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Abstract. Fecal microRNAs (miRNAs) are increasingly 
explored as non-invasive markers of colorectal cancer (CRC). 
However, its holistic profile in Asian CRC patients remains 
elusive. In the present study, the global human fecal miRNAs 
in Asian Chinese CRC patients was assayed to elucidate novel 
diagnostic fecal markers. Additionally, the influence of blood 
in stool on fecal miRNA levels was investigated for the first 
time. Microarray analysis was applied to profile the fecal 
miRNAs extracted from CRC patients and healthy subjects. 
Concurrently, surgically resected tumor and matched normal 
mucosae were analyzed. Potential fecal miRNA markers were 
further confirmed using real-time PCR in 17 CRC patients and 
28 healthy subjects. Global miRNA profiling uncovered 17 
fecal markers (P<0.05) differentially regulated in CRC. Fecal 
miR-223 and miR-451 represented robust markers in distin-
guishing CRC patients from healthy subjects, as evident from 
areas under the receiver operator characteristic curves of 0.939 
and 0.971, respectively. Blood in stool affected fecal miR-451, 
miR-223 and miR-135b levels to a varying extent and substan-
tially impacted the interpretation of the clinical data. Notably, 
a discrete set of aberrant miRNAs occurred within the tumor, 
indicating the presence of contributors beyond the exfoliation of 
tumor cells to the fecal miRNA profile. In summary, the utility 
of a global miRNA screening approach was successfully demon-
strated in elucidating diagnostic markers of CRC. In particular, 
fecal miR-223 and miR-451 hold promise in detecting CRC.

Introduction

Colorectal cancer (CRC) is the third most common cancer in 
men and the second in women worldwide and accounts for 
almost 8% of all cancer-related deaths (1). In Asian countries 
including China, Singapore, South Korea and Japan, CRC has 
displayed a rapidly rising trend (2). A 2- to 4-fold upsurge 
in the incidence of CRC has been encountered over the past 
few decades (3). In order to abate disease mortality, timely 
detection of CRC by population screening has been a pivotal 
strategy. However, existing screening tools such as fecal occult 
blood test (FOBT) or colonoscopy either lack sensitivity and 
specificity (4) or are too invasive and costly. Fecal DNA (5) 
and mRNA testing (6) are emerging non-invasive techniques, 
but their wide acceptance awaits further optimization and 
validation with respect to the clinical diagnostic value. These 
limitations have spawned efforts to develop an alternative 
fecal-based method that is accurate yet easily administered as 
a population screening tool for CRC.

As prevailing studies focused on DNA and mRNA aberra-
tions as potential fecal markers, the role of post-transcriptional 
changes remains underexplored. MicroRNAs (miRNAs) are 
19-24 nucleotide non-coding RNAs which negatively regulate 
gene expression post-transcriptionally by suppressing transla-
tion and facilitating degradation of target mRNAs (7). Due 
to their ability to modulate the expression of oncogenes and 
tumor suppressors directly, miRNAs have increasingly been 
implicated in tumorigenesis  (8-11). A growing number of 
clinical studies have congruently shown deregulated miRNA 
expression in surgically excised colorectal tumor, for instance 
an upregulation of oncogenic miR-135b that inhibits the 
tumor suppressor adenomatous polyposis coli (APC) gene, 
compared to matched normal mucosae (12-20). Owing to its 
direct contact with the colorectum, feces represent a valuable 
resource of this unique miRNA signature for the detection 
of CRC. It was hence hypothesized that fecal miRNAs could 
serve as candidate markers for the non-invasive screening of 
CRC.

