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Abstract

Early detection of colorectal cancer is the main prerequisite for successful treatment and reduction of mortality. Circulating 

microRNAs were previously identi�ed as promising diagnostic, prognostic and predictive biomarkers. The purpose of this 

study was to identify serum microRNAs enabling early diagnosis and prognosis prediction of colon cancer. In total, serum 

samples from 427 colon cancer patients and 276 healthy donors were included in three-phase biomarker study. Large-

scale microRNA expression pro�ling was performed using Illumina small RNA sequencing. Diagnostic and prognostic 

potential of identi�ed microRNAs was validated on independent training and validation sets of samples using RT-qPCR. 

Fifty-four microRNAs were found to be signi�cantly deregulated in serum of colon cancer patients compared to healthy 

donors (P < 0.01). A diagnostic four-microRNA signature consisting of miR-23a-3p, miR-27a-3p, miR-142-5p and miR-376c-

3p was established (AUC = 0.917), distinguishing colon cancer patients from healthy donors with sensitivity of 89% and 

speci�city of 81% (AUC = 0.922). This panel of microRNAs exhibited high diagnostic performance also when analyzed 

separately in colon cancer patients in early stages of the disease (T1-4N0M0; AUC = 0.877). Further, a prognostic panel based 

on the expression of miR-23a-3p and miR-376c-3p independent of TNM stage was established (HR 2.30; 95% CI 1.44–3.66; 

P < 0.0004). In summary, highly sensitive signatures of circulating microRNAs enabling non-invasive early detection and 

prognosis prediction of colon cancer were identi�ed.

Introduction

Colorectal cancer (CRC) accounts for 9.7% of all cancers, and it is 

the third most common cancer worldwide and the fourth most 

common cause of cancer related deaths. Approximately 70% of 

patients with CRC have a tumor in the colon (1). Prognosis of 

patients depends on the TNM stage at the time of diagnosis and 

possibility of curative surgical intervention, which is feasible only 

for patients with disease limited to primary tumor and regional 

lymph nodes. Moreover, many of the epigenetic and microen-

vironment factors that contribute to CRC heterogeneity may 

in�uence clinical presentation, therapy ef�cacy and prognosis of 

the patients (2). Importantly, CRC often develops through a step-

wise adenoma–carcinoma sequence (3); thus, most patients could 

be cured if the disease was detected and resected at a precancer-

ous or early stage. Therefore, early detection of CRC and also pre-

cancerous lesions is one of the main prerequisites for successful 

treatment and reduction of mortality from this disease. Moreover, 

biomarkers enabling accurate monitoring of patients’ progres-

sion and their response to treatment is necessary.
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Currently, there are no blood-based biomarkers suitable for 

population screening or early diagnosis of CRC as the majority 

of potential biomarkers fail the initial phases of the evaluation 

process and never make it to the clinic (4). The best currently 

available blood test, carcinoembryonic antigen (CEA), exhibits 

low sensitivity and speci�city, especially in early stages of the 

disease (5). Fecal occult blood test is commonly used in popu-

lation screening; nevertheless, this test is not sensitive and 

speci�c enough. Subsequently, colonoscopy is used to diagnose 

CRC in fecal occult blood test-positive cases or in symptomatic 

patients. However, this procedure is invasive, could be pain-

ful and most cases indicated for this examination do not have 

this disease. This is one of the reasons why there is a gener-

ally unsatisfactory compliance with CRC screening programs. 

Therefore, there is a high demand for cost-effective and non-

invasive biomarkers that would enable early detection of CRC.

In the past few years, researchers have investigated the 

potential of using microRNAs (miRNAs) as novel serum/plasma-

based biomarkers for early non-invasive or minimally invasive 

diagnosis of CRC. It is well known that miRNAs’ expression is 

signi�cantly deregulated in CRC tissue (6); moreover, miRNAs 

can distinguish various tumors according to the histopatho-

logic, prognostic and predictive characteristics (7). Recently, sev-

eral studies have indicated the abundance of cell-free miRNAs 

in various types of body �uids including blood serum or plasma 

(8). To date, several miRNAs have been identi�ed as promising 

diagnostic biomarkers for CRC (9–12). In addition, some studies 

indicate their deregulated expression in patients with different 

types of adenomas (10–13). However, the previous studies were 

based on small sample size to draw strong conclusions, and/or 

the methods used for miRNA pro�ling were not genome-wide 

and were based only on preselected miRNA panels.

In this three-phase study, large sets of serum specimens 

from patients with colon cancer and precancerous lesions as 

well as from healthy controls were analyzed using next gen-

eration sequencing (NGS) and subsequent RT-qPCR validation 

with the aim to identify miRNAs that could potentially serve 

as novel serum-based biomarkers for colon cancer screening or 

early detection. A diagnostic panel comprising four miRNAs was 

established, and its sensitivity was compared with currently 

used biomarkers CEA and CA19-9. Finally, clinical signi�cance 

of these miRNAs as potential predictors of patients’ prognosis 

was evaluated.

