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Abstract

Background: Gastric cancer (GC) peritoneal carcinomatosis is fatal. Delay in detection of 

peritoneal metastases contributes to high mortality; highlighting the need to develop biomarkers 

that can help identify patients at high risk for peritoneal recurrence (PR) or metastasis (PM).
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Methods: We performed a systematic discovery and validation for the identification of PR-

prediction and PM-detection biomarkers by analyzing expression profiling datasets from 249 GC 

patients, followed by analysis of 426 patients from 3 cohorts for clinical validation.

Results: Genomewide expression profiling identified a 12-gene panel for robust prediction of PR 

in GC patients (AUC=0.95), which was successfully validated in a second dataset (AUC=0.86). 

Examination of 216 specimens from a training cohort allowed us to establish a 6-gene based risk 

prediction model (AUC=0.72; 95%CI: 0.66-0.78), which was subsequently validated in an 

independent cohort of 111 GC patients (AUC=0.76; 95%CI: 0.67-0.83). In both cohorts, 

combining tumor morphology and depth of invasion further improved the predictive accuracy of 

the prediction model (AUC=0.84). Thereafter, we evaluated the performance of the identical 6-

gene panel for its ability to detect PM by analyzing 210 GC specimens (prior 111 patients plus 

additional 99 cases), which discriminated patients with and without PM (AUC=0.72). Finally, our 

biomarker panel was also remarkably effective for identifying peritoneal micrometastasis 

(AUC=0.72), and its diagnostic accuracy was significantly enhanced when depth of invasion was 

included in the model (AUC=0.85).

Conclusions: Our novel transcriptomic signature for risk-stratification and identification of 

high-risk patients with peritoneal carcinomatosis might serve as an important clinical decision-

making in GC patients.
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INTRODUCTION

Gastric cancer (GC) is the 2nd leading cause of cancer-related deaths worldwide (1). The 

majority of GC presents at an advanced stage, and consequently a significant number of 

patients are diagnosed with a metastatic disease at initial presentation or experience disease 

relapse even after adjuvant treatment. Peritoneal dissemination is the most common cause 

for cancer recurrence and distant metastasis in GC, resulting in poor prognosis with a dismal 

median survival duration of ~4 months (2,3). Although poor response to conventional 

systemic chemotherapy and suboptimal therapeutic options are primarily responsible for the 

poor outcomes in GC patients with peritoneal carcinomatosis, the lack of clinically robust 

diagnostic modalities to detect presence of peritoneal metastasis remains one of the most 

critical hurdles in improving disease outcomes in this malignancy.

The presence of intraperitoneal cancer cells in GC patients is intimately associated with a 

frequent peritoneal relapse (PR) or metastasis (PM) (4). The American Joint Committee on 

Cancer/International Union Against Cancer Classification 8th edition currently employs 

washing cytology for detection of malignant cells and a more accurate tumor staging, and 

cytology-positive tumors even without a visible metastatic tumor (P0/Cy1) are considered as 

advanced cancers with distant metastasis (5). The identification of intraperitoneal cancer 

cells is imperative because the treatment strategy for these patients is completely different, 

and surgery is typically not indicated in patients with peritoneal metastasis. However, 

cytological examination of peritoneal lavage fluid is clinically challenging due to its low 
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sensitivity, inter-observer variability, and its limited ability to discriminate well-

differentiated cancer cells from normal mesothelial cells (6-8). Moreover, the surgical 

procedure to obtain the specimens is invasive and performed under general anesthesia. 

Likewise, while imaging modalities such as computed tomography (CT) and positron 

emission tomography, are also commonly used for pre-treatment staging and therapeutic 

monitoring; they also suffer from poor sensitivity for detecting PM in patients with GC (9).

Patients with peritoneal carcinomatosis are usually diagnosed overtly with the presence of 

ascites or other gastrointestinal symptoms limiting their compliance to systemic treatment. A 

recent ACTS-GC trial demonstrated that adjuvant chemotherapy decreases the burden of 

disease relapse in patients with probable micrometastasis in the peritoneal cavity (2). 

Previous studies investigating the role of cytoreductive surgery with hyperthermic 

intraperitoneal chemotherapy (HIPEC), an emerging treatment in patients with peritoneal 

carcinomatosis, have highlighted the importance of minimal extent of peritoneal 

dissemination of cancer cells and complete cytoreduction for improving the long-term 

survival in GC (10-12). These results emphasize the clinical significance for detecting 

metastasized tumors at a lower burden state and indicated that early detection of peritoneal 

dissemination is imperative for improving treatment outcomes. Collectively, this highlights 

an important gap in knowledge and the importance of developing clinically relevant 

biomarkers for the identification of GC patients with high risk of PR or PM.

