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Abstract

Background: Majority of gastric cancers (GC) are diagnosed at advanced stages which contributes towards their
poor prognosis. In view of this clinical challenge, identification of non-invasive biomarker for early diagnosis is impera-
tive. Herein, we aimed to develop a non-invasive, liquid-biopsy based assay by using circular RNAs (circRNAs) as
molecular biomarkers for early detection of GC.

Methods: We performed systematic biomarker discovery and validation of the candidate circRNAs in matched tissue
specimens of GC and adjacent normal mucosa. Next, we translated the discovered circRNA based biomarker panel
into serum samples in a training and validation cohort of GC patients (n = 194) and non-disease controls (n =94)

and evaluated their diagnostic performance. In addition, we measured the expression of circRNAs in serum samples
of pre- and post-surgical GC patients and evaluated the specificity of circRNAs biomarker panel with respect to other
gastro-intestinal (Gl) malignancies.

Results: We identified 10-circRNAs in the discovery phase with subsequent validation in a pilot cohort of GC tissue
specimens. Using a training cohort of patients, we developed an 8-circRNA based risk-prediction model for the diag-
nosis of GC. We observed that our biomarker panel robustly discriminated GC patients from non-disease controls with
an AUC of 0.87 in the training, and AUC of 0.83 in the validation cohort. Notably, the biomarker panel could robustly
identify even early-stage GC patients, regardless of their tumor histology (diffuse vs. intestinal). The decreased expres-
sion of circRNAs in post-surgery serum specimens indicated their tumor-specificity and their potential source of origin
in the systemic circulation.

Conclusions: We identified a panel of 8-circRNAs as non-invasive, liquid-biopsy biomarkers which might serve as
potential diagnostic biomarkers for the early detection of GC.
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Introduction

Gastric cancer (GC) is the fifth most-commonly diag-

nosed cancer, and as per GLOBOCAN 2020 reports, this

malignancy ranks as the fourth leading cause of cancer-
< ; o related deaths worldwide [1]. It was reported that in the
! Doer;rjzsr?r?wznfg?er\}ls{g?jgg)ia;nrgstics and Experimental Therapeutics, United States, almost one third of patients with GC are
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remains the gold standard for screening and diagnosing
patients with GC. However, the invasive nature of endos-
copy results in patient discomfort and can sometimes
lead to serious complications [3, 4]. Nonetheless, in a few
East Asian countries, endoscopy is available at an afford-
able cost and has allowed establishment of nationwide
endoscopic surveillance programs. These GC screening
programs have been clinically significant, as they have
facilitated early detection of GC, and have allowed timely
treatment interventions which has resulted in an overall
improved prognosis for this malignancy [5, 6]. Notewor-
thily, the conventional serological tumor markers such as
carcinoembryonic antigen (CEA), carbohydrate antigen
(CA) 19-9 and CA 72-4 are inadequate for detecting
GC due to their poor sensitivity and specificity [6]. The
lack of availability of clinically actionable and noninvasive
screening modalities remains one of the critical barriers
for improving the early detection of GC, highlighting the
need to develop noninvasive, affordable and robust bio-
markers that can be implemented globally for the timely
and early detection of gastric neoplasia.

Research efforts in this regard in the recent years aimed
at the development of such noninvasive biomarkers have
mostly been based on measuring the expression of vari-
ous circulating noncoding RNAs (ncRNAs), primarily
microRNAs (miRNAs) and long noncoding RNAs [7-15].
However, in more recent years, emerging evidence indi-
cates that another class of ncRNAs, defined as circular
RNAs (circRNAs), might actually offer a highly, an even
more robust cancer detection [16], including GC. The
circRNAs are single-stranded ncRNAs that are produced
from pre-mRNAs through transcriptional back-splicing
[17]. Based upon their functional relevance, it seems that
they primarily act as ‘miRNA sponges’ which allows them
to control the expression of various growth-regulatory
genes that are downstream targets of various miRNAs
[17-19]. Intriguingly, just in the past few years, several
circRNAs have been identified that play a pivotal role
in the pathogenesis of multiple human cancers includ-
ing GC [20, 21]. From a clinical biomarker perspectives,
these have garnered increasing attention because of their
inherent circular configuration, which makes them resist-
ant to RNase-mediated degradation and allows them to
be easily detectable in a variety of body fluids with a high
degree of tissue specificity [22, 23] — which are some of
the ideal and much needed characteristics required for
the development of clinically robust biomarkers.