Materials and methods

Patients’ samples and study design

The study design consisted of three phases (Figure 1). In total, a consecu-

tive set of 427 patients with histopathologically veri�ed colon cancer, who 

underwent resection or colonoscopy from 2010 through 2014 at Masaryk 

Memorial Cancer Institute (MMCI, Brno, Czech Republic) was included in 

the study. These patients were further proportionally divided into screen-

ing, training and validation sets based on TNM stage. In total, 144 cases 

(36 patients in TNM stage I, 36 patients in TNM stage II, 36 patients in 

TNM stage III, 36 patients in TNM stage IV; 82 men, 62 women; mean age 

65 years) and 96 controls (48 men, 48 women; mean age 62 years) were 

included in the screening phase of the study, 80 cases (19 patients in TNM 

stage I, 21 patients in TNM stage II, 21 patients in TNM stage III, 19 patients 

in TNM stage IV; 44 men, 36 women; mean age 65 years) and 80 controls  

(47 men, 33 women; mean age 60  years) were included in the training 

phase of the study, and 203 cases (30 patients in TNM stage I, 67 patients 

in TNM stage II, 55 patients in TNM stage III, 51 patients in TNM stage 

IV; 110 men, 93 women; mean age 65  years) and 100 controls (48 men, 

52 women; mean age 59 years) were included in the validation phase of 

the study. Clinical and pathological characteristics are summarized in 

Supplementary Table I, available at Carcinogenesis Online. The concentra-

tions of CEA and CA19-9 were measured at Department of Laboratory 

Medicine at MMCI using electro-chemiluminescence immunoassay and 

ELECSYS® 2010 system (Roche, Basel, Switzerland). All blood serum 

samples were collected prior to colonoscopy or surgery. Serum samples 

from 276 healthy donors involved in this study were collected at the 

Department of Preventive Oncology (Masaryk Memorial Cancer Institute, 

Brno, Czech Republic); these donors had no prior diagnosis of any malig-

nancy. In addition, 25 samples from the patients with histopathologically 

veri�ed hyperplastic polyps (11 men, 14 women; mean age 59 years) and 

25 samples from the patients with tubular or tubulovillous adenomas (14 

men, 11 women; mean age 62 years) were included as well as 12 paired 

samples from colon cancer patients before the surgery and 1 month after 

the surgery (6 men, 6 women; mean age 72 years). All subjects enrolled in 

the study were of the same ethnicity (European descent), and colon can-

cer patients did not receive any neo-adjuvant treatment. Hemolytic serum 

samples were excluded from the study, as hemolysis may in�uence the 

expression of some miRNAs. Written informed consent was obtained from 

all participants (patients, healthy donors), and the study was approved by 

the local Ethics Board at Masaryk Memorial Cancer Institute.

RNA extraction

Before RNA extraction, all samples were checked for hemolysis using the 

Harboe’s spectrophotometric method, which utilizes a three-point (380, 

415 and 450 nm) Allen correction method to quantify hemoglobin concen-

tration (14). Only the samples with hemoglobin concentration lower than 

5 mg dl−1 were further used in this study. Total RNA enriched for small RNAs 

was isolated from blood serum using Qiagen miRNeasy Serum/Plasma Kit 

(Qiagen, GmbH, Hilden, Germany) according to the modi�ed manufactur-

ers’ protocol. Brie�y, 250 µl of serum was thawed on ice and centrifuged at 

14 000 × g at 4°C for 5 min to remove cellular debris. Subsequently, 200 µl of 

supernatant was lysed with 1 ml of QIAzol Lysis Reagent. For each sample, 

1.25 μl of 0.8 μg μl−1 MS2 RNA carrier (cat. no. 10165948001, Roche, Basel, 

Switzerland) was added to 1 ml of QIAzol solution. The elution of RNA 

was performed twice with volumes of 20 µl (total volume of eluted RNA 

was 40 µl) using preheated Elution Solution. For the purposes of library 

preparation, RNA pools were used. Each RNA pool was gained using 12 

serum samples of colon cancer patients or healthy donors (12 × 250  µl; 

in case of colon cancer patients, all 12 patients were of the same stage). 

The lysis with QIAzol was performed separately for each sample as 

described previously. After phase separation, upper aqueous phase from 

all 12 samples was combined, mixed with 1.5 volume of 100% ethanol and 

pipetted into one RNeasy MinElute spin column. Elution was performed 

using 14 µl of preheated Elution Solution. The concentration and purity 

of RNA were determined spectrophotometrically by measuring its opti-

cal density (A260/280  > 2.0; A260/230  > 1.8) using NanoDrop ND-1000 

Spectrophotometer (Thermo Fisher Scienti�c, Wilmington, DE). Further, 

the concentrations and quality of RNA of pooled samples for NGS were 

also measured using Qubit 2.0 Fluorometer (Thermo Fisher Scienti�c) and 

Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). The sam-

ples were either stored at −80°C or further processed.

Small RNA library construction and sequencing

In total, 144 cases and 96 controls were sequenced by preparing 20 librar-

ies each containing pooled RNA of 12 different cases (for a total of 12 

libraries) or 12 controls (for a total of 8 libraries). For cases, in particular, 

each library consisted of RNA of patients with same stage of the disease. 

