laser endomicroscopy

Confocal laser endomicroscopy (CLE) integrates a confocal laser
microscope into the distal tip of a conventional endoscope; it
makes real-time microscopy available in vivo during examina-
tion. CLE has demonstrated high agreement with true histopa-
thology for the diagnosis of dysplasia in patients with UC [38].
Given this advantage, if CLE is combined with CE or HD for fur-
ther histological evaluation, then a quicker real-time diagnosis
can be obtained and a faster judgment regarding whether a re-
section is required can be rendered; several studies also have
shown that CLE could increase the diagnostic yield of intraepi-
thelial neoplasia in UC patients [39, 40]. However, in consider-
ation of the limitations of this approach, such as increased
procedure time, the need for extra equipment and training, and
the requirement for expertise to interpret the images, it still
could not be carried out as a routine clinical practice.

Full-spectrum endoscopy

In addition to the above techniques, full-spectrum endoscopy
(FUSE) is emerging as a novel HD endoscopic technique that
incorporates camera lenses to the right and left sides of the co-
lonoscopy tip along with the forward-viewing lens, thereby
allowing endoscopists to observe behind folds and in blind
spots. In a recent prospective crossover study, Leong et al. [41]
found that FUSE increases the number of detected dysplastic
lesions compared with that detected by conventional forward-
viewing colonoscopy in IBD patients. FUSE has the advantages
of feasibility, usability and safety, although several studies have
argued about the longer withdrawal times compared with con-
ventional colonoscopy; further data on FUSE in dysplasia sur-
veillance are needed.

As discussed above, quite a few endoscopic procedures have
been developed and applied for CACC surveillance in UC. These
endoscopic procedures are summarized in Table 1. Sufficient at-
tention should be drawn on optimally choosing and integrating
these techniques so that they can completely benefit high-risk
patients (Figure 1).

Molecular biomarkers for surveillance

Although conventional surveillance colonoscopy may contrib-
ute to a decline in CACC incidence, given that it can detect and
remove some dysplasia lesions, it still has certain disadvan-
tages that may impair an accurate evaluation. For example,
both endoscopic and histopathological examinations are de-
pendent on expert knowledge and experience; thus, these
examinations are slightly subjective, and an inexperienced or a
careless expert may overlook the presence of dysplasia, making
endoscopy incompetent for such surveillance. In addition, some
studies have highlighted endoscopy surveillance failures [42]; in
50–80% of cases with colitis-associated neoplasms, lesions re-
main undetected on endoscopy [43]. In contrast, molecular
monitoring has the advantage of high compliance and objectiv-
ity and may have a potential clinical value as a complement
tool for screening dysplasia/cancer among UC patients.

Inflammation is an important initial factor in CACC, which
is quite distinct from sporadic CRC. Repeated inflammation and
intestinal mucosa repair can stimulate oxidative stress reac-
tions and produce more reactive oxygen and nitrogen species in

a microenvironment, which then impair DNA and induce muta-
tions and consequently trigger tumor initiation. Meanwhile, the
inflammatory environment activates some pro-survival and
antiapoptotic pathways in the intestinal epithelial cells, contrib-
uting to tumor promotion [44]. Carcinogenesis in UC is facili-
tated by several molecular alterations, such as chromosomal
and microsatellite instability, aneuploidy and p53 mutations,
some of which are detectable before dysplasia [45–47]. Using ad-
vanced molecular techniques, several studies have identified
tumor-associated biomarkers in CACC, making it possible to su-
pervise UC carcinogenesis via the detection of key biomarkers
in different biosamples, such as colorectal biopsies, which are
the most commonly used samples, and biomarkers from blood,
stool and urine samples.

Biomarkers from colorectal biopsies

Aneuploidy
Aneuploidy is the presence of an abnormal number of chromo-
somes in a cell. It generally develops during cell division when
chromosomes are not properly divided into two cells and a
missing or extra chromosome in a fetus is a common cause of
genetic disorders. An increased incidence of aneuploidy has
been observed in correlation with dysplastic mucosal changes
[48] and Rubin et al. [26] have reported that DNA aneuploidy pre-
cedes dysplasia by 1–2.5 years in colonic biopsies, which makes
it act as a possible predictive factor for the development of dys-
plasia in UC. Moreover, Meyer et al. [49] have reported aneu-
ploidy in non-malignant mucosa adjacent to CACC, which
appears to be irrespective of dysplasia. A recent meta-analysis
has indicated that aneuploidy is as competent as dysplasia in
assessing CACC risk and a combinational analysis of the two
parameters is superior to that of a single parameter [50].

