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ARTICLE

Genetics and Genomics

A liquid biopsy signature for predicting early recurrence
in patients with gastric cancer
Keisuke Okuno1,2, Shuichi Watanabe3, Souvick Roy1, Mitsuro Kanda 4, Masanori Tokunaga 2, Yasuhiro Kodera4,
Yusuke Kinugasa2 and Ajay Goel 1,5✉

© The Author(s), under exclusive licence to Springer Nature Limited 2023

BACKGROUND: Gastric cancer (GC) patients who experience recurrence within the first year following surgery (early recurrence
[ER]) exhibit worse prognosis. Herein, we established a microRNA-based liquid biopsy assay to predict ER in GC patients.
METHODS: A comprehensive biomarker discovery was performed by analysing miRNA expression profiling in 271 primary GC
tumours. Thereafter, the expression of these biomarkers was validated in 290 GC cases, which included 218 tissues and 72 pre-
treatment sera, from two independent institutions.
RESULTS: A panel of 8 miRNAs was identified during the initial biomarker discovery, and this panel could robustly predict ER in a
tissue-based clinical cohort (area under the curve [AUC]: 0.81). Furthermore, a model combining the miRNA panel, microsatellite
instability (MSI) status and tumour size exhibited superior predictive performance (AUC: 0.86), and was defined as a Prediction of
Early Recurrence in GC (PERGC) signature, which was successfully validated in another independent cohort (AUC: 0.82). Finally, the
PERGC signature was translated into a liquid biopsy assay (AUC: 0.81), and a multivariate regression analysis revealed this signature
to be an independent predictor for ER (odds ratio: 11.20).
CONCLUSION: We successfully established a miRNA-based liquid biopsy signature that robustly predicts the risk of ER in GC
patients.

British Journal of Cancer (2023) 128:1105–1116; https://doi.org/10.1038/s41416-022-02138-1

BACKGROUND
Gastric cancer (GC) is one of the major malignancies and the third
leading cause of cancer-related deaths worldwide, with over
1,000,000 new cases and an estimated 768,793 deaths in 2020
[1, 2]. Recent progresses in treatment technologies have somewhat
improved the prognosis in GC; however, 20–30% of patients with
locoregional GC frequently develop tumour recurrence [3, 4]. In fact,
tumour relapse is the leading cause of cancer-related deaths in
patients who undergo curative gastrectomy, and ~40–50% of
recurrences occur within the first year following surgery as reported
in several retrospective studies [3, 4] and randomised controlled
trials [5–8]. In this context, it is noteworthy that the subset of
patients with early recurrence (ER; recurrence within one year after
curative surgery) had a significantly poor prognosis, and their
overall survival (OS) rates were worse compared to even those of
stage IV GC patients [9–11]. This poor prognosis in patients with GC
who experience ER might in part be attributed to poor compliance
with chemotherapy following gastrectomy—an observation con-
firmed in the REGATTA trial, which demonstrated the superiority of
chemotherapy alone vs. gastrectomy plus chemotherapy in
advanced GC patients [12]. This study also illustrated that adequate

chemotherapy compliance is in fact more important than radical
gastrectomy in GC patients with distant metastases. This essentially
suggests that such good chemotherapy compliance should be even
more relevant in patients with ER, because such disease relapse
following curative gastrectomy is supposed to be caused by the
occult micro metastases at the time of resection [13–15]. In other
words, unlike the current treatment strategy, systemic chemother-
apy should be prioritised over radical gastrectomy in the treatment
of patients with occult micro metastases. Hence, the identification
of biomarkers that can accurately detect occult micro metastases
and predict ER are of important clinical significance for the
treatment of patients with GC.
While imaging and other tumour markers are sometimes used

to detect recurrence in GC [10, 11, 15], these approaches have
largely failed to detect occult micro-metastases following surgery.
To meet this unmet clinical need, a variety of molecular
biomarkers, including genes, microRNAs (miRNAs), circular RNAs,
and DNA methylation alterations, have recently been developed
to predict recurrence or ER in patients with GC [16–31]. However,
due to their heavy reliance on surgically resected tissue-based
approaches and inadequate accuracy, pathological TNM stage and
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tumour histology remain as routine modality for predicting
recurrence in GC [32, 33]. Since a liquid biopsy would enable a
noninvasive and facile assay for predicting ER in GC patients, such
an approach can offer an attractive solution for this important
clinical problem.
The diagnostic and prognostic utility of serum or plasma-based

