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Article history: Background: Colorectal cancer (CRC) is still among the most lethal and prevalent malig-
Received 6 September 2021 nancies in the world. Despite continuous efforts, the diagnosis and prognosis of CRC have
Accepted 13 January 2022 never been satisfying, especially the non-invasive assays.
Available online 22 January 2022 Methods: Our study comprised three independent cohorts of 835 qualified stool samples.
From 46 literature-identified miRNA candidates, four miRNA ratios were selected and
Keywords: developed into a miRNA-based signature after applied to the training and test sets. The
Screening clinical performances of this signature were further evaluated in the prospective cohorts.
Colonoscopy Results: Four miRNA ratios with significant alterations and the highest discriminating
Biomarker power between the CRC and control groups in the training set were successfully validated
Prioritization in the test set. In the training dataset, combining these four miRNA ratios using a logistic

regression model improved the area under the curve value to 0.821 and obtained a sensi-
tivity of 73.6% and specificity of 78.9%. This miRNA signature showed consistent perfor-
mances in the other two sample cohorts, with the highest sensitivity of 85.7% in the
prospective cohort. Additionally, the higher miRNA signature was associated with worse
disease-free survival (hazard ratio = 2.27) and overall survival (hazard ratio = 1.83) of CRC
patients. For fecal immunochemical test (FIT)-positive populations, the positive predictive
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value for CRC detection in miRNA-positive subjects was 3.43-fold higher in the prospective
cohort, compared to FIT alone.
Conclusion: This stool miRNA signature is highly associated with poor outcome of CRC and

can be added to FIT tests to help identify the most at-risk group to receive prompt colo-

noscopy examination.

At a glance commentary
Scientific background on the subject

Colorectal cancer (CRC) is still the leading cause of can-
cer death worldwide. Up to date, fecal immunochemical
test (FIT)-based screening strategy is considered an
effective method for reducing CRC mortality, but the
false positive results have caused overloaded demand
for colonoscopy.

What this study adds to the field

In this study, we developed a stool miRNA signature that
could increase the positive predictive value for CRC
detection to 17.9% in FIT-positive populations and was
associated with worse disease-free survival and overall
survival of CRC patients. It can be used to prioritize the
most at-risk population of CRC.

Colorectal cancer (CRC) is the second leading cause of cancer
death and the third most commonly diagnosed cancer in the
world, with almost 860,000 deaths and 1,800,000 new cases in
2018 [1]. CRC incidence is steadily rising worldwide, especially
in developing countries [2]. In Taiwan, it was the most com-
mon cancer for 12 consecutive years up to 2017, and it was the
third leading cause of cancer mortality with 14.6 per 10° per-
sons in 2018 [3]. The 5-year survival rate of CRC is above 90%
for early stage of CRC, but drops to 53% for stage IIIC and 12%
for metastatic CRC [2]. Despite ongoing of numerous screening
programs, nearly a quarter of CRCs are diagnosed at an
advanced stage with metastases [4]. Therefore, developing
more efficient strategies for early detection of CRC is still
needed.

Population screening and endoscopic surveillance were
considered effective strategies to prevent the development of
and death from CRC [5,6]. More recently, the fecal immuno-
chemical test (FIT) and the multi-target stool DNA test (Colo-
guard™) are two non-invasive assays recommended to
identify risk groups that should be referred for colonoscopy-
based diagnosis [6,7]. Although with superior sensitivity, the
Cologuard™ test is high cost and requires sophisticated
manipulation in a central laboratory [8,9]. FIT is most
commonly used worldwide but has limitations; the positive
predictive value (PPV) of FIT is only 5% for CRC and 20% for
advanced polyps, and 75% of FIT-positive individuals have
positive results due to hemorrhoids or harmless small polyps
[10,11]. Since 2004, Taiwanese government launched a
nationwide screening program to offer free biannual FIT to
individuals aged 50 to 75. After 12 years of FIT screening
strategy implementation, a 44% reduction of CRC-related

mortality had been observed; however, there are issues with
overloaded demand for colonoscopy and reduced patient
compliance due to the false positive results of FIT [12].
Therefore, identifying new supplementary tests to improve
risk stratification and prioritize FIT-positive individuals for
colonoscopy is urgently needed [13].