All libraries were prepared using the Illumina TruSeq Small RNA proto-

col (Illumina, San Diego, CA) following the manufacturer’s instructions. 

Brie�y, at least 1 µg of total RNA enriched for small RNA was used, and a 

pair of adaptors was ligated to the 3′ and 5′ ends of miRNAs. Subsequently, 

13 cycles of PCR ampli�cation with unique barcode-labeled ampli�cation 

Abbreviations 

CRC  colorectal cancer

CEA  carcinoembryonic antigen

miRNAs  microRNAs

NGS  next generation sequencing

ROC  receiver operating characteristic
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primers were performed, and size-selection was conducted on 6% native 

polyacrylamide gel. Then, cDNA fragments between 145 and 160 bp cor-

responding to the miRNA populations were excised from the gel, eluted 

and precipitated using ethanol precipitation. The �nal cDNA pellet was 

air dried and resuspended in 8 µl of nuclease-free water. The concentra-

tion of prepared libraries was measured using High Sensitivity DNA chip 

and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). 

Equimolar amounts of each library were pooled at a �nal concentration of 

2 nM cDNA, and samples were sequenced on a �owcell with 50-bp single-

end reads using MiSeq sequencer (Illumina, San Diego, CA).

Sequencing data processing and differential miRNA 
analyses

Count-based miRNA expression data were generated by the Chimira tool 

(15) from fastq �les. All sequences were adapter trimmed and mapped 

against miRBase v20 allowing up to two mismatches per sequence. 

Further analyses were performed using R/Bioconductor packages. MiRNAs 

having less than one read per million in more than 17 pooled samples 

were dropped out. The read counts were pre-normalized by adding 

normalization factors within edgeR package (16) and further between-

sample normalized by the voom function in LIMMA package. After 

the normalized expression levels were determined, the differentially 

expressed miRNAs between colon cancer patients and healthy controls 

were screened applying linear model �tting and a Bayes approach. The 

obtained P values were adjusted for multiple testing using the Benjamini–

Hochberg method.

Reverse transcription and quantitative real-time PCR

Complementary DNA was synthesized from total RNA using gene-spe-

ci�c primers according to the TaqMan MicroRNA Assay protocol (Applied 

Biosystems, Foster City, CA). For reverse transcriptase reactions, 10 ng of 

RNA sample, 50 nM of stem-loop RT primer, 1 × RT buffer, 0.25 mM each of 

dNTPs, 3.33 U.μl−1 MultiScribe reverse transcriptase and 0.25 U.μl−1 RNase 

inhibitor (all from TaqMan MicroRNA Reverse Transcription kit, Applied 

Biosystems, Foster City, CA) were used. Reaction mixtures (10  μl) were 

incubated for 30 min at 16°C, 30 min at 42°C, 5 min at 85°C and then held 

at 4°C (T100TM Thermal Cycler; Bio-Rad, Hercules, CA). Real-time PCR 

was performed using the QuantStudio 12K Flex Real-Time PCR system 

Figure 1. A �ow chart of the study design. *P < 0.01/P < 0.05—different expression of miRNAs between the colon cancer patients and healthy controls. †Biological plaus-

ability and/or previous observations—positive �ndings by use of the keywords combination ‘miR-X’ AND ‘cancer’ and/or combination ‘miR-X’ AND ‘colorectal cancer’ 

in PubMed. CEA, carcinoembryonic antigen. 
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(Applied Biosystems, Foster City, CA). The 20-μl PCR reaction mixture 

included 1.33 μl of RT product, 1 × TaqMan (NoUmpErase UNG) Universal 

PCR Master Mix and 1 μl of primer and probe mix of the TaqMan MicroRNA 

Assay kit (Applied Biosystems, Foster City, CA). Reactions were incubated 

in a 96-well optical plate at 95°C for 10 min, followed by 40 cycles at 95°C 

for 15 s and 60°C for 1 min.

Data normalization and statistical analyses

The threshold cycle data were calculated by QuantStudio 12K Flex soft-

ware (Applied Biosystems, Foster City, CA). All real-time PCR reactions were 

run in triplicates. The average expression levels of all measured miRNAs 

were normalized using miR-93-5p (Assay No. 001090; Applied Biosystems, 

Foster City, CA) and subsequently analyzed by the 2−ΔCt method. MiR-93-5p 

was selected as an endogenous control through combination of stand-

ard geNorm (17) and NormFinder (18) algorithms. Statistical differences 

between the levels of analyzed miRNAs in serum samples of colon cancer 

patients and serum samples of healthy donors were evaluated by two-

tailed non-parametric Mann–Whitney test. Paired samples before and 

after surgery were analyzed using two-tailed non-parametric Wilcoxon 

test for paired samples. All calculations were performed using GraphPad 

Prism version 5.00 (GraphPad Software, La Jolla, CA) and R environment 

(R Development Core Team). P values of less than 0.05 were considered 

statistically signi�cant.