However, the current landscape for the development of
circRNA-based diagnostic biomarkers is still young and
suffers from various shortcomings, including the use of
non-comprehensive biomarker discovery approaches,
the lack of translation of the tissue-based discovered bio-
markers into blood (serum or plasma), and the failure
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to validate biomarkers in independent cohorts of clini-
cal specimens [24]. In order to address these important
gaps in knowledge and shortcomings of existing litera-
ture, in the present study we conducted a systematic and
comprehensive biomarker discovery approach, followed
by the validation and development of these biomark-
ers as a noninvasive, liquid biopsy-based assay for the
early detection of GC. Accordingly, we were success-
fully established an 8-circRNA biomarker panel that not
only enables early detection of patients with GC but was
significantly specific and superior than currently used
classic tumor markers for the early detection of gastric
neoplasia.

Methods

Study design and patient cohorts

The overall workflow for this study is illustrated in Sup-
plementary Fig. 1. The study comprised of a systematic
and comprehensive biomarker discovery, followed by
multiple validation phases. For the biomarker discov-
ery phase, we analyzed circRNA expression profiling
data from two independent datasets (GSE89143 and
GSE83521). All expression profiling data were down-
loaded from the Gene Expression Omnibus (GEO) data-
base. Given the small number of patients used in each
dataset, we combined these data together for the bio-
marker discovery efforts. Following biomarker discovery,
we interrogated the expression of candidate circRNAs
in a pilot cohort of 28 matched GC and adjacent normal
mucosal (ANM) tissues by real-time quantitative poly-
merase chain reaction (RT-qPCR). These specimens were
obtained from patients enrolled at Kumamoto University,
Japan, between 2008 and 2009. The clinicopathological
details of the cohorts are presented in Supplementary
Table 1.

For the translation of tissue-based biomarkers into a
liquid biopsy-based assay, serum samples from two ret-
rospective cohorts of patients with GC along with non-
disease controls were analyzed. The training cohort
consisted of 92 patients with GC and 46 endoscopically
negative patients (non-disease controls) enrolled at the
Kumamoto University, Japan, between 2010 and 2015.
The second validation cohort consisted of serum speci-
mens from 102 GC patients and 48 non-disease control
subjects enrolled at the Mie University Graduate School
of Medicine, Japan, between 2006 and 2017. The clin-
icopathological details of the cohorts are presented in
Supplementary Table 2. In addition, we also analyzed an
independent cohort of 24 GC patients, who were enrolled
prospectively, from whom we obtained serum specimens
prior to curative surgery and 3-month post-surgery. All
of these prospectively recruited patients were enrolled
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during March 2017-March 2018 at the Nagoya Univer-
sity, Japan.

Finally, in order to evaluate the specificity of candidate
circRNAs for GC, we compared the performance of our
biomarker panel with other gastrointestinal (GI) cancers
such as colorectal cancer (CRC), esophageal squamous
cell carcinoma (ESCC), pancreatic ductal adenocarci-
noma (PDAC) and hepatocellular cancer (HCC). For
these analysis, the expression of the final circRNA panel
was examined in serum specimens from 20 patients with
each of the GI cancers by RT-qPCR. For CRC and ESCC,
serum specimens were collected from patients enrolled
at the Mie University Graduate School of Medicine,
Japan, between 2014 and 2016. For PDAC, serum speci-
mens were collected from patients enrolled at the Nagoya
University, Japan, between 2012 and 2014 and for HCC
serum specimens were collected from patient enrolled at
the Hokkaido University, Japan, between 2008 and 2009.

