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Abstract

Background & Aims: Early-onset colorectal cancer (EOCRC) is a distinct clinical and 

molecular entity with poor survival outcomes compared to late onset CRC (LOCRC). Although 

the incidence of EOCRC is rising, current CRC screening strategies have several limitations 

in diagnostic performance for EOCRC. In view of this clinical challenge, novel and robust 

biomarkers for detection of EOCRC are necessary. The aim of this study is to develop a circulating 

miRNA signature for the diagnosis of patients with EOCRC.

Methods: A systematic discovery approach by analyzing a large, publicly available, noncoding 

RNA expression profiling dataset (GSE115513) was used. A panel of miRNAs was identified, 

which was subsequently validated in blood samples from EOCRC patients in two independent 

cohorts (n=149) compared with controls (n=110) and pre/post-operative plasma specimens (n=22) 

using qRT-PCR assays.

Results: In the discovery phase, four miRNAs were found to be expressed in blood samples. 

A combination signature of these four miRNAs (miR-193a-5p, miR-210, miR-513a-5p and 

miR-628-3p) yielded an area under the curve (AUC) of 0.92 (95% CI=0.85-0.96) for identification 

of EOCRC in the training cohort. The miRNA panel performance was then confirmed in an 

independent validation cohort (AUC=0.88, 95% CI=0.82-0.93). Moreover, the miRNA panel 

robustly identified early stage EOCRC patients (P < 0.001). The decreased expression of miRNAs 

in post-surgery plasma specimens indicated their tumor-specificity.

Conclusions: Our novel miRNA signature for the diagnosis of EOCRC has the potential to 

identify EOCRC patients with high accuracy for clinical application in the non-invasive diagnosis 

of EOCRC.

Graphical Abstract

LAY SUMMARY:
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Our blood-based circulating miRNA signature has the potential to identify patients with early 

onset colorectal cancer patients with high accuracy and offers a clinical tool for early diagnosis 

and population screening of patients suffering from this malignancy.

Keywords

miRNA panel; early onset colorectal cancer; diagnostic biomarker; liquid biopsy

INTRODUCTION

Colorectal cancer (CRC) ranks third in cancer incidence and remains the third-leading cause 

of cancer-related deaths worldwide, in both men and women.1 In recent years, the incidence 

of sporadic CRC and associated mortality has declined worldwide.2 These improvements 

are likely due to the increased efforts in CRC screening that have allowed timely detection 

and removal of premalignant lesions and early-stage cancers, as well as improvements in 

treatment modalities.3–6 Unfortunately, data from epidemiological studies have revealed a 

significant trend for a rise in CRC incidence among individuals younger than 50 years of 

age, who do not possess any familial or hereditary disposition for this malignacy.1, 7, 8 This 

disease, referred to as the early-onset CRC (EOCRC), currently accounts for 10-15% of 

all new CRC diagnoses.6, 9, 10 At the current rate, it is estimated that the incidence for 

EOCRC is likely to double by the year 2030.7 While the reasons for this concerning trend 

in the younger population are poorly understood, there is a general consensus that patients 

with EOCRC are epidemiologically, biologically and pathologically distinct vis-à-vis those 

with late-onset colorectal cancer (LOCRC; patients ≥50 years old).11–15 Accordingly, for 

further characterization of EOCRC, these patients must be explored, assessed and clinically 

managed distinctly from those with LOCRC.

Notably, recent studies have suggested that patients with EOCRC have distinct clinical 

behaviors compared to those with LOCRC.16 EOCRC patients are more likely to exhibit an 

advanced stage tumor at initial presentation, distal tumor localization, signet ring histology, 

and a disease presentation with concurrent metastasis.17–20 This raises the logistical clinical 

concern that, since the tumors in EOCRC patients are often more aggressive than those with 

LOCRC, a delayed diagnosis could have a significant adverse impact and can lead to early 

death. Given the earlier age of onset and increased disease severity, these data highlight 

the need to develop screening approaches that can facilitate earlier detection and timely 

intervention for improving the overall survival in patients afflicted with EOCRC.