The discovery of biomarker signatures was performed using logistic 

regression (for diagnosis) and Cox proportional hazard regression (for the 

survival endpoint). To generate diagnosis-related signature, the top �ve 

miRNAs meeting the established criteria according to the study design 

were introduced into a bidirectional stepwise logistic regression model 

on the training set of samples. The �nal model was taken as that which 

maximizes the Akaike information criterion. A  receiver operating char-

acteristic (ROC) curve was generated for further analysis of the DXscore. 

The maximum Youden index was used to obtain optimal cut-off value for 

discrimination of healthy donors and colon cancer patients. Subsequently, 

ROC curve analysis for each set of samples was applied to calculate the 

sensitivity and speci�city of DXscore. Validation of the obtained model 

and cut-off was performed on the independent validation set of samples. 

In case of survival endpoint, both sets of samples were combined due to 

the small number of survival events in each set separately. In this case, 

the selection of miRNA subset with predictive ability was done by 10-fold 

cross-validation (for details see the Supplementary Methods, available at 

Carcinogenesis Online).

Results

Identi�cation of deregulated miRNAs using small 
RNA sequencing

In the screening phase of the study, small RNA sequencing of 

RNA isolated from blood serum samples from 144 colon cancer 

patients and 96 healthy controls was carried out using MiSeq 

sequencer (Illumina). In total, 20 small RNA libraries were pre-

pared and sequenced (12 libraries per colon cancer patients, 8 

libraries per healthy controls, RNA samples from 12 patients/

healthy donors in each library). On average, more than 96% of 

the reads had Q-score higher than 30, thus the obtained data 

were considered to be of high quality. The sequenced sam-

ples contained on average 8.925.000 ± 2.139.597 reads and 

8.219.664 ± 1.954.177 reads passed the �lter. Mapping data to the 

miRBase v20.0, 343.293 ± 156.952 reads were annotated, being a 

proportion of 4.27 ± 1.92% of the total sequenced reads. Of the 

1666 different miRNAs that were found to be present in serum 

samples (at least one read in one sample), 555 miRNAs had less 

than one read per million in more than 17 samples and were 

dropped out from the subsequent analysis. Further, 305 and 287 

miRNAs were detectable (more than 50 copies per one million of 

reads) in colon cancer patients and healthy donors, respectively 

(for detail information see Supplementary Table II, available at 

Carcinogenesis Online). From these, 54 miRNAs were found to be 

signi�cantly deregulated (22 down-regulated, 32 upregulated; 

Supplementary Table III, available at Carcinogenesis Online) in 

serum samples of colon cancer patients compared to healthy 

donors (non-adjusted P  <  0.01; Supplementary Figure  1, avail-

able at Carcinogenesis Online). According to the criteria described 

in the study design (P < 0.01; at least 50 copies of miRNA in each 

group; biological plausibility—positive �ndings by use of the 

keywords combination ‘miR-X’ AND ‘cancer’ in PubMed; and/

or previous observations—combination of the keywords ‘miR-

X’ AND ‘colorectal cancer’ in PubMed), 11 miRNAs (miR-376c-3p, 

miR-223-3p, miR-425-3p, miR-146a-5p, miR-126-5p, miR-21-5p, 

miR-186-5p, miR-27a-3p, miR-4419a, miR-142-5p, miR-484) were 

chosen for further evaluation in the training phase of the study 

based on the sequencing results. Further, two miRNAs (miR-

23a-3p and miR-148a-3p) were also selected for subsequent 

validation as these miRNAs have been previously described to 

be a promising circulating biomarkers for colon cancer (19–22), 

they were expressed in more than 50 copies in all serum sam-

ples (based on our sequencing results), and their levels were 

elevated in the samples of colon cancer patients (even though 

with borderline signi�cance; P = 0.06 for miR-23a-3p; P = 0.07 for 

miR-148a-3p).

Identi�cation of an appropriate endogenous control 
for the relative quanti�cation of serum miRNAs

Based on the results of NGS (fold change, standard deviation, 

at least 500 copies per one million of reads), �ve miRNAs (miR-

16-5p, miR-106a-5p, miR-140-3p, miR-93-5p, let-7a-5p) were 

chosen as potential endogenous controls for normalization of 

RT-qPCR data (Supplementary Table IV, available at Carcinogenesis 

Online). First, expression of all �ve miRNAs was measured in 

randomly selected 40 serum samples of healthy donors and 40 

serum samples of colon cancer patients from the training phase 

of the study. As the Cq values of miR-140-3p were higher than 

35 and this miRNA was not detected in all samples, miR-140-3p 

was eliminated from further analyses. Subsequently, miR-93-5p 

was chosen as the best endogenous control through the combi-

nation of geNorm and NormFinder algorithms (Supplementary 

Figure  2, available at Carcinogenesis Online). This miRNA was 

further used for the normalization of data obtained by RT-qPCR 

in the course of the training and validation phase of the study. 

It was proved that its expression is highly stable in all ana-

lyzed sets of samples (Supplementary Table IV, available at 

Carcinogenesis Online).

The training phase

In total, serum samples from 80 colon cancer patients and 80 

healthy donors were included in the training phase of the study. 

