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Abstract

Background: Exosomal long non-coding RNA (IncRNA) has been shown to be poten-
tial biomarker for cancer diagnosis and follow up. However, little is known about its
application in esophageal squamous cell carcinoma (ESCC) detection. Here, we sought
to develop a novel diagnostic model based on serum exosomal IncRNAs to improve
ESCC screening efficiency.

Methods: A multiphase, case-control study was conducted among 140 ESCC patients
and 140 healthy controls. Microarray screening was performed to acquire differen-
tially expressed exosomal IncRNAs in the discovery phase. The diagnostic model
Index I was constructed based on a panel of three IncRNAs using logistic regression in
the training phase, and were confirmed in a subsequent validation phase. A receiver
operating characteristic (ROC) curve was generated to calculate the diagnostic value.
The effects of the selected IncRNAs level on ESCC mortality were evaluated using a
Cox hazard regression model and Kaplan-Meier curve analysis, and the expression
level with clinicopathological features was also calculated. Finally, we explored the
oncogenic potential of candidate IncRNA RASSF8-ASI in vitro and by target mRNA
sequencing.

Results: Index I was able to discriminate ESCC patients from healthy controls, and
showed superiority to classic tumor biomarkers. Moreover, serum levels of the exoso-
mal IncRNAs correlated with clinicopathological features and prognosis. The in vitro
assays showed that RASSF8-AS1 played an oncogenic role in ESCC. Target mRNA
scanning results suggested involvement of RASSF8-ASI in tumor immunity and
metabolism.
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Conclusion: The newly identified serum exosomal IncRNAs could be used as new bio-
markers for ESCC, and showed oncogenic potential in ESCC.
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INTRODUCTION

Esophageal cancer is the eighth most common cancer and
the sixth leading cause of malignancy deaths worldwide.'
Squamous cell carcinoma is the main pathology type in
China. The current standard for esophageal squamous cell
carcinoma (ESCC) diagnosis depends on endoscopy and
pathological biopsy.> However, the operation is relatively
invasive and uncomfortable, resulting in delay or missing
the best chance for most ESCC diagnosis and therapy. Lig-
uid biopsy provides an alternative way of ESCC screening,
but the traditional biomarkers used in the diagnosis of
ESCC, such as serum squamous cell carcinoma antigen
(SCC), cancer antigen 125 (CA125), carcinoembryonic anti-
gen (CEA), and cytokeratin-19-fragment (CYFRA21-1),>*
lack enough sensitivity and specificity, which limits their
clinical application. For example, SCC may be also applied
in other types of squamous cell carcinoma, such as lung,
head and neck, and cervical squamous cell carcinoma. CEA
is mainly used for the detection of colorectal cancer, while
CYFRA21-1 is usually used as a biomarker for diverse
subtypes of lung and bladder cancer.

Exosomes are small (50-150 nm) membrane vesicles
inside the cell, which may fuse with the membrane and are
then released into the circulation.™® They are detected in
various body fluids such as serum, plasma, urine and
saliva.”® Exosomes execute communication functions inter-
cellularly by transporting various biomolecules (such as
DNAs, RNAs and proteins),”'® and the contents are pro-
tected by a phospholipid bilayer, making them suitable for
liquid biopsy. Long noncoding RNAs (LncRNAs) is one of
the exosome cargos, = and previous studies considered that
IncRNAs in exosomes may be more stable for exosome pro-
tection against RNase.'>'> LncRNAs detected in body fluids
have been shown to be ideal noninvasive biomarkers for
cancer diagnosis and prognosis. For example, IncRNA
HOTAIR and SBF2-AS1 in serum exosomes have been
implicated for the diagnosis and prognosis assessment of
glioblastoma.'*'® Similarly, Xu et al.'® found in an indepen-
dent cohort study that ENSG00000258332.1 and LINC00635
in serum had higher sensitivity and specificity for the diag-
nosis of hepatocellular carcinoma in combination with AFP.
Recently, Tao et al.'” found that the expression levels of
TBILA and AGAP2-AS1 in the serum of NSCLC patients
were significantly increased, and the combination with
serum tumor biomarkers could further improve the diag-
nostic accuracy of NSCLC patients. Compared with the
increasing evidence for exosomal IncRNAs in other types of
cancer, little is known about their roles in ESCC. Further-
more, it has previously been reported that a joint model

based on the union of multiple biomarkers may improve the
diagnostic power, which prompted our study design.'®"’

Here, we used a multistep study to investigate the possi-
bility that novel serum exosomal IncRNAs act as potential
biomarkers for ESCC detection. We selected candidate
IncRNAs by integrating microarray results derived from
serum and tissue samples separately, as a previous study
reported that serum exosomal IncRNAs may be derived
from tumor tissues. We deduced that the IncRNAs simulta-
neously overexpressed in serum and tissue samples may be
more likely to meet the criteria. Finally, a diagnostic model
based on three IncRNAs panel was established and the asso-
ciation of the novel panel with clinicopathological features
or prognosis was also evaluated. Furthermore, we found
involvement of candidate IncRNA RASSF8-AS1 in ESCC
malignant phenotypes, and the combined results provide
new insights into ESCC diagnosis and target therapy.