Recently, the guideline for initial CRC screening in the general population was lowered to 

45 years by the American Cancer Society.21 However, this screening approach can benefit 

only a small fraction of younger individuals, as the overwhelming majority of these are 

likely not to have sporadic EOCRC, but are more likely to be those with a familial or 

hereditary form of CRC (e.g. Lynch syndrome). From a practical standpoint, lowering the 

age for CRC screening to capture patients with EOCRC using conventional colonoscopy has 

its challenges, as this procedure is invasive, has attendant risks, and is cost prohibitive for 

implementation in the average risk-population. In addition, currently available non-invasive 
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tests including fecal and blood tests lack adequate diagnostic performance for the early 

detection of CRC,22–25 especially EOCRC, as these assays have yet to be explored or 

developed in this population. These limitations highlight the imperative need to develop 

robust, non-invasive biomarkers that can help overcome the challenges of the current 

generation of diagnostic assays, and facilitate the identification of patients with EOCRC.

Liquid biopsies have become highly topical in the field of diagnosis for various 

malignancies, and are gaining attention for overcoming some of the limitations of current 

screening strategies.26, 27 In particular, blood remains the most attractive substrate for 

developing liquid biopsy-based assays as it is widely accepted by patients, and carries 

cancer-derived cargo released into the systemic circulation including proteins, metabolites 

and nucleic acids.28 In this context, work from our group and others has previously shown 

that circulating microRNAs (miRNAs) reflect physiological and pathological alterations in 

patients with CRC,29 and have the potential to serve as important surrogates as minimally 

invasive diagnostic biomarkers.30, 31 MiRNAs are short, 18–24-nucleotide, non-coding 

RNAs that play a pivotal role in gene regulation. Since miRNA expression is generally 

stable in tissues, blood, stool, and other bodily fluids, they have emerged as promising 

candidates for developing liquid biopsy biomarkers in human cancers.32 While, miRNAs 

have been previously explored in diagnosis of LOCRC,33–36 to the best of our knowledge, 

no systematic studies have yet focused on identifying such biomarkers for the detection of 

patients with EOCRC.

Given the rise in incidence of EOCRC and the challenges for its early detection, we 

performed a systematic, genome-wide analysis to comprehensively identify a miRNA 

signature for the early detection of patients with EOCRC. Following the biomarker 

discovery, we rigorously validated this signature in multiple independent cohorts of patients, 

and finally established a novel liquid biopsy assay for the detection of patients with early-

stage EOCRC.

MATERIALS AND METHODS

The present study employed a two-phase design. In the initial biomarker discovery phase, 

transcriptomic data from miRNA expression profiling dataset was systematically analyzed 

for the identification of a clinically translatable miRNAs that detects EOCRC. In the 

second phase, plasma specimens from multiple clinical cohorts were used to validate the 

performance of biomarkers selected in the discovery phase. In this clinical validation phase, 

quantitative reverse-transcription PCR (qRT-PCR) assays were employed to evaluate and 

compare the expression levels of candidate miRNAs in plasma specimens from individuals 

with EOCRC and those of no disease. The overall workflow for this study is illustrated in 

Figure 1A.

Identification and selection of candidate miRNAs

A large, publicly available, miRNA expression profiling dataset (GSE115513, n=1061) was 

analyzed for the systematic discovery of miRNA biomarkers specific for patients with 

EOCRC. The normalized and pre-processed miRNA expression data was downloaded from 

the Gene Expression Omnibus (GEO). The miRNA expression data from paraffin-embedded 
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tissues with patients with either stage I/II EOCRC (n = 42) or LOCRC (n = 370), as 

well as age-matched normal mucosa samples (<50 years old = 62; ≥50 years old = 587), 

respectively, were analyzed to identify candidate miRNAs, preferentially those that were 

upregulated in EOCRC. The differential expression analysis was performed using limma 

(version 3.38.3). Furthermore, the effect of any inadvertent potential bias that might exist 

due to age was mitigated by removing the miRNAs with a significant (P < 0.05) change 

in the expression in the normal samples stratified by age (<50 and ≥50 years of age). 

