
Vol.:(0123456789)

Ann Surg Oncol (2024) 31:5997–6006 
https://doi.org/10.1245/s10434-024-15592-3

ORIGINAL ARTICLE – GASTROINTESTINAL ONCOLOGY

Circulating Exosomal MicroRNA Signature Predicts Peritoneal 
Metastasis in Patients with Advanced Gastric Cancer

Yuma Wada, MD, PhD, Masaaki Nishi, MD, PhD , Kozo Yoshikawa, MD, PhD, Chie Takasu, MD, PhD, 
Takuya Tokunaga, MD, PhD, Toshihiro Nakao, MD, PhD, Hideya Kashihara, MD, PhD, 
Toshiaki Yoshimoto, MD, PhD, and Mitsuo Shimada, MD, PhD

Department of Surgery, Tokushima University, Tokushima, Japan 

ABSTRACT 
Background. Despite a radical operation, about half of 
gastric cancer (GC) patients with advanced GC experience 
peritoneal metastasis (PM), and the patients with PM have a 
poor prognosis. However, because staging laparoscopy was 
a highly invasive procedure for patients, identification of 
PM using a liquid biopsy can be useful for patients with GC.
Methods. This study analyzed two genome-wide miRNA 
expression profiling datasets (GSE164174 and TCGA). 
The study prioritized biomarkers in pretreatment plasma 
specimens from clinical training and validation cohorts 
of patients with GC. The authors developed an integrated 
exosomal miRNA panel and established a risk-stratification 
model, which was combined with the miRNA panel and 
currently used tumor markers (CEA, CA19-9, CA125, and 
CA72-4 levels).
Results. The comprehensive discovery effort identified a 
four-miRNA panel that robustly predicted the metastasis 
with excellent accuracy in the TCGA dataset (area under the 
curve [AUC] 0.86). A circulating exosomal miRNA panel 
was established successfully with remarkable diagnostic 
accuracy in the clinical training (AUC 0.85) and validation 
(AUC 0.86) cohorts. Moreover, the predictive accuracy of 
the panel was significantly superior to that of conventional 
clinical factors (P < 0.01), and the risk-stratification model 
was dramatically superior to the panel and currently used 
clinical factors for predicting PM (AUC 0.94; univariate: 

odds ratio [OR] 77.00 [P < 0.01]; multivariate OR 57.71 
[P = 0.01]).
Conclusions. The novel risk-stratification model for pre-
dicting PM has potential for clinical translation as a liquid 
biopsy assay for patients with GC. The study findings high-
light the potential clinical impact of the model for improved 
selection and management of patients with GC.
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Gastric cancer (GC) is the fifth most common malignant 
cancer in the world and the third leading cause of cancer-
related poor survival outcomes.1,2 Diagnosis of GC often is 
difficult due to a lack of specific symptoms. As a result, most 
patients have been seen in a progressive state at the time of 
initial diagnosis.

Cancer metastasis is an important event in the prognosis 
and tumor progression of GC patients. Generally, perito-
neal metastasis (PM) is the most common distant metastatic 
pattern in GC patients and an important factor of poor sur-
vival outcomes.3 In recent years, although various treatment 
methods combining systemic chemotherapy and surgery 
have been developed to improve the survival outcomes for 
patients with advanced GC, the prognosis remains poor.4 
Without treatment, the 5-year survival rate for patients with 
PM is only 2%, and the median survival time is reportedly 
3–5 months.5

Despite radical operations for GC, about half of advanced 
GC patients have experienced PM.6 In chemotherapy for 
unresectable or recurrent GC with PM, the efficacy of sys-
temic chemotherapeutic agents remains limited.7 Moreover, 
staging laparoscopy is the only procedure for identifying 
PM. However, this procedure requires general anesthesia and 
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is highly invasive for patients with GC. Therefore, the iden-
tification of predictive markers for PM would aid clinical 
management and potential treatment stratification of patients 
with GC.

