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Clinical decision-making for adjuvant chemotherapy,
which includes the selection of the most appropri-
ate patient subgroups and optimal treatment regi-
mens, remains the most pressing challenge in managing
patients with stage II and III colorectal cancer (CRC) [1,
2]. For stages III CRC patients, 6 months of FOLFOX-
based adjuvant chemotherapy has long been the stand-
ard of care treatment following radical surgery of the
primary tumor [3-7]; however, given the inherent tox-
icity of these drugs and inadequate response to these
treatments, there is a significant unmet clinical need to
identify improved treatment regimens and develop bet-
ter predictive biomarkers that allow an improved patient
selection. Although changes to mono-therapy or short-
ening the treatment duration from 6 months to 3 months
have been attempted in various clinical trials [8, 9], these
results are still controversial. Furthermore, 35-40% of
stage III patients experience tumor recurrence following
adjuvant chemotherapy [3-7]; hence, they are unneces-
sarily exposed to the toxicity and expense of these drugs
without any tangible therapeutic benefit. These patients
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that do not respond to FOLFOX-based adjuvant therapy
could be potential candidates for treatment with more
intense adjuvant chemotherapy or other regimens that
include some combination of targeted monoclonal ther-
apy or immunotherapy. These data highlight the impera-
tive need to develop predictive biomarkers that can help
identify patients in pre-treatment settings who will likely
benefit the most from such adjuvant treatments, spare
the rest from their toxicity, and are offered alternative
individualized treatment strategies.

Herein, we performed a systematic genome-wide
microRNA (miRNA) expression profiling to identify and
establish a novel miRNA expression signature for pre-
dicting response to FOLFOX-based adjuvant chemother-
apy in CRC patients. Following biomarker discovery and
prioritization, we comprehensively validated a miRNA
signature in multiple tissue-based and matched serum-
based clinical cohorts and finally established a robust
biomarker signature for predicting response to FOLFOX-
based chemotherapy in patients with CRC.

Results and discussions

Discovery of a 10-miRNA panel from genome-wide small
RNA sequencing in patients with and without response

to FOLFOX-based chemotherapy

All statistical analyses were performed using EZR ver-
sion 1.55 [10], a graphical user interface for R version
4.0.3. Two-sided Student’s t-test and Fisher exact test
were used for analyzing the difference in continuous and
categorical variables, respectively. The cut-off points for
continuous variables of clinicopathological factors were
divided by the mean value in each clinical cohort.

In the biomarker discovery phase, we analyzed small
RNA sequencing profiling data from 71 stages II & III
CRC patients (discovery cohort) who were treated with
adjuvant FOLFOX therapy (without any targeted mono-
clonal therapy and immunotherapy) and were enrolled
at the University Hospital La Paz, Madrid, Spain. The
clinicopathological characteristics of the cohorts are
shown in Supplementary Table S1. The raw Fastq files
and the processed, filtered count matrix were deposited
at the NCBI GEO database under the accession number
GSE217978. First, we identified a panel of top 23 miR-
NAs candidates that were significantly and differentially
expressed in patients who developed recurrence (abso-
lute log, fold change [FC] > 1.5 and Benjamini-Hochberg’s
corrected, adjusted P<0.05; Supplementary Fig. S1).
After that, we narrowed down the list of candidate miR-
NAs using a LASSO-based Cox regression analysis. We
prioritized a panel of 10 miRNAs (4 miRNAs associated
with high-risk and six miRNAs associated with low-risk)
that were significantly associated with recurrence-free
survival (RES) (Fig. 1A).
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We performed the Kaplan-Meier analyses and log-
rank tests using the publicly available TCGA dataset to
confirm our 10 miRNA biomarkers’ prognostic poten-
tial. TCGA dataset was downloaded from the Univer-
sity of California Santa Cruz Xena Browser (https://
xenabrowser.net/) and included 172 Stages II & III CRC
patients. In these analyses, the overall survival was worse
in patients with high expression levels of each of the four
miRNAs (miR-136-3p, miR-141-3p, miR-218-5p, and
miR-29c¢-3p) and those with low expression levels of each
of the six miRNAs (miR-200b-3p, miR-18a-3p, miR-92a-
1-5p, miR-92a-3p, miR-223-3p, and miR-3615) (Supple-
mentary Table S2). Furthermore, when we performed
miRNA-target gene and pathway enrichment analyses
of these biomarkers using the miRDB [11] and DAVID
bioinformatic database [12] to clarify the functional rel-
evance of our biomarkers, many cancer-related path-
ways were enriched in these miRNAs’ target genes — e.g.,
ECM-receptor interaction, ERBB signaling, AMPK sign-
aling, PI3K-Akt signaling, TNF signaling, and RAS sign-
aling pathway for four miRNAs associated with high-risk
(target score > 80; fold enrichment >2.0; P<0.01; Supple-
mentary Fig. S2A); Autophagy, ECM-receptor interac-
tion, and Proteoglycan in cancer pathway for six miRNAs
associated with low-risk (Supplementary Fig. S2B).