MicroRNAs (miRNAs) are a group of short non-coding RNA
molecules of 18—25 nucleotides in length, that govern various
aspects of cellular development and pathological abnormal-
ities [14,15]. Aberrant miRNA expression from colorectal ade-
noma transformed to carcinoma has been implicated in the
pathology of CRC, and miRNAs have received attentions as
specific biomarkers for tumor diagnosis, prognosis and treat-
ment response [16,17]. However, there is still no consensus
miRNA-based assay for CRC diagnosis or prognosis in clinical
practice [18]. Through examination of the paired samples, our
previous study has prioritized and verified 46 CRC-associated
miRNAs, and determined that miR-223 and miR-92a, which
were commonly present in stool and plasma samples, could
act as complementary biomarkers to yield the highest sensi-
tivity of 96.8% for CRC [19]. For applying in the clinic, these
miRNA biomarkers should be validated in a larger cohort of
samples and further in the prospective study. Additionally,
their potential roles for predicting outcomes of CRC patients
are worthy of further investigation.

In the present study, we collected a total of 1183 stool
samples to further validate those 46 miRNAs [19]. In addition
to evaluating the discriminating power for CRC, the associa-
tion between the miRNA signature and patient survival was
also demonstrated. Further verification with prospectively
collected samples, the miRNA signature was proved that it can
be used to identify those who are the most at-risk for CRC
from FIT-positive individuals.

Materials and methods
Study design

The study followed a three-cohort design: (1) In the training
set, 46 miRNA candidates were assessed in 361 stool samples
collected between January 2012 and August 2013. (2) In the
independent test set, these miRNAs were validated and four
relevant miRNA ratios were identified in 343 stool samples
collected between August 2013 and July 2017. In the retro-
spective study, a total of 223 CRC patients from the training
and test set were followed up to 21 March 2019, and the pri-
mary outcomes of recurrence or death were recorded and
further used to evaluate the prognostic power of the miRNA
ratio-based signature. (3) Finally, in the prospective cohort,
the clinical performance of this miRNA signature to discrim-
inate CRC patients was further assessed using 131 stool
samples from iFOBT-positive individuals, prospectively
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collected between February 2018 and May 2018. A stepwise
outline of this study is shown in Supplementary Fig. 1.

In total, this study enrolled 1183 subjects from Chang Gung
Memorial Hospital in Taiwan. For the retrospective study, pre-
treated CRC patients were recruited from the colorectal sur-
gery department and control groups containing normal and
benign polyp groups were recruited as volunteers from the
Health-Check Center. In the control groups, subjects who
underwent only sigmoidoscopy or had no pathological ex-
amination were excluded from further analyses. For the pro-
spective study, only subjects with positive results of FIT
assays and definitive colonoscopy results were recruited. FIT-
positive subjects who were aged between 50 and 75 and
participating in the national screening program were
recruited as the prospective cohort to clarify the clinical use of
our miRNA signature. Among the 230 CRC patients, no patient
had Lynch syndrome or familial adenomatous polyposis
(FAP), and 10 patients had first-degree relatives with CRC.
Tumors were staged according to the 8th edition of the
American Joint Committee on Cancer (AJCC) staging manual
[20]. According to the colonoscopy results, hyperplastic polyp,
adenomatous polyp, and tubular adenoma with the largest
diameter <1 cm were classified as benign polyps, while
tubular adenoma with the largest diameter = 1 cm, tubulo-
villous adenoma, and villous adenoma were classified as
advanced polyps. Participants with no lesion were defined as
the normal group, and no individual with inflammatory bowel
disease was included. The clinicopathologic features of all
individuals included in the study are shown in Table 1. This
study was approved by the Institutional Review Board of
Chang Gung Medical Foundation, Taipei, Taiwan (100—4602B,

102—5224B, and 201503735BOD001), and written informed
consents were obtained from all participants.

Sample collection and miRNA detection

In the retrospective study, the stool samples of participants
were collected before colonoscopy or surgery performance;
each sample was dipped with a designated FIT swab and
inserted into a preservation buffer. After being thoroughly
mixed, the stool samples were aliquoted and stored. In the
prospective study, the residual samples of FIT tests from
participants who engaged with the national screening pro-
gram were directly collected prior to colonoscopic examina-
tion. All stool samples were stored at —80 °C until use. The
stool samples from participants who didn't finish colonoscopy
or surgery within 3 months were excluded from further data
analyses. The FIT test was performed using the OC-Sensor
Diana Latex Reagent (Eiken Chemical, Tokyo, Japan); the
detection range was 10—1000 ng/mL with a cutoff of 100 ng/
mL. Detailed descriptions of the procedures for miRNA
detection can be found in Supplementary information.