miRNA levels have recently been highlighted, because their
expression is frequently dysregulated in human cancer through
various mechanisms. Furthermore, miRNAs have emerged as
important molecular analytes for biomarker development as the
expression of tumour-derived miRNAs is very stable in systemic
circulation [34–39]. In addition, recent studies have also high-
lighted that microsatellite instability-high (MSI-H) status in GCs,
which occurs in ~8–15% of cases, exhibits superior prognosis
compared to those with MSI-low (MSI-L) or microsatellite stable
(MSS) neoplasms [40–42]. In view of this evidence, we hypothe-
sised that potentially a combination of miRNAs and the MSI status
together might offer a more accurate prognostic model in patients
with GC.
Herein, for the first time, we performed a genome-wide,

systematic, and comprehensive analysis to discover a combina-
tion signature that includes novel miRNAs along with the MSI
status for the prediction of ER in patients with stage II and III GC.
This signature was first verified in a large, publicly available data
set, followed by comprehensive validation in tissue specimens
from two independent clinical cohorts. Finally, the performance
of these biomarkers was translated into a liquid biopsy assay in
pre-treatment blood specimens. Herein, we firstly report that a
genomic signature comprising of circulating miRNA markers
and tumoural MSI-status was robust in predicting ER in patients
with GC.

METHODS
Comprehensive miRNA biomarker discovery
Firstly, stage II and III GC patients were categorised into 3 subgroups as
follows: patients experienced recurrence within 1 year following surgery—
the early recurrence (ER) subgroup; those who experienced recurrence
after 1 year following surgery—the late recurrence (LR) subgroup; and
those who never experienced recurrence—the no recurrence (NR)
subgroup. The miRNA expression profiling of primary tumour tissues from
The Cancer Genome Atlas (TCGA) were analysed to identify the miRNA
biomarkers for the prediction of ER in patients with GC. TCGA data
(level 3 miRNA-sequencing data) were downloaded from the University of
California Santa Cruz Xena Browser (https://xenabrowser.net/). The data
from a total of 352 stage II/III GC patients was present within the TCGA
data set, and cases who had insufficient information about recurrence
status were excluded. In total, miRNA expression profiling data from 271
GC patients (34 ER, 28 LR, and 209 NR) were analysed for the miRNA
biomarker discovery.
To perform the cross-validation method in the biomarker discovery

cohort, the 271 patients were randomly divided into a discovery training
set (75% of patients, n= 203) and a discovery validation set (25% of
patients, n= 68) [43]. In the discovery training set, the variable selection
was performed by extracting the components that discriminated well
between the groups using the partial least squares discriminant (PLS)
method [44], followed by further variable selection and estimation of
regression coefficients simultaneously using the least absolute shrinkage
and selection operator (LASSO) analysis [43, 45]. Subsequently, the
selected biomarkers were determined and evaluated using the receiver
operating characteristics (ROC) curve and the area under the curve (AUC).
Thereafter, the selected miRNA biomarkers panel were validated in the
discovery validation set.

Patient cohorts
This study included analyses of 290 clinical specimens from patients with
stage II/III disease enrolled at 2 independent institutions, which included
218 frozen tissue and 72 serum specimens. For the clinical biomarker
training, frozen surgical tissue specimens from 124 stage II/III GC patients
who were enrolled at the Tokyo Medical and Dental University, Japan,
between 2009 and 2015 (clinical training cohort) were examined. For the

clinical biomarker validation, another independent cohort of frozen
surgical tissues from 94 stage II/III GC patients were enrolled at the
Nagoya University, Japan, between 2010 and 2015 (clinical validation
cohort) were analysed. Finally, for the performance evaluation in the liquid
biopsy samples, pre-surgery serum specimens from 72 stage II/III GC
patients (performance evaluation cohort) were examined. The serum
specimens in the performance evaluation cohort were matched with the
patient tissues, which were analysed within the clinical training and
validation cohorts. The clinicopathological characteristics of each clinical
cohort are shown in Supplementary Table S1.
Clinical data were collected from the electronic medical records and the