A multivariate logistic regression model was built to establish the diagnostic potential 

of upregulated miRNAs in patients with EOCRC. Multi-collinearity was evaluated by 

calculating a variance inflation factor (VIF) for each predictor. The VIF values were 

calculated for each parameter in the model, and if found higher than the cutoff (= 2), 

sequentially the predictor with the highest VIF was dropped, recalculated, and repeated until 

all values were below the cutoff.

Patient cohorts and specimens

For this study, a total of 349 plasma samples, which included 117 samples in the training 

cohort (72 from patients with EOCRC and 45 from healthy donors < 50 years old or 

non-disease controls) from 3 Japanese hospitals (National Cancer Center Hospital, Mie 

University, and Nagoya University), and 142 samples in the validation cohort (77 EOCRC 

and 65 non-disease controls) from Spanish hospitals (Hospital Universitario de Canarias, 

Hospital Clinic de Barcelona, Hospital Universitario de Donostia and Hospital Universitario 

Fundación Jiménez Díaz) were evaluated. For additional analyses, 44 specimens from 

patients with LOCRCs and 24 age-matched non-disease controls (≥50 years old), as well 

as a subset of 22 plasma specimens from patients that were obtained both pre- and post-

operatively were used. Tumor staging was performed according to the Sixth Edition of the 

American Joint Commission on Cancer TNM staging system. The study was conducted in 

accordance with Declaration of Helsinki. Written informed consent was obtained from all 

patients, and the study was approved by the institutional review board of all participating 

institutions.

RNA extraction, cDNA synthesis and quantification of miRNAs using qRT-PCR

Total RNA was extracted from plasma samples using miRNeasy Serum/Plasma Kits 

(Qiagen, Valencia, CA; catalog number 217184) following manufacturer’s protocol. Briefly, 

250 μL of plasma was thawed on ice and centrifuged at 16,000 × g at 4°C for 10 minutes 

to remove cellular debris. Thereafter, 200 μL of supernatant was lysed in 1000 μL of 

QIAzol Lysis Reagent. After incubation for 5 minutes, 25 fmol of synthetic cel-miR-39 

(Syn-cel-miR-39-3p miScript miRNA Mimic, Qiagen; catalog number MSY0000010) was 

added to each sample as an external spiked-in control. Total RNA, including small RNA, 

was extracted and eluted in 30 μL of RNase-free water using a QIAcube (Qiagen). 

Complementary DNA (cDNA) from total RNA was synthesized following miRCURY LNA 

(Qiagen). First-Strand cDNA Synthesis protocol was employed with slight modifications. 

qRT-PCR analysis was performed using the SensiFAST™ probe Lo-ROX Kit (Bioline, 

London, UK) on the QuantStudio 7 Flex Real Time PCR System (Applied Biosystems, 

Foster City, CA), and miRNA expression levels were evaluated with Applied Biosystems 

QuantStudio 7 Flex Real Time PCR System Software. The relative abundance of target 
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transcripts was evaluated and normalized against the control using the 2−ΔΔCt method. 

After the evaluation of different endogenous control miRNAs including U6, miR-16-5p and 

miR-103a-3p, miR-103a-3p was determined to be the optimal control based on expression 

and uniform threshold cycle (Ct) values across all samples (non-disease controls and 

cancer). Normalized values were further log10 transformed 37, 38.