Discovery of candidate circRNAs using genomewide
circRNA expression profiling datasets

In the discovery phase we first analyzed circRNA expres-
sion profiling data using two different GEO datasets
to identify candidate circRNAs associated with GC.
Among them, GSE89143 contained circRNA expres-
sion data from 3 patient matched GC and ANM tissues,
and GSE83521 which comprised of circRNA expression
profiling from 6 patient matched GC and ANM tissues.
First, we performed principal component analysis (PCA)
plot analysis of the two datasets and observed one out-
lier specimen which was excluded from further analy-
sis. Next, we used ComBat parametric adjustment to
remove any batch effects within the microarray datasets
and performed differential expression analysis using
the limma package in R [25]. The candidate circRNAs
were initially selected based on the following criteria of
log,-fold change of >1 and Benjamini Hochberg-adjusted
p <0.05. However, to improve our probability of success-
ful validation of the biomarkers, we prioritized circRNA
candidates with a log,-fold change >2; hence using more
stringent criteria for selecting candidates for subsequent
validation.

RNA extraction and circRNA expression analysis

Total RNA was isolated from fresh frozen surgical
tumor tissues, adjacent normal mucosa and 200 pl of
serum specimens by using RNeasy mini kit (Qiagen,
Hilden, Germany) and miRNeasy Serum/Plasma Kit
(Qiagen) respectively. cDNA synthesis was performed
using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA). The diver-
gent primers for candidate circRNAs were designed by
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using CircInteractome database [26]. The expression of
circRNAs was evaluated by RT-qPCR assays. The RT-
qPCR assays were performed using the SensiFAST""
SYBR® Lo-ROX Kit (Bioline, UK) on the Quantstudio
7 Real-Time PCR System (Applied Biosystems). The
relative expression levels of target circRNA was nor-
malized against -actin and fold change was calculated
using the 22T method. The fold change values were
log transformed for further analysis [27]. The sequences
of the primers are presented in Supplementary Table 3.
In order to confirm the specificity of divergent primers
and stability of circRNAs, we have used a two-pronged
approach. We not only used a primer design that used
splice-site junctions, but also used RNase R treatment
to rule out any amplification of linear RNAs. First, total
RNA was isolated from AGS gastric cancer cells using
the RNeasy mini kit (Qiagen). Thereafter, 2 ug of total
RNA was incubated for 15min at 37°C in presence or
absence of 5U/ug RNase R (Epicenter Technologies,
Madison, WI, USA). The resulting RNA was purified
using RNeasy MinElute Cleanup Kit (Qiagen) and the
circRNA expression levels were measured by RT-qPCR.

Statistical analysis

All statistical analyses were performed using the R ver-
sion 4.0.3, MedCalc Statistical Software version 20.009
(MedCalc Software Ltd., Ostend, Belgium) and Graph-
Pad Prism 8 software (La Jolla, CA). Differential cir-
cRNA expression profiling was performed through the
limma package in R and the resulting p values were
adjusted using the Benjamini Hochberg’s method. The
logistic regression analysis was also performed using
Medcalc. Area under the curve values (AUCs) derived
from the receiver operating characteristic (ROC)
curves were calculated with CIs using the pROC pack-
age in R and ROC curves were compared using DeLong
tests in the pROC package. All ROC curves presented
in our results are shown with 95% CI. The CI was cal-
culated by 2000 bootstrap replicates. The optimal cutoff
points for ROC curves were determined using Youden’s
index in the pROC package. The sensitivity, specific-
ity, positive predictive value (PPV), negative predictive
value (NPV), precision and accuracy of circRNAs based
biomarker panel were calculated across all the cohorts
using the report ROC package. Kruskal-Wallis test was
performed to assess the statistical significance between
early stage, late stage and non-disease controls based
on their risk score. A paired t test (one-sided) was used
to compare gene expression levels between serum sam-
ples collected pre- and post-surgery. A p <0.05 or less
was considered as statistically significant.
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Results