clinical databases at each institution, and the data included patient
demographics, comorbidities, recurrence-free survival (RFS), and OS. All
tumours were histologically diagnosed as stage II/III GCs and were
classified according to the Union for International Cancer Control (UICC)
TNM classification of Malignant Tumours version 7. The treatment strategy
was decided based on the Japanese GC treatment guideline [46].
Gastrectomy with D2 lymph node dissection was performed for clinically
advanced-stage GC, while gastrectomy with D1+ lymph node dissection
was performed for clinically early-stage GC. Patients received adjuvant
chemotherapy with S-1 for 1 year [5, 47]. Follow-up was until death or for 5
years after radical surgery. A written informed consent was obtained from
all patients. The study was conducted in compliance with the Declaration
of Helsinki and was approved by the Institutional Review Boards of all
participating institutions.

RNA extraction and real-time quantitative reverse-
transcription polymerase chain reaction assays
Total RNA was extracted from frozen cancer tissue and pre-surgery serum
specimens using an AllPrep DNA/RNA/miRNA Universal kit or the Qiagen
miRNeasy Kit (Qiagen, Hilden, Germany), according to manufacturer’s
instructions. The total RNA was reverse transcribed to complementary DNA
(cDNA) using a miRCURY LNA RT Kit (Qiagen) before real-time quantitative
reverse-transcription polymerase chain reaction (qRT-PCR) assays. The qRT-
PCR assays were examined using the QuantStudio 6 Flex RT-PCR System
(Applied Biosystems, Foster City, CA, USA) and a SensiFAST SYBR Lo-ROX
Kit (Bioline, London, UK). The miR-16-5p was used as an internal control,
and 2-ΔCt method was used for quantification. Normalised values were
further log10 transformed [48]. The miRNA primers were purchased from
Thermo Fisher Scientific, Waltham, MA, USA (Catalogue No: 4427975).

DNA extraction and MSI analysis
Total DNA was extracted from frozen cancer tissue using an AllPrep DNA/
RNA/miRNA Universal kit (Qiagen), according to the manufacturer’s
instructions. MSI analysis was conducted using five mono-nucleotide
repeat microsatellite markers (BAT-25, BAT-26, NR-21, NR-24, and NR-27) in
a pentaplex PCR system, as described previously [49, 50].

Statistical analysis
All statistical analyses were performed using EZR [51], which is a graphical
user interface for R (R Foundation for Statistical Computing, Vienna, Austria,
version 4.0.3) designed to add statistical functions and is frequently used in
biostatistics. Fisher’s exact test was used to analyse categorical variables,
and a two-sided Student’s t test was used to analyse differences between
continuous values. The cut-off points for continuous variables were divided
by the mean value in each clinical cohort. Survival curves were constructed
using the Kaplan–Meier method and were compared with the log-rank
test. Binary logistic regression model was used to train a classifier based on
the expression of eight miRNAs. ROC curve and AUC were used to evaluate
the performance of the panel or signature or model for the prediction of
ER. The factors acquired from univariate analysis (P < 0.10) were included in
multivariate analysis with the binary logistic regression model. All P values
were two-sided, and P < 0.05 was considered statistically significant.

RESULTS
GC patients with early recurrence exhibit significantly poor
survival outcomes
At the outset, to confirm that GC patients who experienced ER
exhibited poor prognosis, the OS rates were compared among
patients within ER, LR, and NR subgroups, in two independent publicly
available data sets (TCGA and GSE62254). The clinical information of
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GSE62254 data set were downloaded from the Gene Expression
Omnibus database (https://www.ncbi.nlm.nih.gov/geo/). The clinico-
pathological characteristics of each public cohort are shown in
Supplementary Table S2. The 3-year OS rates were significantly worse
in ER vs. LR and NR subgroups in the (24.1% ER vs. 30.5% LR, P< 0.01;
24.1% ER vs. 77.5% NR, P< 0.01; Fig. 1a) and GSE62254 (3.3% ER vs.
56.8% LR, P< 0.01; 3.3% ER vs. 94.1% NR, P< 0.01; Fig. 1b). In addition,
when comparing stage II/III patients who experienced ER vs. stage IV
patients in these public cohorts, while the 3-year OS rates were similar
among these subgroups in TCGA (24.1% vs. 26.4%; P= 0.46; Fig. 1c),
the stage II/III patients with ER fared significantly worse in the
GSE62254 data set (3.3% vs. 26.7%; P= 0.04; Fig. 1d). From these
results, it was apparent that the stage II/III patients with early disease
relapse exhibitedworst prognosis among all GC patients. Furthermore,
key clinicopathological factors, including age, sex, tumour location,
Lauren classification, T stage, and lymph node metastasis, failed to
predict ER and yielded AUC values ranging between 0.50 and 0.62 in
both public data sets (Fig. 1e, f). These initial findings highlighted the
need for the identification of biomarkers that can help predict ER in
patients with GC for improving their survival outcomes.