METHODS
Patients and samples

From 2017 to 2021, 140 ESCC patients and 140 healthy
individuals were randomly recruited from Jinling Hospital
of Nanjing Medical University, each of whom provided 5 ml
of whole blood at indicated timepoints. Neither patient
received preoperative chemo—/radiotherapy, and the overall
survival (OS) was measured from the date of diagnosis to
the date of death due to any cause or the date of the most
recent follow-up. All patients were followed every 3 months
for the first year, every 6 months for the next 2 years, and
then annually. The end of the follow-up was November
31, 2021. The study was approved by the ethics committee
of Jinling hospital, and all enrolled participants signed
informed consent. All serum samples were stored at —80°C
until use for total RNA extraction. The pathological stage
was determined according to the eighth edition of the Union
for International Cancer Control TNM staging system.

Exosome extraction and identification

A total of 1.5 ml of serum was centrifuged at 2000 x g, 4°C
for 30 min, and the supernatant was then recentrifuged at
10 000 x g, 4°C for 45 min. The supernatant was then col-
lected and filtered through a membrane of 0.22 pm pore
size. The filtrate was collected and further subjected to ultra-
centrifugation at 10 000 x g, 4°C for 70 min. The precipi-
tate was resuspended in 10 ml of precooling 1 x PBS, and
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ultracentrifugation repeated. Finally, the precipitate was
resuspended in 1.5 ml of precooling 1 x PBS. The isolated
exosomes were characterized using transmission electron
microscopy (TEM). Exosome concentration-particle size
testing (nanoparticle tracking analysis [NTA]) was per-
formed by Zeta View (Particle Metrix Ltd.).

RNA extraction and quantitative real-time PCR
(QRT-PCR)

RNA was extracted from exosomes or tissues using an exo-
some RNA isolation kit according to protocols (Invitrogen).
The extracted RNA was synthesized into cDNA by the Pri-
meScript RT Master Mix (Takara). RT-qPCR was performed
to detect the relative RNA levels of target genes. f-actin was
used as an internal reference gene for analysis. The relative
expression levels of the IncRNAs were calculated using
2 AACt2021 The sequences of primers used for QRT-PCR of
the IncRNAs are listed in Table SI.

Microarray screening and analysis

Microarray screening was performed with Arraystar
LncRNA_8 x 60 k  (Arraystar), which contains both
IncRNA and mRNA probes. Sample labeling and array
hybridization were performed according to the Agilent One-
Color Microarray-Based Gene Expression Analysis protocol
(Agilent Technology). Agilent Feature Extraction software
(version 11.0.1.1) was used to analyze acquired array images.
Quantile normalization and subsequent data processing
were performed using the GeneSpring GX version 12.1 soft-
ware package (Agilent Technologies). After quantile normal-
ization of the raw data, LncRNAs and mRNAs that at least
four out of eight samples have flags in Present or Marginal
(“All Targets Value”) were chosen for further data analysis.
Differentially expressed LncRNAs and mRNAs with statisti-
cal significance between the two groups were identified
through p-value/FDR filtering.

Cell culture

Esophageal squamous cell carcinoma cell lines (TE1, TE13,
KYSE150, KYSE140) and normal human esophageal epithe-
lial cells (HET-1A) were obtained from the Shanghai Insti-
tutes for Biological Sciences (Shanghai, China). These cells
were cultured in 1640 medium (KeyGene) containing 10%
fetal bovine serum (FBS) (KeyGene), at 37°C in a 5% CO,
atmosphere.

Stability analysis for exosomal IncRNAs panel

Exosome samples (n = 15) were allocated to aliquots for dif-
ferent processing, including storage wunder different

temperature, treated with RNase A, and subjected to freeze—
thaw cycles and acidic/alkaline environments, to test to the
stability of exosomal IncRNAs, which is essential for
clinical use.