Genome-wide transcriptional profiling identifies

circRNAs as candidate biomarkers to distinguish GC

from adjacent normal mucosal tissue specimens

First, we undertook a systematic and comprehensive
analysis to identify circRNA biomarker candidates by
analyzing two genome-wide circRNA expression profil-
ing datasets from patients with GC. Based on differen-
tial expression analysis, we identified 53 upregulated and
26 downregulated circRNAs (log,FC>1 and adjusted p
value <0.05), which are illustrated as a volcano plot in
Fig. 1A. Considering that we sought to develop a blood-
based non-invasive assay, we prioritized circRNAs that
were over-expressed in GC tissues vs. adjacent normal
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mucosa (ANM), and represent these as a heatmap in
Fig. 1B. In addition, in order to develop a clinically fea-
sible assay with a high sensitivity for diagnosing GC, we
further increased the stringency for biomarker prior-
itization. Accordingly, we selected circRNAs that were
more robustly expressed in the GC vs. ANM tissues and
exhibited a log,FC>2, which led to the identification of
10 candidate circRNAs (Fig. 1C). Next, we performed
ROC analysis to evaluate the performance of these cir-
cRNA biomarkers as a combination panel for its ability
to discriminate GC tissues from ANM. These analysis
revealed that this biomarker panel possessed robust diag-
nostic potential and exhibited an AUC of 1.00 (95% Con-
fidence interval (CI):1.00-1.00, p <0.001; Fig. 1D); hence,
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highlighting its remarkable diagnostic potential for the
identification of patients with gastric neoplasia.

Validation of the circRNA biomarker panel for its
discriminatory potential in GC vs. adjacent normal mucosal
tissues

Prior to the validation of the identified candidate circRNAs, we
ensured the specificity of our assays to specifically amplify circR-
NAs by performing RT-qPCR assays on the RNA templates that
underwent RNAse-R digestion. In these experiments, we observed
that all 10 candidate circRNAs were resistant to RNase-R diges-
tion and were successfully amplified by the circRNA-specific diver-
gent primers. Next, we evaluated the performance of 10 circRNA
biomarker panel in a tissue-based pilot cohort comprising of 28
tissue specimens from GC patients along with their correspond-
ing ANM by RT-qPCR. The results were further examined by
ROC curve analysis to determine the diagnostic power of the
biomarker panel individually and in combination for their abil-
ity to discriminate GC from ANM. The logistic regression analy-
sis revealed that while individual circRNAs were quite robust,
the diagnostic performance of the circRNA biomarker panel
was significantly superior and yielded an AUC value of 0.94 (95%
CI:0.88—1.00, Sensitivity 75%, Specificity 100% and p <0.001; Fig. 2A
and Supplementary Table 4). We further calculated the risk prob-
ability based on coefficients of individual circRNAs and the con-
stant derived from logistic regression model as follows: [(2.11568 X
hsa_circ_0045602)+(1.67753 X hsa_circ_0008768)+(0.60306 X
hsa_circ_0004339)+(—1.25341 X hsa_circ_0007380)+(2.00083 X
hsa_circ_0002019)+(0.93924 X hsa_circ_0055521)+(—049699 X
hsa_circ_0006089)+(—0.076325 X hsa_circ_0034398)-+(— 065303
X hsa_circ_0052001)+(—0.30216 X hsa_circ_0001013)+-11.24948.
Subsequently, we performed the waterfall plot analysis by dichoto-
mizing the patients based on Youden'’s index derived cutoff value of
risk probability (Fig. 2B); which once again confirmed that the 10
circRNA panel was quite robust in discriminating between GC vs.
ANM ftissues.

Successful translation of tissue-based circRNA panel

into a liquid-biopsy based assay in a training cohort

of gastric cancer patients

The primary objective of our study underlies the devel-
opment of a liquid-biopsy based assay for the early-
detection of patients with GC. In this regard, we next
interrogated the feasibility of translating our tissue based
circRNA biomarker panel into a liquid-biopsy based
assay by measuring their expression in serum specimens
obtained from a training cohort of 92 patients with GC
and 46 non-disease controls. We observed that two cir-
cRNAs, hsa_circ_0055521 and hsa_circ_0004339, did
not express in serum specimens and hence we excluded
them from further analysis. We thereafter determined
the expression levels of the remaining 8 circRNAs by
RT-qPCR assays and analyzed their diagnostic potential
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by developing a logistic regression model. We observed
that 8-circRNA biomarker panel distinguished patients
with GC from non-disease control subjects, with an
AUC value of 0.87 (95% CI: 0.82—0.93, sensitivity 78.3%,
specificity 78.3%, p <0.001; Fig. 2C and Supplementary
Table 5). In order to check the robustness of individual
circRNAs to diagnose GC we also performed univariate
analysis. It was observed that 6 of the 8 circRNAs exhib-
ited a significant association in discriminating GC, while
the other two had a p <0.1 (Supplementary Table 6).

