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Prediction of long-term recurrence-free
and overall survival in early-onset
colorectal cancer: the ENCORE
multi-centre study
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Hideo Baba8, Tianhui Chen9,10, Jinfei Chen11,12, C. Richard Boland13, Giulia Martina Cavestro2,
Enrique Quintero3 & Ajay Goel1,14

Survivors of early-onset colorectal cancer (EOCRC, i.e., diagnosed before age 50) are likely to
experience recurrence after completing treatment. In this international, multi-centric, phase I-II-III
EDRN biomarker study, we identified a panel of tumor-derived biomarkers of EOCRC recurrence. We
then trained and independently validated a machine learning model (XGBoost) to predict 5-year
recurrence-free and overall survival (RFS and OS) of patients with stage I-III EOCRC. Patients with
“low-risk”EOCRCdemonstrated statistically higher rates of 2-, 5-, and 10 yearRFS in both the training
cohort (51.0 vs. 92.4%; 34.4% vs. 92.4%; 25.8% vs. 92.4%, respectively; p < 0.0001) and the
validation cohort (78.9%vs. 100.0%;75.0%vs. 100.0%;75.0%vs. 100.0%, respectively;p = 0.0019).
We also report a significant reduction in both over-treatment and missed recurrences compared to
current clinically available options. This tissue-based, machine learning-powered assay was
prognostic of long-term RFS and OS outcomes after curative-intent treatment of EOCRC (ENCORE
was first registered on ClinicalTrial.gov [ID: NCT06271980] on February 15th, 2024).

Colorectal cancer (CRC) oncepredominantly affected older individuals but,
in recent years, has witnessed a progressive increase in incidence among
young adults1. Once rare, early-onset CRC (EOCRC) now constitutes
15−20% of all newly diagnosed CRC cases and stands as the first cause of
cancer-related death in young men in the US and the second for young
women2,3. In thewakeof the increasing incidence, the growingpopulationof
EOCRC survivors introduces distinctive clinical challenges4,5.

EOCRC survivors face significant risk of recurrence after primary
treatment6–11, a risk that is elevated compared to late-onset CRC12–17 and can
manifest years after initial therapy15,18–20. These considerations have
prompted a trend toward offeringmore aggressive therapy or surveillance, a
practice not yet substantiated by evidence15,21–23. Clinical guidelines recog-
nize this elevated risk but also acknowledge that intensified surveillance
might constitute overtreatment24–26. To address these gaps in knowledge, we

1Department of Molecular Diagnostics and Experimental Therapeutics, Beckman Research Institute of City of Hope, Monrovia, CA, USA. 2Gastroenterology and
Gastrointestinal Endoscopy Unit, Vita-Salute San Raffaele University; IRCCS San Raffaele Hospital, Milan, Italy. 3Gastroenterology Department, Hospital Uni-
versitario deCanarias,UniversidaddeLaLaguna, SantaCruzdeTenerife, Spain. 4Center forGastrointestinal Research,BaylorScott &WhiteResearch Institute and
Charles A. Sammons Cancer Center, Baylor University Medical Center, Dallas, TX, USA. 5Department of Specialized Surgeries, Graduate School, Tokyo Medical
and Dental University, Tokyo, Japan. 6Department of Gastrointestinal Medical Oncology, National Cancer Center Hospital, Tokyo, Japan. 7Gastroenterology
Department, Hospital Clinic of Barcelona, Centro de Investigación Biomédica en Red de Enfermedades Hepáticas y Digestivas (CIBERehd), Universitat de
Barcelona, Institut d’ Investigacions Biomediques August Pi i Sunyer (IDIBAPS), Barcelona, Spain. 8Department of Gastroenterological Surgery, Graduate School
of Life Sciences; Kumamoto University, Kumamoto, Japan. 9Department of Cancer Prevention, Zhejiang Cancer Hospital, Hangzhou, 310022, China. 10Hangzhou
Institute of Medicine (HIM), Chinese Academy of Sciences, Hangzhou, 310018, China. 11Department of Oncology, the First Affiliated Hospital of WenzhouMedical
University, Wenzhou, 325035 Zhejiang, China. 12Zhejiang Key Laboratory of Intelligent Cancer Biomarker Discovery
and Translation, First Affiliated Hospital, Wenzhou Medical University, Wenzhou, 325035 Zhejiang, China. 13Division
of Gastroenterology, School of Medicine, University of California San Diego, La Jolla, CA, USA. 14City of Hope
Comprehensive Cancer Center, Duarte, CA, USA. e-mail: AJGOEL@COH.ORG