As shown in Table 1(A), serum levels of miR-142-5p (P < 0.0001), 

miR-21-5p (P  <  0.0001), miR-23a-3p (P  <  0.0001), miR-148a-3p 

(P  <  0.0001), miR-376c-3p (P  <  0.0001), miR-27a-3p (P  <  0.0001), 

miR-126-5p (P < 0.0001), miR-4419a (P = 0.0067) and miR-223-3p 

(P  =  0.0316) were signi�cantly higher in colon cancer serum 

samples compared to healthy controls. These results are in 

agreement with sequencing data except for miR-4419a that was 

previously found to be higher in the samples of healthy con-

trols. The deregulation of miR-425-3p (P = 0.2075), miR-146a-5p 

(P = 0.1739), miR-484 (P = 0.2508) and miR-186a-5p (P = 0.0702) in 

serum samples of colon cancer patients compared to healthy 

donors was not con�rmed. Based on the criteria mentioned in 

the study design (P < 0.05; Cq values < 35; detection rate > 80%), 

the expression of 5 miRNAs (miR-21-5p, miR-23a-3p, miR-27a-3p, 

miR-142-5p, miR-376c-3p; Supplementary Figure 3, available at 
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Carcinogenesis Online) was further analyzed on the training set 

of samples using a bidirectional stepwise logistic regression 

model. This approach led to reduction of miRNA number (from 

�ve miRNAs to four miRNAs) that were subsequently involved 

in the established diagnostic panel. Further, the diagnostic score 

was calculated according to the formula: DXscore  =  −3.96  − 

8.20*miR-27a-3p + 54.89*miR-23a-3p + 71.75*miR-142-5p + 

78.13*miR-376c-3p (cut-off = −0.5103). Subsequent ROC (receiver 

operating characteristic) analysis proved that usage of this 

4-miRNA-based panel enables to distinguish serum samples of 

colon cancer patients from healthy controls with the sensitivity 

of 88% and speci�city of 81% with AUC = 0.917 (Table 1(B)). The 

validation of the obtained model was performed on a large set 

of independent samples.

The validation phase

To further validate the diagnostic potential of 4-miRNA-based 

panel, 203 serum samples of colon cancer patients and 100 sam-

ples of healthy donors were included in the validation phase of 

the study. In addition, 25 samples of patients with hyperplastic 

polyps, 25 samples of patients with tubular or tubulovillous ade-

nomas, and 12 paired samples of colon cancer patients before and 

one month after surgery were analyzed in the third phase of the 

study. As shown in Table 1(A), all four miRNAs were signi�cantly 

upregulated in serum samples of colon cancer patients compared 

to healthy controls (P < 0.0001) (Figure 2A–H). Further, signi�cantly 

elevated levels of miR-23a-3p, miR-142-5p and miR-376c-3p were 

observed in the serum samples of patients with polyps and/or 

adenomas compared to healthy donors. However, it is was not 

possible to distinguish precancerous lesions from colon cancers 

based on the expression of these miRNAs. The levels of miR-

27a-3p were not changed in precancerous lesions compared to 

healthy controls. The score based on the 4-miRNA panel signi�-

cantly increased from the healthy controls through the patients 

with precancerous lesions to colon cancer patients (P  <  0.001); 

nevertheless, there were no signi�cant changes between the 

particular TNM stages of colon cancer (Figure  3C). Similarly 

to the results obtained in the training phase (Figure 3A and D)  

of the study, using ROC analysis it was possible to discriminate 

healthy controls from colon cancer patients with the sensitivity 

of 89% and speci�city of 81% with AUC = 0.922 [Figure 3B and E, 

Table 1(B)]. Moreover, in case that only the patients in stages I or 

II were included in ROC study, sensitivity and speci�city of 81% 

with AUC = 0.877 was reached [Figure 3F; Table 1(B)] suggesting 

high diagnostic potential of established miRNA panel. Finally, 

12 paired serum samples from colon cancer patients before and 

1  month after surgery were analyzed and score based on the 

4-miRNA panel signi�cantly decreased in case of post-operative 

samples [P = 0.0166; Figure 4D)].

Comparison of diagnostic potential of 4-miRNA-
based panel with CEA and CA19-9

The capacity of the 4-miRNA-based panel and of CEA/CA19-9 

markers to detect colon cancer was tested. In total, 168 colon 

cancer patients with known levels of CEA and CA19-9 were 

included in this analysis. As shown in Figure 4A–C, CEA enabled 

Table 1. Two-phase validation of deregulated miRNAs identi�ed by next-generation sequencing (A) and diagnostic performance of 4-miRNA-
based panel established by multivariate logistic regression (B)