While targeted profiling of selected fecal miRNAs have 
been explored (21-26), a holistic understanding of the global 
fecal miRNA profile in CRC patients is lacking, particularly 
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in Asian patients. Non-targeted fecal miRNA profiling enables 
the discovery of novel diagnostic markers but has hitherto 
been conducted predominantly in Caucasian CRC patients 
(27,28) who may possess different genetic predispositions 
(3,29) and hence dissimilar fecal miRNA signature from their 
Asian counterparts. A global profiling study is, therefore, 
warranted in the Asian context. Furthermore, it remains to 
be determined if the global miRNA profile characterizing 
the feces of CRC patients reflects, or differs from, that within 
the colorectal tumor. In addition, gut bleeding is a clinically 
prevalent phenomenon of CRC. With the significant presence 
of miRNAs in the plasma, platelets and blood cells (30,31), 
the potential impact of blood in stool on the fecal miRNA 
profile needs to be addressed. To date, this pertinent factor that 
influences the interpretation of fecal miRNA data in disease 
biomarker profiling remains unclear.

In the present study, the global human fecal miRNA profiles 
were characterized in CRC patients and healthy subjects in 
Singapore to elucidate fecal markers for non-invasive detec-
tion of the disease. Independently, tissue miRNA profiles 
were also characterized and compared between cancer and 
matched normal mucosae resected from the same cohort of 
CRC patients. The effect of blood in stool on the levels of fecal 
miRNA markers was investigated for the first time.

Materials and methods

Clinical population and samples. CRC patients and healthy 
subjects were recruited at the Outpatient Specialist Clinic at the 
Singapore General Hospital from September 2011 to February 
2013. All subjects were Han Chinese. The inclusion criterion 
for CRC patients was the diagnosis of sporadic CRC where 
surgical tumor resection had not been performed. Exclusion 
criterion was administration of neoadjuvant chemotherapy or 
radiotherapy. Randomly selected healthy subjects were eligible 
for the present study if they had undergone a colonoscopy 
within the past 5 months to confirm the absence of CRC or 
pre-cancerous polyps. Exclusion criteria comprised a history 
of CRC, a history of polyps within the last 3 years, the presence 
of inherited CRC syndromes (such as, Lynch syndrome and 
familial adenomatous polyposis) and a family history of hered-
itary CRC. Subjects in both groups did not have co-existent 
inflammatory bowel disease. The present study was endorsed 
by the Institutional Review Board at the Singapore General 
Hospital (2010/042/B) and all subjects provided written 
informed consent prior to participation in the study.

Fecal samples were collected domestically by CRC 
patients before surgical resection and by healthy subjects 
within 1 month of enrolment in the study. Detailed instructions 
for sample collection were provided to all subjects. Briefly, a 
representative aliquot of feces was collected in a sealed plastic 
container. Care was taken to prevent contact with urine and 
toilet water. The samples were transported to the hospital on 
the same day, or were otherwise kept at 4˚C and transferred to 
the hospital within 2 days. All samples were stored at -80˚C 
immediately upon receipt at the hospital.

Surgical tissues resected from the same cohort of CRC 
patients were snap-frozen in liquid nitrogen, microdissected 
and stored at -80˚C until analysis. Careful microdissection 
of the excised tissue ensured that at least 90% of the tumor 

specimen consisted of cancer cells. Matched normal mucosa 
samples were obtained from excised tissue at least 5 cm away 
from the edges of the tumor. Routine histological evaluation of 
the tumor specimens was also conducted by a blinded patholo-
gist to determine the stage and grade of the cancer.

Study design. The study was implemented in 2 phases, namely 
phase I, biomarker screening, and phase II, biomarker confir-
mation. In phase I, biomarker screening, global profiling by 
microarray was performed on the fecal miRNAs extracted 
from 8 CRC (stage B-C) patients and 8 healthy subjects. 
Concurrently, the platform was employed to compare the 
miRNA profiles of tumors (n=8) and paired normal mucosa 
(n=8) surgically excised from the same cohort of CRC patients. 
The differential miRNA expression patterns established from 
the fecal and tissue analyses were compared.

In phase II, biomarker confirmation, selected fecal markers 
identified from phase I were confirmed by real‑time PCR. In 
phase IIa, the validation of the real-time PCR approach to 
biomarker confirmation was performed using miR-135b, an 
established fecal marker for CRC (22,27,28), on a randomly 
chosen subset of 9 CRC patients and 19 healthy subjects. In 
phase IIb, the CRC-related dysregulation of selected fecal 
miRNAs shown in phase I was confirmed on an extended 
cohort of CRC patients (n=17) and healthy subjects (n=28). 
The robustness of these markers in discriminating CRC 
subjects from healthy subjects was evaluated.