In this regard, over the last decade, several studies have analyzed clinical specimens from 

patients with peritoneal carcinomatosis in order to identify tissue-derived epigenomic and 

transcriptomic markers (13,14), metabolomic analytes(15), and the analysis of exosomal 

RNAs in peritoneal lavage fluid (16-18). While findings from some of these studies have 

been encouraging, certain shortcoming including non-comprehensive biomarker discovery 

and validation approaches, inadequate patient cohort size and the lack of independent 

validation cohorts have stifled their translation into clinical settings. Herein, we addressed 

these limitations of the previous studies and performed a systematic genome-wide 

transcriptomic expression profiling in tissue specimens from patients with GC, followed by 

rigorous bioinformatic approaches to identify a panel of genes for predicting PR following 

surgery and adjuvant therapy. After the discovery of gene markers, we subsequently 

established a risk-prediction model, which was successfully applied for validating this 

biomarker panel for predicting PR in two independent cohorts of patients with GC. 

Considering that PR is often associated with the existence of metastases within the 

peritoneal cavity, we subsequently assessed the diagnostic performance of our gene panel for 

its ability to detect PM, by analyzing independent cohorts of patients where patients either 

had metastasis at initial diagnosis or those with washing cytology positive P0/Cy1 tumors. 

This systematic and comprehensive biomarker discovery and validation effort allowed us to 

identify a 6-gene biomarker panel and subsequent establishment of a risk-stratification 

model for the identification of high-risk patients with peritoneal carcinomatosis – which if 

identified in a timely manner could potentially facilitate appropriate clinical decision-

making and improving the treatment outcomes with cytoreductive surgery with HIPEC in 

patients with gastric cancer.
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MATERIALS AND METHODS

This study was performed in accordance with the REMARK (Reporting recommendations 

for tumor MARKer prognostic studies) guidelines (19).

Biomarker discovery and in silico validation in genome-wide expression profiling datasets

For the biomarker discovery phase of our study, we analyzed genome-wide expression 

profiling data from the two publicly available datasets (GSE15081 and GSE62254). Data 

were downloaded from the Gene Expression Omnibus (GEO) database. The GSE15081 

cohort included 140 GC cases; of which 32 cases lacking information on disease recurrence 

were excluded. The GSE62254 dataset included expression profiling data from 300 GC 

cases; wherein, 159 cases including 108 patients with a stage 1 or 4 cancer, 39 cases with 

other routes of tumor relapse (e.g. hematogenous, lymphogenous, and local recurrence), and 

12 cases without recurrence data were excluded. This led to the final selection of 141 

patients, which included 113 patients who did not experience tumor relapse and 28 with PR. 

Finally, 108 and 141 cases from each dataset were included in the analysis, as summarized 

in Table S1.

Clinical cohorts for biomarker validation

A total of 426 patients with GC were enrolled for the training and validation of biomarkers 

for PR-prediction and PM-detection, which were drawn from three independent cohorts 

(Table S2). For the initial selection of patients within the training and validation cohorts for 

the development of PR-prediction biomarkers, we enrolled patients from two independent 

institutions; the training cohort comprised of patients enrolled at the University of Ulsan and 

Asan Medical Center, Seoul, Korea, and the validation cohort patients were enrolled at the 

Ajou University, Suwon, Korea. The patients in both cohorts received curative surgery for 

biopsy-proven stage 1 to 3 primary GC between 2008 and 2014. Patients who received 

neoadjuvant treatment and those in whom the cancers developed in the remnant stomach 

following previous partial gastrectomy were excluded. A total of 216 and 111 patients were 

included for the training and validation of PR-prediction biomarkers.

Furthermore, we also performed an additional analysis for evaluating the performance of our 

biomarker panel for detecting the presence of PM in GC patients. For these analyses, we 

analyzed specimens from 210 patients who received gastrectomy for the biopsy-proven stage 

1 to 4 primary GC (called as PM evaluation cohort) including prior 111 patients in the 

validation cohort and additional 99 patients for inclusion of stage 4 GC cases from the Ajou 

University, Suwon, Korea and the Nagoya University, Nagoya, Japan. In all these cohorts, 

recurrence or disease progression was assessed by a laboratory test, endoscopy, and 

abdominopelvic CT on a regular basis, as recommended by the gastric cancer treatment 

guidelines (20).