(A) Validation of miRNAs identi�ed in screening phase of the study

Training phase Validation phase (miRNA panel) 

miRNA FC P value AUC miRNA FC P value AUC P value 

miR-142-5p 2.40 <0.0001 0.8334 miR-142-5p 2.63 <0.0001 0.8150 <0.0008

miR-21-5p 2.22 <0.0001 0.8268 miR-23a-3p 2.30 <0.0001 0.8908 <0.0001

miR-23a-3p 2.05 <0.0001 0.8687 miR-27a-3p 1.48 <0.0001 0.6973 <0.0001

miR-148a-3p 2.01 <0.0001 0.7824 miR-376c-3p 1.39 <0.0001 0.6542 <0.1

miR-376c-3p 1.95 <0.0001 0.7287

miR-4419a 1.80 0.0067 0.6242

miR-27a-3p 1.69 <0.0001 0.7368

miR-126-5p 1.47 <0.0001 0.7103

miR-223-3p 1.34 0.0316 0.5985

miR-425-3p 1.18 0.2075 0.5583

miR-146a-5p 1.02 0.1739 0.5623

miR-484 0.86 0.2508 0.5527

miR-186a-5p 0.85 0.0702 0.5830

(B) Diagnostic performance of 4-miRNA-based panel

Training set Validation set Validation set stages I + II

AUC† 0.917 0.922 0.877

Sensitivity 0.875 0.887 0.814

Speci�city 0.813 0.810 0.810

Accuracy 0.844 0.848 0.812

PPV 0.824 0.905 0.806

NPV 0.867 0.779 0.818

miRNAs in bold (training phase) were further analyzed using a bidirectional stepwise logistic regression model and their association with patients’ survival was 

examined.

AUC, area under the curve; FC, fold change; PPV, positive predictive value; NPV, negative predictive value.
‡P value of miRNA panel—multivariate logistic regression model identi�ed by bidirectional stepwize selection.
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to identify 79 colon cancer patients (47%; cut-off 5 ng·ml−1), 

while CA19-9 only 46 (27%; cut-off 27 U·ml−1). However, when 

the 4-miRNA-based panel was applied 149 of 168 colon cancer 

patients (89%) were positively diagnosed. The highest diagnostic 

sensitivity was reached in case of combination of CEA, CA19-9 

and miRNA-based panel (96%).

Risk model for survival prediction in colon cancer 
patients

The association of �ve miRNA candidates validated in the train-

ing phase of the study (miR-21-5p, miR-23a-3p, miR-27a-3p, 

miR-142-5p and miR-376c-3p) with patients’ survival was exam-

ined and models predicting patients’ outcome were generated 

(in total, 261 patients with known OS from both training and 

validation phase of the study were included in the analysis). The 

best signature for the prediction of 3-year overall survival (OS) 

consisted of the clinical factors (age, gender, stage), and of two 

miRNAs (miR-23a-3p, miR-376c-3p) (Figure  5A; Supplementary 

Table V, available at Carcinogenesis Online). Multivariate analyses 

demonstrated that a high-risk group according to the miRNA 

signature (linear combination of miRNAs expression: 3.13*miR-

23a-3p – 16.77*miR-376c-3p, cut-off = −0.037) is a signi�cant unfa-

vorable prognostic factor independent of other clinical variables 

(hazard ratio 2.30; 95% CI 1.44–3.66; P < 0.0004; Supplementary 

Table VI, available at Carcinogenesis Online).

The outcome model that included the miRNA signature 

adjusted by clinical factors explained survival of patients better 

than the model that included clinical factors alone (likelihood-

ratio test, P < 0.002). To inspect the contribution of the miRNA 

signature to the predictive ability, all collected survival data 

spanning more than 7  years of observations were employed, 

and the model-based predictions of probability of survival were 

visualized for each stage independently. Predicted survival was 

inspected for the model without miRNA signature (Figure  5B) 

and the model including the miRNA signature (Figure  5C–F). 

A large separation of the predicted survival curves was observed 

for all stages pointing to an added value of signature miRNAs for 

outcome prediction.

Discussion

Recent studies suggested that circulating miRNAs could serve 

as novel diagnostic and prognostic markers in different types 

of cancers (23,24). In this study, signi�cantly elevated levels of 

miR-21-5p, miR-142-5p, miR-23a-3p, miR-148a-3p, miR-376c-3p, 

miR-27a-3p, miR-126-5p and miR-223-3p were identi�ed and 

independently validated in serum samples of colon cancer 

patients compared to healthy donors. In addition, the expression 

of miR-23-3p, miR-142-5p and miR-376c-3p was also noticeably 

increased in the samples of precancerous lesions compared to 

the samples of healthy donors that could indicate their involve-

ment in the early steps of carcinogenesis.

MiR-21-5p is one of the most studied miRNAs in CRC 

pathogenesis. Its upregulation in blood serum was previously 

described as well as its potential to serve as biomarker for the 

early detection of colorectal neoplasia. Moreover, high levels 

of serum miR-21-5p were associated with tumor size, distant 

metastasis and poor OS (25). The origin of this miRNA in the 

circulation and its exact functioning is not known. Nevertheless, 

some studies describe miR-21-5p as endothelium-enriched (26) 

and its high expression was found in exosomes (20). In addition, 

involvement of this miRNA in in�ammation and angiogenesis 

was previously reported (27). Shi et  al. (28) found signi�cantly 

lower expression of proin�ammatory and procarcinogenic 

cytokines IL-6, IL-23, IL17A and IL-21, and decrease in size and 

number of tumors in miR-21-knockout mice compared to the 

controls. These results indicate an important role of miR-21-5p 

in CRC pathogenesis; unfortunately, its expression is not spe-

ci�c enough as deregulated levels of this miRNA were observed 

almost in all types of solid cancers (20,26,27,29–30). Similarly to 

miR-21-5p, the other miRNAs identi�ed in this study were proven 

to be involved in many essential biological processes including 

in�ammation—miR-23a-3p (31), miR-142-5p (32), miR-126-5p, 

miR-223-3p, miR-148a-3p (33), aging and regulation of glucoses 

levels—miR-126-5p (34), or stress—miR-142-5p, miR-223-3p (35). 