Materials. MirVana™ miRNA isolation kit was purchased 
from Ambion. TaqMan® MicroRNA Assays, Taqman® 
microRNA RT kit and Taqman® Universal PCR Master Mix 
(2X) with no AmpErase UNG were products of Applied 
Biosystems. QIAshredder was supplied by Qiagen. Nuclease-
free water was obtained from Invitrogen.

Total RNA extraction from feces and colorectal tissue. Total 
RNA (including miRNAs) was isolated from ~50 mg of frozen 
feces (sampled from 3 different points of the fecal mass) or 
20 mg of fresh frozen tissue using the mirVana™ miRNA 
isolation kit. Briefly, the samples were homogenized by plastic 
pestle on ice in 600 µl of lysis buffer. The homogenate was 
passed through QIAshredder and centrifuged at 18,000 x g 
for 2 min. Subsequent steps were performed in accordance 
with the manufacturer's instructions. Total RNA was then 
quantified using NanoDrop (Thermo Scientific). Quality of the 
RNA was determined using Agilent bioanalyzer 2100 (Agilent 
Technologies).

Microarray-based profiling (phase I)
Labeling and hydridization. Microarray analysis was 
performed on Agilent Human miRNA 8x60K format v16 
(based on Sanger miRbase version 16.0) by Genomax 
Technologies. Each array contained probes interrogating 1,347 
miRNAs. In the analysis, miRNAs were labeled with Agilent 
miRNA Complete Labelling and Hyb kit. Briefly, total RNA 
(100 ng) was phosphorylated with Calf Intestinal Alkaline 
Phosphatase before ligating with cyanine3-pCp by T4 RNA 
Ligase. Labeled RNA was dried completely using vacuum 
centrifugation and reconstituted in 17 µl of nuclease-free water 
and hybridized onto Agilent SurePrint G3 Human miRNA 
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8x60K microarray for 20 h at 55˚C. After hybridization, the 
microarray slide was washed before scanning on the Agilent 
High Resolution Microarray Scanner (C-model). Raw signal 
data were extracted with Agilent Feature Extraction Software 
(version 10.7.1.1).

Data pre-processing. Data was pre-processed by logarithmic 
transformation and normalization to the 90th percentile. Only 
miRNAs present in at least 75% of samples in any 1 out of 2 
conditions, at raw signal intensities >20, were analyzed.

Selection of endogenous controls for real-time PCR. To 
the processed data from the fecal miRNA microarray, the 
following cut-offs were applied: i) small coefficient of variation 
(CV) of <25% across samples, ii) minimal fold-change in the 
range of 0.8-1.25 between groups, and 3) raw signal intensity 
>100. Selection of appropriate endogenous control was carried 
out based on the commercial availability of Taqman® real-time 
PCR assays and the absence of publications on their dysregu-
lation in CRC. Finally, candidate endogenous controls were 
verified on real-time PCR. GeNorm Algorithm was utilized 
to determine M value, a measure of expression stability (32). 
Suitable endogenous controls have M values <1.5.

Real-time PCR-based profiling (phase II). Primers for reverse 
transcription (RT) and real-time PCR were provided by 
TaqMan® MicroRNA assays. The assays target miR-223 (assay 
ID: 002295), miR-451 (assay ID: 001141), miR-135b (assay ID: 
002261), miR-1202 (assay ID: 002858), miR-4257 (assay ID: 
244369) and miR-3937 (assay ID: 462743). Total RNA (10 ng) 
was reverse-transcribed using Taqman® microRNA RT kit, 
according to the manufacturer's instructions. The PCR reac-
tion mix contained 1.33 µl of cDNA, 1 µl of primers, 10 µl of 
Taqman® Universal PCR Master Mix (2X) with no AmpErase 
UNG and 7.67 µl of nuclease-free water. The thermal cycling 
procedure encompassed pre-cycling heat activation at 95˚C 
for 10 min, followed by 40 cycles of denaturation at 95˚C for 
15 sec and annealing/extension at 60˚C for 60 sec, in a CFX96 
real-time PCR system (Bio-Rad). Reactions were performed 
in triplicates. Data were obtained as average Ct values, and 
normalized against endogenous controls as ΔCt.