Tissues were obtained from a representative malignant lesion in the surgically resected 

stomach specimen during the operation, snap-frozen in liquid nitrogen, and then stored at 

−80-°C. All surgical specimens were processed and examined according to the guidelines of 

the Japanese Gastric Cancer Association (21). The diagnosis of carcinoma was based on the 
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modified Vienna classification (22), and the histological type was determined according to 

the World Health Organization classification (23). The depth of tumor invasion (T stage) and 

lymph node metastasis (N stage) were determined according to the 7th edition of the 

American Joint Committee on Cancer (24).

All procedures were conducted in accordance with the Helsinki Declaration. A written 

informed consent was obtained from all participants. This study was approved by the 

Institutional Review Boards of all participating institutions.

RNA extraction and gene expression analysis

Total RNA was isolated from fresh frozen surgical tissues using the RNeasy mini kit 

(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Real-time 

quantitative polymerase chain reaction (RT-qPCR) was performed using the SensiFAST™ 

probe Lo-ROX Kit (Bioline, London, UK) and the QuantStudio 6 Flex Real Time PCR 

System (Applied Biosystems, Foster City, CA). To ensure the reproducibility of the assays, 

we undertook several approaches including appropriate control templates, exclusion of any 

specimen with questionable RNA quality, and use of multi-replicates performed at different 

time points. Gene expression levels were evaluated with Applied Biosystems QuantStudio 6 

Flex Real Time PCR System Software. The relative abundance of target genes was assessed 

and corrected to the expression level of beta-actin as an internal control using the 2−ΔCt 

method; ΔCt refers to the difference of Ct values between the gene of interest and beta-actin. 

Values were further transformed into the log2 data. The PCR primers used are described in 

Table S3.

Statistical analysis

Statistical analyses were performed using R, version 3.6.3, and MedCalc Statistical 

Software, version 19.2 (MedCalc Software Ltd, Ostend, Belgium). Wilcoxon rank-sum and 

Bonferroni tests were used to compare gene expression levels between PR and non-

recurrence (NR) groups in the discovery phase. Random forest classifications with 10-fold 

cross-validation and synthetic minority over-sampling (SMOTE) approaches for final gene 

candidates were used to reassess the performance of candidate gene panels for biomarker 

discovery. In the in-silico validation phase, the performance of the risk model derived from 

candidate genes was assessed through logistic regression analysis with group 

dichotomization based on the median expression value of each gene. In the clinical 

validation phase, a gene-based risk score model was built by logistic regression through a 

backward elimination model. A high- or low-risk group was defined according to Youden’s 

index for recurrence prediction, and the median value of risk score for metastasis detection. 

Performance was evaluated using the receiver operating characteristic (ROC) curves and 

area under the curve (AUC) values. Regarding survival prediction, logistic regression and 

Cox regression analyses were used. Peritoneal recurrence free survival (pRFS) was assessed 

using the Kaplan-Meier method, and the pRFS was defined as the time from the surgery to 

the time of confirmed PR or death from any cause. Patients were censored at 5 years for 

pRFS if they were recurrence free and alive at 5 years following surgery. Patients who were 

lost to follow-up without any evidence of recurrence before 5 years were censored at the 

date of the last clinic visit. Cox proportional hazards models and bi-logistic regression were 

Lee et al. Page 5

Clin Cancer Res. Author manuscript; available in PMC 2021 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



used for univariate and multivariable analyses, and outcomes were reported as hazard ratios 

and 95% confidence intervals (CIs). Biomarkers constituting gene expression levels were 

compared with Mann-Whitney U test. A threshold for statistical significance was set at P < 

0.05.