Figure  2. Expression levels of candidate miRNAs in the validation phase of 

the study. (A) Expression of miR-23a-3p is signi�cantly higher in precancerous 

lesions and colon cancer patients compared to healthy controls. (B) Expression of 

miR-27a-3p is not signi�cantly changed in precancerous lesions. (C) Expression of 

miR-142-5p increases continuously from healthy controls through precancerous 

lesions to colon cancer patients. (D) Expression of miR-376c-3p is signi�cantly 

higher in adenomas and colon cancer patients compared to healthy controls. 

(E) ROC analyses based on the expression of miR-23a-3p (AUC = 0.8908). (F) ROC 

analyses based on the expression of miR-27a-3p (AUC = 0.6973). (G) ROC analyses 

based on the expression of miR-142-5p (AUC = 0.8150). (H) ROC analyses based 

on the expression of miR-376c-3p (AUC = 0.6542). *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 4. Diagnostic potential of 4-miRNA signature compared to CEA and CA19-9. (A) Established miRNA panel (cut-off −0.5103) enables to diagnose colon cancer with 

higher sensitivity than CEA (cut-off 5 ng·ml−1). (B) Established miRNA panel (cut-off −0.5103) enables to diagnose colon cancer with higher sensitivity than CA19-9 (cut-

off 27 U·ml−1). (C) Detected cases number using CEA, CA19-9, miRNA panel or their combination. (D) The levels of miRNA panel decreased signi�cantly 20 days after the 

surgery of colon cancer patients (P = 0.0166). *P < 0.05.

Figure 3. Performance of 4-miRNA-based diagnostic signature. (A) ROC-estimated cut-off distinguishing colon cancer patients and healthy controls—training phase. 

(B) ROC-estimated cut-off distinguishing colon cancer patients and healthy controls—validation phase. (C) Increasing expression of miRNA panel from healthy con-

trols through precancerous lesions to colon cancer patients. (D) ROC analyses using the expression of miRNA panel—training set (AUC = 0.917). (E) ROC analyses using 

the expression of miRNA panel—validation set (AUC = 0.922). (F) ROC analyses using the expression of miRNA panel—validation set stages I and II only (AUC = 0.877). 

*P < 0.05; ***P < 0.001.
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Moreover, they are often enriched in exosomes—miR-126-5p, 

miR-223-3p, miR-23a-3p (20), blood cells—miR-142-5p (32), miR-

223-3p (36), miR-126-5p (37) or endothelium—miR-126-5p (26). 

Considering these facts, it is obvious that mentioned miRNAs 

could serve as novel biomarkers for different pathological con-

ditions, including the presence of colon cancer or precancerous 

lesions. However, it is necessary to point out that immune or 

other stromal cells in the tumor microenvironment and other 

Figure 5. Evaluation of 2-miRNA-based prognostic signature. (A) Biomarker signature containing clinical factors and biomarker candidates predicting 3-year overall 

survival. The summary statistics obtained on the cross-validated pseudo-median validation fold (i.e. between-fold median; labeled in red), corresponding 25th (in 

magenta) and 75th (in orange) percentile bounds, and on the complete dataset for the consensus model (i.e. biomarker signature; labeled in black). (B–E) All collected 

survival data were used to plot predicted survival based on the Cox model �tted with the following: (B) stages I, II, III or IV (Cox model: 0.0122*age + 0.2763*gender 

(1 = male, 0 = female) + 1.008*stage; �xed parameters: age = 67, gender = male, stage = I or II or III or IV); (C) stage I and miRNA signature; (D) stage II and miRNA signa-

ture; (E) stage III and miRNA signature and (F) stage IV and miRNA signature. The miRNA signature represent a linear combination of miRNA expressions (3.13*miR-

23a-3p – 16.77*miR-376c-3p). The cutoff of −0.037 used for prediction is the median of individual predictions for all patients in stages I + II + III + IV. HIGHrisk represents 

a high-risk group of patients with individual predictions ≥ cutoff and LOWrisk represents a low-risk group of patients with individual predictions < cutoff. The Cox 

model used in (C–F): 0.012*age + 0.354*gender (1 = male, 0 = female) + 1.043*stage – 0.867*LOWrisk; �xed parameters: age = 67, gender = male, stage = I or II or III or IV; 

and LOWrisk versus HIGHrisk is plotted.
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organs responding to signals from the tumor can be possible 

sources of these miRNAs as well.

