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Characterization of plasma exosomal microRNAs in responding
to radiotherapy of human esophageal squamous cell carcinoma
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Abstract. Radiotherapy is one of the main treatment methods
for esophageal squamous cell carcinoma (ESCC). Previous
research has shown that plasma exosomal microRNAs
(miRNAs) can predict therapeutic outcome. In the present
study, to identify potential exosomal miRNAs that respond
to radiotherapy, plasma exosomal miRNAs from ESCC
patients undergoing radiotherapy were isolated and sequenced.
Upregulated and downregulated miRNAs were detected
from patients pre- and post-radiotherapy, and it was found
that they play distinct roles in DNA damage process and
endosomal mediated transport. Based on wound healing and
Cell Counting Kit-8 assays in TE-1 human esophageal cancer
cells, it was identified that representative miRNA miR-652 and
miR-30a alter migration but not proliferation. The present find-
ings identified differentially expressed miRNAs in responding
to radiotherapy, and added a reference to explore non-invasive
plasma biomarkers to evaluate therapeutic effects in ESCC.

Introduction

Esophageal cancer (EC), which includes esophageal squamous
cell carcinoma (ESCC) and esophageal adenocarcinoma
(EAQ), is the sixth most leading cause of cancer-related death
worldwide (1,2). The five-year survival rate of patients with
ESCC is less than 20%. In China, over 90% of EC cases are
ESCC, and EC is ranked as the sixth most frequent cancer and
the fourth leading cause of cancer-related death (3-5). The low
survival rate is likely due to increased resistance (acquired or
intrinsic) of tumor cells to chemo/radiotherapies (6,7).
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Recent study suggested that microRNAs (miRNAs) can
serve as biomarkers in predicting therapeutic outcomes in a
variety of solid tumors, including EC (6). In the context of
ESCC, studies have demonstrated that one set of miRNAs
promotes the development of radio resistance, while another
set of miRNAs sensitizes EC cells to radiation therapy treat-
ments (6,8-10). Therefore, an improved understanding of
these miRNAs in responding to ESCC radiotherapy remains
demanding.

Exosomes are nanosized vesicles (30-150 nm diameter)
that are secreted by most cells. They are enclosed by a lipid
bilayer and carry various biomolecules, including proteins,
glycans, lipids, metabolites, RNAs and DNAs (11). Studies
have shown that miRNAs are the predominant RNA species
transported by exosomes (12-15). Since exosomes can
transport and transfer bioactive molecules, extensive studies
have focused on their ability to regulate tumor growth
and metastasis (16-19). Exosomal RNA has been demon-
strated as the potential cancer biomarker by regulating the
communications among different cells (12,20-22). For
example, circUBE2Q2 regulates gastric cancer progression
via the circUBE2Q2-miR-370-3p-STAT3 axis and promotes
tumor metastasis through exosomal communications (22).
Exosomal miR-1245 from colorectal cancer cells reprograms
macrophages to tumor-associated macrophages (TAMs) with
high transforming growth factor p (TGF-f) expression that
enables tumor growth and metastasis (23). However, the roles
of exosomal miRNAs in ESCC remain rudimentary (24-26).
Understanding dynamic changes of exosomal miRNAs and
their target genes will help improve the therapeutic outcome
in patients with EC.

In the present study, the expression signature of plasma
exosomal miRNAs in patients with ESCC was investigated
before and after radiotherapy and differentially expressed
miRNAs were identified. Target genes for up- and down-
regulated miRNAs were then predicted and relevant biological
pathways and potential biomarkers for ESCC responding
to radiotherapy were identified. Finally, it was found that
the changes of radiation-sensitized miR-652 and miR-30a
can regulate cancer cell migration rates without changing
proliferation in vitro. The present study provided a reference
for future identification of potential biomarkers for cancer
treatment through radiotherapy.
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Materials and methods

Patients and sample selection. Plasma samples were collected
from ESCC female patients with pre- and post-radiotherapy
(mean age, 42; stage II; September 2020-December 2020),
and were provided by the First Hospital of Quanzhou. Briefly,
female patients with ESCC at stage II with the following
characteristics were excluded from the present study: i) metas-
tasis, ii) poorly controlled blood pressure, hyperlipidemia
and diabetes, iii) alcohol consumption and cigarette smoking
and iv) infectious diseases. One week before receiving radio-
therapy, pre-radiotherapy plasma samples were collected. One
week after having received 50 Gy radiation (2.0 Gy/fraction,
5 fractions/week, for 5 weeks), patient plasma samples were
collected, termed as post-radiotherapy.