Data processing and statistical analysis

Descriptive statistics are summarized and presented as the
percentage, mean or median, and standard deviation (SD).
Intergroup comparisons were conducted using the
Mann—Whitney U (MWU) test. A P-value less than 0.05 (two-
tailed) was considered statistically significant. Disease-free
survival (DFS) and overall survival (OS) of CRC patients were
measured from date of surgery to documented first recurrence

Table 1 Clinicopathological characteristics of the study subjects.

Training Set (n = 361)

Test Set (n = 343)

Prospective Cohort (n = 131)

CRC BP NL CRC BP NL CRC AP BP NL
MmM=129) Mm=95 @Mm=137) =94 m=113) n=136) (n=7) (=15 (@m=57) (n=52)

Age, mean (SD) 62.7 (11.4) 51.2 (10.5) 45.9(10.3) 62.0(10.3) 58.8(8.8) 57.1(9.0) 59.6(55) 643 (7.6) 64.1(6.6) 64.0 (6.6)
Gender, no. (%)

Female 54 (41.9) 21(22.1) 60 (43.8) 45(47.9  37(32.7) 72(52.9) 2(28.6) 3(20.0) 13 (22.8) 19 (36.5)

Male 75(58.1)  74(77.9) 77(56.2) 49 (52.1)  76(67.3) 64 (47.1) 5(714) 12 (80.0) 44 (77.2) 33 (63.5)
Stage, no. (%)

Stage 0 2 (1.6%) = = 1(1.1%) = = 0(0.0%) — = =

Stage I 31 (24.0%) — = 27 (28.7%) — = 1(14.3%) — = =

Stage II 40 (31.0%) — = 23 (24.5%) — = 3 (42.9%) — = =

Stage III 40 (31.0%) — = 38 (40.4%) — = 1(14.3%) — = =

Stage IV 13 (10.1%) — = 5 (5.3%) = = 0(0.0%) — = =

Missing 3 (2.3%) = = 0 (0%) = = 2 (28.6%) — = =
Location, no. (%)

Rectum 47 (36.4%) — = 29 (30.9%) — = 0(0.0%) - = =

Left 38 (29.5%) — = 31 (33.0%) — = 3 (42.9%) — = =

Right 38 (29.5%) — = 30 (31.9%) — = 1(14.3%) — = =

Missing or multiple 6 (4.7%) = = 4 (4.3%) = = 3(42.9%) — = =
Size, no. (%)

<4 cm 65 (50.4%) — - 54 (57.4%) — - 3 (42.9%) — - -

>4 cm 61 (47.3%) — = 39 (41.5%) — = 2(28.6%) — = =

Missing 3 (2.3%) = = 1(1.1%) = = 2(28.6%) — = =

Abbreviations: CRC, colorectal cancer; AP, advanced polyp; BP, benign polyp; NL, no lesion.
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or death, and censored at last follow-up. All statistical ana-
lyses, including the area under the receiver operating charac-
teristic (ROC) curve (AUC) of a specific miRNA, the logistic
regression, and the univariable and multivariable analyses of
Cox proportional hazards models, were conducted using IBM
SPSS Statistics 20 (IBM Corp., Armonk, NY, USA). Survival
curves were plotted using the Kaplan—Meier method and
compared using the log-rank test. Plots were graphed using the
Prism 7 software (GraphPad Software, La Jolla, California, USA).

Results

Identification of four miRNA ratios exhibiting the best
performances for discriminating CRC patients from control
subjects

To clearly demonstrate performance of the 46 most reported
miRNAs selected in our previous study [19], a total of 704 stool
samples (after we excluded those with low sample quality and
without a complete clinical examination) were divided into
the training and test sets according to the collection date
(Supplementary Fig. 1). Multiplex reverse transcription-
quantitative polymerase chain reaction (RT-qPCR)-based
profiling of the 46 miRNAs revealed that 23 of the miRNAs
were undetectable in more than 50% of the normal-group
samples (Supplementary Fig. 2A), and the detection of miR-
106a was significantly interfered by the cDNA template of
miR-17 (Supplementary Fig. 2B in our previous study [19]).
These 24 miRNAs were therefore excluded to increase the data
reliability. The expression levels of the 22 detectable miRNAs
were compared between the benign polyp and normal groups
in the training and test set. As shown in Supplementary Fig. 2B
and C, there was no between-group difference for these
miRNAs in the training set, and similar trends were verified in
the test set. Based on their similar expression patterns, the
benign polyp and normal groups were combined into the
control group for further data processing.