Transfection and RNA interfering

Cells were seeded on six-well plates (2 x 10°/well) with
1640 medium supplemented with 10% FBS overnight. Then,
siRNA was transfected at a final concentration of 100 nM
using lipofectamine 2000 (Invitrogen), and 24 h post trans-
fection cells were harvested and subsequently RNA was
extracted by Trizol reagent and the interfering efficiency was
determined by RT-qPCR. Sequences of siRNAs and negative
control are provided in Table S2.

Cell proliferation, migration, and invasion
assays

Transfected cells were collected and grown in 96-well plates
(2 x 10* cells per well) overnight and cell proliferation was
detected using cell counting kit-8 (CCK-8). The reaction
products were measured at 450 nm according to the manu-
facturer’s instructions. For migration/invasion assays,
5 x 10* cells were incubated using Transwell kits (8 mm
PET, 24-well Millicell or matrix-coated inserts
(BD Biosciences). After 24 or 48 h of incubation, cells were
fixed with 4% paraformaldehyde and stained with crystal
violet (Beyotim). Imaging and counting of migrated cells
were conducted by microscopy.

RNA sequencing and enrichment analysis

Cell transfection and RNA interfering were performed as
described above. Then, 24 h post transfection, cells were
harvested and RNA was extracted using Trizol reagent
(Invitrogen). RNA-seq libraries were prepared using the
Mlumina RNA-seq preparation kit and sequenced on illu-
mina nova seq 6000 sequencer. The differentially expressed
RNAs (fold change >1.5, p < 0.05) were retrieved and sub-
jected to gene ontology and KEGG pathway analysis.

Statistical analysis

All data were statistically analyzed with SPSS 26.0 (Chicago)
and visualized with GraphPad Prism version 8.0 (GraphPad
Software). Differences in IncRNAs expression between
groups were determined using the Mann-Whitney unpaired
t-test or paired t-test. The x> or Fisher’s exact test was used
to compare the clinical characteristics of the groups.
Receiver operating characteristic (ROC) curves were used to
assess the diagnostic performance of selected biomarkers.
The optimal cutoff point was determined using Youden’s
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FIGURE 1 Microarray screening results of differential IncRNAs and function prediction. (a) Experimental design overview. (b) Heatmap results of

microarray analysis for four preoperative esophageal squamous cell carcinoma (ESCC) patients and matched normal healthy serum samples. (c) Circos plots
of IncRNAs in the human genome (hg19). The outer tracks represent the cytoband ideogram of chromosome. For the two tracks, the outer one (blue)
represents the levels of IncRNAs in normal tissues and the inner one (red) represents the levels in ESCC tissues. (d) Venn diagram showing consistent
upregulation of five IncRNAs in both microarray analyses. (e, f) Signal pathway networks of mRNAs involved in IncRNAs-mRNAs relationships.

index. DeLong’s test was used to evaluate the statistical sig-
nificance when comparing differences of AUCs. Using the
binary status of enrolled participants (patients or controls)
as the dependent variable, the regression coefficient for each
IncRNA was estimated by a univariate logistic regression
model, and was used as the weighting to construct the diag-
nostic index. The diagnostic index developed in the training
phase was also directly applied to the validation phase to
evaluate the clinical utility of the identified IncRNAs indi-
vidually or in combination. A forward conditional logistic
regression model was used to analyze the association
between selected biomarkers and ESCC mortality. The long-
term prognostic values of selected biomarkers were evalu-
ated using Cox’s hazard regression model and Kaplan-Meier
curve analysis. Univariate analysis was used to explore clini-
copathological factors (i.e., tumor depth, stage, size) associ-
ated with OS. Factors with p-value <0.05 were selected for
the multivariate analysis with Cox’s proportional hazard
regression model, hazard ratio and 95% confidence interval
(CI) were calculated. All p-values <0.05 were considered sta-
tistically significant.

RESULTS
Identification of exosomes in serum

A total of 280 participants, including 140 ESCC patients and
140 healthy controls were enrolled in the study, as shown in
Table S3. To verify whether the exosomes were successfully
isolated from serum, we characterized the isolated exosomes
using TEM and NTA. The results showed that the isolated
exosomes had a bilayer membrane structure (Figure S1 A),
and the particle size distribution of exosomes was about 30-
150 nm in diameter (Figure S1 B), meeting the criteria of
exosome patterns.