npj Precision Oncology |           (2025) 9:202 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41698-025-00978-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41698-025-00978-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41698-025-00978-7&domain=pdf
mailto:AJGOEL@COH.ORG
www.nature.com/npjprecisiononcology


developed a predictive model of post-resection tumor recurrence for the
growing population of EOCRC survivors, leveraging state-of-the-art
machine learning (ML) driven by biological and clinical data.

ML involves fitting predictive models to data for pattern recognition27.
Ensemble classifiers, like random forests, combine multiple weak learners
(decision trees) to boost accuracy27. However, the boostingmechanismmay
reduce interpretability, a crucial aspect for assessing predictions, detecting
bias, extracting knowledge, validatingmodels, and generating hypotheses28.
XGBoost (eXtreme Gradient Boosting) is a tree-based and boosted
ensemble classifier that overcomes these limitations, allows the evaluationof
the importance of each predictor, and has a reduced sensitivity to feature
scaling and normalization28,29. MiRNAs, non-coding single-stranded RNAs
regulating gene expression and various cellular processes, influence CRC
growth, progression, and treatment response and have proven promising as
cancer biomarkers30–33. Notably, our group has reported key genetic and
epigenetic alterations in EOCRC34–41, including a recent 4-miRNA liquid
biopsy assay for its early detection42.

In this research effort, we leveragedXGBoost to predict recurrence-free
and overall survival (RFS andOS, respectively) in two independent EOCRC
cohorts followedup forover 1000person-years.Wefirst identified apanel of
candidate biomarkers with RNA sequencing. Thereafter, we developed,
trained, and independently validated a tissue-based RT-qPCR assay to
predict RFS and OS outcomes up to 10 years after treatment.

Results
Cohort characteristics
This study enrolled 177 survivors of stage I-III EOCRC from five medical
centers who were followed-up for 1084.9 person-years (Supplementary
Table 1). Forty-two patients developed a CRC recurrence during follow-up,
while 135 remained recurrence-free. The biomarker discovery cohort
comprised 20 patients with stage II-III EOCRC. The remaining patients
were assigned to the training cohort (Clinic cohort 1, all from Hospital
Clinic Barcelona, Spain; n = 88) or the external and independent validation
cohort (Clinic cohort 2, from Kumamoto University, Tokyo Medical and
Dental University (TMDU), and University of Tokyo, all in Japan; n = 69).
Patients received a median follow-up of 85.4months (95% confidence
interval [CI95%]: 68.9–104.8).

Discovery of the 10-microRNA panel
Conducting genome-wide, high-throughput small RNA-sequencing on
FFPE-derived RNA, we identified 35 differentially expressed miRNA can-
didates (18 up-regulated and 17 down-regulated, Fig. 1A). After univariate
LASSO-based Cox regression and AUC-based ranking, 10 best-performing
candidates were selected: hsa-miR-365a-3p, hsa-miR-410-3p, hsa-miR-
654-3p, hsa-miR-125b-5p, hsa-miR-125b-2-3p, and hsa-miR-99a-5p were
up-regulated in cases, while hsa-let-7g-5p, hsa-miR-142-3p, hsa-miR-15b-
3p, and hsa-miR-30e-5p were down-regulated (Fig. 1B). Applying the
unweighted pair-group centroid method for unsupervised clustering, only
the development of recurrence co-segregated with unsupervised clustering,
while other clinical characteristics did not (Fig. 1C). Finally, the hazard ratio
(HR) of recurrence for each miRNA was increased for six candidates and
reduced for four (Fig. 1D). Interestingly, we also observed that these
microRNAs collectively regulated several shared target genes as a network
(Supplementary Fig. 1A). In fact, functional enrichment analysis further
demonstrated that these microRNAs were involved in multiple cancer-
related pathways, including neo-angiogenesis, NFκB, TGFβR, VEGF, and
other inflammatory pathways (Supplementary Fig. 1B).