To adjust for intrinsic variations between samples and
improve the experimental accuracy, we selected an endoge-
nous normalizer miR-222, which showed relatively little
alteration between the CRC and control groups
(Supplementary Fig. 3A), low undetected rate, and the lowest
SD in total control samples from both the training and test
sets (Supplementary Fig. 3B). Then, the step of endogenous
normalization was conducted by calculating miR-222-based
miRNA ratios. The mean levels, fold-changes, and discrimi-
nating the area under the curve (AUC) values of the 21 miRNA
ratios between the CRC and control groups were evaluated in
the training set first. The top six miRNA ratios with the
highest AUC values (>0.6) and significant alterations in the
CRC group are listed in Supplementary Table 1A. These
miRNA ratios were then validated using the test set. The top
four miRNA ratios (miR-223/miR-222, miR-92a/miR-222, miR-
16/miR-222, and miR-20a/miR-222) were still significantly
different between the CRC and control groups, although the
AUC value of miR-20a/miR-222 was a little lower than 0.6 in
the test set (Supplementary Table 1B). As shown in
Supplementary Fig. 4A and 4B, the expression levels of these
four miRNA ratios in the training and test sets were higher in
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Fig. 1 Detection rate of the miRNA ratio-based signature in
the control and CRC groups. (A) With the data of the training
set, logistic regression was used to integrate the summed
effects of the four miRNA ratios into a miRNA signature for
discriminating the CRC group from the control group. Scores
ranging from 0 to 1 were generated for each sample; the dot
plot denotes the distribution of scores in the control and CRC
groups. The red bar shows the median of the respective
groups. (B) The discriminating power for CRC was assessed
using the ROC curve of the scores of the miRNA signature.
The optimal cut-off value was calculated from the Youden's
index on this ROC curve. (C) Scores obtained from the same
regression algorithm based on the four miRNA ratios for
each sample in the test set are shown. The cut-off value
mentioned above is indicated by the dotted line. (D) The
samples with scores higher than the cut-off value are
marked as positive. The positive rates of the control and CRC
groups in the two sample sets are further represented in a
bar chart.

the CRC group than in the control group, registering increases
ranging from 1.5- to 10.9-folds.

Developing and validating a miRNA ratio-based signature
for CRC detection

To assess whether combining the four validated miRNA ratios
into a miRNA signature could increase the detection rate of
CRC, we first conducted a logistic regression model using the
training set data. As shown in Fig. 1B, combining the four
miRNA ratios had the highest discriminating power for
detecting CRC (AUC = 0.821) than that of the individual ratio
(Supplementary Table 1A). The logistic regression algorithm
was used to summarize different weighted miRNA ratios into
a risk score for each sample. The risk scores of CRC samples
(median = 0.56) were significantly higher than those of control
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samples (median = 0.20) in the training set (Fig. 1A). Based on
the optimal cut-off value from the ROC curve, the sensitivity
and specificity of the miRNA signature were 73.6% and 78.9%,
respectively (Fig. 1D). To further validate discriminating per-
formance of the miRNA signature, the miRNA data of the test
set were fitted into the same regression algorithm using the
same cut-off value developed from the training set. Compared
with the control samples, the risk scores of CRC samples in the
test set were also significantly increased (median from 0.21 to
0.66) (Fig. 1C), and the miRNA signature had a similar sensi-
tivity (76.6%) and specificity (73.1%) for CRC detection in the
test set (Fig. 1D). The risk scores of the miRNA signature were
further assessed in stool samples collected average 6 months
after surgery from six CRC patients from the test set. As
shown in Supplementary Fig. 5, the stool miRNA signature
showed reduced risk scores and negative results in these post-
operated samples. CRC could be detected in five of these six
patients by the miRNA signature in pre-operated stool sam-
ples. Collectively, these data support the idea that the risk
scores of the developed miRNA signature were highly associ-
ated with the existence of CRC tumors.