In the present study, 7 sets of pre- and post- radiotherapy
plasma samples were obtained from 7 female ESCC patients
at stage II (Table SI). For each patient, plasma samples were
analyzed as a pair for pre- and post-radiotherapy. Plasma
samples were used for the following experiments: i) exosome
characterizations (n=1, sample no. 37892), ii) exosome miRNA
sequencing (n=3, sample nos. 38380, 38632 and 38930, retained
corresponding tumor tissues for H&E staining) and iii) reverse
transcription-quantitative (RT-q) PCR validation for exosome
miRNAs (n=3, sample nos. 38912, 38783 and 39221).

The present study was approved [approval no. (2018)101]
by the Institution Ethic Issue Committee of the First Hospital
of Quanzhou (Quanzhou, China). Signed informed consents
were obtained from female patients with ESCC who received
radiotherapy diagnosis.

Exosome isolation and RNA purification. Cleared plasma were
isolated from 5 ml blood by ultracentrifugation-based assay as
previously described (27). Next, exosomes were isolated from
cleared plasma by SmartSEC™ HT EV Isolation System for
Serum & Plasma (cat. no. SSEC096A-1; SBI, systembio.com).
A total of 250-500 pl of cleared plasma were applied to each
well of a filter plate, incubated and centrifuged (3,000 g for
10 min at 4°C) to elute the first fraction. Equal volumes of
SmartSEC Isolation Buffer were added and plasma samples
were centrifuged (1,000 x g for 30 sec at 4°C) again into a clean
plate to elute the second fraction. Depending on the volume
of sample loaded, the majority of exosomes was collected
in either the first or second elution. Isolated exosomes were
immediately used for experiments or stored at 4°C. For a
long-period storage, exosomes were frozen at -80°C.
Exosomal RNAs were purified using SeraMir™ Exosome
RNA Amplification kit (cat. no. RASO8A-1; SBI). A total of
500 ul serum and 120 ul ExoQuick Media were combined
and placed at 4°C for 30 min. After centrifugation at 4,000 g
for 2 min at 4°C, 350 ul LYSIS Buffer was added to the
exosome pellet and vortexed for 15 sec. A total of 200 ul 100%
ethanol was added, samples were centrifuged at 4,000 g for
1 min at 4°C, washed twice and were let to dry. A total of
30 pl elution buffer were added directly to the membrane in
a spin column. Samples were centrifuged at 600 g for 2 min
at 4°C, and increased to 4,000 g for 1 min at 4°C. Exosome
RNAs (30-40 ul) were obtained. The quality and quantity of
these RNA samples were determined by a NanoDrop spec-
trophotometer (ND-2000C; Thermo Fisher Scientific Inc.).

Agilent RNA 6000 Nano assay (Agilent Technologies, Inc.)
and agarose gel electrophoresis were used to check purity of
the RNA samples.