Genetic susceptibility
Inflammatory stresses, such as reactive oxygen species and
some free radicals, may cause genetic changes and are consid-
ered factors in CACC development. Although the duration of in-
flammation is considered the most important risk factor, recent
studies have found a significant difference in CACC progression
between individuals with similar disease durations [51], sug-
gesting that other carcinogenic factors, in addition to inflamma-
tion, affect CACC development. Genome-wide association
studies have identified>200 susceptibility loci for IBD [52],
whereas very few loci have been identified for CACC. However,
Watanabe et al. [53] identified 20 genes showing differential ex-
pression phenotypes in nontumor tissues of UC carcinoma and
noncarcinoma patients, including cancer-relevant genes such
as GBP4, SAMSN1, NOD27, NOL3, CYP27B1, RUNX3 and CYP27B1.

P53 mutation
Chronic inflammation is assumed to lead to genomic changes
that increase the risk for carcinogenesis, and differences in ge-
netic alterations between CACC and sporadic CRC lie in the dif-
ferential gene expression on time sequence and frequency. APC
deletion is a common early event in sporadic CRC, which is
quite rare and occurs late in CACC. In contrast, p53 mutation
occurs late in sporadic CRC but early in CACC and is often
detected in nondysplastic or dysplastic areas in UC patients
[47]. A recent study by Cooks et al. [54] has revealed that mice
with mutant p53 exposed to dextran sodium sulfate not only
develop a more frequent inflammation-associated colon cancer
but also develop carcinoma much earlier than those with a
knockout of one p53 allele, which suggests that the early
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presence of p53 mutant in the inflamed colon of IBD patients
drives the subsequent progression to carcinoma. Shigaki et al.
[55] have suggested that a combinational analysis of p53 expres-
sion and grain protein reveals a sensitivity of 66.7% and specif-
icity of 80%, respectively, for the evaluation of high-grade
dysplasia in UC patients and that the coexpression of p53 and
other related genes is useful in predicting CACC risk in UC
patients.

DNA methylation
DNA methylation refers to the addition of methyl groups to
DNA strands without changing its sequence. An abnormal DNA
methylation plays a role in CACC carcinogenesis because, when
DNA methylation occurs in a gene promoter, it can silence the

corresponding critical transcription. Attention should be paid to
the methylation of key genes as biomarkers to predict cancer
risk in UC patients. miR-124 has an anti-tumor effect, and
chronic inflammation results in methylation and miR-124 si-
lencing. Studies found that miR-124 methylation occurs in al-
most all CACCs, and the methylation state is 7.4 times higher in
long-duration and pancolitis patients with UC than in those
without any risk factor [56]. Gerecke et al. [57] have reported the
methylation of ITGA4 and TFPI2 to be dense in malignant tissues
of CACC and adenoma and absent in normal controls. Papadia
et al. [58] have found a greater hypermethylation of FOXE1 and
SYNE1 in tumor tissues of CACC than in healthy controls.
Futhermore, a study by Scarpa et al. [59] has revealed a much
higher methylation state of APC, CDH13, MGMT, MLH1 and

Figure 1. Flow chart of colonoscopy surveillance in patients with ulcerative colitis (UC). It illustrates how these colonoscopy surveillance methods can affect disease

management, leading to different treatment strategies or further monitoring. WLE, white-light endoscopy; CE, chromoendoscopy; HDE, high-definition endoscopes;

FUSE, full-spectrum endoscopy; CLE, confocal laser endomicroscopy; CACC, Colitis-associated colorectal cancer; LGD, low-grade dysplasia; HGD, high-grade dysplasia.