Exosomes are small extracellular vesicles covered with a 
membrane. Released from various types of cells, exosomes 
are present in a variety of biologic fluids. Accumulating 
reports have shown that exosomes play pivotal roles in inter-
cellular communication through the movement of nucleic 
acids such as microRNAs (miRNAs), messenger RNA, 
DNA, and other non-coding RNAs.8–10 Among these nucleic 
acids, miRNAs are short noncoding RNAs, and some reports 
have shown that miRNAs in circulating exosomes are resist-
ant to enzymatic degradation by ribonucleases, playing an 
important role in disease metastasis formation, and that dys-
regulation of miRNAs is associated with tumor progression 
of GC.11,12 In fact, circulating exosomal miRNAs can be 
used as noninvasive biomarkers for detecting tumor progres-
sion and diagnosis in various malignancies.13

Several recent reports have demonstrated that tumor-
derived miRNAs are present in the human circulation in 
a highly stable form that is protected against endogenous 
ribonuclease activity and therefore focus on the diagnostic 
and prognostic utility of blood-based miRNA levels.14 These 
reports suggest that blood-based miRNAs may constitute 
accurate methods for the diagnosis and prognostic prediction 
of cancer, although a few studies to date have specifically 
focused on the clinical impact of noninvasive miRNAs.15–21

Previous reports show that the miRNA expression pat-
tern reflects the physiologic and pathologic status of patients 
with cancer. Also, these studies have indicated that specific 
exosomal miRNA expression is involved in cancer pathogen-
esis and have shown their potential as circulating biomarkers 
for cancer malignancy. Additionally, our group previously 
showed that the blood-based miRNA assays allowed signifi-
cant prediction of cancer recurrence and metastasis.22–24 By 
analyzing blood-based miRNAs before treatment that can be 
used for patients with GC, we developed a robust model and 
made a nomogram for predicting the probability of PM. Our 
novel model can predict PM and survival outcomes.

MATERIALS AND METHODS

Patient Cohorts

For comprehensive discovery, we analyzed the miRNA 
expressions from two public datasets (GSE164174 and 
TCGA) to establish an miRNA panel for the identification 
of PM in patients with GC. In the discovery phases, miRNA 
microarray data from the GSE164174 cohort (n = 2840; GC 
[n = 1423] and normal sample [n = 1417]) was analyzed to 
identify cancer-specific miRNAs. Then, the TCGA cohort 
(n = 430; non-metastatic GC [n = 393] and metastatic GC 

[n = 37]) was analyzed to identify PM specific miRNAs from 
tumor tissue samples. Then, we used 51 plasma samples 
from patients with GC (training cohort [n = 25; 16 without 
PM and 9 with PM] and validation cohort [n = 26; 16 with-
out PM and 10 with PM]; Fig. 1A).

All the patients underwent staging laparoscopy, and blood 
samples were collected the day before the surgery, between 
January 2015 and December 2020. At the surgery, PM or 
non-PM was diagnosed because the primary hypothesis was 
detection of PM at diagnosis. All the specimens were diag-
nosed as GC by pathologists at our institution according 
to the American Joint Committee on Cancer tumor-node-
metastasis (TNM) grading system. The follow-up protocol 
included a physical examination, evaluation of serum carci-
noembryonic antigen (CEA) and carbohydrate antigen 19-9 
(CA19-9) levels, and imaging methods such as ultrasonogra-
phy, positron emission tomography (PET)-computed tomog-
raphy (CT), and magnetic resonance imaging (MRI). Only 
regions confirmed by imaging methods were diagnosed as 
tumor recurrence sites.