Discovery of an 8-miRNA panel that predicts early recurrence
in patients with GCs, which when combined with the MSI
status further improved the overall predictive accuracy
The overall study design for the genome-wide expression profiling
and discovery of miRNA biomarkers is illustrated in Fig. 2a. First,
271 GC patients within the TCGA data set were randomly divided
into discovery training and validation sets. A panel of 8 candidate
miRNAs were identified to predict ER using PLS [44] and LASSO
analysis [43, 45] in the discovery training set (Fig. 2b), which
revealed a promising predictive potential with a corresponding
AUC value of 0.83 (95% confidence interval [CI]: 0.74–0.92; Fig. 2d).
Subsequently, this 8-miRNA panel was validated in the discovery
validation set, which yielded a comparable AUC value of 0.81 (95%
CI: 0.69–0.93; Fig. 2e).
In TCGA data set, 51 of 271 stage II/III GC patients revealed MSI-H

(18.8%), and ER subgroup notably had fewer number of MSI-H
patients compared to LR and NR subgroups (5.9% ER vs. 20.7% LR
vs. 20.5% NR; Fig. 2c). From these data, we hypothesised that MSI
status might help improve the predictive capability of the 8-miRNA
panel for the prediction of ER in GC patients. In support of our
hypothesis, the combination of MSI status improved the AUC value
of the 8-miRNA panel, from 0.83 to 0.87 (95% CI: 0.74–0.92; Fig. 2d)
in the discovery training set, and from 0.81 to 0.87 (95% CI:
0.77–0.96; Fig. 2e) in the discovery validation set. Taken together, by
analysing genome-wide expression profiling data, we identified a
novel 8-miRNA biomarker panel for predicting ER in patients with
stage II/III GC, which when combined together with the tumoural
MSI status further improved the predictive accuracy for early disease
relapse in patients with GC.

A genomic signature comprising of the 8-miRNA panel and
MSI status successfully predicts early recurrence in patients
with GC in clinical training cohort
To validate the prognostic outcomes for ER observed in the 2
public data sets, the OS rates were compared among GC patients
with ER, LR, and NR. In line with the results from public data sets,
the 5-year OS rates were significantly worse in the ER subgroup vs.
LR and NR subgroups (6.2% ER vs. 44.3% LR, P < 0.01; 6.2% ER vs.
83.9% NR, P < 0.01; Fig. 3a). This clinical training cohort included
19 MSI-H patients (15.3%; Fig. 3b), and the ER subgroup included
smaller number of MSI-H patients (n= 2, 8.0%) compared to LR
(n= 2, 9.1%) and NR group (n= 15, 19.5%; Fig. 3c), which were
consistent with the results in TCGA data set.
Next, we undertook qRT-PCR assays in the RNA derived from

tissue specimens within the clinical training cohort, and using
logistic regression analysis, a miRNA-based predictive panel for
ER was established in the clinical training cohort. This panel