The discovery phase identified a panel of 10 candidate miRNAs
associated with EOCRC recurrence using RNA sequencing.

Development of the ENCORE assay
Upon transitioningour sequencing efforts into anRT-qPCR-based assay,we
fit aXGBoostMLmodel on themiRNAexpression levels from thefirst clinic
cohort. The resulting tissue-based assay, “ENCORE,” relied primarily on the
differential expression of hsa-let-7g-5p, hsa-miR-365a-3p, and hsa-miR-

410-3p and excludedone candidate (hsa-miR-99a-5p, Fig. 2A). Because gain
and cover values (Supplementary Table 2) are aggregated measures, we
exploredENCORE innerworkingswithpatient-specific SHAPvalues. SHAP
values for hsa-let-7g-5p consistently deviated from 0 for almost all patients.
SHAP values for hsa-miR-365a-3p and hsa-miR-410-3p mostly separated
from the 0-value line, but their impact was not as pronounced in the positive
direction, which implies that their contribution was selective, affectingmost
patients but not all (Fig. 2B). This tissue-based assay demonstrated high
accuracy in predicting 5 year RFS with an AUROC value of 90.1%
(CI95% = 83–97%), 84.0% sensitivity (CI95% = 68-96%), 81.0% specificity
(CI95% = 70–91%), and 81.8% accuracy (CI95% = 76-93%) (Fig. 2C). Inter-
estingly, patients with RFS < 5 years had higher ENCORE values (Fig. 2D).

We then evaluated the survival characteristics beyond the 5 year RFS.
Over 20+ years of follow-up, there was a single case of disease recurrence
among patients with “low-risk” tumors. In fact, “low-risk” survivors had
significantly higher OS probabilities than “high-risk” survivors (OS differ-
ences at 2, 5, and 10 years: +18.6% [CI95% = 6.6–35.4%], +33.8%
[CI95% = 13.1–57.9%], and +45.8% [CI95% = 21.0–69.5%], respectively). In
fact, patients classified as “high-risk” had higher rates of recurrence (2 year
RFS: 51.0 vs. 92.4%, p < 0.0001; 10 year RFS: 25.8% vs. 92.4%, p < 0.0001,
Fig. 3A) and death (2 year OS = 81.4% vs. 100%, p= 0.0012; 5 years OS =
64.1%vs. 97.9%,p= 0.0002; 10 yearOS = 52.1%vs. 97.9%,p < 0.0001, Fig. 3B).

Independent and external validation of the ENCORE assay
Transitioning the assay to the clinical cohort 2 for independent and external
validation (Supplementary Table 3), the assay showed a sustained sensitivity
for both recurrence and mortality, with no statistically significant decline in
performance. Recurrent cases demonstrated higher ENCORE values than
non-recurrent cases (p = 0.008, Supplementary Fig. 2A, B). Importantly,
ENCORE could stratify survivorswith statistically significant differences both
in the short and long term (at 2 years, +21.1% [CI95%: 5.9; 40.3%]; and
10 years,+25% [CI95%: 4.9; 50.3], respectively) (Fig. 4A).We also observed a
statistically significantdifference inOSstratificationat5and10 years (+ 16%
[CI95%: 0.2% to 37.2%], and +23% [CI95%: 4.0 to 46.0%], respectively),
although not yet at two (7.4% [CI95%: -3.8 to+23.0%], Fig. 4B and Table 1).

We finally investigated whether additional clinical or pathological
factors could further improve the performance of this tissue-based test. We
performed univariate andmultivariate Cox proportional hazard analysis in
each cohort separately and observed that patients with a “low-risk”
ENCORE status had a reduced risk of recurrence at both univariate (HR
0.072 [CI95% = 0.02–0.21]) and multivariate analysis (HR 0.06
[CI95% = 0.01–0.34], p < 0.001, Supplementary Table 4).