Validation of real-time PCR method for clinical profiling. 
The amplification efficiencies of 3 target miRNAs (miR-223, 
miR-451 and miR-135b) and 2 endogenous controls (miR-1202 
and miR-4257) were examined. In the PCR reaction, primers 
were added to five different cDNA concentrations that were 
serially diluted. The generated Ct values were then plotted 
against the logarithm of cDNA concentrations. Amplification 
efficiency was derived from the slope of the log-linear portion 
of the calibration curve (efficiency = 10-1/slope -1). No-template-
control (NTC) and no-reverse-transcription (NRT) control 
were included.

Effect of blood on the fecal miRNA levels. Feces (Bristol stool 
scale type 4) were collected from a healthy subject who was 
tested negative by FOBT. Blood was spiked into feces to simu-
late different clinical levels of blood in stool, namely 0.1 mg 
Hb/g stool (occult), 1 mg Hb/g stool (occult), 10 mg Hb/g stool 
and 100 mg Hb/g stool (gross). Unspiked neat feces and blood 

served as controls. The experiment was performed in tripli-
cates. RNA was isolated, reverse-transcribed and analyzed 
by real-time PCR as detailed above. The normalized levels 
of miR-451, miR-223 and miR-135b were expressed as a ratio 
with respect to neat feces. 

Statistical analysis. In microarray-based profiling, data pre-
processing, filtering, univariate t-test and fold-change analysis 
were performed using GeneSpring GX 11.5. Specifically, 
independent samples t-test was used to compare miRNAs 
from fecal samples of CRC patients and healthy subjects, while 
paired samples t-test was used to compare miRNAs from 
tumor tissue and matched normal mucosae. Multivariate partial 
least-squares discriminant analysis (PLS-DA) was performed 
using SIMCA-P version 11.0 software (Umetrics). The validity 
of the PLS-DA model was ascertained by response permuta-
tion testing (100 repetitions). A list of differential miRNAs was 
identified based on variable importance for projection (VIP) 
score of >1.2 in the PLS-DA coupled to P-value of <0.05 in the 
t-tests. Heat map was generated using R (www.r-project.org).

In real-time PCR-based profiling, univariate analysis of 
relative levels of miRNAs was accomplished using the Relative 
Expression Software Tool (REST© 2009) (Qiagen). Statistical 
significance was established at P<0.05. Multivariate logistic 
regression was performed using MedCalc version 12.7 using 
ΔCt values. To evaluate the robustness of the markers in clas-
sifying CRC patients and healthy individuals, ROC analyses 
were performed using the predicted Y-values from the regres-
sion model. Corresponding areas under the ROC curve (AUC) 
were determined.

Results

Patient characteristics. A total of 45 participants including 
17 CRC patients and 28 healthy subjects were recruited. The 
clinical characteristics of the participants are summarized 
in Table I. Notably, there was an uneven distribution of age 
(P<0.005, independent samples t-test) and gender (P<0.01, 
χ2 test) between the groups. These factors were hence adjusted 
in subsequent analysis. Among the CRC patients, the cancer 
stages ranged from Dukes' stages B to D. Most tumors were 
moderately differentiated.

Elucidation of CRC-related miRNA profiles in feces and tissue 
(phase I). In the microarray-based fecal miRNA expression 
analysis, 277 miRNAs were detected after the exclusion of low 
or non-uniform signals. Univariate tests uncovered 17 human 
fecal miRNA markers characterizing CRC (P<0.05), although 
multivariate analysis did not differentiate CRC patients from 
healthy subjects. Fig. 1A shows the heat map of these 17 fecal 
miRNAs and their associated fold-changes relative to healthy 
subjects. Among the fecal miRNAs, miR-451 was the most 
prominently dysregulated.