Table 1. A summary of current available endoscopic procedures for colitis-associated colorectal cancer surveillance

Type of endoscopy Clinical application Limitations References

Standard white-light endoscopy (with
ramdom biopsies)

Increases dysplasia detection rate Longer procedure times and cost [24–26]

High-definition endoscopy (with targeted
biopsies)

Provides images of substantially higher
resolution for dysplasia detection

Cost [31]

Chromoendoscopy (with targeted
biopsies)

Contrast dye highlights irregularities in
the mucosal architecture

Requirement for specialized equipment,
additional training and longer proce-
dure time

[30, 32, 33]

Fujinon intelligent colour enhancement
and i-Scan digital contrast

Enhances subtle changes of the mucosal
surface

Limited relevant data [34, 35]

Narrow-band imaging Enhances mucosal surface contrast Lower sensitivity to detect dysplasia [36]
Confocal laser endomicroscopy Makes real-time microscopy available

in vivo during examination
Longer procedure time, the need for extra

equipment and training, and require-
ment for interpreting the images

[38–40]

Full-spectrum endoscopy Increases visual field to increase mucosal
visualization

Longer withdrawal and total procedure
time

[41]
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RUNX3 in non-neoplastic mucosa of CACC than in normal con-
trols and UC patients.

Protein molecule
Protein associated with UC neoplastic progression included pro-
teins related to mitochondrial function, oxidative activity and
calcium-binding. Studies have suggested that changes in pro-
tein expression occur very early in the neoplastic process before
the histologic changes [60]. Immunohistochemical (IHC) analy-
sis has shown that DNA methyltransferase 3 b (DNMT3b) ex-
pression is significantly higher in tumor tissues of CACC than in
nontumor tissues of UC patients [61], which implies that IHC
staining of DNMT3b facilitates early CACC detection. In addi-
tion, the RNA-binding motif protein 3 (RBM3) could induce mul-
tiple stress reactions involved in the refractory clinical process
of IBD and CACC development. A recent study has revealed a
significantly increased RBM3 expression in a CACC population
and significantly enhanced cell apoptosis in a RBM3-deficient
mouse CACC model [62]. Given that IHC staining is an easy and
convenient method to assess the expression of a particular pro-
tein, such diagnostic protein molecules may be of great value in
discriminating UC with and without dysplasia/cancer in the
future.

MicroRNAs
MicroRNAs (miRs) are small noncoding RNA molecules gener-
ally containing 20–25 nucleotides. Although the first miRNA
was reported in 1993 [63], great achievements have been made
since then. Inflammation can regulate miR expression and can
further influence the expression of target functional genes via
the inhibition or degradation of tissue-specific miRNA transla-
tion after transcription. These processes are involved in cell
metabolism, proliferation, differentiation, apoptosis, inflamma-
tion, and immune function and tumor responses [64]. Several
studies have demonstrated that expression phenotypes of
miRNAs are different among tumors, and miRs may function as
either proto-oncogenes or tumor suppressors. In 2008, Wu et al.
[65] first reported that miRNA expression varies in colonic tis-
sues from UC patients; since then, more and more IBD-
associated miRNAs have been reported. In 2011, Olaru et al. [66]
reported that miR-31 expression in colonic tissue increases with
disease progression from normal to IBD to IBD-associated neo-
plasia (IBDN). The progressive increase from normal to chroni-
cally inflamed mucosae to dysplasia and cancer mirrors the
UC-related carcinoma sequence. Of note, no difference in miR-
31 expression was found between IBD-dysplasia and IBD-
carcinoma, which implys that miR-31 upregulation is an early
event in the neoplastic transformation, and its expression level
has a potential to predict early carcinogenesis. Two years later,
Olaru et al. [67] reported that miR-224 level also increased suc-
cessively with the progression of carcinogenesis in colonic tis-
sues of IBD patients and differentiated cancers from normal or
chronically inflamed IBD tissues, suggesting the involvement of
miR-224 in both chronic inflammation and carcinogenesis.
Furthermore, this study indicated that miR-224 participates in
cell-cycle regulation and induces G1-S release in colon-cancer
cells, which substantiate the etiologic role of miR-224 in the de-
velopment of IBD-related carcinoma. In addition, Benderska et
al. [68] revealed an increased miR-26 b expression in tissues of
CACC compared with UC and a down-regulation of miR-26 b in
SCC in 2015, suggesting miR-26 b could serve as an early bio-
marker for inflammation-associated processes in gastrointesti-
nal diseases. Moreover, in silico functional pathway analysis
revealed that the common cellular pathways affected by miR-