Next, a 10-miRNA panel was generated using the multi-
variate Cox regression analyses by including all individual
miRNAs, and a cut-off threshold of the panel was derived
based on Youden’s index [13]. In this initial exploratory
cohort, our 10-miRNA panel was significantly corre-
lated with several key clinicopathological factors, includ-
ing lymphatic and perineural invasion (P=0.01 and 0.04,
respectively; Supplementary Table S3). Our 10-miRNA
panel demonstrated a promising prognostic potential, as
evident from its ability to robustly stratify patients into
low and high-risk groups, with 5-year RFS rates of 84.6
and 19.6%, respectively (hazard ratio [HR]: 7.95; 95%
confidence interval [CI]: 3.22-19.64; P<0.0001) and a
corresponding area under the curve (AUC) value of 0.88
(95% CI: 0.79-0.95; P<0.0001; Fig. 1B and C) in receiver
operating characteristics (ROC) curve analyses. Using
genome-wide expression profiling in patients with and
without response to FOLFOX-based chemotherapy, we
identified a novel 10-miRNA expression panel that can
robustly predict response to FOLFOX-based adjuvant
chemotherapy in patients with CRC.

Successful validation of the 10-miRNA biomarker panel

in an independent tissue- and a serum-based cohort

of CRC patients

To validate the prognostic potential of our 10-miRNA
panel, we examined the expression of these miRNA mark-
ers using quantitative real-time reverse transcription


https://xenabrowser.net/
https://xenabrowser.net/

Okuno et al. Molecular Cancer (2023) 22:13 Page 3 of 6
A * % * *ok
84
3 T -
141 — 74 | 10
7' 13.
BE===l= ==l
— 14  —— 54 —— 8 —_
s 101
a T T 4 7
L miR-136-3p miR-141-3p miR-218-5p miR-29¢-3p
2
* %k % %k k¥
94 91 N 19
8. 8. T 18 e—
71 71 61
== = :
1 — 1 5{ T — 41 16
> 41 S 21 15
miR-200b-5p miR-18a-3p miR-92a-1-5p miR-92a-3p
* *
114
11 104 & patients with response to
109 9 T FOLFOX-based adjuvant chemotherapy
9 —
8.
j - 71 * é O Patients without response to
6 61 FOLFOX-based adjuvant chemotherapy
miR-223-3p miR-3615
1.0 + ,/’ 1.0 SN
4 L
’ 2
0.8 - o ’,' B os- i P
e g
4 S .
-~ , 2 10-miRNA panel
£ 0.6 1 7 5 0.6 1 — High
2 2 — Low
c 7’ 4=
3 0.4 1 . 3 044
4 c
7’ ()
/ £
0.2 - R AUC =0.88 S 024 HR=7.95
7 95% Cl: 0.79 — 0.95 o 95% Cl: 3.22 - 19.64
P <0.0001 P <0.0001
0.0 4~ 0.0
I I 1 I ) 1 I ) 1 ) T T
1.0 038 06 04 0.2 0.0 0 1 2 3 4 5
Specificity Years after operation
Number at risk
Low 39 38 36 34 32 15
High 32 26 16 11 9 3