RESULTS

Genome-wide gene expression profiling identified a 12-gene panel for predicting 
peritoneal recurrence in gastric cancer

The overall workflow of this study is illustrated in Supplementary Figure S1. We undertook 

a systematic, comprehensive and an unbiased biomarker discovery effort by analyzing 

genome-wide expression profiling data from two publicly available datasets of patients with 

GC. The GSE15081 dataset was selected for the initial biomarker discovery, which included 

33 patients with PR and 75 without any recurrence (NR). Differential gene expression 

(Wilcoxon rank-sum test, P < 0.01 and Bonferroni test, P < 0.05) and correlation analysis (< 

0.5) led us to identify a panel of 13 genes that were differentially expressed between patients 

with PR vs. NR. Among this panel, the information regarding one of the genes was not 

present in the second public dataset (GSE62254), which was used for the in-silico validation 

of our discovery cohort findings. Accordingly, we finalized a panel of 12 genes, which 

included: ZBTB1, CHCHD3, KLHL41, POPDC2, LTBP3, CAVIN2 (SDPR), STT3B, 
TXNDC16, PHYHD1, KCNJ6, SLITRK6, and LMBR1. We developed a logistic regression 

model to predict peritoneal recurrence in GC patients, which exhibited an AUC of 0.95 

(95% CI: 0.89-0.98, P < 0.001). Thereafter, the predictive accuracy of this 12-gene panel 

was validated in a second dataset (GSE62254), which once again confirmed the robustness 

of our biomarker discovery effort, as evidenced by the resulting AUC of 0.86 (95% CI: 

0.79-0.91, sensitivity 79.2%, specificity 81.4%, positive predictive value [PPV] 69.1%, 

negative predictive value [NPV] 91.3%, positive likelihood ratio [PLR] 4.16, negative 

likelihood ratio [NLR] 0.26, and P < 0.001; Figure 1A). As illustrated in Table 1, our in-

depth biomarker discovery effort utilized random forest classifications with 10-fold cross-

validation and SMOTE modules to reassess the performance of 12 candidate genes and 

allowed us to assure that a 12-gene panel exhibited a robust performance in predicting PR in 

two independent genome-wide expression profiling datasets of GC patients. Random forest 

importance measures in the discovery dataset were described in Table S4.

In order to further evaluate the clinical significance of our recurrence prediction biomarkers, 

we next validated the prognostic significance of this 12-gene panel in a gene expression 

profiling dataset (GSE62254). Among the three factors which were significant in a 

univariate analysis (the 12-gene panel, stage, and Borrmann type), we noted that the 

pathologic tumor stage and the gene expression panel were the only variables that emerged 

as significant predictors of pRFS in a multivariate cox proportional hazard model (Figure 

1B). When we combined these two factors together, this led to further improvement in the 

recurrence prediction potential of the gene panel and yielded an AUC of 0.90 (vs. an AUC of 

0.86 with the gene panel alone; Figure 1C). Finally, when we analyzed the pRFS in this 

cohort, the Kaplan-Meier analysis revealed that based upon our recurrence prediction model, 

patients categorized within the high-risk group had a significantly worse prognosis vs. those 
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in the low-risk group (3-year pRFS: 74.9% vs. 38.5%, P < 0.001; Figure 1D). Taken 

together, our data highlight the potential importance of 12-gene panel in predicting PR in 

patients with GC.

A clinical training phase allowed establishment of a 6-gene based risk model for predicting 
recurrence in patients with gastric cancer

Following successful discovery and in-silico validation of our gene panel, we next undertook 

an effort to further refine our biomarker panel and established a risk-prediction model by 

training our biomarkers in a clinical training cohort of 216 GC patients, by performing RT-

qPCR assays for each of the 12 genes. Gene expression levels were measured in all samples 

and we developed two independent prediction models through logistic regression and the 

backwards elimination approach. The 12-gene panel derived from a single-step based 

regression yielded an AUC value of 0.75 (95% CI: 0.68-0.80, sensitivity 63.2%, specificity 

78.7%, PPV 78.2%, NPV 84.8%, PLR 3.00, NLR 0.47, P < 0.001), which was quite 

comparable to the AUC value of 0.72 (95% CI: 0.66-0.78, sensitivity 60.5%, specificity 

75.3%, PPV 88.6%, NPV 86.2%, PLR 2.44, NLR 0.52, P < 0.001) for the reduced, 6-gene 

panel derived from the stepwise regression model (Table 1).