26 b are highly related to colonic cancerogenesis. And, because
of down-regulation of miR-26 b in sporadic CRC, it could also
discriminate between CACC and sporadic CRC. Furthermore, a
number of other miRNAs have also been reported to play certain
roles in the pathogenesis of CACC recently [69, 70] and a better
understanding of miRNA expression alterations in CACC may
contribute to improved diagnosis and management, ultimately
leading to improved survival and quality of life for patients at
high risk of CACC.

Signaling pathways
Previous studies have suggested that the substance P-neuroki-
nin-1 receptor-epidermal growth factor receptor (SP-NK-
1 R-EGFR) pathway is involved in colitis and colitis-associated
cancer [71, 72]; binding of SP and NK-1 R triggers transactivation
of the EGFR, with subsequent activation of other pathways,
which can lead to increased inflammation and proliferation,

along with decreased apoptosis and differentiation [73, 74]. NK-
1r and EGFR expressions are significantly more up-regulated in
sporadic CRC and CACC than in normal controls [75]. Metastasis
associated in colon cancer-1 (MACC1) is a newly identified regu-
lator of the HGF-MET signaling pathway, and a recent study by
Harpaz et al. [76] has indicated that MACC1 expression is re-
markably higher in IBD-associated dysplasia than in the corre-
sponding inflammatory or normal colonic tissues and that its
level is further elevated during the progression from dysplasia
to CACC.

As discussed above, a series of biomarker candidates for can-
cer surveillance have been identified from colonic biopsies
(Table 2) but, because it is not easy to take colonic biopsies dur-
ing colonoscopy and it carries risks such as bleeding, perfora-
tion and cardiorespiratory complications, researchers have
turned to other non-invasive examinations. Biomarkers identi-
fied from blood, stool and urine samples have emerged in view
of their painlessness, easy accessibility and low cost, although
not enough data and convincing findings regarding these bio-
markers are currently available.

Stool biomarkers

The fundamental principle of stool-based biomarkers for CACC
surveillance is based on mechanisms resulting in the presence
of these tumor markers in stool, which can be attributed to leak-
age, exfoliation or secretion, making this a rich source of bio-
markers. Although considerable efforts are being made to
identify the presence of novel biomarkers in stool, stool-based
studies for surveillance are currently limited.

DNA-based biomarkers
As previously mentioned, changes in methylation occur early in
carcinogenesis and can be detected in both stool and blood,
making these markers ideal candidates for a non-invasive test
for cancer surveillance. In a prospective study by Kisiel et al.
[77], the methylation states of EYA4, BMP3 and NDRG4 were
assessed in stool, which revealed that the expression greatly
differs between colorectal neoplasia associated with IBD (IBD–
CRN) and IBD controls. A recent study by Azuara et al. [78] dem-
onstrated that SLIT2 gene methylation in a stool sample is more
frequently methylated in high-risk IBD patients for dysplasia or
cancer (4/16) than in low-risk patients (0/37) (p¼ 0.006).
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RNA-based biomarkers

The detection of RNA markers in stool has not been as exten-
sively studied as DNA markers, partly because mRNA is less sta-
ble than DNA in stool. miRNAs are involved in tumorigenesis,
including angiogenesis and metastasis, and are more stable
than mRNAs in stool. In 2010, Koga et al. [79] found that miR-17–
92 cluster and miR-135 in colonocytes isolated from stool are
overexpressed in CRC patients compared with healthy individu-
als. In addition, a study conducted by Wu et al. [80] revealed
that, compared with healthy controls, CRC patients have
significantly higher miR-21 (p< 0.01) and miR-92a (p< 0.0001)
levels in stool. Data from the study by Ahmed et al. [81] revealed
an increased expression of seven miRNAs (miR-21, miR-106a,
miR-96, miR-203, miR-20a, miR-326 and miR-92) and a de-
creased expression of seven miRNAs (miR-320, miR-126, miR-
484–5p, miR-143, miR-145, miR-16 and miR-125 b) in the stool of
CRC patients compared with that of UC patients.