Decision curve and net benefit analysis
The ENCORE assay demonstrated higher net benefit values than other sur-
veillance strategies based on clinical characteristics. At the 25% high-risk
threshold used to dichotomize ENCORE assay results, the ENCORE-based
approach maintained a more favorable net benefit than all other strategies
(Fig. 5A).At the same25%risk threshold, 37%of theEOCRCsurvivorswould
be considered “high-risk” (CI95% = 33.0–44.3%), with a low false-positive rate
(19%, CI95% = 11-30%, Fig. 5B). We finally evaluated the recurrence risk
among the ENCORE “low-risk” survivors. At the same 25% risk threshold,
63% of survivors would be classified as “low-risk”. For these “low-risk” sur-
vivors the recurrence risk was significantly lower than that of all EOCRC
survivors, even among stage I/II EOCRC survivors, whose recurrence risk is
already low(Fig. 5C).Thus, this assaymaycomplement clinical-feature-based
strategies to assess the risk of recurrence after EOCRC treatment.

Discussion
In this translational study, the ENCORE assay was prognostic of RFS andOS
outcomesofEOCRCsurvivors in two independent cohorts. This tissue-based
assay is powered by machine learning and, to the best of our knowledge, the
longest follow-up of EOCRC survivors to date ( > 1000 person-years). It was
developed and validated independently in two international, multi-centric,
prospective cohorts to identify the risk of recurrence and death.
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Fig. 1 Discovery and prioritization of the 10 best-performing miRNAs. A The
volcano plot displays the differential expression of microRNAs between cases
that experienced recurrence and those that did not. MicroRNAs are color-coded
based on their level of significance. B The ridgeline plot visualizes the distribu-
tion of expression levels for the 10 best-performing candidates. Each ridgeline
represents the expression density of a specific microRNA across the patient
samples. C The heatmap displays the expression levels of the top 10 prognostic

microRNAs across the patient samples. Unsupervised clustering was applied to
group patients based on their microRNA expression profiles. The annotation bar
above the heatmap indicates the recurrence status (recurrent vs. non-recurrent)
and other clinical characteristics of the patients. D This Forrest plot shows the
hazard ratio of recurrence for each of the 10 best-performing microRNA can-
didates. CI Confidence intervals, FDR False-discovery rate, MSI Microsatellite
instability.
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The current guidelines exhibit a divided perspective on the recurrence
risk in EOCRC, posing a challenge for survivors’management24–26. EOCRC
survivors face both a higher risk than stage-matched LOCRC survivors and
longer lifespan after treatment15,18–20, leading to an accumulation of risk over
time. Diverse investigations into post-surgical surveillance strategies have
yielded varied and sometimes conflicting outcomes. A US study identified

the recurrence risk peaking at 24months21. Yet, thismono-centric studyhad
a median follow-up of only 48.1 months21. A recent UK study, with a
10.1 year follow-up, found that most metachronous CRCs occurred after
over 3 years20. Moreover, an IDEA meta-analysis from six randomized
controlled trials revealed higher 3 year recurrence and 5 yearmortality rates
among patients with EOCRC compared to stage-matched late-onset CRC
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patients. This trend persisted despite their receipt of more intensive treat-
ment regimens (which led to increased gastrointestinal toxicity with no
survival benefit)15. In our study most recurrence events occurred in the
initial 24months, but some occurred at later time points. Our findings
underscore the importance of extended timeframes and caution against
designating a patient as “cured” after the first years, because metachronous
CRC may develop several years after primary EOCRC treatment.

Our study, conducted within the EDRN framework, is subject to the
inherent limitations of observational studies, including potential biases
related to patient selection, data quality, and treatment heterogeneity within

our retrospective cohorts. Furthermore, we acknowledge a lack of detailed
clinicopathologic and treatment data limited our ability to assess interac-
tions between ENCORE results and treatment outcomes. The extended
follow-up represents both a strength of our collaborative effort and a lim-
itation, because treatment paradigms evolved over this study’s follow-up
period. This temporal variability may limit the generalizability of our
findings, particularly in the context of minimal residual disease assessment
with contemporary approaches43. The temporal variability in treatmentmay
confound the association between our biomarker signature and recurrence
risk. Additionally, despite multi-institutional collaboration, the relatively
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Fig. 3 Recurrence-free and overall survival based on ENCORE prediction.Kaplan
Meier recurrence-free (A) and overall (B) survival curves stratified by ENCORE
status: low-risk (green) vs. high-risk (purple). The statistical significance of the
difference between the two survival curves is assessed using a log-rank test. The

number of patients at risk in each group at various time points is below the graph. CI
Confidence intervals, ENCORE Early Onset Colorectal Cancer Recurrence, OS
Overall survival, RFS Recurrence-free survival.