Transmission electron microscopy (TEM), Nanoparticle
tracking analysis (NTA) and western blot assay. The isolated
exosomes were centrifuged using an airfuge at 30,000 g
with 25 pounds per square inch for 45 min at 4°C. Exosomes
were fixed with 2.5% glutaraldehyde at 4°C overnight. After
washing, vesicles were loaded onto formvar/carbon-coated
grids, negatively stained with aqueous phosphotungstic acid
for 60 sec and images were captured with a transmission
electron microscope (H7500, 100XCII; JEOL, Ltd.) at 80 kV.
Purified exosomes were diluted to 106-107 particles/ml in
PBS for NTA using a Nanosight 300 equipped with v3.2.16
analytical software (Malvern Instruments, Inc.) (28,29). Two
videos (25 sec each) were recorded for each sample and the
software was used to estimate concentration and size of the
particles. The recordings were performed at room temperature
and were monitored manually. For analysis, the detection
threshold was set to 6. Calibration was carried out using 100 nm
polystyrene latex microspheres (Magsphere Inc. magsphere.
com) diluted to PBS and then two videos were recorded.
Aliquots (5-10 ul) of isolated exosomes were dispensed
into wells of a 96-well plate, and the assay was performed
as recommended by the manufacturer instructions (Pierce
BCA Protein Assay kit; cat. no. 1L-61105; Thermo Fisher
Scientific, Inc.). Total protein concentrations were determined
using a linear standard curve established with bovine serum
albumin. Because exosomes normally contain a common set
of proteins, named tetraspanins, including CD81, CD63 and
CD9 (29), expression of CD81, CD63 and CD9 was validated
by western blot analysis. Total proteins were then separated
by 12%-polyacrylamide gel electrophoresis. A total of 7.5 ul
protein sample (5-25 pg proteins) was mixed with 2.5 ul 4X
lithium dodecyl sulfate sample loading buffer (Invitrogen;
Thermo Fisher Scientific, Inc.) and heated at 70°C for 10 min.
Samples were then loaded into pre-casted NuPAGE Novex
12% Bis-Tris 1.0 mm mini-gels (Invitrogen; Thermo Fisher
Scientific, Inc.). Then, 5 pl pre-stained SDS-PAGE Standards
(Bio-Rad Laboratories, Inc.) were loaded in each gel run.
Electrophoresis was performed at room temperature for
~45 min using a constant voltage (200 V) in 1X solution of
NuPAGE MOPS SDS running buffer (Invitrogen; Thermo
Fisher Scientific, Inc.) until the dye front reached the bottom
of the 60-mm gel. After proteins were transferred to PVDF
membrane, 5% skimmed milk powder was sealed at room
temperature for 2 h. Then, blots were incubated overnight at 4°C
with appropriate antibodies. The following primary antibodies
were used: CD9 (1:1,000; ~24 kDa; cat. no. MA5-31980),
CDS8I1 (1:1,000; ~24 kDa; cat. no. MA5-13548); CD63 (1:1,000;
40~60 kDa; cat. no. MA1-19281) and Ab specific for GAPDH
(1:1,000; ~37 kDa; AB_10977387; all from Thermo Fisher
Scientific, Inc.). The next day, blots were incubated with goat
anti-rabbit antibody (1:5,000; cat. no. ab205718) and goat
anti-mouse (1:5,000; cat. no. ab205719; both from Abcam)
horseradish peroxidase-conjugated IgG for 2 h at room
temperature. After washed with Tris-Tween (0.05%) buffer
saline, blots were placed in a gel imager and treated with
enhanced chemiluminescence (ECL; Bio-Rad Laboratories,
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Inc.) super-sensitive solution for 1-3 min. The optical densities
of bands were analyzed using ImageJ software 1.53 (National
Institutes of Health) (30).

Hematoxylin-eosin (H&E) staining. Paraffin blocks of esopha-
geal tumor tissues (Table SI) were cut into 4-ym thickness.
Sections were deparaffinized in xylene and dehydrated in
alcohol. Tissues were stained with Harris' hematoxylin solu-
tion for 6 h at 60-70°C, and were then rinsed in tap water until
the water was colorless. Next, 10% acetic acid and 85% ethanol
in water were used to differentiate the tissue twice for 2 and
10 h each. After rinsing with tap water, tissues were soaked in
saturated lithium carbonate solution for 12 h and then rinsed
again with tap water. Finally, staining was performed with
eosin Y ethanol solution for 48 h. Images were captured by a
light microscope (Nikon Corporation).

MiRNA isolation, sequencing and analysis. RNAs in
exosomes were isolated from three patients with pre- and
post-radiotherapy (Table SI). Total RNA of each sample was
used to prepare the miRNA sequencing library, which included
the following steps: i) 3'-adaptor ligation, ii) 5'-adaptor liga-
tion, iii) cDNA synthesis, iv) PCR amplification and v) size
selection of ~150 bp PCR amplicons (corresponding to
~22 nt miRNAs) (Cloud-Seq Biotech, cloud-seq.com.cn). The
libraries were denatured as single-stranded DNA molecules,
captured on Illumina flow cells, amplified in situ as clusters
and finally sequenced for 50 cycles on an Illumina HiSeq
sequencer following the manufacturer's instructions.