In the PM group, primary resection was performed for all 
the patients at the time of tumor regression during chemo-
therapy according to comprehensive judgment based on such 
factors as negative tumor marker levels and partial or com-
plete response to the treatment via these imaging methods. 
Chemotherapy was received as a fluorouracil-based regi-
men for all the patients with pre- and post-gastrectomy. The 
chemotherapy consisted of cisplatin and S-1 (CS), S-1 and 
oxaliplatin (SOX), or S-1 regimen. The CS therapy involved 
cisplatin (60 mg/m2) and S-1 (80 mg/m2 on days 1–14) via 
a rapid intravenous infusion every 3 weeks. The SOX ther-
apy included S-1 (80 mg/m2 on days 1–14) and oxaliplatin 
(130 mg/m2) via a rapid intravenous infusion every 3 weeks. 
The S-1 regimen included 80 mg/m2 on days 1–14 every 
3 weeks. The study was approved by the institution and con-
ducted in accordance with the Declaration of Helsinki. All 
patients provided written informed consent.

Exosome Isolation from Plasma Specimens

Total exosome isolation was performed from plasma 
using a total exosome isolation kit (#4484450; Thermo 
Fisher Scientific, Waltham, MA, USA) according to the 
manufacturer’s instructions. Briefly, 200 μL of plasma was 
thawed on ice and centrifuged at 2000g for 30 min at room 
temperature to remove cells and debris. Next, we added 
40 μL of the reagent from the kit and incubated the contents 
for 30 min at 4 °C. After incubation, the samples were cen-
trifuged at 10,000g for 10 min at room temperature, and the 
supernatant was discarded. The exosomes were contained in 
the pellets, which were resuspended using 200 μL of phos-
phate-buffered saline. Isolated exosomes were preserved 
at 4 °C until RNA extraction. Then, we confirmed that the 
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CD63 used as one of the most common surface markers of 
exosomes was positive. Also, the real-time PCR method was 
used to confirm that the amplification curve was acceptable, 
and the experiment was performed.

RNA Extraction and Reverse Transcription‑Quantitative 
Polymerase Chain Reaction from Plasma

Total RNA extraction was performed using an RNeasy 
Mini Kit (Qiagen, Hilden, Germany). Complementary DNA 
was synthesized using a reverse transcription kit (Applied 
Biosystems, Thermo Fisher Scientific). All primers for the 
miRNAs analyzed in this study were purchased from Thermo 
Fisher Scientific. The catalog number for all the miRNA 
primers was 339306, and the assay identification numbers 

of the individual miRNAs were as follows: Hsa-miR-16-5p 
(391), Hsa-miR-21-5p (397), Hsa-miR-320 (241053), Hsa-
miR-191-5p (2299), and Hsa-miR-451 (1141). The target 
transcripts were normalized to miR-16-5p expression as an 
internal control by using the  2−ΔDCt method.

Statistical Analysis

Logistic regression was used to train a classifier based 
on the expression of miRNAs. Once the model was estab-
lished in the training cohort, the same statistical weights and 
cutoff thresholds were applied in the validation cohort. The 
clinicopathologic characteristics of the patient cohorts were 
compared between the training and validation groups using 
the Mann–Whitney U test or chi-square test for categorical 

FIG. 1  Genome-wide dis-
covery and validation of the 
miRNA panel to predict PM in 
patients with GC. A Overview 
of the study. B Volcano plot of 
the expression profiles between 
GC and normal samples in the 
GSE164174 cohort. C Receiver 
operating characteristic curves 
showing the diagnostic per-
formance of the four-miRNA 
panel for distinguishing patients 
with PM in the TCGA cohort 
(resectable GC [n = 393]; 
unresectable GC [n = 37]; AUC 
0.86). miRNA microRNA, 
PM peritoneal metastasis, GC 
gastric cancer, TCGA  The Can-
cer Genome Atlas, AUC  area 
under the curve, CI confidence 
interval
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data. Clinicopathologic characteristics are shown as patient 
number and ratio except for age and tumor markers, which 
are shown as median and range (Table 1). Disease-free 
survival and overall survival (OS) were analyzed by the 
Kaplan–Meier method. Uni- and multivariate Cox propor-
tional hazard regression models were used to identify the 
prognostic markers. A P value lower than 0.05 was con-
sidered statistically significant. Statistical analyses were 
performed using MedCalc statistical software V.16.2.0 
(MedCalc Software bvba, Ostend, Belgium) and JMP Pro 
14 statistical software (SAS Institute Japan, Tokyo, Japan).