Correlation between the miRNA signature scoring and the
tumor stage, location or size of CRC patients

The overall 223 CRC patients recruited in the retrospective
study were divided into subgroups based on pathological
characteristics, including tumor stage, location, and size
(Table 1). The four miRNA ratios were compared between
these subgroups first. As shown in Supplementary Fig. 6, miR-
223/miR-222 exhibited the largest differences based on these
groupings, showing significant increases in CRC from the early
to late stages, right to left sides, and small to large tumors. The
other miRNA ratios showed similar trends between these CRC
subgroups, although not all the P-values of intergroup com-
parisons were significant. As shown in Table 2, the risk scores
of our miRNA signature showed significant increases in CRC

Table 2 Relationships between the miRNA signature
scores and clinical characteristics in CRC patients.

Variable Number miRNA Score p-value®

Age
<60 89 0.60 + 0.27 0.070
=60 134 0.55 + 0.24

Gender
Female 99 0.58 + 0.27 0.436
Male 124 0.56 + 0.24

Tumor stage
Early (0, I & II) 124 0.53 + 0.26 0.016
Late (III & IV) 96 0.62 + 0.24

Tumor location
Right 68 0.44 + 0.23 <0.001
Left 146 0.63 + 0.24

Tumor size
<4 cm 119 0.53 + 0.25 0.005
=4 cm 100 0.62 + 0.25

Recurrence
No 165 0.54 + 0.26 0.024
Yes 42 0.65 +0.23

& Mann-Whitney U test.

samples from the early to late stages, right to left sides, and
small to large tumors. Notably, we also observed that these
risk scores were significantly associated with tumor recur-
rence, but not correlated with age and gender. These results
suggest that the risk score of our miRNA signature could be
used as a predictor for tumor malignance.

Association of the miRNA signature with worse DFS and OS
of CRC patients

These CRC patients retrospectively enrolled in this study were
followed for at least 20 months, and the recurrence and sur-
vival statuses were retrieved for prognostic analysis. To
analyze the association of the miRNA signature and the
prognosis of CRC, we used the median of the miRNA signature
scores from all patients to dichotomize CRC cases as exhibit-
ing low miRNA signature (the lower 50th percentile) or high
miRNA signature (the upper 50th percentile). As shown in
Fig. 2A, high miRNA signature among CRC patients was
associated with reduced DFS (hazard ratio (HR) = 2.27,
p = 0.010). This association was stronger in the CRC subgroups
with the late stage (HR = 2.29, P = 0.038, Fig. 2B) and left colon
location (HR = 3.26, P = 0.006, Fig. 2C). The high miRNA
signature among CRC patients was also associated with
reduced OS (HR = 1.83, P = 0.065, Fig. 2D), especially for those
CRC patients with the late stage (HR = 3.0, P = 0.020, Fig. 2E)
and left location (HR = 3.19, P = 0.027, Fig. 2F). As shown in
Table 3, the univariable analyses of Cox regression among the
clinicopathological features indicated that CRC patients at late
stage showed worse DFS and OS compared with those at early
stage (HR = 4.41, P < 0.001 and HR = 2.95, P = 0.001, respec-
tively). Furthermore, our multivariable analysis demonstrated
that the miRNA signature was an independent prognostic
predictor for worse DFS (HR = 1.95, P = 0.043) (Table 3). These
results show that, in addition to correlating tumor malig-
nance, the developed stool miRNA signature could be used to
predict poor prognosis among CRC patients.

Clinical performances of the stool miRNA signature in FIT-
positive populations

To further evaluate the clinical applicability of our miRNA
signature, we prospectively collected 204 FIT-positive residua
from the national screening program as a prospective cohort.
After a follow-up of 3 months, only 131 samples from the
subjects compliant with the FIT results and completely
finished colonoscopy examination could be used for further
evaluation (Fig. 3A). As shown in Supplementary Fig. 8A, a
significantly increased trend of the risk scores in the CRC
group relative to the control group could be validated in the
prospective cohort, maintaining a high sensitivity (85.7%) and
specificity (78.9%) (Supplementary Fig. 8B). As shown in
Fig. 3C, the stool miRNA signature was relatively sensitive for
the CRC group (85.7%), but not for the normal, benign- and
advanced-polyp groups (26.9%, 15.8%, and 26.7%, respec-
tively). These data were consistent with that the four miRNA
ratios were upregulated only in CRC samples, not in advanced
polyp samples (Supplementary Fig. 4C). The high correlation
with CRC promotes us to evaluate the PPV for CRC of the stool
miRNA signature. According to the proportion of CRC group in
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Fig. 2 Kaplan—Meier analyses of disease-free survival (DFS) and overall survival (OS) in CRC patients according to their stool
miRNA signature scores. The samples were divided into two groups, miRNA-high and miRNA-low, based on the median of
scores from all CRC patients. (A—C) DFS of the miRNA-high and miRNA-low groups in total CRC patients (A) or CRC subgroups (B
and C) are shown. (D—F) OS of the miRNA-high and miRNA-low groups in total CRC patients (D) or CRC subgroups (E and F) are