Stool protein biomarkers
Although protein markers have mostly been detected in blood
samples to date, the presence of proteins such as calprotectin
and lactoferrin in stool has already been applied to evaluate
therapeutic response and relapse in IBD patients. Fecal calpro-
tectin and M2 pyruvate kinase (M2-PK) are the two most studied
fecal proteins for colon-cancer screening, although their
potential roles in the development of colon cancer are not well
understood and the results have been inconsistent. A recent
meta-analysis of eight studies of M2-PK has shown that this
marker has a pooled CRC sensitivity, specificity and accuracy of
79%, 80% and 85%, respectively [82]. A study conducted in
Australia has shown that the use of haptoglobin, which is an
acute-phase response protein, as a stool biomarker can identify
CRC patients with 92% sensitivity and 98% specificity, with an
increasing sensitivity of 100% when combined with occult blood
testing [83].

Gut microbiome
Recent studies have suggested that dynamic changes in the gut
microbiome structure occur prior to the first signs of macro-
scopic tumor formation and a community-wide effect involving
the gain and loss of bacterial populations and general metabolic
functions likely plays a critical role in cancer development [84].
Building upon these studies, when focused on the composition
of microbiota in stool samples from the gut, Yusuf et al. [85]
have reported a disappearance of the dominant band in the
Bifidobacterium group in all CRC, whereas colitis and internal
hemorrhoid samples did not show such a disappearance.
Another study conducted in Asia revealed significantly more
abundance of Fusobacterium nucleatum (Fn) in CRC than in con-
trols (p< 0.0001) and an improved diagnostic ability using the
combination of four bacterial markers [Fn, Bacteroides clarus (Bc),
Clostridium hathewayi (Ch) and one undefined species (m7)] [86].
Similarly, data from a study conducted in the USA have sug-
gested that CRC patients show an increase in the relative abun-
dance of Fusobacterium, Porphyromonas, Lachnospiraceae and
Enterobacteriaceae and a decrease in the relative abundance of
Bacteroides, Lachnospiraceae and Clostridiales than healthy individ-
uals [87].

Blood biomarkers

Blood also represents an ideal diagnostic biosample for screen-
ing tests owing to its low cost and easy accessibility.

DNA-based biomarkers
An increasing number of studies have reported the presence of
methylated DNA in the plasma of colon-cancer patients. A recent
multicenter prospective trial has shown that CRC sensitivity and
specificity of circulating aberrant methylated SEPT9 DNA
(mSEPT9) are 48% and 91.5%, respectively [88]. In 2011, Herbst et al.
[89] revealed 91% specificity and 61% sensitivity of NEUROG1 DNA
methylation for the detection of CRC. Recently, Lange et al. [90]
have identified two novel DNA-methylation markers—THBD and

Table 2. A summary of clinically relevant biomarkers for colitis-associated colorectal cancer surveillance in patients with ulcerative colitis

Type of specimen Analyte Biomarkers References

Colon tissue DNA Aneuploidy [48–50]
Cancer genes: GBP4, SAMSN1, NOD27, NOL3, CYP27B1,

RUNX3 and CYP27B1
[53]

DNA methylation ITGA4 and TFPI2; FOXE1 and SYNE1 [57, 58]
APC, CDH13, MGMT, MLH1 and RUNX3 [59]

Protein P53 mutation [47, 54, 55]
DNMT3b and RBM3 [61, 62]

microRNA miR-31, miR-224, miR-26b, miR-214, miR-375 [64, 66–70]
Stool DNA methylation EYA4, BMP3 and NDRG4; SLIT2 [77, 78]

RNA miR-17-92 and miR-135; miR-21 [79, 80]
Upregulation of 7 miRNAs (miR-21, miR-106a, miR-96, miR-

203, miR-20a, miR-326 and miR-92)
[81]

Decrease of 7 miNRAs (miR-320, miR-126, miR-484-5p, miR-
143, miR-145, miR-16 and miR-125b)

Protein Calprotectin and M2-PK; haptoglobin [82, 83]
Gut microbiome Bifidobacterium, Fusobacterium nucleatum, Bacteroides clarus,

Clostridium, Porphyromonas, Lachnospiraceae and
Enterobacteriaceae

[84–87]

Blood DNA mSEPT9, NEUROG1, THBD and C9orf50 [88–90]
RNA miR-375 and miR-26b [69, 70]
Protein CA19-9, CRP and ESR [91, 92]

Urine Metabolites Oxidatively modified DNA bases/nucleosides [94, 95]
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C9orf50—for early CRC detection through a systematic genome-
scale marker discovery and verification study and revealed that
these markers outperform carcinoembryonic antigen (CEA) for
CRC screening.