Statistical analysis

The selection criteria to identify differentially expressed miRNAs included a log2 fold 

change higher than zero and a p-value of less than or equal to 0.05. The data pre-processing 

and handling was performed using R/Bioconductor. Multicollinearity was tested using 

vif function in “rms”, and R library. A generalized multivariate regression model was 

built. Receiver operator characteristic (ROC) curves, areas under curve (AUC), positive 

predictive values (PPV), and negative predictive values (NPV) were determined to measure 

the performance of the diagnostic model. Thereafter, the Youden’s index derived optimal 

cut-off thresholds were used to divide the training cohort patients with low vs. high-risk 

scores for diagnosing EOCRC. In order to analyze the miRNA model performance in 

different stages, we divided our cohort in stage I/II vs. III-IV EOCRC and analyzed its 

diagnostic performance. Statistical analyses for this study were performed using GraphPad 

Prism version 8.0, Medcalc statistical software V.16.2.0 (Medcalc Software bvba, Ostend, 

Belgium), and R (3.5.0, R Development Core Team, https://cran.r-project.org/). All p-values 

less than 0.05 were considered significant.

RESULTS

Genome-wide transcriptomic profiling identifies a 7-miRNA tissue-based signature for the 
detection of patients with EOCRC

The first objective of this project was to identify a systematic and comprehensive miRNA 

signature from genome-wide transcriptomic profiling data available for patients with early-

stage EOCRC compared to those with LOCRC and age-matched controls. In these analyses, 

28 miRNAs were significantly up-regulated in patients with stage I-II EOCRC tissue 

samples compared to the normal mucosae (P < 0.05). To enhance the overall specificity 

of the discovered markers, all miRNAs that overlapped between EOCRC and LOCRC 

patients were removed to increase the diagnostic potential of the markers that preferentially 

allowed identification of patients with EOCRC. Such a bioinformatic prioritization effort 

resulted in a panel of 11 miRNAs that were significantly upregulated in patients with 

EOCRC (P < 0.05). Subsequently, after removing the biomarkers that exhibited collinearity 

with each other and did not offer any additional diagnostic contribution to the marker 

panel, a final panel of seven miRNAs that represented up-regulated markers in EOCRC 

patients (Fig.1B) was prioritized. Finally a multivariate logistic regression model established 

the association of these seven miRNAs (hsa-miR-4304, hsa-miR-513a-5p, hsa-miR-628-3p, 

hsa-miR-194-3p, hsa-miR-193a-5p, hsa-miR-210 and hsa-miR-4453) in patients with stage 

I/II EOCRC, which exhibited a diagnostic AUC value of 0.82 (95% CI=0.73-0.91, P < 

0.001), with a corresponding a sensitivity of 0.72 and specificity of 0.84 for the detection 

of patients with early stage EOCRC (Fig.1C) The data highlighted that this biomarker panel 

possessed remarkable diagnostic potential for the diagnosis of patients with EOCRC.
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Establishment and validation of diagnostic performance of a circulating miRNA panel in 
independent cohorts of patients with EOCRC

Since the primary objective of our project was to develop a minimally invasive, liquid biopsy 

based assay for the identification of patients with EOCRC in clinical settings, the validation 

of diagnostic performance of this miRNA panel in actual clinical settings was warranted. 

In order to develop a blood-based assay, the tissue-based markers identified during the 

biomarker discovery phase were tested for detectability in plasma samples. Four of the 

seven tissue-based markers (hsa-miR-513a-5p, hsa-miR-628-3p, hsa-miR-193a-5p and hsa-

miR-210) were detectable in these plasma samples. Regarding the functional relevance of 

the miRNAs, they serve as transcripts of several key genes associated with pathogenesis in 

cancer. The details pertaining to these differentially expressed miRNAs, the corresponding 

genes and their clinical significance are presented in Supplementary Tables 1 and 2.