Discovery phase: Genome-wide profiling to
identify differentially expressed IncRNAs
between ESCC and healthy individual controls

The overall workflow of this study is illustrated in Figure 1a.
In the discovery phase, we performed LncRNA microarray
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FIGURE 2 Identification of candidate five IncRNAs expression. (a) The expression levels of the five candidate IncRNAs in esophageal squamous cell

carcinoma (ESCC) serum (n = 20) and normal serum samples (n = 20). (b) The expression levels of the five candidate IncRNAs in paired tumors and
adjacent normal tissues (n = 30). (c) The expression levels of the five candidate IncRNAs in ESCC cell lines (TE1, TE13, KYSE140 and KYSE150) and the
human esophageal epithelial cells line (HET-1A). (d-f) Spearman’s correlation analysis between expression levels of IncRNAs in tumor tissues and paired

serum samples of ESCC. *p < 0.05, **p < 0.01 .

analysis on serum exosome samples from four preoperative
ESCC patients and matched healthy controls. The top
100 differential IncRNAs identified in serum exosome sam-
ples from four preoperative ESCC patients and healthy con-
trol are shown in Figure 1b (FDR <0.005, Fold change >2,
GEO accession number: GSE192662). Circos plots globally
and genome-widely displayed kinds of detected IncRNAs in
ESCC and control serum samples (Figure 1c). A previous
microarray comparing five pairs of tumor and paracancer-
ous tissues (GSE89102) was also included for further analy-
sis. To achieve more reliable aberrantly expressed IncRNAs,
we adopted a more restrictive filtering criteria (FDR <0.005,
fold change >5) for both datasets, and integrated the two
datasets to finally obtain five (AC098818.2, RASSF8-AS1,
LINC00958, GMDS-DT and AL591721.1) candidate genes
with significant overexpression in ESCC serum samples and
cancerous tissues (Figure 1d).

To investigate the potential role of the candidate
IncRNAs in ESCC, we analyzed mRNA results from the
same microarray chip derived from serum samples and per-
formed pathway analysis (Figure S2 A-D). By IncRNAs-
mRNA coexpression network analysis, most of the candidate
IncRNAs-related mRNAs could be enriched in pathways
such as MAPK, Ras, Wnt, metabolic pathways and HIF-1q,
which have been identified to be involved in ESCC carcino-
genesis (Figure le,f).

To validate the microarray data, we examined the expres-
sion of five candidate IncRNAs in a pilot cohort containing
serum exosome samples (n = 20 for ESCC and healthy

control separately), and 30 paired tissues, respectively. The
qRT-PCR results showed that the expression of AC098818.2,
RASSF8-AS1 and LINC00958 being significantly increased in
ESCC patients’ serum compared with healthy, while no sig-
nificant difference in the expression of AL591721.1 and
GMDS-DT (Figure 2a). Compared with normal esophageal
tissues, AC098818.2, RASSF8-AS1 and LINC00958 expres-
sion was significantly upregulated in tumor tissues, whereas
the expression level of GMDS-DT was significantly downre-
gulated, and no significant difference was seen in the expres-
sion of AL591721.1 (Figure 2b). Moreover, we examined the
expression levels of these five IncRNAs in ESCC cell lines
(TE1, TE13, KYSE140 and KYSE150) and normal epithelial
cell HET-1A. Compared with HET-1A, the expression of
AC098818.2, RASSF8-AS1 and LINC00958 was upregulated
in the ESCC cell lines, while there was no significant differ-
ence in the expression of AL591721.1 and GMDS-DT
(Figure 2c). Meanwhile, by big data mining through ExoR-
base, we found that AC098818.2, RASSF8-ASI and
LINC00958 were significantly overexpressed in ESCC blood
exosomes compared with healthy donors and other types of
cancers (Figure S3 A-C), indicating excellent specificity in
ESCC screening. By searching in the GEPIA database which
obtained expression data from TCGA, a gradually increased
trend of RASSF8-AS1 expression toward TNM stages was
found (Figure S3 D). Furthermore, we detected expression
level of the three candidates in 12 pairs of serum samples and
corresponding cancerous tissues, and found moderate corre-
lation for each IncRNA (Figure 2d-f).
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Evaluation of stability of exosomal IncRNA in
serum samples under different conditions

Given that stability is a key prerequisite for body fluid tumor
biomarkers, we evaluated the stability of exosomal IncRNAs
in serum samples under different conditions. Serum samples
were subjected to extreme conditions, such as incubation at
different temperatures for 3 h, repeated freeze-thaw cycles,
RNase A digestion for 3 and 6 h, and exposure to acidic or
alkaline environments. Interestingly, these treatments had
little or no effect on the level of these serum IncRNAs
(Figure 3), indicating the IncRNAs panel was valuable for
clinical application.