In the global tissue miRNA profiling, 287 miRNAs were 
detected. Tumor miRNA signature was clearly distinct from 
matched normal mucosa as shown in the PLS-DA scores plot 
(3 latent variables, R2X=0.619, R2Y=0.992, Q2=0.883; Fig. 1B). 
Based on PLS-DA, 79 discriminating human miRNAs were 
uncovered (VIP>1.2, P<0.05) and summarized as a heat map 
in Fig. 1C.
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Figure 1. Fecal and tissue miRNA markers characterizing CRC. (A) Heat map showing 17 fecal miRNAs characterizing CRC (P<0.05) and their associated 
fold changes and directions of change (relative to healthy subjects). Heat map was built based on processed array signals. (B) PLS-DA scores plot differenti-
ating tumor (◼) and matched normal mucosa (●) (3 latent variables). (C) Heat map showing 79 tumor miRNAs characterizing CRC (P<0.05 and VIP>1.2). Heat 
map was built based on processed array signals.
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Candidate endogenous controls for real-time PCR. In addi-
tion to uncovering differentially expressed miRNAs, a further 
capability of microarray analysis was to identify consistently 
expressed fecal miRNAs that may serve as normalizers on 
subsequent real-time PCR analysis, given the lack of reports 
on this subject. Seventeen stably expressed candidate human 
miRNAs with suitable signal intensity, CV across samples and 
fold-change between groups were shortlisted. Three miRNAs, 
miR-3937, miR-4257 and miR-1202, were further selected 
based on the commercial availability of Taqman® real-time 
PCR assays and the absence of published dysregulation in 
CRC. While miR-3937 showed a Ct value >40, miR-1202 and 
miR-4257 were detected and confirmed as suitable endogenous 
controls (M value <1.5) by real-time PCR. Fecal miR-1202 
and miR-4257 were hence employed as endogenous controls 
in subsequent real-time PCR analyses.

Validation of real-time PCR method for clinical profiling. 
Real-time PCR provides a quantitative tool to support clinical 
profiling of specific miRNA markers identified from the earlier 
global profiling. Firstly, reaction efficiencies of all ampli-
fications were determined to be between 84.8 and 105.7%, 
ascertaining minimal presence of PCR inhibitors. R2 coeffi-
cients of the calibration curves were >0.9. Corresponding NRT 
controls verified negligible amplification of genomic DNA.

miR-135b, an established fecal marker for CRC (22,27,28), 
was used as a probe for validating the real-time PCR approach 
to biomarker confirmation. In accordance with previous 
reports, fecal miR-135b was significantly upregulated in CRC 

patients compared with healthy subjects. A mean fold-change 
of 7.25 (P<0.05) was observed.

Biomarker confirmation of miR-223 and miR-451 using 
real-time PCR (phase II). After validating the real-time PCR 
approach, the CRC-related dysregulation of fecal miR-223 and 
miR-451 was confirmed in the complete cohort of 17 CRC 
patients and 28 healthy subjects. From a univariate analysis, 
the levels of fecal miR-223 and miR-451 were appreciably 
higher in CRC patients compared to healthy subjects [17.5- 
and 102-fold higher for miR-223 (P<0.001) and miR-451 
(P<0.001), respectively]. Logistic regression analyses with 
age, gender and fecal miRNAs as independent variables 
further revealed both fecal miR-223 and miR-451 as potential 
diagnostic markers (P<0.01). Receiver operator characteristic 
(ROC) analyses of the regression models showed areas under 
the curves (AUCs) of 0.939 (95% CI, 0.825-0.988) and 0.971 
(95% CI, 0.871-0.998), respectively (Fig. 2). Based on ROC, 
fecal miR-223 produced a sensitivity of 76.5% and specificity 
of 96.4%, while fecal miR-451 yielded a sensitivity of 88.2% 
and specificity of 100.0%, in detecting CRC.