Subsequently, to establish the diagnostic potential of this miRNA panel for EOCRC patients, 

its performance in blood specimens obtained from two large, independent clinical cohorts 

was examined by using quantitative qRT-PCR assays. The clinical features of the patient 

cohort are summarized in Table 1. In these experiments, using logistic regression analysis, 

the performance of this biomarker panel was trained in a cohort of patients from Japan [n 

= 117 (72 EOCRC and 45 non-disease controls)]. The miRNA expression-based risk scores 

for each patient with EOCRC were calculated as follows: Logit (P) = (−8.78655*MIR193) 

+ (1.77237*MIR210) + (5.30584*MIR513) + (1.65455*MIR628) + 3.75375. This logistic 

regression based four miRNA risk-assessment model demonstrated an excellent diagnostic 

performance in blood specimens of patients with EOCRC with an AUC value of 0.92 (95% 

CI = 0.85-0.96, P < 0.001; Fig.2A), with a corresponding sensitivity of 0.90, specificity of 

0.80, PPV of 0.88 and NPV of 0.84 (Table 2).

In view of the encouraging results of the blood-based panel for the detection of EOCRC in 

the training cohort, the robustness and accuracy of our risk-assessment model were assessed 

in another large independent validation cohort from Spain [n = 142 (77 EOCRC and 65 

non-disease controls)]. These validation efforts confirmed the earlier findings and yielded 

an AUC value of 0.88 (95% CI = 0.82-0.93, P < 0.001; Fig.2B) with a sensitivity of 0.82, 

a specificity of 0.86, PPV of 0.88 and NPV of 0.80. Taken together, the genome-wide 

transcriptomic profiling approach was indeed robust, as it identified the biomarkers that 

were successfully trained and validated in plasma specimens from independent cohorts of 

patients with EOCRC, hence highlighting their translational potential in the clinic for the 

detection of this malignancy in early stages.

The circulating miRNA panel identifies early stage (stage I and II) and late stage (stage III 
and IV) EOCRC patients

One approach for improving the survival outcomes in patients with EOCRC is to attain an 

earlier diagnosis. Therefore, whether this biomarker panel performed better in subgroups 

of EOCRC patients based upon their tumor stage, i.e., early stage (Stage I and II) vs late 

stage (Stage III and IV) was questioned. It was exciting to observe that, in the validation 

cohort, this circulating biomarker panel revealed excellent diagnostic performance in the 

identification of early-stage cancers (stage I/II) with an AUC of 0.92 (95% CI 0.84-0.96, 
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sensitivity 0.92, specificity 0.80). On the other hand, regarding late-stage cancers (stage 

III/IV), the miRNA panel showed relatively fair performance as well, with an AUC of 0.87 

(95% CI 0.79-0.92, sensitivity 0.79, specificity 0.86; Fig.3A). Furthermore, the distribution 

of risk scores in early stage vs. late stage EOCRC patients relative to the non-disease 

controls was evaluated. It was quite reassuring to observe that this circulating biomarker 

panel successfully identified patients with both early and late stage EOCRCs in the 

validation cohort (P < 0.001, respectively; Fig.3B). Collectively, these results highlight that 

this four-miRNA circulating biomarker panel is robust in the identification of patients with 

early disease stages and late disease stages. These data are quite encouraging since early 

detection is surely essential to improve the survival outcomes in patients with EOCRC.

The miRNA panel offers a significant benefit compared to current screening approaches The 

clinical usefulness of screening strategies should be estimated by the trade-off between the 

harm and diagnosis. Since the diagnosis of CRC patients is achieved by a screening test 

through colonoscopy and an invasive biopsy, false positive or false negative cases would be 

detrimental to individuals undergoing such screening. To estimate the clinical significance 

of the miRNA panel, decision curve analysis (DCA) was performed (Fig. 3C). The DCA 

curve revealed that the miRNA panel achieved a higher net benefit regardless of threshold 

probability in comparison to intervention for all patients or none of the patients. These 

findings suggest that this miRNA panel might offer more clinical benefit with regards to the 

avoidance of physical harm and misdiagnosis.