In the training cohort of patients, Cox proportional hazard analysis demonstrated that 

infiltrative tumor morphology (Borrmann type 3 and 4; HR 4.02, 95% CI: 1.75-9.24, P = 

0.001), deeper invasion of tumor cells (advanced T stage; HR 1.91, 95% CI: 1.03-3.52, P = 

0.039), and our 6-gene panel (HR 2.05, 95% CI: 1.01-4.16, P = 0.048), representing the 

patients within the high-risk group associated with a significantly shorter pRFS (Table 2). In 

view of these findings, we next questioned whether a combination of our gene panels along 

with these clinical factors might further improve the performance of both recurrence 

prediction models. Indeed, when we performed these analysis, we noted that the 

combination of our 12-gene panel together with the tumor morphology and T stage further 

improved the predictive performance (AUC = 0.85; 95% CI: 0.79-0.89, sensitivity: 84.2%, 

specificity: 71.3%, PPV 67.4%, NPV 86.8%, PLR 2.90, NLR 0.23, P < 0.001 vs. an AUC of 

0.75 for the gene panel alone; Figure 2A). Furthermore, the predictive performance of this 

model was almost identical to the one that included the 6-gene panel (AUC= 0.84, 95% CI: 

0.79-0.89, sensitivity: 86.8%, specificity: 70.2%, PPV 75.2%, NPV 85.6%, PLR 2.90, NLR 

0.19, P < 0.001 vs. an AUC of 0.72 with the gene panel alone; Figure 2B). Through these 

analyses, we ensured that the integration of the gene panel together with the clinical 

prognostic indicators led to a significantly improved overall performance in predicting PR 

using both the 12 and 6-gene panels.

In order to prioritize and select a clinically relevant gene panel and considering the 

equivalent predictive potential of both gene panels, we selected the 6-gene panel to establish 

a risk-stratification model to predict PR in GC patients, as illustrated in Figure 2C. Based on 

the individual coefficient and constants derived from the logistic regression model of 6-gene 

panel, we developed a risk prediction formula as follows; 

0.89290×ZBTB1+0.50046×CAVIN2−0.44275×CHCHD3−0.25294×LTBP3−0.16871×SLIT
RK6−0.14124×STT3B+0.23925. Of interest, the expression of two of the genes, ZBTB1 and 

CAVIN2, was significantly upregulated in tumors with PR in the training cohort (P = 0.041 
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and 0.004, respectively; Supplementary Figure S2A). We assessed the performance of this 6-

gene panel for survival prediction and it yielded an AUC of 0.70 (95% CI: 0.63-0.77, P = 

0.034) in logistic regression and 0.70 (95% CI: 0.63-0.76, P = 0.034) in Cox regression 

analysis.

The risk-prediction model was successful in stratifying GC patients with and without 
peritoneal recurrence in an independent validation cohort

Following development of the 6-gene based risk prediction model, we evaluated its 

performance in an independent cohort of 111 patients within the validation cohort using the 

same risk prediction formula as the training cohort. It was quite reassuring to observe that 

our biomarker panel successfully discriminated patients that experienced PR from those 

without recurrence, with a corresponding AUC value of 0.76 (95% CI: 0.67-0.83, sensitivity: 

77.8%, specificity: 68.8%, PPV 86.8%, NPV 83.2%, PLR 2.52, NLR 0.32, P = 0.006; Table 

1). In line with our training phase data, a Cox regression analysis in the patients within this 

validation cohort once again demonstrated that the depth of tumor invasion (HR 3.58, 95% 

CI: 1.16-11.08, P = 0.027), tumor morphology (HR 4.25, 95% CI: 0.98-18.53, P = 0.054) 

and the 6-gene panel (HR 4.15, 95% CI: 1.31-13.20, P = 0.016), were significant prognostic 

indicators for predicting PR in GC patients (Table 2). Likewise, the combination of the 

tumor T stage and morphology further augmented the predictive performance of the gene 

panel (AUC = 0.84, 95% CI: 0.75-0.90, sensitivity: 86.7%, specificity 73.3%, PPV 76.1%, 

NPV 85.8%, PLR 3.22, NLR 0.18, P < 0.001; Figure 2D). As was the case in the training 

cohort patients, expression levels of the ZBTB1 and CAVIN2, were also significantly 

upregulated in tumors with PR (P = 0.023 and 0.048, respectively; Supplementary Figure 

S2B). However, the performance of risk prediction formula to predict survival was not 

significant. Collectively, the independent validation of the recurrence prediction model 

demonstrated the robustness of our biomarker in predicting PR in patients with GC.