Training phase: A panel of serum IncRNAs-
based diagnostic indicators Index I

To further investigate the diagnostic ability of the three can-
didate IncRNAs (AC098818.2, RASSF8-AS1 and
LINC00958) for ESCC, we determined the relative expres-
sion levels of these three IncRNAs in serum samples of
40 ESCC patients and 40 healthy individuals and performed
ROC curve analysis to evaluate the diagnostic capability for

each IncRNA alone. The results showed that the expression
levels of these IncRNAs were significantly elevated in ESCC
patients (Figure 4a), with AUC values ranging from 0.69 to
0.78 (Figure 4b). Table S4 summarizes in detail the AUC
values and 95% CI of each individual IncRNA. The optimal
threshold for each IncRNA was determined by the Youden’s
index.”> Serum IncRNA RASSF8-AS1 was the best diagnos-
tic marker, with AUC values of 0.78 and 95% CI: 0.67-0.88,
respectively.

To evaluate whether the expression levels of the
IncRNAs panel could be used to monitor tumor dynamics,
we collected paired serum samples from 20 pre- and postop-
erative patients. By paired comparison, we found that all
three IncRNAs levels descended significantly after surgery
(Figure 4c), reflecting potential utility in tumor burden
monitoring during the therapy period.

Meanwhile, we explored the diagnostic value of several
commonly used tumor markers (CEA125, CA199, CA153,
SCC, NSE, CYFRA21-1) in ESCC detection. The ROC
curves showed that the AUC values of these markers ran-
ged from 0.51 to 0.53 (Figure 4d), and Table S4 showed
that CA199 had the best diagnostic ability with AUC values
of 0.53 and 95% CI: 0.40-0.66, which is inferior to
IncRNAs.
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FIGURE 5 Validation phase: A panel of serum IncRNAs-based diagnostic indicators index I. (a) The expression levels of the three candidate IncRNAs

in esophageal squamous cell carcinoma (ESCC) (n = 80) and control’s serum samples (1 = 80). (b) Receiver operating characteristic (ROC) curves of
candidate IncRNAs to discriminate ESCC from healthy control. (¢) ROC curves of traditional tumor markers. (d) Comparison of the diagnostic performance
of Index I and Index II. (e) Kaplan-Meier survival curves of ESCC patients with low and high Index 1.**p < 0.01.
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Furthermore, we developed logistic regression models
for each IncRNA and commonly used tumor markers, and
calculated the regression coefficients separately. We subse-
quently used the regression coefficients as weights to estab-
lish the combined index. Interestingly, both combined
indices outperformed single IncRNA alone or traditional

TABLE 1 The correlation between the serum Index I expression and
clinicopathological factors of ESCC
High Index I Low Index I
Characteristics n expression expression p-value
Total (%) 140 70 70 —
Sex
Male (%) 109 56 53 0.5414
Female (%) 31 14 17
Age
<65 (%) 44 21 23 0.8668
>65 (%) 96 49 57
Tumor depth
T1-2 (%) 61 24 37 0.0267
T3-4 (%) 79 46 33
Stage
I-11 (%) 65 29 46 0.0040
-1V (%) 75 41 24
Lymph node metastasis
Negative (%) 67 29 48 0.0012
Positive (%) 73 41 22
Tumor size
<10 cm’ 78 38 40 0.1761
=10 cm’ 62 32 30

Abbreviations: ESCC, esophageal squamous cell carcinoma; —, no data available.
Bold values means p-value < 0.05.

biomarkers alone in terms of ESCC detection (Table S4).
Next, we plotted the ROC curves and compared AUC values
by the DeLong’s test.”> Index I had a significantly higher
AUC value than Index II (p = 0.0045) with an AUC value
of 0.84 (95% CI. 0.74-0.91), showing remarkably better
diagnostic performance (Figure 4e and Table S4;
p = 0.0045). The above results suggested that the combina-
tion of these three IncRNAs exhibited superior discrimina-
tory power than traditional biomarkers.

Validation phase: The IncRNAs based model
can distinguish ESCC from healthy control and
the levels of IncRNA panel correlated with
clinicopathological features

We further analyzed the serum IncRNAs levels in 80 ESCC
patients and matched healthy samples. Being consistent with
the results of the training phase, the expression levels of
IncRNAs were significantly higher in ESCC patients than in
healthy individuals (Figure 5a). Then, we plotted ROC
curves to compare the diagnostic performance between
IncRNAs and classic biomarkers, with maximum AUC
values of 0.86 and 0.54 for IncRNAs and classic biomarkers,
respectively (Figure 5b,c). Table S4 showed in detail the
AUC values and 95% CI of IncRNAs and tumor markers
during the training phase.

Being consistent with the results of the training phase,
the IncRNAs-based Index I obtained the greatest diagnostic
performance with an AUC value of 0.86 (95% CI: 0.81-0.92)
(Table S4). In addition, the AUC values of IncRNAs-based
Index I were significantly outperformed to that from Index
IT (Figure 5d and Table S4; p < 0.001).