RESULTS

Comprehensive miRNA Expression Showed a Four‑miRNA 
Panel for Prediction of PM

We performed a comprehensive discovery in two inde-
pendent miRNA datasets (GSE164174 and TCGA) to 
identify an miRNA panel for predicting PM in patients 
with GC (Fig. 1A). First, we analyzed miRNA expressions 
between the patients with GC (n = 1423) and normal samples 
(n = 1417) in the GSE164174 cohort. We identified differen-
tially expressed candidates’ miRNAs with data availability 
(P < 0.05). These analyses were performed by the LIMMA 
package (Version info: R 4.2.2, Biobase 2.58.0, GEOquery 
2.66.0, limma 3.54.0), which uses a moderated t statistic. 
Then, we selected candidate miRNAs based on the following 
criteria: absolute  log2 fold change greater than 0.5, P value 
lower than 0.05, and expression at least 50 % of all cases. 
We excluded miRNAs from passenger strands (Fig. 1B). We 
then validated these candidates against the TCGA public 
dataset and identified four differentially expressed miR-
NAs (miR-21, miR-191, miR-320, and miR-451). A logis-
tic regression model incorporating these four miRNAs to 
identify patients at high risk of PM resulted in the TCGA 
dataset (area under the curve [AUC] 0.86; 95% confidence 
interval [CI] 0.81–0.91; Fig. 1C), highlighting the clinical 
significance of our discovery effort. These results demon-
strated the diagnostic accuracy of the PM identification for 
patients with GC.

Clinical Training Confirmed Ability of the Blood‑Based 
miRNA Panel to Predict PM

We evaluated the biomarker panel in the clinical cohorts. 
Our findings confirmed that the patients in the clinical train-
ing and validation cohorts had clinicopathologic characteris-
tics similar to those of clinical cohorts. The training cohort 
comprised 25 patients, including 9 patients with PM (36%) 
and 11 patients with recurrence (44%). The median age of 
the patients in this cohort was 73.4 years. The validation 
cohort consisted of 26 patients, including 10 patients with 

PM (38.5%) and 10 patients with recurrence (38.5%). The 
median age of the patients in this cohort was 73.0 years. The 
detailed clinicopathologic characteristics of the patients in 
these cohorts are provided in Table 1.

We performed survival analysis for OS and RFS in the 
independent patient cohorts. The median follow-up time 
was 33.6 months in the training cohort and 38.8 months 
in the validation cohort. The median treatment time was 
11.4 months in the training cohort and 17.8 months in the 
validation cohort. Primary tumor resections were performed 
as total gastrectomy (TG), distal gastrectomy (DG), proximal 
gastrectomy (PG), or others (local resection) according to 
the tumor location, with D2 lymphadenectomy performed 
for 72.0% of the training cohort and 76.9% of the validation 
cohort. The R0 primary resection rate was 80% in training 
cohort and 76.9% in validation cohort.

To confirm the predictive ability of our discovery panel 
as a liquid biopsy, we evaluated the training and validation 
cohorts on the selected four miRNAs using reverse tran-
scription-quantitative polymerase chain reaction assays in 
pretreatment blood specimens. Based on the coefficients 
of each miRNA derived from the training cohort (n = 25: 
9 with PM and 16 without PM), we developed a risk score: 
− 2.39608*miR-191) + (3.68915*miR-21) + (1.03109*miR-
320) + (− 0.63182*miR-451) − 3.42746. Our established 
miRNA panel showed significant performance for predicting 
PM (AUC 0.85; 95% CI 0.66–0.96; Fig. 2A) with a specific-
ity of 0.78 and a sensitivity of 1.00 (Table 2).

We dichotomized the patients into high- and low-risk 
groups based on Youden’s index-derived cutoff values. 
According to the distribution of the risk scores and met-
astatic status, the risk scores were notably higher for the 
patients with PM than for those without PM (Fig. 2B). Our 
results showed that we successfully evaluated blood-based 
parameters before treatment for predicting PM in patients 
with GC.