The gene biomarker panel robustly predicted recurrence free survival of GC patients in the 
training and validation cohorts

Given that PR is almost always accompanied with poor survival in GC patients, we next 

evaluated the prognostic potential of our recurrence prediction biomarker panel in the 

training and validation cohort of patients. All patients were dichotomized into high and low-

risk groups for PR according to the cutoff threshold values derived from the prediction 

model, followed by Kaplan-Meier analyses to determine the prognostic significance of our 

gene panel. In the training cohort, pRFS in the high-risk group patients was significantly 

worse compared to those in the low-risk group (3-year pRFS: 81.1% vs. 50.8%, P = 0.002; 

Figure 2E). Similarly, when we evaluated this hypothesis in an independent validation cohort 

of patients with GC, we observed significant differences in survival outcomes between the 

high- and low-risk groups (3-year pRFS: 84.5% vs. 60.0%, P = 0.002; Figure 2F). These 

results highlighted that in addition to the ability of our biomarker panel to predict PR, these 

biomarkers are also clinically significant in predicting the prognosis of GC patients.
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The 6-gene biomarker panel robustly identifies presence of peritoneal metastasis at 
disease diagnosis in GC patients

Considering that PR is often a manifestation of metastases within the peritoneal cavity, we 

assessed the potential of our 6-gene panel for its ability to detect PM in patients with GC. 

For these analyses, we examined 210 clinical specimens from patients within the PM 

evaluation cohort, which included 31 specimens from patients accompanied with PM at the 

time of surgery. It was very encouraging to observe that our biomarker panel successfully 

distinguished GC patients with PM from those without distant metastasis, as evidenced by a 

robust AUC value of 0.72 (95% CI: 0.66-0.78, sensitivity 83.9%, specificity 52.0%, PPV 

66.8%, NPV 75.8%, PLR 1.75, NLR 0.31, P < 0.001; Table 1).

Multivariate logistic regression analysis revealed that the 6-gene panel and the depth of 

tumor invasion were the only significant indicators for PM (HR 4.47, 95% CI: 1.72-11.62, P 
= 0.002; HR 17.03, 95% CI: 4.88-59.42, P < 0.001, respectively; Figure 3A). Accordingly, 

we next evaluated the diagnostic accuracy of this combination panel, which clearly 

demonstrated a significant gain in diagnostic accuracy (AUC=0.86, 95% CI: 0.80-0.90, 

sensitivity 80.6%, specificity 80.4%, PPV 67.2%, NPV 86.4%, PLR 4.05, NLR 0.24, P < 

0.001; Figure 3B) vs. the gene panel and T-stage individually. Collectively, these findings 

allowed us to better appreciate the clinical significance of our biomarker panel in not only its 

potential for predicting PR in surgically-resectable cases, but also its ability to detect PM in 

GC patients who are otherwise not candidates for surgical treatments.

The gene biomarker panel successfully identified GC patients with peritoneal 
micrometastasis

Following the identification that our gene biomarker could successfully detect PM in GC 

patients, we next asked whether this biomarker panel can also identify patients with cytology 

positive P0/Cy1 tumors. These tumors are unfortunately often missed with the currently 

used diagnostic modalities in the clinic, but these patients are ideal candidates for receiving 

the newer therapies that can quite effectively treat peritoneal carcinomatosis and improve the 

overall survival outcomes in this subset of GC patients. Among 31 patients with PM from 

the PM evaluation cohort, 16 patients with micrometastasis were selected and the potential 

of the gene biomarker panel was evaluated. Our analysis of patients with P0/Cy1 cancers 

revealed that the diagnostic potential of our biomarker was quite remarkable (AUC=0.72, 

95% CI: 0.69-0.81, sensitivity 87.5%, specificity 48.0%, PPV 67.2%, NPV 90.8%, PLR 

1.69, NLR 0.25, P = 0.034), which was significantly improved when we combined it 

together with T-stage information from these patients (AUC=0.85, 95% CI: 0.79-0.90, 

sensitivity 87.5%, specificity 76.0%, PPV 67.2%, NPV 92.4%, PLR 3.67, NLR 0.16, P < 

0.001; Figure 3C). In support of our previous findings, among the six genes constituting the 

biomarker, the expression levels of ZBTB1 were significantly higher in patients with PM (P 
= 0.036; Figure 3D). Taken together, our systematic and comprehensive biomarker discovery 

and validation effort allowed us to identify and validate a novel gene panel that could 

potentially predict peritoneal recurrence, as well as simultaneously allow detection of 

peritoneal metastasis – which are key features for improving the overall management of 

patients with GC and improving their overall survival.
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DISCUSSION