To investigate Index I related clinicopathological factors,
we collected ESCC patients from the discovery, training, and

TABLE 2 Associations between three serum-derived IncRNAs, classic tumor markers and ESCC mortality

Univariate analysis

Multivariate analysis

Parameters Categories OR (95% CI) p-value OR (95% CI)
Tumor depth T1-2 vs. T3-4 1.763 (0.892-3.485) 0.103 —

Stage I-IT vs. ITI-IV 1.621 (0.832-3.192) 0.162 —

Lymph node metastasis Negative vs. Positive 1.158 (0.591-2.270) 0.67 —

Tumor size <10 cm® vs. >10 cm® 3.354 (1.629-6.907) 0.001 2.560 (1.085-6.043)
RASSF8-ASI expression <Mean vs. >mean 5.062 (2.421-10.555) <0.0001 4.534 (1.894-10.852)
AC098818.2 expression <Mean vs. >mean 0.702 (0.357-1.379) 0.304 —

LINC00958 expression <Mean vs. >mean 0.037 (0.176-0.678) 0.002 —

CEA125 expression <Mean vs. >mean 0.702 (0.357-1.379) 0.304 —

CA199 expression <Mean vs. >mean 0.732 (0.574-2.205) 0.732 —

CA153 expression <Mean vs. >mean 0.790 (0.403-1.550) 0.493 —

SCC expression <Mean vs. >mean 0.702 (0.357-1.379) 0.304 —

NSE expression <Mean vs. >mean 0.623 (0.316-1.227) 0.171 —

CYFRA2 expression <Mean vs. >mean 0.552 (0.280-1.091) 0.087 0.407 (0.177-0.937)

Abbreviations: CI, confidence interval; ESCC, esophageal squamous cell carcinoma; OR, odds ratio; —, no data available.
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TABLE 3 Univariate and multivariate Cox analysis of overall survival in ESCC patients

Univariate analysis

Multivariate analysis

Parameters Categories HR (95% CI) p-value HR (95% CI) p-value
Tumor depth T1-2 vs. T3-4 1.627 (1.039-2.549) 0.033 — —
Stage -1 vs. III-IV 1.465 (0.943-2.276) 0.089 — —
Lymph node metastasis Negative vs. Positive 2.269 (1.457-3.533) <0.0001 — —
Tumor size <10 cm® vs. >10 cm’ 1.091 (0.707-1.684) 0.694 — —
RASSF8-AS1 expression <Mean vs. >mean 2.976 (1.879-4.714) <0.0001 2.976 (1.879-4.714) <0.0001
AC098818.2 expression <Mean vs. >mean 1.020 (0.658-1.582) 0.928 — —
LINC00958 expression <Mean vs. >mean 0.764 (0.490-1.193) 0.236 — —
CEA125 expression <Mean vs. >mean 0.733 (0.474-1.132) 0.161 — —
CA199 expression <Mean vs. >mean 0.903 (0.584-1.395) 0.644 — —
CA153 expression <Mean vs. >mean 0.883 (0.571-1.365) 0.575 — —
SCC expression <Mean vs. >mean 0.733 (0.474-1.132) 0.161 — —
NSE expression <Mean vs. >mean 0.787 (0.509-1.217) 0.282 — —
CYFRA2 expression <Mean vs. >mean 0.887 (0.572-1.377) 0.594 — —
Abbreviations: CI, confidence interval; ESCC, esophageal squamous cell carcinoma; HR, hazard ration; —, no data available.

TABLE 4 The correlation between the serum RASSF8-ASI expression
and clinicopathological factors of ESCC

High Low
RASSF8-AS1 RASSF8-AS1
Characteristics n expression expression p-value
Total (%) 140 70 70 —
Sex
Male (%) 109 50 49 0.1721
Female (%) 31 20 11
Age
<65 (%) 44 26 18 0.1453
265 (%) 96 44 52
Tumor depth
T1-2 (%) 61 22 49 <0.0001
T3-4 (%) 79 58 21
Stage
I-1T (%) 65 25 40 0.0110
I-1V (%) 75 45 30
Lymph node metastasis
Negative 67 27 40 0.0278
(%)
Positive (%) 73 43 30
Tumor size
<10 cm’ 78 26 52 <0.0001
>10 cm’ 62 44 18

Abbreviation: ESCC, esophageal squamous cell carcinoma; —, no data available.
Bold values means p-value < 0.05.

validation phases and classified them into high and low
levels using the median of the Index I index as the threshold
value. As shown in Table 1, higher Index I levels were asso-
ciated with greater depth of infiltration (p = 0.0267), lymph
node metastasis (p = 0.0012), advanced tumor stage
(p = 0.0040), and poor prognosis (Figure 5e; p < 0.001).