Fig. 2 Architecture and performance of the ENCORE assay. A Simplified decision
tree of the ENCORE decision forest. This panel presents the ensemble of trees that
constitute the ENCORE forestmodel. This simplified view illustrates the hierarchical
decision-making process of the algorithm, showing how different microRNA
expression levels (and potentially combinations thereof) lead to risk stratification.
The nodes represent decision points based on microRNA levels, and the branches
represent the possible outcomes, ultimately leading to a predicted risk score or risk
group.BThis beeswarmplot visualizes the SHAP values of eachmicroRNA included
in the ENCOREmodel. SHAP values quantify the contribution of eachmicroRNA to
themodel’s prediction for individual patients. Points further from zero on the x-axis

indicate a greater impact on the prediction (either increasing or decreasing the risk
score). The color gradient of the points corresponds to themeasured expression level
of the corresponding microRNA, providing insight into how the expression level
influences the prediction. C AUROC of ENCORE. D The raincloud plots with
superimposed box and whisker plots provide a comprehensive visualization of the
distribution of ENCORE-derived risk scores in two groups of EOCRC survivors:
those who experienced recurrence and those who remained recurrence-free survi-
vors. AUROCArea under the receiver-operating characteristic curve, CI Confidence
intervals, ENCORE Early Onset Colorectal Cancer Recurrence, SHAP SHapley
Additive exPlanations.
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modest sample size, especially in the second cohort, may influence the
statistical powerof our analyses.Moving forward, itwill be crucial to validate
the prognostic and predictive value ofENCORE in prospective clinical trials,
including interventional studies, to determine whether ENCORE status,
CMS status, other tools (for example, ColoPrint or Oncotype DX), or
combinations thereof predict any benefit from specific treatments, thereby
further enhancing its clinical utility32,44–47. On the other hand, it should be
noted that while the ENCORE study population may have sample size
limitations, it represents the largest cohort to date focused on EOCRC
recurrence patterns and it comprises individuals with EOCRC and a long
follow-up period who were enrolled during a time of lower EOCRC pre-
valence and incidence. Therefore, even with its limits, this cohort represents
a unique and valuable resource to study EOCRC recurrence patterns.
Moreover, the nature of our cohorts, encompassing both rectal and colon
cancers, warrants consideration:while rectal and colon cancers have distinct
management strategies, ourfindings appear tobe applicable to both. Finally,
given the predominantly distal tumor presentation in EOCRC in general

and in our study population specifically, the extrapolation of our results to
patients with proximal EOCRC requires caution.

We would like to highlight a few unique strengths of this study. The
ENCORE assaywas prognostic of long-term outcomes for both RFS andOS
endpoints. The second cohort reaffirmed the replicability of our findings48.
Furthermore, both cohorts underwent extensive follow-up, providing suf-
ficient time to detect statistically significant differences in RFS and OS
outcomes over a 10 year period. Moreover, the utilization of an explainable
machine learning model allowed for a comprehensive understanding,
highlighting the pivotal factors influencing the model—three main candi-
dates for coarse computations and six for fine-tuning, all collectively reg-
ulating gene networks related to colorectal carcinogenesis and some
previously associated with EOCRC specifically17. Lastly, although we
acknowledge the potential for RNA degradation in FFPE and the value of
future validation on alternative tissue types, the use of FFPE tissues makes
this approach intrinsically scalable, potentially benefiting a sizable number
of EOCRC survivors.
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Fig. 4 Independent and external validation. A, B Kaplan-Meier recurrence-free
(A) and overall (B) survival curves in the independent cohort, stratified by ENCORE
status: high-risk (red) vs. low-risk (blue). The statistical significance of the difference
between the two survival curves is assessed using a log-rank test. The number of