revealed reasonable predictive potential, with an AUC value of
0.81 (95% CI: 0.73–0.90; P < 0.01; Fig. 3d). In terms of AUC values,
the performance of this panel was superior to that of tumour
size, which had the highest AUC value among all key clinico-
pathological factors, MSI status, and their combination (Fig. 3d).
Consistent with our results in the biomarker discovery cohort, the
combination of these data with the MSI status further improved
the AUC value of our panel to 0.83 (95% CI: 0.74–0.91; P < 0.01;
Fig. 3d). Furthermore, the inclusion of tumour size further
enhanced the predictive potential of this signature, with a
corresponding AUC value of 0.86 (95% CI: 0.77–0.93; P < 0.01;
Fig. 3d). Taken together, the 8-miRNA panel, the MSI status, and
the tumour size cumulatively was defined as a Prediction of Early
Recurrence in GC (PERGC) signature, which robustly predicted ER
in stage II/III GC patients. This PERGC signature was generated
using multivariate logistic regression analyses, and the results of
this analysis were shown in Supplementary Table S3. The formula
of PERGC signature was as follows; Logit(P)= (1.6437 ×miR-
1294)+ (0.9122 ×miR-378c)+ (1.2936 ×miR-412-5p)+ (−0.0976 ×
miR-4749-5p)+ (2.5444 ×miR-4306)+ (−0.2023 ×miR-2114-5p)+
(−1.7655 ×miR-6513-5p)+ (−1.9576 ×miR-4677-3p)+ (−1.2803 ×
MSI status)+ (0.1284 × tumour size)− 1.5861. This PERGC signature
was able to distinguish ER patients from those with LR and NR (ER
vs. LR, P < 0.01; ER vs. NR, P < 0.01, respectively; Fig. 3e), and yielded
a significantly greater predictive potential to predict ER vs. key
clinicopathological factors (Fig. 3f). Collectively, a robust signature
for the prediction of ER was established from a qRT-PCR-based
miRNA biomarker assays, MSI analysis and key clinicopathological
features in GC patients within the clinical training cohort.

The PERGC signature predicts early recurrence in patients
with GC in the clinical validation cohort
Next, the biomarker validation of predictive potential for the
PERGC signature was performed in an independent tissue-based
cohort of patients with GC. In this clinical validation cohort, as was
the case in the public data sets and the clinical training cohort, the
5-year OS rates were notably worse in the ER subgroup compared
to the LR and NR subgroups (0.0% ER vs. 35.7% LR, P= 0.04; 0.0%
ER vs. 90.1% NR, P < 0.01; Fig. 4a). In addition, the clinical
validation cohort included 7 MSI-H patients (7.4%; Fig. 4b), and
none of these patients experienced ER (Fig. 4c).
The PERGC signature, which was established in the clinical

training cohort, demonstrated remarkable potential to predict ER
even in the clinical validation cohort with an AUC value of 0.82
(95% CI: 0.72–0.91; P < 0.01; Fig. 4d, e). For the comparison of AUC
values to key clinicopathological factors, this PERGC signature had
a remarkably greater predictive capability for ER in the GC patients
(Fig. 4f). In addition, subgroup analyses were performed to
examine whether this PERGC signature was applicable to various
subgroups of patients based upon age, histological subtypes of
GC, and tumour stages. In this subgroup analyses, the PERGC
signature yielded satisfactory performance for both older and
younger patients, diffuse and intestinal types, as well as for stage II
and III patients with GC (Fig. 4g). Overall, the PERGC model
robustly allowed prediction of ER in GC patients even in the large
independent tissue cohort of patients with GC.

Successful translation of the tissue-based PERGC model into a
blood-based liquid biopsy assay
We next asked whether we can translate the tissue-based PERGC
model into a non-invasive, blood-based liquid biopsy assay, which
will allow for predicting ER in patient’s blood prior to surgery. In
order to answer this question, we obtained pre-surgery serum
specimens from 72 stage II/III GC patients, who were matched
with the tissue specimens that were analysed in the clinical
training and validation cohorts. It was intriguing to observe that
even in this performance evaluation cohort, consistent with the
findings from tissue-based clinical cohorts, the 5-year OS rates
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Fig. 1 Survival outcomes of stage II/III gastric cancer patients with early recurrence in two independent public data sets. a Kaplan-Meier
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recurrence, AUC area under the curve.