The expression levels of circulating miRNAs significantly decrease following surgical 
removal of the CRC

The hypothesis behind the expression of circulating biomarkers is that tumor cells constantly 

shed cellular cargo into the systemic circulation, which is amenable to detection in a liquid 

biopsy. Presuming that the expression of these biomarkers diminishes once their source 

(i.e., the cancer) is resected, the expression of the miRNA biomarker panel was analyzed 

in a subset of EOCRC patients where the baseline plasma specimens were collected prior 

to surgery (pre-operative, n=12), and compared to the expression levels of these markers 

in the same patient’s plasma collected three months after curative surgery (post-operative; 

n=10). It was again reassuring to witness that the expression of each individual miRNA 

marker exhibited a statistically significantly decrease in expression in the post-operative 

blood specimens (P < 0.05; Fig.4A). Finally, in comparison with the risk probability in 

this subset of patients, these findings were again validated as a significantly reduced risk 

probability in post-operative vs pre-operative blood specimens was observed (P < 0.05; 

Fig.4B). These findings indicate that once the EOCRC was surgically resected, the levels 

of these biomarkers significantly decreased in the systemic circulation in the postoperative 

blood specimens. Taken together, these findings suggested that the four-miRNA panel is 

specific for EOCRC and may also have clinical potential as a disease-monitoring assay in 

future.

The circulating miRNA panel has the potential to identify patients with LOCRC

Considering that the age is the key discriminator for patients with EOCRC and LOCRC, 

the performance of miRNA panel was also evaluated among patients with LOCRC and 
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compared with the age-matched non-disease subjects (≥50 years old). Interestingly, it 

was observed that the miRNA panel can also discriminate patients with LOCRC from 

age-matched non-disease controls with an AUC of 0.84 (95% CI 0.67-0.89, sensitivity 

0.82, specificity 0.88; Supplementary Fig. 1). Collectively, these findings suggested that this 

circulating biomarker panel also has the potential to discriminate individuals with LOCRC 

from those with no disease.

DISCUSSION

In contrast to the decreasing trend in CRC-related mortality in adults 50 years or older, 

the overall incidence and mortality of EOCRC have been steadily rising.39, 40 To add 

to this clinical challenge, EOCRC cases are often detected at a more advanced stage, 

which highlights the need for their early detection in order to improve the overall survival 

in patients with this disease.6 Although colonoscopy remains the gold standard for the 

screening and diagnosis of CRC, it has major disadvantages including its invasive nature, 

potential risk of complications, and high costs. Furthermore, colonoscopy screening in 

the United States is often recommended at age 45, which will likely miss diagnosis of a 

large majority of patients with EOCRC. In view of these limitations, diagnostic approaches 

that are geared towards the early detection of patients with EOCRC remain an important 

unmet clinical need. In this effort to implement early detection strategies for EOCRC, the 

diagnostic modality should preferably be acceptable to healthy individuals, inexpensive, 

rapid and preferably non-invasive. Our present study is a significant step forward in this 

direction, where a systematic and comprehensive biomarker discovery effort has been 

undertaken, which led us to identify and establish a circulating miRNA signature that is 

highly robust in the identification of patients with EOCRC. Furthermore, the evidence that 

the expression of the discovered biomarkers was significantly reduced in plasma samples 

from patients in post-surgical settings was provided, hence suggesting that the tumor was 

indeed the source of these circulating markers in patients with EOCRC.