Prognostic significance of three serum
IncRNAs panel

We then analyzed the associations between 140 ESCC mor-
tality and both three serum-derived IncRNAs (AC098818.2,
RASSF8-AS1 and LINCO00958) and classic tumor markers
(CEA125, CA199, CA153, SCC, NSE, CYFRA21-1) using a
forward conditional logistic regression model. As shown in
Table 2, in the univariable analysis, tumor size, RASSF8-AS1
expression and LINC00958 expression were associated with
ESCC mortality. However, in the multivariable analysis, only
RASSF8-AS1 expression and CYFRA21-1 expression were
independently associated with ESCC mortality. The long-
term prognostic values of three serum-derived IncRNAs
(AC098818.2, RASSF8-AS1 and LINC00958) and classic
tumor markers (CEA125, CA199, CA153, SCC, NSE,
CYFRA21-1) were analyzed using a Cox regression model
and the results are listed in Table 3. In the univariable analy-
sis, tumor depth, lymph node metastasis and RASSF8-AS1
expression were significantly associated with long-term
mortality. However, in the multivariable analysis, only
RASSF8-AS1 expression was independently associated with
long-term mortality. In conclusion, RASSF8-AS1 expression
was an independent prognostic factor for both short- and
long-term outcomes of ESCC.

In vitro analysis of the oncogenic potential of
RASSF8-AS1 and target scanning

As IncRNA RASSF8-AS1 showed good performance for
ESCC diagnosis and RASSF8-AS1 expression was an inde-
pendent prognostic factor for both short- and long-term
outcomes of ESCC. We speculated that RASSF8-AS1 plays
an oncogenic role in ESCC. We then determined that higher
RASSF8-AS1 was associated with clinicopathological factors
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FIGURE 6 RASSF8-AS1 promotes esophageal squamous cell carcinoma (ESCC) cell proliferation, migration and invasion in vitro. (a) The mRNA
expression of RASSF8-AS1 after transfection by two siRNAs. (b, c) Assessment of knockdown of RASSF8-AS1 on cell growth of TE1 and TE13 cells.

(d) Assessment of knockdown of RASSF8-AS1 on cell migration and invasion. (e) The mRNA expression of RASSF8-AS1 in normal tissues and ESCC tissues.
(f) Kaplan-Meier survival curves of ESCC patients with low and high RASSF8-AS1 expression. *p < 0.05, **p < 0.01, ***p < 0.001.

(Table 4), such as larger tumor size (p < 0.0001), greater
depth of infiltration (p < 0.0001), lymph node metastasis
(p = 0.0278), and advanced tumor stage (p = 0.0110). The
expression of RASSF8-ASI1 tended to decrease significantly
after tumor resection surgery in ESCC patients (Figure 4c),
and RASSF8-AS1 was found to be significantly higher in
ESCC in the mid-late stage than in stage I through the
GEPIA database (Figure S3 D). The above data suggested
that RASSF8-AS1 plays a protumor role for ESCC.

Subsequently, we explored the oncogenic function of
RASSF8-AS1 by knocking down RASSF8-ASI in TEl and
TE13 cells (Figure 6a). In vitro assays showed that the
knockdown of RASSF8-AS1 inhibited cell proliferation
(Figure 6b,c), motility and invasiveness (Figure 6d),
respectively.

In addition, we performed qRT-PCR on 60 pairs of
tumor and adjacent normal tissues, and found that
RASSF8-AS1 was likewise markedly elevated in ESCC tis-
sues (Figure 6e). Next, we divided the 60 ESCC samples into
RASSF8-AS1 low expression group (n = 30) and high
expression group (n = 30) according to the median level of
RASSF8-AS1 to explore the prognostic significance of
RASSF8-AS1 in ESCC. Kaplan-Meier analysis showed that
patients with high RASSF8-AS1 expression had a better dis-
mal OS (Figure 6f).

Finally, we screened RASSF8-AS1 targets by RNA-
sequencing and performed gene ontology (GO) and pathway
enrichment analysis. The result found 303 positively regu-
lated (Figure S4 C, D) and 430 negatively regulated targets
(Figure 4e,f). GO results suggested RASSF8-AS1 was posi-
tively involved, mainly in immune response and cell migra-
tion, and KEGG pathway analysis indicated the positively
regulated targets mostly enriched in cell metabolism
(Figure S4 E, F), all of which have been proven to be essen-
tial for tumor progression.