Based on the results of training phase, �ve miRNAs were 

used for a bidirectional stepwise logistic regression. As a result, 

a 4-miRNA-based diagnostic panel combining the expression 

of miR-23a-3p, miR-27a-3p, miR-142-5p and miR-376c-3p was 

established. It has been previously shown that miR-23a-3p and 

miR-27a-3p are derived from a single primary transcript and 

they operate together in a co-operative cluster. However, the lev-

els of each can vary because of post-transcriptional processing. 

Further, elevated levels of these two miRNAs were observed in 

APC mutant/MMR-de�cient invasive adenocarcinomas. In addi-

tion, while the miR-23a was upregulated in invasive primary 

CRCs from stages I/II patients, miR-27a was over-expressed in 

primary CRCs from patients in stages III/IV. Importantly, FBXW7, 

one of the most commonly mutated genes in CRC, was identi-

�ed as a direct target of miR-27a (38). Similarly, the metastasis 

suppressor 1 (MTSS1) was validated as a direct target of miR-23a. 

Therefore, these two miRNAs are supposed to play an important 

role in the regulation of proliferation and invasion of CRC (38). 

In another study, the inhibition of miR-23a led to the enhanced 

5-FU-induced apoptosis through the APAF-1/caspase-9 apop-

totic pathway (39). Concerning the miR-142-5p and miR-376c-3p, 

their role in the pathogenesis of CRC and their direct targets 

have not been described yet. Nevertheless, miR-376c-3p has 

been previously reported to be signi�cantly upregulated in the 

serum of gastric cancer patients (40) and its over-expression led 

to the enhanced proliferation and chemoresistance of ovarian 

cancer by targeting ALK7 (41).

Our novel 4-miRNA panel showed high diagnostic perfor-

mance, which was successfully con�rmed on a large independ-

ent validation set of samples (obtained AUC 0.9 is superior to 

that obtained for fecal occult blood test (42). Further, the diag-

nostic performance of our 4-miRNA-based panel compared to 

CEA and CA19-9 was analyzed. Whereas CEA enabled the iden-

ti�cation of 47% of colon cancer patients and CA19-9 was ele-

vated only in 27% of these patients, our 4-miRNA-based panel 

identi�ed accurately 89% of colon cancer patients. Moreover, 

score based on our 4-miRNA diagnostic panel progressively 

increased from the healthy controls through the patients 

with precancerous lesions (polyps, adenomas) to colon can-

cer patients and decreased signi�cantly one month after 

surgical resection. These results demonstrate that our novel 

4-miRNA diagnostic based panel could potentially serve as an 

accurate biomarker for an early diagnosis of colon cancer and 

potentially also for the monitoring of patients after the surgi-

cal treatment. However, it will be necessary to validate these 

results on larger sets of patients.

Further, a model for prediction of 3-year overall survival con-

sisting of clinical factors (age, gender, stage), and of two miRNA 

candidates (miR-23a-3p, miR-376c-3p) was established allowing 

to accurately predict the outcome of more than 70% of colon 

cancer patients. This 2-miRNA-based signature holds prognos-

tic promise for newly diagnosed patients, as it can be measured 

non-invasively in blood serum. Notably, the added predictive 

value for survival besides stage presents a potentially relevant 

sub-strati�cation for treatment decisions.

There are some potential limitations of this study, and still 

many issues that must be addressed in order to establish miR-

NAs as clinical diagnostic and prognostic tools. First, expres-

sion pro�ling of miRNAs by NGS was performed using pooled 

samples of colon cancer patients/healthy donors as an insuf-

�cient amount of blood serum from one patient/healthy donor 

was available. Thus, since the quantity of free-circulating RNAs 

in serum can be very variable and a subject to inter-individual 

variation, a bias could be introduced into the results using this 

kind of an approach. Second, some of the circulating miRNAs 

involved in our diagnostic panel have also been described in 

other solid cancers besides colon cancer; thus, it might be chal-

lenging to �nd whether their expression is speci�cally associ-

ated with colon cancer or if this is a common phenomenon that 

displays the presence and progression of any type of cancer as 

a result of perturbations in the host system. Further, all sam-

ples were enrolled in a single center and all patients were of the 

same ethnicity (European descent). Therefore, these results need 

to be validated in a multicenter trial on independent samples. In 

addition, the dynamics of miRNA panel prior and after the sur-

gery as well as the expression of miRNA panel in precancerous 

lesions need to be further validated on larger sets of patients. 

Finally, there was an equal representation of males and females 

among healthy controls, while males predominated moderately 

in case of colon cancer patients.

In summary, a unique serum-based panel comprising of four 

miRNAs was established, enabling early diagnosis of colon can-

cer as well as of precancerous lesions. In addition, the outcome 

model that included the signature miRNAs adjusted by the clini-

cal factors was de�ned, facilitating strati�cation of colon can-

cer patients based on their prognosis. These data underline the 

enormous potential for blood-borne miRNAs to serve as new 

class of non-invasive biomarkers in oncology.

Supplementary material

Supplementary Tables I–VI and Figures 1–3 can be found at 

http://carcin.oxfordjournals.org/
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