Effect of blood in stool on the fecal levels of miRNA. miR-451, 
miR-223 and miR-135b were present in human blood (Fig. 3), 
with miR-451 and miR-223 being particularly abundant. Fecal 
miR-451 level was increased significantly (P<0.05) by the 
presence of blood at concentrations as low as 0.1 mg Hb/g 
stool. Fecal miR-223 level was unaffected by occult levels of 
blood at concentrations up to 1 mg Hb/g stool, but was progres-
sively increased (P<0.05) at 10 mg Hb/g stool and beyond. On 
the contrary, fecal miR-135b remained unchanged at varying 
levels of blood in stool.

Figure 2. Receiver operator characteristic (ROC) analysis. ROC curves based on 
logistic regression models (age- and gender-adjusted) using (A) fecal miR‑451 
and (B) fecal miR-223 for discriminating CRC patients from healthy subjects. 

Table I. Clinical characteristics of CRC patients and healthy 
subjects.

	 CRC patients	 Healthy subjects
Characteristics	 (n=17)	 (n=28)

Age (years)
  Mean	 63.7	 55.1
  Range	 46-80	 36-79
Gender, n (%)
  Male	 13 (76.5)	 10 (35.7)
  Female	 4 (23.5)	 18 (64.3)
Tumor site, n (%)
  Ascending colon	 1 (5.9)
  Sigmoid	 4 (23.5)
  Rectosigmoid	 3 (17.6)
  Rectum	 9 (52.9)
Dukes' stage, n (%)
  B	 8 (47.1)
  C	 7 (41.2)
  D	 2 (11.8)
Grade
  Well differentiated	 2 (11.8)
  Moderately differentiated	 14 (82.4)
  Poorly differentiated	 1 (5.9)
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Discussion

The search for a reliable, non-invasive fecal-based screening 
tool has been an ongoing endeavour in the management 
of CRC. In the present study, we adopted a non-targeted 
microarray-based approach as a means to uncover novel fecal 
miRNA markers for detecting CRC in the Asian population.

Unique fecal and tissue miRNA markers characterizing CRC. 
The choice of a microarray designed based on the newer 
Sanger miRBase version 16.0 conferred a broad analytical 
space for the comprehensive evaluation of fecal and tissue 
miRNAs. In fecal miRNA profiling, multivariate analysis did 
not aid in differentiating CRC patients from healthy subjects. 
The dilution of the disease-related signature was not unex-
pected considering the plausible inter-individual variations in 
miRNA expression and the complex nature of the fecal bioma-
trice. Nevertheless, a univariate analysis unravelled 17 fecal 
miRNA markers, most of which were previously unreported 
in the context of CRC. On the other hand, higher expression of 
fecal miR-223 in CRC patients concurred with Caucasian data 
(27,28). Taken together, the findings from our global survey of 
miRNAs confirmed and complemented existing knowledge on 
fecal miRNA markers of CRC.

Similar to fecal miRNA profiling, both well-characterized 
and novel markers were elucidated from the global study 
of miRNAs in paired tumor and normal mucosa. Some 
differentially expressed miRNAs corresponded to oncomirs 
well-defined in the pathogenesis of CRC. For example, the 
miR-17-92 cluster suppresses thrombospondin-1 (Tsp-1) and 
connective tissue growth factor (CTGF); miR-145 inhibits 
Myc; and miR-135b targets APC. Tsp-1, CTGF, Myc and 
APC are regulators along the Wnt signaling pathway known 
to be altered in CRC (12-20,33). On the other hand, we also 
uncovered oncomirs not known to correlate with colorectal 
carcinogenesis, including miR-99a and miR-100 that regulate 
mTOR in various types of cancer (34-36), as well as newer 
miRNAs whose functions remain unclear (such as miR-3648).