patients at risk in each group at various time points is below the graph. CI Con-
fidence intervals, ENCORE Early Onset Colorectal Cancer Recurrence, OS Overall
survival, RFS Recurrence-free survival.
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In conclusion, this study represents the first effort to tailor a surveil-
lance strategy for the unique and expanding population of EOCRC survi-
vors. Leveraging biological data and machine learning, we investigated the
risk of recurrence and death following curative-intent resection in a large,
multi-centric, international cohort of patients with sporadic EOCRC,
independently and externally validating our findings. This assay may not
only heighten recurrence risk awareness in those identified as having “high-
risk” EOCRC but also mitigate concerns, anxiety, and financial burdens in
survivors with “low-risk” EOCRC.

Methods
Study design
TheENCORE (Early oNsetCOlorectal cancerREcurrenceprediction) study
was an international, multi-centric, multi-phase, REMARK- and
CONSORT-compliant (Supplementary Tables 5 and 6) biomarker study
covering EDRN-defined phases I, II, and III (Supplementary Fig. 3). Briefly,

EDRN phase I is aimed at the discovery of a panel of biomarkers that are
associated with the outcome of interest (EOCRC recurrence, in this case);
EDRN phase II uses these biomarkers to develop a clinical-level test, the
performance of which is then confirmed during the EDRN phase III
leveraging an independent and external cohort. There was no overlap of
patients across study phases. The study was approved by the Institutional
Review Board of each participating institution (IRB No. 23228), conducted
in accordance with the Declaration of Helsinki, and it was registered and
completed on clinicaltrials.gov (https://www.clinicaltrials.gov/study/
NCT06271980, first registered on February 15th, 2024, where the protocol
is available). All participants provided written informed consent.

Study population, settings, and specimens
This study involved adult participantswhowerediagnosedwith stage I, II, or
III CRC (TNM classification, 8th edition) diagnosed before age 50. They
underwent standard diagnostic, staging, and therapeutic procedures per

Table 1 | Recurrence-Free andOverall Survival Outcomes ofENCORE-High vs. ENCORE-LowPatients in the Two Independent
Cohorts

ENCORE-High ENCORE-Low Difference P

Clinical cohort 1 [Training Cohort]

1 year RFS, %
[95% CI]

81.8%
[69.7 – 96.1%]

98.1%
[94.5 – 100%]

16.3%
[30.0%; 2.6%]

0.0194

OS, %
[95% CI]

93.9%
[86.1 – 100%]

100%
[100 – 100%]

6.1%
[14.2; -2.1%]

0.1445

2 year RFS, %
[95% CI]

51.0%
[36.4 – 71.5%]

92.4%
[85.5 – 99.8%]

41.4%
[21.3%; 59.5%]

<0.0001

OS, %
[95% CI]

81.4%
[69.0 – 96.0%]

100%
[100 – 100.0%]

18.6%
[6.6%; 35.4%]

0.0012

3 year RFS, %
[95% CI]

38.5%
[24.7 – 59.4%]

92.4%
[85.5 – 99.8%]

54.1%
[72.4%; 35.8%]

<0.0001

OS, %
[95% CI]

68.4%
[53.9 – 86.7%]

97.9%
[93.8 – 100%]

29.5%
[46.3%; 12.7%]

0.0006

5 year RFS, %
[95% CI]

34.4%
[21.2 – 56.0%]

92.4%
[85.5 – 99.8%]

58.0%
[21.7%; 81.8%]

0.0001

OS, %
[95% CI]

64.1%
[48.9 – 83.9%]

97.9%
[93.8 – 100.0%]

33.8%
[13.1; 57.9%]

0.0002

10 year RFS, %
[95% CI]

25.8%
[12.3 – 54.0%]

92.4%
[85.5 – 99.8%]

66.6%
[28.5%; 86.1%]

<0.0001

OS, %
[95% CI]

52.1%
[34.8 – 77.9%]

97.9%
[93.8 – 100.0%]

45.8%
[21.0%; 69.5%]

<0.0001

Clinical cohort 2 [External and Independent Validation Cohort]

1 year RFS, %
[95% CI]

86.3
[74.6 – 99.7%]

100%
[100.0 – 100.0%]

13.7%
[26.2%; 1.2%]

0.0316

OS, %
[95% CI]