Clinical Validation Confirmed the Translational Potential 
of the miRNA Panel

To confirm the translational potential of the panel to iden-
tify the high-risk patients, we evaluated the performance in 
the clinical validation cohort (n = 26: 16 without PM and 
10 with PM). We assessed the miRNA panel using the same 
cutoff values and coefficients from the training cohort for 
the validation cohort. We validated our miRNA panel for 
predicting PM with an AUC of 0.86 (95% CI 0.66–0.96; 
Fig. 2C, D), a specificity of 0.80, and a sensitivity of 0.81 
(Table 2). Next, we divided the patients into high- and low-
risk groups using Youden’s index and performed uni- and 
multivariate analyses of logistic regression. Our novel 
panel showed it to be an excellent predictor of PM in the 
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TABLE 1  Clinicopathologic 
characteristics of clinical 
cohorts

CA125 cancer antigen 125, CA19‑9 carbohydrate antigen 19-9, CA72‑4 cancer antigen 72-4, CEA carci-
noembryonic antigen, DG distal gastrectomy, L lower lesion, M middle lesion, PG proximal gastrectomy, 
pN pathological N, pT pathological T, PM peritoneal metastasis, TG total gastrectomy, U upper lesion

Characteristics Training cohort (n = 25) n (%) Validation cohort 
(n = 26) n (%)

P value

Age (years)
 Median (range) 73.4 (59–89) 73.0 (54–92) 0.98

Gender
 Male 17 (68.0) 17 (65.4)
 Female 8 (32.0) 9 (34.6) 0.84

PM
 Positive 9 (36.0) 10 (38.5)
 Negative 16 (64.0) 16 (61.5) 0.86

Recurrence
 Positive 11 (44.0) 10 (38.5)
 Negative 14 (56.0) 16 (61.5) 0.69

Recurrent pattern
 Peritoneum 8 8
 Lung 1 1
 Liver 1 0
 Lymph nodes 1 1

Location
 U, M 14 (56.0) 17 (65.4)
 L 11 (44.0) 9 (34.6) 0.98

Differentiation
 Tub, pap 9 (36.0) 13 (50.0)
 Por, sig, muc 16 (64.0) 13 (50.0) 0.17

Resection
 TG 9 (36.0) 10 (38.5)
 DG, PG 13 (52.0) 14 (53.8)

Others 3 (12.0) 2 (7.7) 0.25
Lymphadenectomy
 D0/1 7 (28.0) 6 (23.1)
 D2 18 (72.0) 20 (76.9)

R0 resection
 Yes 20 (80.0) 20 (76.9)
 No 5 (20.0) 6 (23.1)

pT category
 T2 0 (0) 2 (7.7)
 T3 11 (44.0) 15 (57.7)
 T4 14 (56.0) 9 (34.6) 0.13

pN category
 Positive 24 (96.0) 22 (84.6)
 Negative 1 (4.0) 4 (15.4) 0.17

CEA (ng/mL)
 Median (range) 90.0 (0.9–1930.8) 5.4 (0.5–28.6) 0.25

CA19-9 (ng/mL)
 Median (range) 57.1 (1–545) 385 (1–9580) 0.56

CA125 (ng/mL)
 Median (range) 56.2 (1–565) 13.5 (3–36) 0.11

CA72-4 (ng/mL)
 Median (range) 47.1 (0.3–256) 17.9 (0.9–371) 0.13



6002 Y. Wada et al.

clinical validation cohort (odds ratio [OR] 10.52; 95% CI 
2.27–48.76; P < 0.01; Table 3).

Risk Model Combining the miRNA Panel With Clinical 
Factors Demonstrated Better Accuracy for Predicting PM

Given that several tumor markers (cancer antigen 125 
[CA125], carbohydrate antigen 19-9 [CA19-9], cancer 
antigen 72-4 [CA72-4], and carcinoembryonic antigen 
[CEA]) are important biomarkers for malignant potential, 
we examined the extent to which a model combining the 
panel and tumor markers would improve the prediction. 
We compared the predictive accuracy of the miRNA panel 
with and without tumor markers. The risk stratification 
model with tumor markers had notably better prediction 
of PM (AUC 0.94; Fig. 3A) than the miRNA panel alone. 