Notably, unlike a prior Caucasian report  (28), these 
global miRNA aberrations within the tumor were not repre-
sented within the fecal miRNA profiles of CRC patients in 
our study. Osborn and Ahlquist (5) previously defined fecal 

markers from three sources: exfoliated, secreted and leaked 
markers. Exfoliated markers are derived from the shedding 
of colonocytes at the gut luminal surface; secreted markers 
are emanated from the epithelial cells lining the colonic 
lumen; and leaked markers are products of disturbed blood 
or lymph vessels following tumor growth. Our microarray 
data herein demonstrated that the unique fecal miRNA profile 
characterizing CRC in Asian patients was possibly associated 
with processes beyond the direct exfoliation of tumor cells in 
feces. These complex mechanisms remained unclear, although 
possible speculations were shedding of normal colonocytes 
that harbored altered miRNA profiles and the presence of 
leaked markers from blood in stool of CRC patients. In 
particular, the former postulation was supported by a recent 
report that alluded to changes in the miRNA milieu of normal 
mucosae given its interaction with the adjacent tumor (37). 
Notably, our observation posed considerable possibilities for 
future research into the origin of fecal miRNA markers and 
the multiple features of CRC.

Fecal miR-223 and miR-451 confirmed as clinical markers 
of CRC. Following phase I screening, biomarker confirma-
tion (phase II) was performed on fecal miR-451, a novel and 
the most differentially expressed fecal marker identified in 
the microarray analysis. Fecal miR-223 was also included 
to confirm the observed upregulation that had mirrored 
Caucasian findings (27,28). From a univariate analysis, fecal 
miR-223 and miR-451 were noticeably higher in CRC patients 
compared with healthy subjects, corroborating findings from 
phase I. Multivariate and ROC analyses further ratified the 
potential of fecal miR-223 and miR-451 as biomarkers for 
non-invasive detection of CRC. In future studies, non-CRC 
subjects with other diseases of the lower gastrointestinal tract, 
for instance inflammatory bowel disease, could be included to 
assess the specificity of these fecal markers for CRC.

Recent literature provides plausible targets for these 
miRNAs but a divided opinion of their influence on onco-
logical phenotypes. For miR-223, it was shown to target tumor 
suppressor erythrocyte membrane protein band 4.1-like 3 
(EPB41L3) in gastric cancer, hence promoting invasion and 
metastasis (38). Conversely, it suppressed artemin, a tumor 
promoter, in esophageal carcinoma cells (39) and inhibited cell 
proliferation through regulation of Forkhead box O-1 (FOXO1) 
expression in HCT-116 colorectal cancer cell line (40). Hence, 

Table II. Fold change in tumor tissue (n=8) relative to matched 
normal mucosae (n=8) from phase I microarray analysis.

miRNA	 Average fold-changea	 P-valueb

miR-451	 1.26	 0.708
miR-223	 1.05	 0.272
miR-135b	 11.8	 0.004

aFold-change >1 indicates higher level in the tumor tissue compared 
with matched normal mucosae; fold-change <1 indicates lower level 
in the tumor tissue compared with matched normal mucosae. bP-value 
from paired t-test.Figure 3. Fold-change (FC) in fecal miRNA levels relative to neat feces at 

different levels of blood in stool; FC>1 indicates higher levels compared to 
neat feces. Each measurement represents mean fold-change ± standard error 
(n=3). *Statistical significance in FC (P<0.05).
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miR-223 appeared to exert different influence depending on 
the cancer type. miR-451 regulated LKB1 signaling via direct 
targeting of calcium-binding protein 39 (CAB39) in glioma 
cells (41,42). Its overexpression under high glucose conditions 
permitted unrestrained mTOR activity and thereby promoted 
cell growth (41,42). However, in an esophageal cancer cell line, 
high levels of miR-451 downregulated BCL-2, AKT and pAKT 
and increased apoptosis (43). Similarly, in acute lymphoblastic 
leukemia, miR-451 suppressed Myc expression (44) while in 
a DLD-1 colorectal cancer cell line, miR-451 reduced cell 
proliferation through modulation of macrophage migration 
inhibitory factor (MIF) expression (45). Therefore, the exact 
pathological role of miR-451 requires further investigation and 
contextualization by appropriately considering the influence of 
their tumor-specific microenvironment. For now, their clinical 
value mainly rests on their differential expression in patients' 
fecal material to serve as diagnostics for disease stratification.