100%
[100.0 – 100.0%]

100%
[100.0 – 100.0%]

0
[0.0; 0.0]

1

2 year RFS, %
[95% CI]

78.9%
[65.2 – 95.5%]

100%
[100.0 – 100.0%]

21.1%
[5.9%; 40.3%]

0.0048

OS, %
[95% CI]

92.6%
[83.2 – 100.0%]

100%
[100.0 – 100.0%]

7.4%
[-3.8; 23.0%]

0.1045

3 year RFS, %
[95% CI]

75.0
[60.5 – 93.0%]

100%
[100.0 – 100.0%]

250%
[41.2%; 8.8%]

0.0024

OS, %
[95% CI]

92.6%
[83.2 – 100.0%]

100%
[100.0 – 100.0%]

7.4%
[17.3; -2.5%]

0.1416

5 year RFS, %
[95% CI]

75.0%
[60.5 – 93.0%]

100%
[100.0 – 100.0%]

25%
[5.9%; 49.5%]

0.0061

OS, %
[95% CI]

84.0%
[70.7 – 99.8%]

100%
[100.0 – 100.0%]

16%
[0.2%; 37.2%]

0.0302

10 year RFS, %
[95% CI]

75.0%
[60.5 – 93.0%]

100%
[100.0 – 100.0%]

25%
[4.9%; 50.3%]

0.0095

OS, %
[95% CI]

77.0%
[60.4 – 98.1%]

100%
[100.0 – 100.0%]

23%
[4.0%; 46.0%]

0.0127

RFS Recurrence-Free Survival, OS Overall Survival, CI Confidence intervals, ENCORE Early Onset Colorectal Cancer Recurrence.
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local guidelines, received stage-specific curative-intent resection (with or
without systemic therapy, as appropriate), and were confirmed cancer-free
survivors at the time of study inclusion. Exclusion criteria comprised her-
editary CRC syndromes (identified through genetic testing) and inflam-
matory bowel diseases.

Patients were enrolled from five institutions in Europe and Asia
(Supplementary Fig. 4), and, given the unpredictable nature of recurrence
development, cases and controls were not initially matched, but subsequent
analyses incorporated stage-specific stratification (as appropriate). Only the
biomarker discovery phase was intentionally devised to have a 50:50
representation of recurrent and non-recurrent cases (age- and sex-matched,
Supplementary Fig. 5).

The specimens were formalin-fixed and paraffin-embedded (FFPE)
tissues. Initial pathological analyses, including tumor grading, lymphatic
invasion, and vascular invasion, were conducted at the recruiting centers.
Subsequently, all samples were sequentially collected at participating sites
and gathered at the principal study site for centralized analyses.

Definitions and study endpoints
RFS was defined as the duration from curative-intent treatment to the first
disease recurrence (locally assessed) or death from any cause. OS was
defined as the time from curative-intent treatment to death from any cause.
Survival was censored at the last follow-up. Patients with RFS ≥ 60months
were dichotomously categorized as “non-recurrent” (or controls), while
thosewithRFS < 60monthswere considered “recurrent” (or cases). The co-
primary endpoints of this study were RFS and OS survival differences by
virtue of our assay, with statistically significant differences at 2, 5, and
10 years. Independent associations with RFS were assessed using univariate
and multivariate Cox proportional hazards analysis.

Laboratory procedures
For the biomarker discovery phase, total RNA was isolated from 10-μm-
thick FFPE specimens by microdissection from cancer cell−rich areas
( ≥ 75%of tumor cells) andusingAllPrepDNA/RNA/miRNAUniversalKit