Fig. 1 Biomarker discovery phase of candidate miRNAs for predicting response to FOLFOX-based adjuvant chemotherapy in primary tumors from
CRC patients. A Box plot of 10 candidate miRNAs for predicting the response to FOLFOX in CRC patients. FC and the P value of all candidate miRNAs
were > 1.5 and < 0.05, respectively. * P<0.05. ** P<0.01. B ROC curve values for 10-miRNA panel for predicting response to FOLFOX in the discovery
cohort (AUC=0.88). C In discovery cohort, Kaplan-Meier curves of the recurrence-free survival for patients with 10-miRNA panel high (n=32) or
low (n=39). ROC, Receiver operating characteristics; AUC, area under the curve; HR, hazard ratio; Cl, confidence interval

polymerase chain reaction (QRT-PCR) assays in an inde-
pendent tissue-based cohort of 77 CRC patients enrolled
at the University of Donostia San Sebastian, Spain (tis-

sue-based validation cohort).

The clinicopathological

characteristics of the validation cohorts are shown in
Supplementary Table S1, and the raw data of the qRT-
PCR assay in the tissue-based cohort are shown in
Supplementary Table S4. These experiments aimed to
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confirm the clinical significance of results and demon- in the discovery cohort. A cut-off threshold was derived
strate the usefulness of simple, inexpensive, and robust from Youden’s index [13]. Kaplan-Meier analyses and
qRT-PCR-based assays for an easier translation of these log-rank tests revealed that the 5-year RFS rates were
markers in clinical settings. In this validation cohort, a 89.1% for the miRNA expression-derived high-risk
10-miRNA classifier was generated using the multivari- group and 43.4% in the low-risk group (HR: 5.70; 95%
ate Cox regression analyses, analogous to our approach  CI: 2.87-11.34; P<0.0001), with an AUC of 0.83 (95% CI:
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Fig. 2 Biomarker validation phase of 10-miRNA classifier for predicting response to FOLFOX-based adjuvant chemotherapy in primary tumors or
matched pre-surgery serums from CRC patients of the independent cohort. A ROC curve values for 10-miRNA classifier for predicting response
to FOLFOX in tissue- and serum-based validation cohort (AUC=0.83 and 0.79, respectively). B Box plot of tissue-based 10-miRNA classifier score
for predicting response to FOLFOX in CRC patients. C Box plot of serum-based 10-miRNA classifier score for predicting response to FOLFOX

in CRC patients. D ROC curve values for the combination of tissue- and serum-based 10-miRNA classifier for predicting response to FOLFOX
(AUC=0.89). E Forest plot with AUC of combined or tissue-based or serum-based 10-miRNA classifier for predicting response to FOLFOX in CRC
patients. F Waterfall plot with combined 10-miRNA classifier score for predicting response to FOLFOX in CRC patients. G Kaplan-Meier curves of
the recurrence-free survival for patients with combined 10-miRNA classifier high (n=19) or low (n=58). CRC, colorectal cancer; ROC, Receiver
operating characteristics; AUC, area under the curve; HR, hazard ratio; Cl, confidence interval
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0.70-0.95; P=0.0003) in ROC curve analyses for recur-
rence prediction (Fig. 2A and Supplementary Fig. S3A).
Furthermore, this tissue-based miRNA classifier signifi-
cantly discriminated against patients with and without
response to adjuvant treatment (Fig. 2B).

Additionally, for the performance evaluation as a poten-
tial liquid biopsy, we analyzed matched pre-surgery serum
specimens from a subset of patients within the tissue-based
validation cohort (serum-based validation cohort). The
raw data of qRT-PCR assay in a serum-based cohort were
shown in Supplementary Table S5. Our 10-miRNA clas-
sifier yielded an AUC value of 0.79 (95% CI: 0.66-0.91;
P=0.0008; Fig. 2A and C), and Kaplan-Meier analyses and
log-rank tests demonstrated that the 5-year RFS rates were
89.1% for the miRNA high-risk group and 50.9% in the low-
risk group (HR: 3.20; 95% CI: 1.68-6.07; P=0.0004; Sup-
plementary Fig. S3B). In serum specimens, our 10-miRNA
classifier also showed remarkable predictive potential for
adjuvant chemotherapy, and these results highlighted the
potential of translation to the liquid biopsy assays.