shown.

the miRNA-positive samples (Fig. 3D) and FIT-positive sam-
ples (Fig. 3B), we demonstrated that the PPV of the stool
miRNA signature for CRC was 3.43-fold higher than that of FIT
(18.2% and 5.3%, respectively). These data collectively indi-
cated that the developed miRNA signature was specifically
sensitive to CRC discrimination and further to its malignance
and could be used for early stratifying patients with the most
risk from those FIT-positive subjects.

Discussion

Relative to Cologuard™ test, FIT is still the most commonly
used CRC screening test worldwide; it is considered to be an
effective method that can reduce CRC mortality by 10%—52%
[21]. However, increasing participation in screening programs
based on FIT, which has an average positive rate of 8%, has
significantly increased the demand for timely colonoscopy
and the burden on public health workers [12]. More than 50%
of positive results on FIT are false positives [11], potentially
explaining the insufficient awareness of FIT results and low
compliance in completing the recommended colonoscopy
[12]. Data from our prospective cohort indicated that 68 of the
total 204 recruited participants (33.3%) had not undertaken
colonoscopy within 3 months of obtaining the positive FIT
result. Among that reporting non-compliance, the FIT results
of 18 subjects were over 500 ng/mL (Fig. 3A). In an effort to
improve this screening strategy, we herein assessed 46
selected miRNA candidates using residual samples of FIT and
developed a miRNA signature composed of four miRNA ratios
that can be used for CRC detection. Assessment of the

performance of this signature in our prospective cohort
revealed that the PPV of the miRNA signature was 18.2% for
CRC, and thus was greatly improved over the 5.3% PPV of FIT.
Hence, positive-FIT subjects with further positive results on
this miRNA signature should be prioritized for colonoscopy
examination.

The other noninvasive fecal test, Cologuard™, has been
approved by the United States Food and Drug Administration
for screening in general-risk adults in 2014. Different from our
microRNA signature, the Cologuard™ test is designed to
measure multiple types of molecular markers (7 KRAS gene
mutations, NDRG4 and BMP3 gene methylation, B-actin, and
hemoglobin). In a large cohort study of 9989 subjects, the
Cologuard™ test has shown high sensitivity of 92.3% for CRC
and 42.4% for advanced precancerous lesions, compared to
73.8% for CRC and 23.8% for advanced precancerous lesions of
FIT alone [22]. However, the Cologuard™ test is not cost-
effective and at present is only introduced into clinical prac-
tice in the United States triennially [8]. In addition, the so-
phisticated Cologuard™ test requires large amounts of stool
samples to be analyzed in a central lab, which will reduce the
feasibility as a first-line routine test worldwide. In contrast to
the Cologuard™ test, our miRNA-based signature
corporates one unique molecular type and directly uses the
residuum of FIT tests. The reagents for RNA extraction, RT
reaction, and qPCR are easier to access, while the detection
procedures can be easily operated in the clinical laboratory
setting without the requirement of special ventilation equip-
ment for dealing with large amounts of stool samples.
Together, our stool miRNA assay should be relatively inex-
pensive and feasible for clinical translation.

in-
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Fig. 3 Clinical performances of the miRNA signature in FIT-positive samples. (A) Distribution of the FIT results in 204 samples
prospectively collected from the participants of the national screening program. Only 136 patients were compliant with the FIT
results and took colonoscopy examination within 3 months. Among these compliance, 5 patients with no pathological
examination of polypectomy were excluded for further analyses. (B) Proportions of the normal (NL), benign polyp (BP),
advanced polyp (AP), and colorectal cancer (CRC) groups in 131 FIT-positive samples are shown. (C) A stool sample with a
miRNA signature score higher than the cut-off value is interpreted as positive. The numbers of positive and negative samples
from the NL, BP, AP, and CRC groups in the 131 FIT-positive samples are shown. (D) The proportions of N, BP, AP, and CRC
groups in 33 samples with both positive results of the FIT test and the miRNA signature are further calculated.