To further evaluate the ability of the panel to predict PM 
when combined with tumor markers, the logistic regres-
sion model was used to establish a nomogram incorporat-
ing these features. The results showed that our miRNA 
panel had the greatest weight in the model (Fig. 3B).

Risk Stratification Model Exhibited Prognostic Potential 
for Predicting Survival Outcomes

To assess the survival potential of our model, we per-
formed a survival analysis to compare OS and RFS between 
the patients categorized as high risk and those categorized 
as low risk. The results showed that the high-risk patients 
had significantly poorer survival outcomes than the low-
risk patients in the validation cohort (OS [P < 0.05]; RFS 
[P = 0.07]; Fig.  3C, D). We also performed a survival 

FIG. 2  Training and validation 
of the exosomal miRNA panel 
as a blood-based assay for iden-
tifying PM in patients with GC. 
A Receiver operating character-
istic curve showing the diagnos-
tic performance of the panel in 
the training cohort (PM [n = 3]; 
no PM [n = 8]; AUC 0.83). B 
Risk score distribution plot in 
the training cohort. A modified 
risk score was obtained by sub-
tracting individual risk scores 
from the Youden’s index. C 
Receiver operating characteris-
tic curve showing the diagnostic 
performance of the panel in the 
validation cohort (PM [n = 16]; 
no PM [n = 24]; AUC 0.83). D 
Risk score distribution plot in 
the validation cohort. miRNA 
microRNA, PM peritoneal 
metastasis, GC gastric cancer, 
AUC  area under the curve, CI 
confidence interval
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TABLE 2  Performance of the 
model in estimating the risk 
of PM

CI confidence interval, AUC  area under the curve

Variable Value (95% CI)

Training cohort % (95% CI) Validation cohort (miRNA 
panel) % (95% CI)

Validation cohort (risk-
stratification model) % 
(95% CI)

Sensitivity 77.8 (40.0–97.2) 80.0 (44.4–97.5) 87.5 (61.7–98.4)
Specificity 100.0 (79.4–100.0) 81.3 (54.4–96.0) 91.7 (73.0–99.0)
AUC 85.4 (65.6–96.2) 85.6 (66.3–96.2) 93.8 (81.3–98.9)



6003Circulating Exosomal MicroRNA Signature Predicts …       

analysis to compare OS and RFS between the patients 
categorized as PM and those categorized as non-PM. The 
results showed that the patients with PM had significantly 
poorer survival outcomes than the patients with non-PM 
(OS [P < 0.05]; RFS [P < 0.05]; Supplemental Digital Con-
tent 1). Furthermore, we performed a multivariate analysis 
to establish a risk stratification model incorporating our 
miRNA panel with tumor markers. The patients categorized 
as high risk by the RNA panel had a significantly worse 
prognosis than the low-risk patients in the validation cohort 
(OR 57.71; 95% CI 2.29–1456.43; P = 0.01; Table 3). These 
results indicate that our risk model also has significant prog-
nostic potential.

DISCUSSION

The presence of PM is an important risk factor of a poor 
prognosis for patients with advanced GC. The current study 
showed the inadequacy of clinical risk factors used in the 
clinical setting to identify distant metastasis in high-risk 
patients with GC. Our results indicated that a blood-based, 
noninvasive assay can be used to estimate that the high risk 
in preoperative status has significant potential for identifica-
tion of PM and can lead to a novel strategy of surveillance 
and preoperative findings for patients with advanced GC. We 
considered the usefulness of the assay in a clinical setting.