Currently, several types of non-invasive tests for CRC detection are available for clinical 

practice.22, 24, 25, 41 Stool tests, including fecal occult blood tests (FOBT), are commonly 

used for CRC screening.24 However, due to the poor sensitivity of older-generation guaiac-

based fecal tests for advanced adenomas and cancer, the efficacy of these tests is limited,24 

and increasingly those assays are being replaced by fecal immunochemical tests (FITs) for 

CRC screening in average risk populations.25 While the sensitivity of FIT for CRC varies 

widely (depending upon the cut-off value for the quantitative result),25, 42 some studies have 

demonstrated a sensitivity for CRC detection to range between 74-79%.43, 44 Although FITs 

is an attractive strategy for current noninvasive CRC screening, in order to overcome the 

limitations and improve its overall diagnostic accuracy, there is a need to develop additional 

diagnostic options that support current screening strategies. Our study is a significant step 

forward in this direction, where a four-miRNA panel in blood is reported, which is quite 

robust for the identification of patients with Stage I/II EOCRC. These findings highlight that 

our miRNA panel has the potential to improve the diagnostic performance of CRC screening 

that can be complemented with current clinical practice including FITs and might serve as 

an important non-invasive assay for the identification of patients with EOCRC.
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Several previous studies have suggested that EOCRC is a biologically and clinically distinct 

disease compared to LOCRC.6, 40 Current CRC screening strategies mainly focus on 

LOCRC screening. Interestingly, our miRNA panel was also able to discriminate patients 

with LOCRC from age-matched non-disease controls with robust AUC values. A possible 

reason for this is that the older age cohort (≥50 years old) can include relatively younger 

individuals (early 50s) with CRC who might have developed their disease in their 40s that 

were potentially EOCRC and would have to be defined as EOCRC patients. Accordingly, 

our four-miRNA panel has potential to discriminate not only EOCRC patients (<50 years 

old) in the younger age cohort, but also potentially EOCRC patients (≥50 years old, defined 

as LOCRC, but developed in their 40s) in the older age cohort. These findings suggested 

that our miRNA panel may serve as an important biomarker for CRC screening that may be 

complemented with current LOCRC-focused strategy.

Several studies reported that four miRNAs in our miRNA panel (miR-193a-5p,45, 46 

miR-21047–54, miR-513a-5p55–58 and miR-628a-3p59, 60) were overexpressed in cancer 

specimens and their high expression was correlated with poor survival or metastasis in 

different cancers. Several studies described that miR-210 overexpression is correlate with 

hypoxia and poor prognosis.47–49 In vitro and in vivo studies reported that overexpression of 

miR-193a-5p contributed to metastasis in pancreatic cancer.45 miR-513a-5p overexpression 

is associated with cancer metastasis56, 57 and can be a risk factor for breast cancer.58 

miR-628a-3p were found to display significantly different expression levels in pancreatic 

cancer.59 A previous study reported that the expression level of miR-628a-3p was higher in 

cancer plasma samples in lung cancer, which might serve as liquid biopsy marker.60

It is important to acknowledge a few potential limitations of our study. Perhaps, the most 

important limitation of our study is the sample size of our patient cohorts, which was 

relatively modest. Therefore, further prospective studies using larger patient cohorts should 

be performed to successfully translate our findings to the clinic. Other potential limitations 

include, the availability of matched pre- and post-operative blood specimens from a larger 

cohort of patients with EOCRC. Moreover, our study cohort did not include patients with 

adenoma, thus further study is required to elucidate the performance of miRNA panel to 

diagnose patients with colorectal adenomas. Nevertheless, our work provides important 

evidence in determining the potential diagnostic capability of miRNAs for EOCRC, 

which could pave the way towards availability of robust molecular biomarkers for the 

risk-assessment and management of EOCRC patients.

In conclusion, using a systemic discovery approach, we have identified and developed, 

for the first time, a novel miRNA signature for the detection of EOCRC patients. The 

miRNA panel was successfully validated in two independent patient cohorts and robustly 

distinguished EOCRC patients from non-disease control samples. We envisage that pending 

further validation in much larger, future prospective studies, this four-miRNA biomarker 

panel has the potential to transform the screening of EOCRC patients and subsequently 

reduce the mortality rates.
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT:

Although the incidence of early onset colorectal cancer is rapidly rising, there is a clear 

lack of screening strategies for the early detection of this disease.