K. Okuno et al.

1108

British Journal of Cancer (2023) 128:1105 – 1116



b

d e

a

Validation set (25%)

F
ea

tu
re

 s
el

ec
tio

n
PLS

C
al

cu
la

te
 th

e 
w

ei
gh

ts

LASSO Training Validation

Training set (75%)

TCGA data set (Stage II/III GC, n = 271)

c

Specificity

S
en

si
tiv

ity

1.0 0.8 0.6 0.4 0.2 0.0

0.0

0.2

0.4

0.6

0.8

1.0

S
en

si
tiv

ity

0.0

0.2

0.4

0.6

0.8

1.0

8-miRNA + MSI status signature
(AUC = 0.87; 95% CI: 0.81–0.92)
8-miRNA panel
(AUC = 0.83; 95% CI: 0.74–0.92)

Specificity

1.0 0.8 0.6 0.4 0.2 0.0

8-miRNA + MSI status signature
(AUC = 0.87; 95% CI: 0.77–0.96)
8-miRNA panel
(AUC = 0.81; 95% CI: 0.69–0.93)

0% 25% 50% 75% 100%

MSI-H MSI-L MSS

Selected 8 candidate
miRNA biomarkers

2.5

1.5

0.5

Log2FC

–2.0 2.01.00.0–1.0

2.0

1.0

0.0

–L
og

10
 (

P
 v

al
ue

)

Selected miRNA
Others

miR-4749-5p

miR-2114-5p

miR-378c

miR-4306

miR-412-5p

miR-4677-3p

miR-6513-5pmiR-1294

ER
(n = 34)

LR
(n = 28)

NR
(n = 209)

S
ta

ge
 II

/II
I G

C
(n

 =
 2

71
)

Fig. 2 Biomarker discovery phase of candidate miRNAs to predict early recurrence in primary tumours from gastric cancer patients.
a Schematic of the study design for biomarker discovery in TCGA data set. b Volcano plot of 8 miRNAs to predict ER in primary tumours from
gastric cancer patients in the discovery training set (n= 203). c Bar graph with MSI-H, MSI-L, and MSS patients in ER, LR and NR subgroups.
d ROC curve values for 8-miRNA + MSI status signature or 8-miRNA panel alone in the discovery training set, wherein the miRNA + MSI status
signature exhibited superior predictive accuracy in the discovery training set (AUC= 0.87 for the miRNA +MSI combination vs. AUC= 0.83 for
the miRNA panel alone). e ROC curve values for 8-miRNA + MSI status signature or 8-miRNA panel in the discovery validation set, where the
miRNA + MSI status signature exhibited superior performance in the discovery validation set (AUC= 0.87 for miRNA + MSI combination vs.
AUC= 0.81 for the miRNA panel). GC gastric cancer, PLS partial least squares discriminant analysis, LASSO least absolute shrinkage and
selection operator analysis, FC fold change, MSI-H microsatellite instability high, MSI-L microsatellite instability low, MSS microsatellite stability,
ER early recurrence, LR late recurrence, NR no recurrence, ROC receiver operating characteristics, AUC area under the curve, CI confidence
interval.

K. Okuno et al.

1109

British Journal of Cancer (2023) 128:1105 – 1116



were significantly worse in ER subgroup compared to patients
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NR, P < 0.01; Fig. 5a). For the MSI status, performance evaluation
cohort involved 7 MSI-H patients (9.7%; Fig. 5b), but the ER

subgroup did not include any MSI-H patients, unlike LR and NR
subgroups (Fig. 5c).
In the pre-surgery serum specimens, the miRNA-based panel

showed reasonable predictive potential, with an AUC value of 0.76
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(95% CI: 0.62–0.90; P < 0.01) and exhibited superior performance
for predicting ER when combined together with the MSI status
and tumour size as evidenced by a higher AUC value of 0.81 (95%
CI: 0.70–0.93; P < 0.01; Fig. 5d). The PERGC model exhibited a
superior predictive accuracy compared to key clinicopathological
factors in terms of AUC value (Fig. 5e). For the sensitivity to predict
ER, several clinicopathological factors had higher sensitivity
compared to our model, however, their specificity was extremely
low, with <30.0%, while the same tendency was observed for the
clinicopathological factors with high specificity (Supplementary
Table S4). Compared to clinicopathological factors, our model
revealed acceptable overall performance in terms of sensitivity
and specificity, which was 83.3% and 71.7%, respectively. In
addition, according to multivariate logistic regression analysis,
which included factors derived from the univariate analysis
(P < 0.10), the PERGC model was identified as only one significant
independent predictor for ER in GC patients (OR: 11.20; 95% CI:
2.07–60.80; P < 0.01; Table 1). Furthermore, when categorising all
patients into high and low PERGC model score groups using cut-
off thresholds derived from Youden’s index [52], the 5-year RFS
rates were worse in patients with PERGC-high score vs. those with
PERGC-Low score (50.9% vs. 70.9%; P= 0.03; Fig. 5f). Interestingly,
not only the 5-year RFS but also the 5-year OS rates were worse in
patients with high vs. low scores (42.1% vs. 73.4%; P= 0.01;
Fig. 5g). Collectively, the PERGC model was successfully translated
into a liquid biopsy assay in pre-surgery serum specimens, which
when combined with the tumoural MSI status and other clinical
factors resulted in a significantly superior prediction for ER in
patients with stage II/III GCs.