Next, we calculated the risk probability based on coefficients for
individual circRNAs which were derived from the logistic regression
model as follows: [(0.86593 X hsa_circ_0045602)+(0.77243 X hsa_
circ_0008768)+(0.37127 X hsa_circ_0007380)4(047991 X hsa_
circ_0002019)+(—0.099920 X hsa_circ_0006089)+(—0.010309 X
hsa_circ 0034398)+(—0.095420 X hsa_circ 0052001)+(0.65834
X hsa_circ_0001013)+8.27655]. In addition, we also calculated
other diagnostic indicators for the performance of this biomarker
panel in the serum training cohort, which included sensitivity,
specificity, PPV, NPV and accuracy in discriminating GC patients
from relevant controls (Table 1). It was observed that liquid biopsy
based circRNA biomarker panel exhibited sensitivity of 0.78, speci-
ficity of 0.78, accuracy of 0.78 in order to discriminate GC patients
from non-disease controls. Based upon this regression model, all
GC cases were further dichotomized based on the Youden's index
derived cutoff value of the risk probability and performed waterfall
plot analysis to demonstrate the performance of 8-circRNA panel
to distinguish GC patients from non-disease controls (Fig. 2D).
These results demonstrated the 8-circRNAs based biomarker
panel can successfully discriminate GC patients from non-disease
controls.

The liquid-biopsy based circRNA panel robustly identifies
patients with GCin an independent validation cohort
Following development of the 8-circRNA based risk
prediction formula in the training cohort, we further
validated its diagnostic performance in serum speci-
mens obtained from an independent cohort of 102 GC
patients and 48 non-disease controls. In this case, we
calculated risk probability by using the coefficients of
each individual circRNA and constant obtained from
the logistic regression model established in the serum
training cohort. Consistent with our data from the
training cohort, the 8-circRNA biomarker panel yet
again performed remarkably well and robustly dis-
tinguished patients with GC from controls with an
impressive AUC of 0.83 (95% CI 0.77-0.90), Sensi-
tivity of 0.89, specificity of 0.62 and accuracy of 0.81
(Fig. 2E, Table 1 and Supplementary Table 7). These
result was further confirmed by using waterfall plot
analysis by dichomatizing the entire cohort based on
Youden’s index derived cutoff value of the risk probabil-
ity (Fig. 2F).
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To further assess the clinical significance of our bio-
marker panel, we next carried out decision curve analysis
(DCA) and calibration plots. The DCA revealed that our
circRNA based biomarker panel achieved a significantly
higher net benefit than the conventional strategy of treat-
ing all the patients or none of the patients across most
ranges (Supplementary Fig. 2A). Likewise, the calibration
plots were in agreement with regards to the observed
vs. predicted probability of treatment (Supplementary
Fig. 2B). While a slight overestimation for diagnosis
of GC was observed when the predicted probabilities
were high (>0.8), overall our results highlighted that our

8-circRNA panel fared remarkably well in its ability to
identify patients with GC.

The non-invasive circRNA panel robustly identifies patients
with the earliest stages of gastric cancer

The early detection of cancer is utmost necessary to
improve the survival outcomes in patients with GC.
Hence, we evaluated the performance of 8-circRNA
panel in patients with early stages of disease (stage I & II)
and observed that in the training cohort of patients, these
markers exhibited an AUC of 0.87 (95% CI 0.80-0.93),
Sensitivity 0.77, Specificity 0.78 (Fig. 3A and Table 1).
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These results were subsequently confirmed in the vali-
dation cohort, where the performance of the biomarker
panel was quite comparable with an AUC of 0.82 (95%
CI 0.74-0.89), Sensitivity 0.89, Specificity 0.6 (Fig. 3C
and Table 1). Furthermore, we calculated the risk scores
derived from the logistic regression model and compared
these in early (stage I & II) vs. late stages (stages III & IV)
relative to the non-disease control subjects. It was quite
reassuring to observe that our biomarker panel success-
fully identified patients even with the earliest stages of
disease in the serum specimens obtained from the GC
patients in the training (Median Risk score in Controls
—0.7068, Early stage 2.04 Late stage 2.20, Kruskal-Wallis
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test p <0.0001; Fig. 3B) as well as in independent valida-
tion cohorts (Median Risk score in Controls 0.17, Early
stage 2.60, Late stage 3.12, Kruskal-Wallis test p <0.0001;
Fig. 3). These results highlight that our 8-circRNA panel
is not only optimal for identifying patients with all
stages of GC but is equally robust in the identification of
patients with the earliest disease stages.