(Qiagen, Hilden, Germany). Construction of next-generation sequencing
libraries for miRNAs from tissue was performed using a modified protocol
for the Truseq Small RNA Kit (Illumina) with 200 ng of total RNA input.
The quality of individual libraries was assessed using a High Sensitivity
DNAKit (Agilent). Librarieswere size selected individually ( ~ 148nt) bygel
electrophoresis using a PippinHT instrument (Sage Science). The efficiency
of size selection was assessed using a High Sensitivity DNA Kit. Libraries
were equimolar-pooled; pooled libraries were quantitated via qPCR using a
KAPA Library Quantification Kit, Universal (KAPA Biosystems) prior to
sequencing on an Illumina HighSeq 2500 with single-end 35-base read
lengths at an average of 10million reads per sample. Illumina small RNA-
seq 3’ adapters were trimmed (cutadapt), and all retained sequences con-
tained high-quality scores peaking at 22 nt. Preprocessed reads were aligned
to the human genomebuild 38 and annotated usingGENCODE.Candidate
miRNAs were selected based on differential gene expression ( | Log2(Fold-
Change)| >0.5 and p-values < 0.05) using DESeq2, Cox-LASSO regression,
and AUC-based ranking.

For the two clinical cohorts, complementary DNA was synthesized
from tissue-isolated total RNA using the TaqMan MicroRNA Reverse
Transcription Kit (ThermoFisher Scientific, Waltham, MA). In both
cohorts, miRNA expression was assessed by RT-qPCR on a StepOne Real-
TimePCRSystem(AppliedBiosystems, FosterCity, CA) using theTaqMan
miRNA probes (ThermoFisher Scientific, Supplementary Table 7).
Expression levels were evaluated usingApplied Biosystems’Real-TimePCR
System Software, and the relative abundance normalized to the expression
levels of U6b as an internal control using the by 2-ΔCt method and a log10
transformation. ΔCt refers to the difference of Ct values between the tran-
script of interest and the normalizer.

Statistical analyses
All statistical analyses were computed in R. The diagnostic assay, designated
‘ENCORE,’ leverages XGBoost, a prominent ensemble learning algorithm.
XGBoost employs the gradient boosting framework and iteratively com-
bines a series of weak decision tree learners to construct a more robust
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predictive model. This approach is particularly well-suited for high-
dimensional and complex datasets, owing to its efficient computational
performance, extensive hyperparameter optimization capabilities, and
robust handling of missing data. OurMLmodel was therefore trained for a
maximum of 5000 rounds. To mitigate overfitting during training, we
implemented several key strategies: restricting the maximum tree depth to
three splits to prevent over-complex trees, imposing a 75% subsample
parameter to train each tree on a random subset of the data and promote
generalization, and employing a high-pruning strategy (γ = 8) to penalize
the addition of new nodes and prune less informative splits. This gamma
parameter specifies the minimum loss reduction required for XGBoost to
make a further split, leading the algorithm tomake splits up to a maximum
depth of three and then prune the tree backward by removing any splits that
do not significantly improve the model’s performance. Furthermore, we
monitored the performance of the training data using cross-validation and
would have implemented early stopping if performance began to degrade
before reaching the maximum number of rounds. This performance was
measured bymulti-class logarithmic loss, where lower values indicate better
performance. After training in the clinical cohort 1, the ENCORE assay was
fully locked to prevent modifications and applied to the second cohort for
external and independent validation. Cohorts were stratified into “high-
risk” and “low-risk” (Youden’s index). RFS and OS differences at 2, 5, and
10 yearswere evaluatedwithKaplan-Meier curves, with censoring at the last
follow-up, and statistical significance evaluated with the log-rank test. To
assess independent associations with RFS, univariate and multivariate Cox
proportional hazard regressions were performed. 95% confidence intervals
for proportions were computed with theWilson method, while confidence
intervals for the ROC curves were estimates with 2000 stratified bootstrap
replicates. Statistical significance was defined at p < 0.05 for all analyses and
was tested by the pairedWilcoxonmethod for pairwise comparisons, by the
student t-test for two groups (paired or unpaired, as appropriate), by
ANOVA for multiple groups, and by log-rank test for survival analyses.

Patient and public involvement
The patients and the public were not involved in formulating the research
question(s), designing the study, conducting the experiments, evaluating the
outcomemeasures, or in the decision to publish. However, the authors wish
to express their appreciation to the study participants and their families.

Data availability
Data collected for the study, including de-identified participant data and the
code, will be made available to others at publication via a signed data access
agreement and at the discretion of the investigators’ approval of the pro-
posed use of such data.

Code availability
The code generated for the study will be made available to others at pub-
lication via a signed code access agreement and at the discretion of the
investigators’ approval of the proposed use of the code.
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