Interpretation of fecal miRNA changes considering the influ-
ence of blood in stool. As gut bleeding is a clinically prevalent 
phenomenon of CRC, miRNAs of blood-origin become a perti-
nent factor in the mechanistic interpretation of fecal miRNA 
alterations in CRC patients. To the best of our knowledge, this 
is the first study to investigate the influence of blood in stool 
on fecal miRNA analysis. Our in  vitro data clearly estab-
lished that blood in the stool affected the levels of three fecal 
markers, miR-451, miR-223 and miR-135b, to a varying extent. 
Substantial amounts of miR-451 and miR-223 in the blood were 
consistent with their reported abundance in erythrocytes and 
myeloid cells, respectively (30). These notable findings impacted 
the interpretation of our clinical findings, as discussed below.

Fecal miR-451 level was significantly enriched by the pres-
ence of both occult and gross levels of blood. Considering the 
propensity of gut bleeding in CRC, the data indicated that the 
observed upregulation of fecal miR-451 in CRC patients may 
be attributed predominantly to blood in their stool. In other 
words, it pointed towards the potential role of blood-borne 
miRNAs as sensitive fecal occult blood markers, or leaked 
markers, of CRC. On this basis, future studies may be extended 
to correlating fecal miR-451 with clinical fecal blood levels 
and comparing its diagnostic sensitivity with existing FOBTs. 

Conversely, fecal miR-223 level was unaffected by occult 
levels of blood up to 1 mg Hb/g stool. Based on these data, 
coupled with the likelihood of gross gut bleeding in some 
CRC patients, it was postulated that blood in stool accounted 
partially for the clinical upregulation of fecal miR-223. A 
separate analysis was conducted on samples documented to 
contain <1 mg Hb/g stool of blood (8 CRC patients and 10 
healthy subjects). This pilot investigation reinforced the 
pronounced elevation of miR-223 in the feces of CRC patients 
notwithstanding the absence of blood beyond 1 mg Hb/g stool 
(mean fold-change, 14.6; P<0.001). Despite the small cohort 
size, it underscored the presence of alternative contributors to 
the upregulation of fecal miR-223 in CRC. Having said that, 
as we did not observe dysregulation of miR-223 at the tumor 
level (Table II) in phase I, fecal miR-223 was unlikely a tumor-
derived exfoliated marker. Collectively, these findings may 
stimulate future investigations into additional mechanisms 
for fecal miR-223 perturbation, for instance the shedding of 
adjacent normal colonocytes and other non-parenchymal cells. 

In contrast to fecal miR-451 and miR-223, fecal miR-135b 
level was impervious to varying amounts of blood, suggesting 
that blood in stool did not mediate the upregulation of fecal 
miR-135b in CRC patients; rather, fecal miR-135b was likely a 
tumor-derived exfoliated marker, as supported by the parallel 
upregulation at the tumor level (Table II).

In light of the varying degree of influence exerted by the 
presence of blood in stool on different fecal miRNA markers, 
we propose that similar experiments be incorporated in the 
future design of clinical fecal miRNA profiling studies. This 
approach may also be considered in advancing existing studies 
where miRNAs highly expressed in blood (including miR-92a 
in erythrocytes) (30) have been reported as fecal markers of 
CRC (22,24,27,28). From these efforts, a more comprehensive 
insight into the alterations of potential fecal miRNA markers 
could be gleaned.

In conclusion, the present study highlighted the utility of 
a holistic miRNA screening approach in elucidating potential 
diagnostic markers of CRC in the Asian population. Fecal 
miR-223 and miR-451 were further confirmed as biomarkers 
that may facilitate the non-invasive screening of CRC. It also 
illustrated the importance of delineating the influence of blood 
in stool and integrating these findings during the interpretation 
of clinical fecal miRNA data.
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