The circRNA panel successfully identified patients

with gastric cancer irrespective of tumor histology

Next, we questioned whether our biomarker panel might
perform better in specific subgroups of GC patients based
upon their tumor histology, diffuse vs. intestinal. It was
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interesting to note that our biomarker panel performed evaluated its performance in a prospective cohort of
comparably for the identification of diffuse GC relative  serum specimens obtained from a subset of patients
to controls with an AUC of 0.85 (95% CI 0.77-0.92), Sen-  where we obtained a baseline serum sample (pre-sur-
sitivity 0.89, Specificity 0.61 and intestinal GC relative to  gery) and a follow-up specimen 3 months after curative
controls with an AUC of 0.90; (95% CI 0.84—0.96), Sensi-  surgery (post-surgery). It was interesting to note that 7
tivity 0.83, Specificity 0.8 in the training cohort (Fig. 4A;  of 8 circRNA markers exhibited a statistically significant
left panel). These results were subsequently validated decrease in expression in post-surgery serum specimens
in the serum specimens from the independent valida-  (Fig. 4B). Furthermore, we calculated the risk prob-
tion cohort, where this panel was equally impressive in  ability in this subset of patients and observed an over-
the identification of diffuse GC (AUC=0.84; 95% CI  all significant reduced risk probability in post-surgery
0.77-0.92, Sensitivity 0.63, Specificity 0.94) and intestinal =~ serum specimens (p <0.01; Fig. 4C). These data are quite
(AUC=0.83; 95% CI 0.77-0.92, Sensitivity 0.92, Speci- encouraging as they reinforce the specificity of our bio-
ficity 0.62) types of gastric cancers (Fig. 4A; right panel); markers for GC, wherein once the gastric cancer was
highlighting the ability of our biomarker panel for the surgically resected, the levels of these biomarkers signifi-

diagnosis of GC across all histologic subtypes. cantly decreased in systemic circulation in the post-sur-
gery serum specimens.

The circRNA panel exhibited remarkable specificity In the second approach, we evaluated the diagnostic

for gastric cancer compared to other gastrointestinal performance of our 8-marker panel in the serum speci-

cancers mens from not only the patients with GC, but also other

To further evaluate the specificity of our 8-circRNA  gastrointestinal (GI) cancers including colorectal can-
panel, we used a two-pronged approach. First, we cer (CRC), pancreatic ductal adenocarcinoma (PDAC),
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esophageal squamous cell carcinoma (ESCC), hepatocel-
lular cancer (HCC) and non-disease controls. It was fas-
cinating to observe that our 8-circRNA panel exhibited
a significantly higher diagnostic accuracy for the identi-
fication of patients with GC (AUC =0.84) vs. all other GI
cancers (CRC, 0.53; ESCC, 0.68; HCC, 0.58; and PDAC,
0.55; Fig. 4D). The DeLong’s test also revealed that the
circRNA panel was highly specific for GC diagnosis
vs. other GI cancers (compared with GC, p =0.0016
for CRC, p =0.011 for ESCC, p =0.0010 for HCC and
p =0.0010 for PDAC). Collectively, these results indicate
that our 8-circRNA biomarker panel is highly specific for
the identification of patients with GC vs. other GI malig-
nancies, even as a blood-based, non-invasive assay.

Discussion

Despite recent advances in the treatment strategies, the
mortality rates associated with GC still remain quite
high, primarily because most of the patients with this
disease are diagnosed at very advanced stages when the
curative options are limited [28]. Although endoscopic
surveillance has been established in many East Asian
countries for GC screening, due to its invasive nature,
high cost, patient discomfort, and lower incidence rates,
their adaptation as GC screening approaches glob-
ally has been challenging [3, 4]. Nonetheless, given the
high degree of morbidity and mortality rates associated
with GC worldwide, there is an urgent need to possibly
develop rapid, inexpensive and non-invasive approaches
for the early detection of patients with GC. While vari-
ous transcriptomic biomarkers have been pursued over
the past decade in this regard, recent evidence indicates
that compared to mRNAs and miRNAs, circRNAs are far
more abundant, less prone to degradation due to their
circular configuration, and are easily detectable in tis-
sues, blood, and other body fluids — making them ideal
candidates as non-invasive biomarkers [16]. Accordingly,
in the present study, we undertook a comprehensive and
systematic biomarker discovery and validation approach
to develop circRNAs as liquid biopsy-based biomarkers
for the early detection of GC.