DISCUSSION

Delayed diagnosis is the main cause for poor prognosis and
rapid progression of ESCC. The five-year survival rate for
patients with early diagnosis of ESCC is >90%, while sur-
vival rate with late detection is <20%.>* Endoscopic surveil-
lance and biopsy examination are current applied
approaches for ESCC diagnosis and monitoring, but are not
popular because of the high cost and level of discomfort,
while imaging technology is limited for the low sensitivity,
thereby highlighting the urgent need to develop new, rela-
tively noninvasive and reliable tools to improve the early
diagnosis of ESCC.



XIE ET AL.

WILEYL®"

There are currently no widely accepted serum bio-
markers for ESCC screening, surveillance for treatment
response and recurrence. Traditional tumor biomarkers are
inadequate in ESCC detection as they have poor sensitivity
and specificity.

In recent years, the emergence of novel liquid tumor
markers has provided a new solution for the early screening
of tumors. The discovery of circulating tumor cells (CTC),”
circulating tumor cell DNA (ctDNA),*® circulating cell-free
DNA (cfDNA),”” and exosomes can further improve the
efficacy of noninvasive screening. These humoral markers
reflect the molecular and genetic information, as well as
temporal and spatial heterogeneity of tumors, making the
dynamic monitoring of tumor status possible. Among the
currently acceptable noninvasive markers, the total amount
of CTC is relatively low, while the specificity of ctDNA and
cfDNA is insufficient, making the clinical application full of
challenges. With the development of exosome isolation and
enrichment technologies, exosome diagnosis has become a
rising star in the field of liquid biopsy. Benefiting from the
protection of the phospholipid bilayer on the surface of exo-
somes, the exosome contents have good stability, especially
the RNAs can be protected by the membrane to avoid being
degraded by RNase. The discovery of noncoding RNAs has
enriched the understanding of tumorigenesis mechanisms.
The role of exosome-transported noncoding RNAs in tumor
metastasis, drug resistance, and radio-resistance across cells
has received increasing attention. Studies have shown that
the number of LncRNAs is huge, dozens of times that of
currently known mRNAs, with high tissue specificity, which
provides ideal conditions for the development of noninva-
sive screening. It has been reported that serum exosomal
biomarkers may be derived from tumor tissues,” therefore
in this study we also incorporated the upregulated IncRNAs
from tissue microarray. The linear association between
serum and tissue samples for the candidate IncRNAs con-
firmed the assumption. Finally, we identified a novel panel
of exosomal IncRNAs for ESCC liquid biopsy through a
multiphase study.

The IncRNAs-based composite Index I showed signifi-
cantly higher diagnostic power than traditional tumor bio-
marker based composite Index II in two independent cohorts.
Furthermore, the novel IncRNAs signature was stably detect-
able in serum, supporting the clinically applicable value. We
also noted serum IncRNAs declined post-surgery, indicating
that Index I may reflect tumor burden of ESCC patients,
which should be used as a follow-up parameter for ESCC.

Among the newly identified IncRNA panel,
RASSF8-AS1 showed the best diagnostic power for all ESCC
patients, suggesting its oncogenic role in ESCC. Currently,
the function of RASSF8-AS1 has only been reported in
laryngeal squamous cell carcinoma.” Our results showed its
oncogenic role in ESCC for the first time and revealed the
underlying mechanisms by target mRNA scanning. Simi-
larly, the role of LIN00958 in ESCC has been recently
reported, which also verified the oncogenic role of
LIN00958, suggesting our results are reasonable.”

We also note the limitations of this study. First, we
included only a relatively small number of patients and
healthy controls, and the ESCC patients were diagnosed
with cancer as they had already been diagnosed pathologi-
cally earlier, which should be verified in a much larger sam-
ple size. Second, we conducted a retrospective, single-center,
cross-sectional study, which may have introduced unavoid-
able selection bias. A prospective multicenter study is
needed to further confirm the diagnostic efficiency of
Index I, and to check the superiority to traditional bio-
markers. Next, how IncRNA enters the exosome, how
IncRNA encapsulated exosomes play a role in tumor pro-
gress and distant migration call for more attention. In recent
years, the role of exosomes in mediating distant tumor
metastasis has gained emphasis,”"** and our study revealed
high expression of serum IncRNA RASSF8-AS1 was also
correlated with metastasis, and our sequencing results sug-
gested its involvement in immune response and cell metabo-
lism. How our newly discovered exosomal IncRNAs play a
role in distant metastasis of ESCC deserves further
investigation.
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