Accumulating evidence in recent years have allowed an improved understanding of the 

various molecular subtypes in gastric cancer (GC) (25,26). As a consequence, a recent study 

reported that a subtype of peritoneal GC cells has a unique gene expression, mutational and 

copy number alteration profile (27). In spite of exhaustive efforts at unveiling the genomic 

and epigenomic landscape of GC, much of this molecular knowledge has had a very little 

impact on the clinical management of disease in patients with GC. In particular, there is 

paucity of data on molecular biomarkers that can predict peritoneal recurrence (PR) and can 

identify peritoneal metastasis (PM) in GC patients – which has important implications for 

the improved disease management and treatment decision-making in this malignancy. In this 

study, we undertook a systematic and comprehensive biomarker discovery and validation 

effort, which led us to identify a 6-gene biomarker panel which predicted PR in patients with 

GC. Furthermore, we established a risk-stratification model that robustly identified high-risk 

patients with peritoneal carcinomatosis – which if identified in a timely manner could 

potentially facilitate appropriate clinical decision-making and improving the treatment 

outcomes in patients with GC.

In our study, we used primary tissue specimen to ascertain the high-risk patients for 

peritoneal carcinomatosis. In patients with a localized disease, surgery remains the preferred 

treatment choice, and it provides adequate specimen for biomarker identification such as our 

PR predicting gene panel as well as pathological analysis. In those with PM, gastrectomy is 

not indicated (28). Instead, tissues should be obtained with endoscopy, which is a safe 

procedure, to confirm the diagnosis and to guide the optimal treatment in all patients with 

GC. The clinical approaches to obtain analytical specimens from these patients should be 

safe and accessible, and not levy extra risk of invasiveness, because post-procedural 

complication can delay the commencement of an optimal therapy and eventually lead to 

treatment failure. From this perspective, a biomarker that can be measured in the primary 

tumor tissue is a suitable option for risk stratification of peritoneal carcinomatosis, 

regardless of the tumor stage (Supplementary Figure S3).

Our study revealed that the 3-year pRFS was 78.0% and 82.8% in the training and validation 

cohorts, which is slightly higher than the 3-year RFS rates of 72~74% observed in patients 

with stage 2 and 3 GC in previous studies (2,29). As our study included more than 10% of 

stage 1 patients with excellent prognosis in both cohorts and survival analysis was assessed 

only based on peritoneal recurrence, prognosis outcomes seemed a bit more favorable than 

the general outcomes reported in gastric cancer.

Gastric cancer with Borrmann type 3 and 4 on gross appearance is typically characterized by 

aggressive tumor infiltration. In particular, with regards to type 4 tumors, they are frequently 

associated with peritoneal recurrence or metastasis. Our results are in line with findings from 

previous studies and this could support the objectivity of clinical cohorts in this study 

(3,30,31).

From a functional viewpoint, various genes in our biomarker panel have been shown to be 

bonafide candidates involved in cancer pathogenesis. For instance, Zinc finger and BTB 
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domain containing 1 (ZBTB1) is an important regulator of translesion DNA synthesis in 

damaged DNA (32). Recently, ZBTB1 was found to be one of the most commonly mutated 

genes in microsatellite instability (MSI) type GC (33). Likewise, epithelial-mesenchymal 

transition (EMT) is a key step for cancer cells to metastasize (34) and Caveolae Associated 

Protein 2 (CAVIN2) is involved in the transforming growth factor β (TGF-β) pathway which 

drives EMT in GC (35). Similarly, Coiled-Coil-Helix-Coiled-Coil-Helix Domain Containing 

3 (CHCHD3), which is involved in mitochondrial cristae structure and organization, is 

associated with PD-1 activity in CD8+ T cell and serglycan which promotes EMT and tumor 

cell aggressiveness (36,37).

To date, the optimal treatment of peritoneal carcinomatosis from GC remains unclear. 

Although systemic or intraperitoneal chemotherapy improves overall survival compared with 

symptomatic care, the prognosis for this malignancy remains unsatisfactory (38). 

Cytoreductive surgery with HIPEC, are considered a safe and effective treatment for various 

cancer types (39,40), including GC. Previous studies reported promising results that this 

comprehensive treatment might provide a long-term survival even without recurrence in 

selected patients with limited metastasis as well as better prognosis than chemotherapy alone 

(41,42). Notably, our biomarker panel was effective in discriminating patients with P0/Cy1 

tumor as well as those with gross carcinomatosis, and might serve as an important modality 

for identifying patients that are eligible for HIPEC treatment.