We performed biomarker discovery by analyzing
expression profiling datasets, which led us to identify
10 circRNAs which were significantly upregulated in
patients with GC vs. matched adjacent normal mucosa
tissues. Next, we translated these tissue-based markers
into a liquid biopsy assay in blood and evaluated their
performance in multiple, independent, serum-based clin-
ical cohorts of patients with GC and non-disease control
subjects. After rigorous training and validation of mark-
ers in serum, we established an 8-circRNA biomarker
panel that robustly identified patients with GC, includ-
ing those with early stage of tumors (stage I & II), as well
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as regardless of their histological subtype (diffuse and
intestinal).

To demonstrate the specificity of our markers for GC,
we observed a significant decrease in expression of cir-
cRNA biomarkers in serum specimens that were col-
lected after 3 months of curative surgery vs. pre-surgery
specimens. Importantly, the expression of these mark-
ers were also associated with reduced risk probability
among the GC patients post-surgery. Together, these
results highlighted that once the tumors were surgically
resected, this led to the decline in the expression of these
biomarkers in systemic circulation in post-surgery speci-
mens. Furthermore, we demonstrate that our circRNA
panel exhibited highest diagnostic potential in patients
with GC vs. other GI malignancies, highlighting the
robustness of our biomarker panel for its clinical applica-
tion for the early detection of patients with GC.

With regards to the functional relevance of the cir-
cRNAs in our biomarker panel, we observed that these
circRNAs serve as transcripts of several key genes associ-
ated with pathogenesis in cancer. The details of the dif-
ferentially expressed circRNAs and the corresponding
genes, their genomic length, spliced sequence length,
RNA binding protein sites and function are presented
in more detail in Supplementary Table 8. We noted that
most of the circRNAs (except hsa_circ_0052001) exhib-
ited active interaction with RNA binding protein EIF4A3.
As shown in the literature, EIF4A3 is a DEAD box pro-
tein, is characterized by the conserved motif Asp-Glu-
Ala-Asp (DEAD), and is reported to act as a putative RNA
helicase [29]. This protein has been implicated in several
cellular processes involving alteration of RNA second-
ary structure, such as translation initiation, nuclear and
mitochondrial splicing, and ribosome and spliceosome
assembly. Previous studies have also reported strong
associations of EIF4A3 with different cell cycle regulatory
genes (CDK1 and CDK2), tumor-associated transcription
factors, chemokine signaling pathways and spliceosome
signaling pathways [30-33]. Furthermore, we performed
literature mining to enlist the biological function of these
circRNAs based on existing literature and observed that
majority of these circRNAs were reported to be associ-
ated with cell proliferation, migration and invasion in GC
[34-38].

In addition, we would like to acknowledge some of the
limitations of our study. First, we used microarray-based
datasets to discover candidate circRNAs, since there is a
limited availability of sequencing datasets for GC. Sec-
ond, we prioritized circRNAs that were overexpressed in
tissue specimens of GC patients and further translated
these in serum specimens for developing the liquid-
biopsy assay for GC. However, recent reports have also
suggested that downregulation of certain circRNAs, such
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as circYAP1 and circFAT1(e2), were also associated with
poor prognosis in GC [39, 40]. Third, our study primar-
ily included patient specimens from Asian cohorts; hence
a multinational study with larger sample size might be
required to further evaluate the performance of biomark-
ers prior to their translation into routine clinical practice.

Conclusion

In conclusion, our study provides a novel and promising
evidence for the significance of circRNA-based biomark-
ers for their clinical application as non-invasive, high-
throughput and inexpensive liquid biopsy biomarkers
for the early detection of patients with GC, especially in
countries where endoscopic surveillance is not a routine
screening modality for this malignancy.
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