Raw data was generated after sequencing, image analysis,
base calling and quality filtering on Illumina sequencer. Q30
was used to perform the quality control. The adaptor sequences
were trimmed and the adaptor-trimmed-reads (=15 nt) were
left by cutadapt software (v1.9.2,MIT). Trimmed reads from
all samples were pooled, and miRDeep2 software (v2.0.0.5,
MDC Berlin-Mitte) was used to predict novel miRNAs. The
trimmed reads were aligned to the merged human pre-miRNA
databases (known pre-miRNA from miRBase plus the newly
predicted pre-miRNAs) using Novoalign software (v3.02.12,
Novocraft Technologies Sdn Bhd) with at most one mismatch.
The numbers of mature miRNA mapped tags were defined as
the raw expression levels of that miRNA. The read counts were
normalized by TPM (tag counts per million aligned miRNAs)
approach. Differentially expressed miRNAs between two
samples were filtered through Fold change and P-value.

TE-1 cell culture and miRNA mimics/inhibitor transfection.
Human EC cell line TE-1, developed by the cell bank at the
Chinese Academy of Science, was reported to maintain biolog-
ical characteristics of ESCC (31). TE-1 cells were cultured in
RPMI-1640 with 10% exosome-free fetal bovine serum (FBS,
both Thermo Fisher Scientific, Inc.) and maintained in an
incubator containing 5% CO, at 37°C. The exosome-free FBS
was produced by centrifugation (100,000 g) at 4°C overnight in
order to ensure the removal of any bovine-derived exosomes.
TE-1 cells (3x10°) were seeded in a six-well plate and incubated
12 h at 37°C for attachment. Cells were then transfected at
37°C using Lipofectamine™ 3000 (Thermo Fisher Scientific,
Inc.) with mimics or inhibitors (10 ul; 20 uM) according to
the manufacturer's protocol for 12, 24 and 72 h. 12, 24 and

72 h subsequent experiments were performed. Transient
overexpression and inhibition of miR-30a-3p/miR-652-3p
were performed by transfection with miRNA oligonucleotides
(miR-30a-3p mimics, CUUUCAGUCGGAUGUUUGCAGC,
miR-652-3p mimics: AAUGGCGCCACUAGGGUUGUG,
miR-30a-3p inhibitors: GCUGCAAACAUCCGACUGAA
AG, miR-652-3p inhibitors: CACAACCCUAGUGGCGCC
AUU, mimics negative controls: AGGCAAGCUGACCCU
GAAGU, inhibitor negative control: CAGUACUUUUGUGUA
GUACAA, 2 OD miRNA oligonucleotides were dissolved in
ddH,O0 as the 20 M solution, which were purchased from the
Shanghai GenePharma Co., Ltd.).

RT-gPCR. RNAs in exosomes were isolated from three
patients with pre- and post-radiotherapy (Table SI). After
exosome RNA extraction (SeraMir™ Exosome RNA
Amplification kit,cat. no. RAS08A-1,SBI), cDNA for polyA
miRNA RT-qPCR was synthesized using All-in-One miRNA
First-Strand ¢cDNA Synthesis kit (GeneCopoeia, Inc.)
according to the manufacturer's protocols. Expression levels
of mRNA from cells were tested using RT-qPCR with specific
primers in triplicates. U6 (Rnu6-1) was used as an endogenous
control for miRNA. Quantitative expression was conducted
on the ABI 7500 real-time PCR system (Applied Biosystems;
Thermo Fisher Scientific, Inc.). gPCR was performed using
the gPCR SYBRGreen Mix (Bio-Rad Laboratories, Inc.). The
relative expression levels of miRNAs were calculated using
the 224 method (32). The primers for RT-qPCR are shown
in Table SII.

Wound healing and Cell Counting Kit-8 (CCK-8) assay.
TE-1 cells were treated with the miRNA mimics or inhibitor
for 72 h. Cells were harvested and seeded in a six-well plate
at a density of 2x10° cells/well. When cells reached 70-80%
confluence, medium was replaced with serum-free DMEM
(Thermo Fisher Scientific, Inc.). A scratch wound was gener-
ated using a sterile 200-ul pipette tip, and floating cells were
removed by washing with 1X PBS. Images of the scratches
were captured using an inverted light microscope at x100
magnification at 0, 24 and 72 h after scratching. The wound
area was normalized as follows: wound area (%)=A,/A,
x100, where A,represents the area of initial wound area in
control group, A, represents the remaining area of wound at
24 or 72 h. The data were representative of three indepen-
dent experiments in triplicates. 96-well plates (2x10* TE-1
cells/well) were used here to inoculate and culture TE-1
cells at 37°C with 5% CO,. After being incubated for 0, 24,
48 and 72 h, 10 ul CCK-8 solution (cat. no. CK04; Dojindo
Laboratories, Inc.) was added. After 2 h, the absorbance was
assessed at 450 nm. The data were representative of three
independent experiments in triplicate.