DISCUSSION
Current development of treatment technologies and strategies
has largely improved the prognosis of patients with GC.
Unfortunately, however, approximately 30% of patients with
locoregional lesions develop tumour recurrence [3, 4], and the
median survival following recurrence in these patients is relatively
short—often shorter than 1 year [53, 54]. In particular, among
patients with recurrence following surgery, those with early
disease relapse exhibit worse prognosis, and are considered as
subpopulation of patients with GC with the worst OS outcomes
[9–11]. In view of this evidence, patients with ER must be treated
and managed differently for improving their survival; however, no
clinicopathological factors and molecular biomarkers currently
available are adept for clinical application in identifying these
patients with higher rates for ER in gastric neoplasia. Therefore, a
robust pre-treatment prediction of patients who have a higher risk
for developing ER using molecular biomarkers is an important
clinical unmet need, which must be addressed for achieving
precision treatment strategies for patients with GC. In the present
study, we identified a panel of 8-miRNAs for predicting ER; which
when combined with the tumoural MSI status and key clinical
factors further improved the predictive accuracy of these markers.
Following initial discovery, we were able to successfully validate
the performance of these markers in two independent large
tissue-based clinical cohorts. Most importantly, we were able to
successfully translate this tissue-based molecular assay into a

blood-based liquid biopsy assay, which ensures a noninvasive and
facile assay for predicting ER, by analysing matched pre-surgery
serum specimens of GC patients.
Numerous studies have previously identified various molecular

biomarkers, including genes, various non-coding RNAs, DNA
methylation alterations, and somatic copy-number alteration, as
the significant predictors of tumour recurrence in GC patients. In
particular, for the early recurrence, several clinicopathological
factors and molecular biomarkers, which include miRNAs and
circular RNAs, have been reported as the predictors of ER in GC
patients [10, 11, 19, 21, 22]. However, due to a variety of limitations
of these studies, none of these biomarkers have translated into the
clinical practice. Our present study has several advantages
compared to these previous studies. First, a genome-wide miRNA-
based biomarker discovery was performed using a large, publicly
available data set, which was able to screen perhaps the largest
number of miRNAs and led to the identification of potentially more
robust biomarkers. Second, our model was comprehensively
validated in independent large clinical cohorts of patients from
multiple institutions, which ensured generalisability of these
markers. Third, the PERGC model was successfully translated into
a blood-based liquid biopsy assay, which offers simplicity, noninva-
siveness and cost-effectiveness. A liquid biopsy assay using pre-
surgery specimens will inform the clinicians prior to the initiation of
treatment about the probability of a patient to experience ER, which
will allow precision and tailor-made treatment planning for such
high-risk individuals. Fourth, our study had new interesting findings
that ER subgroup included relatively smaller number of MSI-H
patients compared to LR and NR subgroups in both TCGA and
multiple clinical cohorts. Unfortunately, MSI status alone had
insufficient potential to predict ER (Supplementary Fig. S1); how-
ever, our findings demonstrated the combination of MSI status and
molecular biomarkers revealed great potential to predict ER in GC
patients.
In the present study, we defined early recurrence as an event