Regarding cost-effectiveness, staging laparoscopy costs 
113,200 yen under the health insurance compared with 
3600 yen per case for the assay in Japan. Also, in terms 

of time to the result, staging laparoscopy requires 1 h for 
rapid diagnosis by a pathologist compared with about 3 h 
for the assay. Therefore, if staging laparoscopy could be 
eliminated, the assay using liquid biopsy would be ben-
eficial in terms of both medical costs and patient inva-
siveness, although the time to the result from the assay 
is longer than for the surgery. Identifying the presence of 
PM will reduce the unnecessary patient burden, time, and 
costs of performing the staging laparoscopy.

In the current study, we developed a risk model and 
assessed the ability of our four-miRNA panel to predict 
PM in plasma samples before treatment. More importantly, 
our novel noninvasive risk model exhibited significantly 
better diagnostic accuracy for PM (AUC 0.94) than the 
currently used clinical risk models (combination of the 
tumor markers CEA, CA19-9, CA125, and CA72-4; AUC 
0.75; Supplemental Digital Content 2).

The patients with positive ascites cytology were not 
included with the PM cases. Although we evaluated the 
ascites cytology, unfortunately, it was difficult to predict 
the positive ascites cytology in our established risk model 
(AUC 0.69; Supplemental Digital Content 3). The water-
fall plots included patients with non-PM among the high-
risk group in the risk model. One of the patients with non-
PM in the high-risk group at diagnosis had experienced the 
PM during the follow-up period. This result supported the 
conclusion that the risk model may detect micro-metastatic 
seeding, which may have potential for the development 
of PM.

TABLE 3  Uni- and 
multivariate logistic regression 
analysis for predicting PM

Bold values indicate statistically significant at P < 0.05
OR odds ratio, CI confidence interval, CA19‑9 carbohydrate antigen 19-9, CA125 cancer antigen 125, CEA 
carcinoembryonic antigen, CA72‑4 cancer antigen 72-4

Factors Univariate analysis Multivariate analysis

OR 95% CI P value OR 95% CI P value

Age (years)
 (≥ 73 vs. < 73) 1.00 0.28–3.54 0.37

Gender
 (Male vs. female) 1.57 0.41–5.96 0.51

CA19-9 level (ng/mL)
 (≥ 37 vs. < 37 1.67 0.35–7.93 0.52 1.61 0.11–23.69 0.73

CA125 level (ng/mL)
 (≥ 35 vs. < 35) 3.67 0.58–23.02 0.17 1.61 0.04–59.82 0.80

CEA level (ng/mL)
 (≥ 5.0 vs. < 5.0) 0.39 0.10–1.58 0.19 1.16 0.06–21.90 0.92

CA72-4 level (ng/mL)
 (≥ 8 vs. < 8) 3.12 0.83–11.72 0.09 0.80 0.04–17.77 0.89

miRNA panel
 (High vs. low) 10.52 2.27–48.76 < 0.01 3.33 0.23–48.04 0.38

Risk model
 (High vs. low) 77.00 9.70–611.05 < 0.01 57.71 2.29–1456.43 0.01
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Our novel established diagnostic signature is significantly 
better for prediction of PM. A recent report indicated that 
exosomes from ascites convert mesothelial cells to fibro-
blasts and promote PM.25 Furthermore, GC cells have been 
shown to produce exosomes that promote PM formation by 
disrupting the mesothelial barrier.26 These results show that 
exosomes in ascites promote peritoneal fibrosis and may be 
a favorable microenvironment for seeded tumor cells.

Similarly, another study has shown that miRNAs are a 
strong risk factor for worse OS and peritoneal recurrence.27 
Thus, the utility of liquid biopsy is crucial to understanding 
the factors that predict PM before radical surgery. The cur-
rent study emphasized the inadequacy of the currently used 
clinical factors to identify patients with PM.