A combined tissue and serum-based miRNA classifier
exhibited superior predictive accuracy for response
prediction to FOLFOX-based adjuvant chemotherapy

in CRC patients

Although our tissue- and serum-based classifiers exhib-
ited robust predictive accuracies to adjuvant chemo-
therapy in CRC individually, for their easier clinical
translation, we further examined to improve the pre-
dictive potential of our classifiers. As multi-omics
approaches have recently gained increased attention in
clinical oncology practice [14, 15], and tissue and blood
specimens are routinely available from stages II and
III CRC patients that undergo resection, we hypoth-
esized that a multi-specimen assay might be able to
further improve upon the predictive accuracy of our
assay. Interestingly, in support of our hypothesis, our
combined tissue and serum classifier demonstrated a
significantly better performance predicting response
to adjuvant chemotherapy, with an AUC of 0.89 (95%
CI: 0.79-0.98; P=0.0001; Fig. 2D, E, and F). When we
divided all patients into high- or low-risk groups using
this combined classifier with a cut-off threshold derived
from Youden’s index [13], our combined tissue and serum
classifier was significantly correlated with no key clinico-
pathological factors (Supplementary Table S6), and the
5-year RFS rates were 88.3% for miRNA high-risk group
and 34.2% in the low-risk group (HR: 10.85; 95% CI:
3.44-34.16; P<0.0001; Fig. 2G), which was remarkably
better discrimination vs. tissue and blood-based marker
performance individually.
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Furthermore, multivariate Cox regression analyses,
including the factors acquired from univariate analy-
sis (P<0.05), revealed that the combined miRNA clas-
sifier and carcinoembryonic antigen (CEA) were the
significant predictors of RFS in comparison to the clin-
icopathological variables with an HR of 10.80 (95% CI:
3.40-34.32; P<0.0001) and 4.84 (95% CI: 1.72-13.64;
P=0.0028), respectively (Supplementary Table S7).
Finally, we compared the performance of our combi-
nation, tissue-based, and serum-based classifier for
several performance indicators, including sensitiv-
ity, specificity, positive predictive value (PPV), nega-
tive predictive value (NPV), and predictive accuracy.
As expected, our combination classifier demonstrated
notably better performance in terms of sensitivity,
specificity, PPV, and accuracy (Supplementary Fig. S4).
Overall, we successfully developed and established a
robust miRNA-based assay to predict the response to
adjuvant chemotherapy in CRC patients, and validated
this signature in multiple cohorts of stage II and III
CRC patients with and without response to FOLFOX-
based chemotherapy.

Conclusions

In the present study, by performing a genome-wide
small RNA sequencing and following qRT-PCR vali-
dations using tissue and serum specimens from the
independent cohort, we succeeded in identifying and
establishing a tissue and serum combined 10-miRNA
assay that allows the robust prediction of the response
to FOLFOX-based adjuvant chemotherapy in stage II
and III CRC patients. Our study provides fundamentals
of personalized medicine, tailored decision-making in
stages II and III CRC patients, and the design of further
large sample-size validation in future prospective clini-
cal trials.

Abbreviations

AUC Area under the curve

CEA Carcinoembryonic antigen

a Confidence interval

CRC Colorectal cancer

FC Fold change

HR Hazard ratio

miRNAs  microRNAs

MSI Microsatellite instability

MSS Microsatellite stability

NPV Negative predictive value

PPV Positive predictive value

gRT-PCR  Quantitative real-time reverse transcription polymerase chain
reaction

RFS Recurrence-free survival

ROC Receiver operating characteristics
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