While FIT and CologuardTM tests, which are only used as
screening tools, our stool miRNA signature can be additionally
used as a prognostic predictor for worse DFS and OS, espe-
cially for CRC with the late-stage and at the left location. Once
diagnosed as CRC, the higher score of the miRNA signature
could be used as another warning sign for both patients and
physicians. Our approach also has advantages over other re-
ported stool microRNA studies by directly using a fixed vol-
ume of stool sample from FIT buffer for extraction, a fixed
volume of purified RNA for RT, and an established multiplex
RT-qPCR method for miRNA detection [19]. This makes these
miRNA results can be easily implemented into the regular FIT
tests to increase the effectiveness for both diagnosis and
prognosis of CRC.

Because the detection accuracies of CRC remain unsatis-
factory, many other screening markers are still under devel-
opment [8]. Stool-based tests are noninvasive and more
acceptable to patients for CRC detection, which detect bio-
markers produced directly from colonic epithelium or sur-
rounding microenvironment in the intestine [23]. Compared
to stool protein and microbiota, stool miRNAs as disease bio-
markers are well studied in the past two decades [24]. Through
being important modulators in the initiation and progression
of CRC, miRNAs have emerged as a class of cellular molecules
with potential in diagnostic, prognostic, and therapeutic

implications [25]. In the current study, we demonstrated that
our miRNA signature can not only be used for screening, but
for disease monitoring.

Although accumulated studies have searched for miRNA
biomarkers for CRC detection, few miRNAs have moved into
clinical practice [18]. We believe that these reported candi-
dates hold great potential and just need to be confirmed in
adequate samples from independent cohorts. Hence, rather
than performing a new genome-wide miRNA expression
profiling, we sought to enroll more subjects and validate
miRNAs selected from literature reviews. Using our well-
characterized case and control samples, we identified
miRNA ratios with the highest discriminating power for CRC
(miR-223, miR-92a, miR-16 and miR-20a with miR-222 as the
endogenous normalizer). Among the miRNAs included in the
selected ratios, miR-20a and miR-92a were found in
comprehensive meta-analyses to be promising miRNAs for
CRC diagnosis, exhibiting upregulation in both feces and
blood [26,27]. Both of these miRNAs are encoded from the
miR-17-92 cluster; this miRNA cluster has been implicated in
a wide variety of malignancies, and its encoded members are
referred as the OncomiRs [28]. miR-223 is less commonly
reported in this context, but elevated miR-223 was identified
as a fecal biomarker for CRC diagnosis in several Asian
studies [29]. The expressional alteration and regulation of
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miR-16 in CRC is controversial [30,31], but upregulated
expression of miR-16 was recently reported in CRC tissue
versus adjacent normal tissues, and was associated with
worse survival rate of patients [30,32]. Notably, elevated
levels of miR-16 and miR-223 were detected in EpCAM™
extracellular vesicles (EVs) in plasma samples from CRC pa-
tients prior to surgery compared with healthy individuals
[33]. EVs, which can be secreted by cancer cells into their
microenvironment, can protect encapsulated miRNAs from
degradation by RNase in feces [34]. This may be a mechanism
that stabilizes cancer-specific miRNAs, potentially helping to
explain why CRC-related miRNAs can be detected in feces.
Among these detectable miRNAs, the abundant miR-222
showed relatively little variation between sample groups
(Supplementary Fig. 3) and was used to adjust various RNA
amounts between samples. Consistently, we had previously
reported that the expression of miR-222 was no change in 62
paired CRC and adjacent normal tissues [19].