MiRNA target prediction and function analysis. Target
prediction of miRNAs was performed using TargetScan
Human7.2 (http://www.targetscan.org/vert_72/) and Funrich
software 3.1.3 (http:/funrich.org/) (33).

Predicted target genes were imported into the OmicShare
tools, a free online platform for data analysis (https:/www.
omicshare.com/tools). Gene Ontology (GO; http://geneon-
tology.org/), Kyoto Encyclopedia of Genes and Genomes
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Figure 1. Exosome miRNA validation and sequencing. (A) The experimental workflow of characterization of plasma exosome miRNAs for the radiotherapy of
human esophageal cancer. (B) H&E staining of esophageal squamous cell carcinoma samples (magnification, x100) from patients of pre- and post-radiotherapy.
(C) Characterization of plasma exosomes. Morphological observation of exosomes by transmission electron microscopy. Scale bar=200 nm. (D) Expression
levels of CD9, CD63 and CD81 were identified using western blot analysis. miRNA, microRNA.

(KEGG:; https://www.kegg.jp) and Disease Ontology (DO;
https://disease-ontology.org/) analysis of the miRNAs-targets

with differential expression levels was performed. FunRich
3.1.3 (funrich.org/) was used to compare functional analysis,
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Figure 2. Differential expression of miRNAs in plasma exosomes of ESCC patients of pre- and post-radiotherapy. (A) Volcano plot of whole miRNA expression
levels in Pre- and Post-groups. Each point represents a miRNA, ‘yellow’” dot means downregulated and ‘red’” dot means upregulated (pre- vs. post-miRNAs).
(B) The heat map of normalized expression of miRNAs in pre- and post-radiotherapy groups. The heat map was drawn with relative expression levels of each
miRNAs. Blue, white and red indicate low, middle and high expression levels of miRNAs, respectively. Color map was used to distinguish the difference of
expression. Each column represents an experimental condition (such as different comparison groups or samples), and each row represents the log,?*a" of a
gene. Different expression changes or expression amounts are illustrated in different colors. Blue, white and red indicate low, middle and high expression levels
of miRNAs, respectively. (C) Radar circus of the most significantly up- and downregulated genes of pre- and post-radiotherapy groups. From outside to inside:

miRNAs with log,®d-<hn¢9 'miRNA expression in pre- and post-radiotherapy

using reverse transcription-quantitative PCR in ESCC plasma exosomes. Values of histogram represent the mean + SEM (n=3),

t-test). miRNA, microRNA; ESCC, esophageal squamous cell carcinoma.

clinical phenotype analysis and site of expression (33). In the
present study, modules in the gene-miRNA-KEGG were mined
with Cytoscape 3.9.1, and then functional enrichment analysis
was applied to the miRNAs in the modules (34). Volcano map,
radar map, Circular map, heatmap, Lollipop chart and Sankey
diagram construction were performed using the OmicShare
tools, a free online platform for data analysis (https://www.
omicshare.com/tools).

Statistical analysis. The P-values were used to verify statisti-
cally significant difference and were determined by unpaired
Student's t-test for assessing the significance of differences
by SPSS version 25 (IBM Corp.). P<0.05 was considered to
indicate a statistically significant difference.

groups. (D) Validation of expression levels of 4 up- and downregulated miRNAs
“*P<0.001; unpaired Student's

Results

Characterizations of ESCC patient tumor samples and
plasma exosomes. To explore whether exosomal miRNAs
respond to radiation treatment of ESCC, plasma samples were
obtained from three female ESCC patients (mean age=42;
stage II, without metastasis), and exosomal miRNAs were
extracted and sequenced (Fig. 1A). Patients were treated with
radiotherapy (pre- and post-radiotherapy). Tumor samples
from patients for ESCC plasma exosomal miRNA sequencing
were stained with H&E (Table SI). Microscopy revealed an
irregular cell shape, large, irregular and deeply stained nuclei,
and single keratinocytes, confirming the diagnosis of squa-
mous cell carcinoma (Fig. 1B) (35). Following radiotherapy,
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background represents the items enriched in upregulated targets, and the blue
microRNA; GO, Gene Ontology.

tumor cells with calcifications, larger and blurred nuclei,
apoptosis and necrosis were detected (Fig. 1B). These changes
revealed the typical radiological indicator of early cancers
(stage I-II; Fig. 1B) (35).