within 1 year after curative surgery for GC. According to the
Japanese GC treatment guidelines [5, 46, 47], most of patients in this
study received 1-year adjuvant chemotherapy with S-1 following
curative resection of tumours, indicating that early recurrence
occurred during the course of these adjuvant chemotherapies. In
other words, ER group in our study was likely a subset of non-
responders to adjuvant chemotherapy treatment. Collectively, our
model might possibly identify patients who are ineffective to these
therapies, which also can provide the fundamentals for precision
medicine in an adjuvant chemotherapy setting for GC.
To clarify the biological relevance of our miRNA biomarkers, the

downstream target gene and enrichment pathway analyses were
performed using the miRDB [55, 56] and DAVID bioinformatic
databases [57]. The target genes of 8 miRNA biomarkers (target
score > 80) were significantly enriched (fold enrichment >2.0 and
P < 0.01) in GC (Supplementary Fig. S2). Of note, enrichment
pathway analyses identified multiple cancer-related pathways,
such as Wnt, Hippo, mTOR, cAMP, and Rap1 signalling pathway
(Supplementary Fig. S2), highlighting the biological relevance of
our miRNA biomarkers in the prediction of ER in patients with GC.
We would like to acknowledge potential limitations of this

study. First, this was a retrospective cohort study and analysed a

Fig. 3 Clinical training phase of the PERGC signature for predicting the early recurrence in tissue specimens from stage II/III GC patients.
a Kaplan–Meier curves for the overall survival in patients with ER (n= 25), LR (n= 22), and NR (n= 77) in the clinical training cohort (n= 124).
b Bar graph with MSI-H, MSI-L, and MSS patients in the clinical training cohort (n= 124). c Bar graph with MSI-H, MSI-L, and MSS patients in ER,
LR and NR subgroups within the clinical training cohort. d ROC curve values for PERGC signature, 8-miRNA + MSI status signature, 8-miRNA
panel alone, MSI status + tumour size, tumour size, and MSI status to predict ER in the clinical training cohort. e Box plot for the PERGC
signature scores with ER, LR and NR. f Forest plot with AUC values for clinicopathological factors and PERGC signature for the prediction of ER
in the clinical training cohort. GC gastric cancer, MSI-H microsatellite instability high, MSI-L microsatellite instability low, MSS microsatellite
stability, ER early recurrence, LR late recurrence, NR no recurrence, ROC receiver operating characteristics, AUC area under the curve, CI
confidence interval.
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rather modest number of patients from Asian cohorts. In addition,
although prognostic biomarkers for GC should be considered for
evaluation separately in various subgroups of patients based on
the status of MSI, Epstein-Barr virus infection, and human
epidermal growth factor receptor 2, due to the limited number

of patients in our article such analyses were not possible and
should be appropriately addressed in future studies. Second, the
PERGC model was successfully translated into a liquid biopsy
assay in the present study, however, our model was not validated
in another independent blood-based cohort. Therefore, for the
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further confirmation of this model, these results should be further
validated in future large prospective clinical trials. Third, the
clinical cohorts in this study did not include GC patients who
received neoadjuvant treatment (NAT). The NAT for GC was not
the standard treatment in Japan at the time of patient enrolment
for our study [46]; while locally advanced GC patients in the
western countries often receive neoadjuvant chemotherapy, such
as FLOT4 [58] or FP [59]. Therefore, further validation of the
biomarkers reported in our study in patients who received NAT in
future studies might further bolster their clinical significance in
clinical practice. Fourth, although the PERGC model was
successfully translated into a liquid biopsy assay, such an assay
might not represent complete transcriptomic profile of cancer
tissues; hence, future genome-wide profiling in liquid biopsy
specimens might reveal additional miRNA biomarkers for
predicting ER. Despite these limitations, our stringent miRNA-
based liquid biopsy assay offers a potential opportunity to
develop a precision medicine approach for the identification of
high-risk GC patients that are likely to manifest early disease
relapse; and will allow an improved management of these
patients by offering them appropriate treatments to mitigate
their chances for experiencing ER.
In conclusion, we have successfully identified and established a

miRNA-based liquid biopsy assay combined with tumoural MSI
status, that allows robust prediction of ER in GC patients. These
findings can provide the fundamentals for developing precision
medicine approaches for identifying high-risk GC patients that are
likely to develop ER in pre-operative settings, so that they can be
offered alternate treatment options for reducing their risk for
recurrence and improving their survival.
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