In addition to diagnosis, their value for CRC prognosis has
been explored. The higher expression levels of miR-223, miR-
92a, miR-16, and miR-20a in tissue samples have been
mentioned to correlate with poor DFS or OS, respectively, but
their value as strong prognostic predictors has not been sup-
ported by comprehensive investigations [26,27,30,35]. Two
groups previously reported that higher expression levels of
miR-92a in serum and miR-20a in plasma predict poorer OS for
CRC patients [36,37]. However, no stool miRNA has been re-
ported to have prognostic values for CRC. In the present study,
we demonstrate that the combined assessment of these four
well-investigated miRNAs into one miRNA signature in feces
could be used as a prognostic predictor for worse DFS and OS
of CRC patients (Table 3). The tumor stage is the other clinical

feature significantly associated with worse DFS and OS in our
study (Table 3). Noticeably, our stool miRNA signature could
further differentiate worse DFS and OS in the late-stage CRC
(Fig. 2B and E), predicting those of the worse outcomes.

A recent report by Duran-Sanchon et al. indicated that 2
stool miRNAs (miR-421 and miR-27a-3p) plus fecal hemoglo-
bulin concentration and age/sex can be applied to detect
advanced polyps and CRC and to avoid 34% of colonoscopy
examination [38,39]. These two miRNAs are different from the
ones we have selected and validated in our current study. This
discrepancy could be due to our miRNA targets being highly
detectable at late stages and having potential for outcome
monitoring in CRC, while the other two miRNAs (miR-421 and
miR-27a-3p) were screened from early-stage CRC and advanced
polyps. However, both of the two studies used almost the same
reagents of RNA extraction and TagMan miRNA assays to detect
stool miRNAs in the original FIT buffer. It is worthy of future
investigation to include miR-421 and miR-27a-3p for further
validation study in our patient cohort. According the data
shown in Fig. 3 and Supplementary Fig. 4C, our stool miRNA
signature could well differentiate CRC from control groups, but
was not sensitive to advanced polyps. This reflects that the
miRNA candidates were selected from previous studies that
focused on dysregulated miRNAs between CRC and normal
groups. Due to the sequential transformation from polyps to
malignant tissues in CRC development, early detection and
removal of precancerous lesions are considered a crucial part of
efforts to reduce CRC incidence [6]. Future work aimed at
identifying and exploring miRNAs that are sensitive for benign
and advanced polyps is warranted and could help improve the
miRNA signature for the purpose of CRC screening [39]. Itis a
pity that there are no complete FIT results in our training and

Table 3 Univariable and multivariable analyses of the association between clinicopathological variables and miRNA

signature status with DFS and OS of patients.

Clinicopathological DFS (O]
feature Univariable analysis Multivariable analysis Univariable analysis Multivariable analysis
HR 95%CI p-value HR 95%CI p-value HR 95%CI p-value HR 95% CI p-value
Age
>60 1.099 0.590—2.049 0.766 1.179 0.612—-2.272  0.623
<60 1 Reference 1 Reference
Gender
Male 1.370 0.735—2.555 0.322 0.826 0.441-1.549 0.552
Female 1 Reference 1 Reference
Tumor stage
Late (III & IV) 4412 2.257-8.624 <0.001 4.101 2.091-8.045 <0.001 2.952 1.515-5.752 0.001 2.773 1.415-5.433 0.003
Early (0, I & II) 1 Reference 1 Reference 1 Reference 1 Reference
Tumor location
Left & Rectum 1.598 0.763—3.349 0.214 0.621 0.316—1.222 0.168
Right 1 Reference 1 Reference
Tumor size
>4 cm 1.517 0.826—2.785 0.179 1.617 0.858—3.048 0.137
<4 cm 1 Reference 1 Reference
miRNA signature
high 2.269 1.194—4.313 0.012 1.949 1.021-3.718 0.043 1.833 0.952—-3.531 0.070 1.599 0.825—-3.097 0.164
low 1 Reference 1 Reference 1 Reference 1 Reference
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test sets of the present study, and combining FIT values in the
regression algorithm of our stool miRNA signature may be one
strategy to increase the detection rate and is worthy of further
investigation. Although we validated our stool miRNA signature
in a small cohort of prospectively collected samples, these
findings should be further verified in well-designed clinical
trials and other independent research centers. However, we are
optimistic that the miRNA signature identified herein could
help improve the diagnosis and prognosis prediction of CRC.

Conclusions

In this study, we assembled four miRNA ratios into a stool
miRNA signature that can detect CRC patients and predict
patients with worse prognosis. If the FIT result is positive, this
miRNA signature can be assessed in the residual sample and
the results can be used to prioritize the most at-risk persons to
receive prompt colonoscopic confirmation and to suggest more
frequent follow-up for those at risk for a poor prognosis of CRC.
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