We would like to acknowledge some of the potential limitations of our study. First, despite 

using multiple clinical cohorts in this study, our study had a retrospective design. Second, we 

were unable to validate the performance of our biomarkers for its diagnostic potential for 

PM in endoscopic biopsy tissues. To overcome these limitations, a prospective multi-

institutional study is required.

In conclusion, through a systematic and comprehensive discovery and validation effort, we 

have developed a novel gene expression biomarker panel that has a potential to predict 

peritoneal recurrence and simultaneously distinguish patients with peritoneal metastasis in 

patients with gastric cancer. We established a risk-stratification model for the identification 

of high-risk patients with peritoneal carcinomatosis – which when diagnosed in a timely 

manner might potentially facilitate appropriate clinical decision-making and improving the 

treatment outcomes in patients with gastric cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

AUC Area under curve

CI Confidence interval

CT Computed tomography

GC Gastric cancer

HIPEC Hyperthermic intraperitoneal chemotherapy

PR Peritoneal recurrence

PM Peritoneal metastasis

ROC Receiver operating characteristic

pRFS Peritoneal recurrence free survival

RT-qPCR Real-time quantitative reverse transcription polymerase chain 

reaction

SMOTE Synthetic minority over-sampling technique

PPV Positive predictive value

NPV Negative predictive value

PLR Positive likelihood ratio

NLR Negative likelihood ratio
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TRANSLATIONAL RELEVANCE

Peritoneal metastasis of gastric cancer is a fatal disease mainly due to delayed detection. 

The limited accuracy of current diagnostic modalities highlights the need of the 

biomarker that can identify patients at high risk of peritoneal recurrence or metastasis to 

improve prognosis of this malignancy. In this study, based on a systematic and 

comprehensive biomarker discovery and validation with multiple clinical cohorts, we 

developed a 6-gene based biomarker panel for identification of high-risk patients with 

peritoneal carcinomatosis. This biomarker panel was remarkably effective for detecting 

peritoneal micro-metastasis, which are ideal candidates for the new treatment, as well as 

predicting recurrence in peritoneal cavity. Moreover, its accuracy was significantly 

enhanced when combined with tumor depth of invasion. This novel transcriptomic 

signature could serve as an important clinical decision-making and potentially facilitate 

appropriate treatment in patients with gastric cancer.
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Figure 1. 
Performance of a 12-gene panel to predict peritoneal recurrence in a genomewide expression 

profiling dataset (GSE62254). (A) An ROC curve illustrating the performance of the gene 

panel, (B) A multivariate analysis, depicting that the gene panel is an independent prognostic 

factor for peritoneal recurrence free survival along with pathologic tumor stage (pStage), (C) 

Improvement in the performance of the biomarker panel to predict peritoneal recurrence 

when combined with pStage, and (D) The Kaplan-Meier curve showing the significant 

survival difference between two risk groups derived from the biomarker.
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Figure 2. 
Performance of the biomarker to predict peritoneal recurrence in clinical cohorts. In the 

training cohort, (A) a risk prediction model that included the 12-gene biomarker panel along 

with clinical factors (T stage and Borrmann type) was established; (B) The performance of a 

reduced 6-gene biomarker panel along with the same clinical variables. (C) A scatter plot 

illustrating the performance of the 6-gene biomarker to discriminate cases with peritoneal 

recurrence (PR) from non-recurrence group (NR). (D) The identical risk prediction formula 

derived from the training phase was validated in an independent cohort, and the ROC curves 

for the 6-gene biomarker and combined gene panel were produced. The biomarker 

consistently stratified the prognosis in (E) the training cohort and (F) the validation cohort in 

the Kaplan-Meier curves.
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Figure 3. 
The 6-gene biomarker’s performance to detect peritoneal metastasis in the peritoneal 

metastasis evaluation cohort. (A) A forest plot demonstrating that the gene panel was a 

significant predictor for peritoneal metastasis (PM) of gastric cancer along with depth of 

tumor invasion (T stage) in multivariate logistic regression. (B) the 6-gene biomarker 

discriminated patients with PM from those without metastasis. The combination of T stage 

improved the performance of the gene panel (arrows indicate grossly disseminated tumor 

deposits on peritoneum). (C) The biomarker successfully identified peritoneal micro-

metastasis of gastric cancer detected by washing cytology as well (no visible or minimal 

cancer is seen). (D) A violin plot exhibited a significant difference in gene expression of 

ZBTB1.
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