From a functional viewpoint, findings have shown various 
miRNAs in our biomarker panel to be candidates involved in 

cancer progression. For example, the exosomal miR-21-5p 
from cancer cells activated the β-catenin-signaling pathway 
and increased their downstream target, vascular endothe-
lial growth factor (VEGF), which consequently promoted 
angiogenesis and vascular permeability. Also, exosomal 
miR-21-5p was involved in angiogenesis and vascular per-
meability in cancer cells and might be used as a potential 
new therapeutic target.28

Next, miR-191 was significantly upregulated in cancer 
cells and promoted proliferation, migration, invasion, and 
cell cycle progression of cancer cells, as well as tumor 
growth via the Wnt/β-catenin-signaling pathway.29 On the 
other hand, the miR-320 family was reported to be one of the 
most tumor suppressant families and related to the repres-
sion of epithelial-mesenchymal transition inhibition, cell 
proliferation, and apoptosis. Moreover, this family has been 

FIG. 3  Additional clinical 
validation of the risk stratifica-
tion model for identifying PM 
in patients with GC. A Receiver 
operating characteristic curves 
showing the diagnostic perfor-
mance of the novel risk strati-
fication model (combination of 
the miRNA panel with CA72-4, 
CEA, CA125, and CA19-9) 
relative to indicated clinical 
factors in the validation cohort 
(AUC 0.94). B Nomogram 
indicating the possibility of PM 
in patients with gastric cancer. 
A line is drawn straight down 
to the possibility axis to obtain 
the probability of accurately 
predicting PM. C and D Com-
parison of C overall survival 
and D recurrence-free survival 
for distinguishing patients with 
high and low expression in the 
risk stratification model. The 
overall survival and disease-free 
survival times were calculated 
from the date of surgery to the 
date of death from any cause, 
recurrence, or the last follow-
up visit. Overall survival and 
disease-free survival were 
estimated using the Kaplan–
Meier method. PM peritoneal 
metastasis, GC gastric cancer, 
miRNA microRNA, CA72‑4 
cancer antigen 72-4, CEA car-
cinoembryonic antigen, CA125 
cancer antigen 125, CA19‑9 
carbohydrate antigen 19-9, AUC  
area under the curve

Risk-stratification model (AUC=0.94)  

miRNA panel (AUC = 0.85)  

CA72-4 level (AUC = 0.64)  

CEA level (AUC = 0.60)  

CA125 level (AUC = 0.58)  

CA19-9 level (AUC = 0.54)  
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shown to regulate drug resistance, and to act as a potential 
biomarker for the diagnosis, prognosis, and prediction of 
cancer.30 Finally, miR-451 also could inhibit cell migra-
tion and invasion, promote apoptosis, and induce cell-cycle 
arrest.31 Accumulating results showed that candidate miR-
NAs have the role of cancer progression and suppression.

Our study had some potential limitations. First, we used 
clinical cohorts of patients from a single institution who 
showed similar clinicopathologic factors. Therefore, it is 
important to validate the selected miRNAs and our established 
model in clinical cohorts from other institutions to confirm the 
accuracy of our findings.

Second, our retrospective study might have resulted in 
potential selection bias. We evaluated our panel in a moder-
ately sized clinical cohort because of the limited sample size. 
Therefore, a further prospective study with larger clinical 
cohorts is required to evaluate our model. However, as a result, 
local resection was performed at 12.0% in the training cohort 
and 7.7% in the validation cohort, but cytoreduction surgery 
was not performed. We will investigate the peritoneal cancer 
index in a future study because the peritoneal cancer index 
was reported to be a strong predictor of incomplete curative 
surgery.32

Finally, we established a risk stratification model that 
included exosomal miRNAs and clinical factors. Because clin-
ical application of such a model can be complicated, further 
experimentation including other factors such as DNA mutation 
and methylation is needed to develop a more convenient and 
highly accurate diagnostic methods for PM. Nonetheless, our 
study showed the important result of detecting PM in patients 
with GC and was an important step toward the availability of 
molecular biomarkers for the management of GC.

In conclusion, we identified and validated a novel risk strat-
ification model involving the combination of an miRNA panel 
and tumor markers (CA72-4, CEA, CA125, and CA19-9) for 
prediction of PM in a liquid biopsy assay. Our findings high-
light the potential clinical impact of our model for improved 
selection of patients and for the management of patients with 
this malignancy.
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