NEW FINDINGS:

We have established a circulating microRNA signature that has the potential to identify 

patients with early onset colorectal cancer robustly and has the potential for use a 

noninvasive assay for population screening.

LIMITATIONS:

The sample size of our patient cohorts was relatively modest; hence, further prospective 

studies using larger patient cohorts might be needed for further validation and translation 

of our findings to the clinic.

IMPACT:

Our four-microRNA signature has the potential to transform the clinical practice by 

allowing non-invasive and timely detection of patients with early onset colorectal cancer.
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Figure 1. 
Differentially expressed miRNAs in patients with early stage EOCRC vs. normal mucosa 

specimens. (A) The overall workflow for this study. (B) A volcano plot illustrating miRNAs 

significantly upregulated in EOCRC (stage I-II) vs. normal mucosa specimens. (C) Receiver 

operating characteristics (ROC) curve analysis with the selected 7 candidate miRNAs for 

discriminating stage I/II EOCRC tumors. *P<0.05
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Figure 2. 
Diagnostic performance of the miRNA panel in EOCRC vs. non-disease controls. (A) The 

ROC curves analysis for a 4-miRNA panel in the training cohort. (B) Risk score distribution 

plot in the training cohort. (C) ROC curves analysis for a 4-miRNA panel in the validation 

cohort. (D) Risk score distribution plot in the validation cohort.

Nakamura et al. Page 17

Gastroenterology. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Diagnostic potential evaluation of the miRNA biomarker panel to identify different stages 

of EOCRC patients. (A) ROC curve analysis to identify early stage (I and II) and late stage 

(III and IV) patients with EOCRC from non-disease controls in the validation cohort and (B) 
Risk score analysis based on risk prediction formulae in early vs. late stage EOCRC patients 

and non-disease control in the validation cohort. (C) Decision curve analysis to evaluate the 

performance of the miRNA panel.
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Figure 4. 
Evaluation of the miRNA panel in pre vs. post-operative blood specimens. (A) Expression of 

candidate miRNAs in pre- and post-operative plasma specimens from EOCRC patients. 

(B) Assessment of risk probability based on risk prediction formula between pre-and 

postoperative EOCRC specimens.
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Table 1:

Clinicopathologic characteristics of the training and validation cohorts.

Training cohort (N =117) Validation cohort (N = 142)

EOCRC
(N = 72)

Controls
(N = 45)

EOCRC
(N = 77)

Controls
(N = 65)

Age (median, range) 44 (21-49) 37 (26-49) 43 (24-49) 45 (39-49)

Gender (n, %)

 Male 32 (44.4%) 27 (60.0%) 37 (48.1%) 33 (50.8%)

 Female 40 (55.6%) 18 (40.0%) 40 (51.9%) 32 (49.2%)

Localization

 Right side 19 (26.4%) - 17 (22.1%) -

 Left side 36 (50.0%) - 32 (41.6%) -

 Rectum 17 (23.6%) - 28 (22.1%) -

Stage (TNM)

 I 20 (27.8%) - 9 (11.7%) -

 II 19 (26.4%) - 19 (24.7%) -

 III 25 (34.7%) - 29 (37.7%) -

 IV 8 (11.1%) - 20 (26.0%) -

EOCRC: Early-onset colorectal cancer
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Table 2:

Summary of diagnostic performance of miRNA-based biomarker panel in the training and validation cohorts.

Training cohort (%, CI) Validation cohort (%, CI)

AUC 0.92 (0.85-0.96) 0.88 (0.82-0.93)

Accuracy 0.86 (0.79-0.92) 0.84 (0.77-0.89)

Sensitivity 0.90 (0.81-0.96) 0.82 (0.71-0.90)

Specificity 0.80 (0.65-0.90) 0.86 (0.75-0.94)

PPV 0.88 (0.78-0.94) 0.88 (0.78-0.94)

NPV 0.84 (0.69-0.93) 0.80 (0.69-0.89)

AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value
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