RNA-based biomarkers
A recent study has suggested that blood-based miRNA-375 is
significantly up-regulated in the CACC cohort compared with
the UC cohort, and plasma miRNA has the potential to act as a
novel biomarker to monitor cancer in UC patients [70]. In a
chemically induced murine model of CACC, Benderska et al. [68]
have indicated an increased miR-26 b expression in the serum
of colon-cancer mice compared with that of untreated controls,
and its expression is downregulated in SCC, which helped to
discriminate between CACC and SCC.

Protein markers
CEA was first considered specific for CRC, but it lacks sufficient
sensitivity for early CRC detection, and elevated CEA levels were
later detected in other diseases such as IBD and other malig-
nancies, and its potential role in the development of CRC is
unclear; therefore, CEA is not recommended for CRC screening.
Several studies have suggested that the sensitivity of cancer an-
tigen 19–9 (CA 19–9) is much inferior to that of CEA, and elevated
CA19–9 levels are indicative of poor prognosis [91]. Persistent in-
flammation is an essential factor for carcinogenesis in UC.
Ananthakrishnan et al. [92] have found that elevated levels of
serum inflammatory markers, C-reactive protein and erythro-
cyte sedimentation rate, are associated with a high CACC risk.
In addition, a recent study has shown that CRC is associated
with median albumin levels (p¼ 0.03) and increased CRP–albu-
min scores (p¼ 0.0002) [93].

Urinary biomarkers

Thus far, there have been limited urine-based studies on CACC
surveillance. Oxidative stress linked with chronic inflammation

is associated with CACC etiology and a study conducted in
Poland assessed the diagnostic utility of the urinary excretion of
oxidatively modified DNA bases/nucleosides in CRC patients
and healthy individuals and found that urinary DNA modifica-
tions may reflect the oxidative stress/chronic inflammation in
CRC, but its diagnostic performance for early detection is insuf-
ficient [94]. Given that field asymmetric ion mobility spectrome-
ter (FAIMS) identifies IBD patients by analysing shifts in volatile
organic compound patterns in both urine and stool,
Arasaradnam et al. [95] have demonstrated that CRC patients
can be distinguished from healthy individuals through FAIMS
analysis of urine with 88% sensitivity and 60% specificity.

The non-invasive methods mentioned above (Table 2) can
be used to decrease unnecessary colonoscopies and biopsies,
thereby decreasing patients’ burden as well as lowering medical
costs (Figure 2).

Conclusion

With increasing incidence of CACC [8, 96, 97], early CACC detec-
tion has remained a clinical challenge. Although traditional en-
doscopic screening has been performed for years, it may
contribute to a decline in CACC incidence; however, its effi-
ciency is mainly based on operator experience and knowledge
and improvements in the endoscopic facility. Using a risk-
stratified approach to determine surveillance intervals would
improve the allocation of limited medical resources.
Furthermore, molecular monitoring can improve the clinical
management of neoplastic risk in UC patients, since the process
could be based on the earliest pathways and molecular markers
of UC carcinogenesis, and research on molecular detection is
expanding and will likely lead to other high-performance diag-
nostic or screening tools in the future, but practical values for
these markers remain to be confirmed because of limited find-
ings and small sample sizes in most studies. Hence, it is neces-
sary to find more accurate, convenient, economical and

Figure 2. Flow chart of molecular monitoring in patients with ulcerative colitis. It illustrates how these molecular monitoring surveillance methods can affect disease

management strategies or further monitoring.
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effective screening methods to manage patients in a personal-
ized way to achieve the ultimate goal of decreasing patient mor-
bidity and mortality from CACC.
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