Exosomes were isolated from pre- and post-radiotherapy
plasma samples of 7 patients with ESCC (Fig. 1C). Isolated
exosomes were characterized by TEM. Sizes of exosomes in
pre- and post- groups were 68.28+19.07 and 77.47+26.87 nm,
and exosomal concentrations of two groups were 2.12x10"
and 2.22x10'° particles/ml, respectively (Table SIIT and
Fig. S1). High resolution TEM examinations further showed

background represents the items enriched in downregulated targets. miRNA,

cup-shaped vesicles of extracted exosomes (Fig. 1C).
Moreover, expression of three established exosome markers,
such as CD63, CD9 and CD8I1 were readily identified using
western blot analysis (Fig. 1D) (29,36,37). These results
indicated that exosomes with a high quality are extracted
from the plasma of ESCC patients with pre- and post-radio-
therapy.

Differential expression of miRNAs in exosomes of plasma
samples of pre- and post-radiotherapy. To determine whether
profiles of exosomal miRNAs from pre- and post-radiotherapy
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plasma samples may differ, total RNAs were isolated from
exosomes, and small RNA libraries were prepared for miRNA
sequencing and annotation (Fig. 1A).

Combining 3 samples from pre- and post-radiotherapy
groups and removing low signals, 726 miRNAs were
obtained (Table SIV). A total of 8 miRNAs highly expressed
in the pre-radiotherapy group (fold-change (pre-/post-)>1,
log,®l4-ehanzes() and P<0.05) and 9 miRNAs highly expressed
in the post-radiotherapy group were detected (Fig. 2A and B
and Table SV). The upregulated (fold-change (pre-/post-)>1,
log,™!-change>() . P<(.05) and downregulated (fold-change
(Pre-/Post-)<1, log,©d-<hanee<(), P<0.05) miRNAs with the
mean expression and fold-changes were shown in a Radar
graph (Fig. 2C). Certain well-studied miRNAs such as
miR-106b, miR-18a, miR-200a, miR-30a/b, let-7b and
miR-370 exhibited differential expression, and certain new

miRNAs (miR-novel-chr5_22142, miR-novel-chrl5_6643 and
miR-novel-chr7_25437) were detected as well. The sequencing
results were further verified using RT-qPCR. As examples,
among tested miRNAs, transcriptional levels of the upregu-
lated (miR-652 and miR-370) and downregulated (miR-30a
and miR-484) miRNAs were consistent with the exosomal
sequencing results (Fig. 2D). These results suggested that
plasma exosomal miRNAs are sensitive and responding to the
radiotherapy of ESCC.

Target prediction and GO analysis of up- and downregu-
lated miRNAs. Since miRNAs normally function through
silencing their target genes, predicted targets of differen-
tially expressed exosomal miRNAs were next searched. A
total of 1,106 genes were predicted as targets of upregulated
miRNAs, 1,241 genes as targets of downregulated miRNAs
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Student's t-test). miR, microRNA.

and 126 genes were overlapped in two groups using
TargetScan Human7.2 and Funrich software 3.1.3 (Fig. 3A;
Tables SVI and SVII).

Functions of predicted targets of up- and downregulated
miRNAs were next analyzed by GO analysis, and abun-
dant items in Biological Process, Cellular Component and
Molecular Function were identified (P<0.05; Figs. S2 and S3;
Tables SVIII and SIX). It was found that targets of both up- and

downregulated miRNAs play a role in cell cycle/differentia-
tion, cell death/apoptosis, cell migration/proliferation, cellular
response and cytoplasmic vesicle part (Fig. 3B and C).
Moreover, targets of upregulated miRNAs were abundant in
maintenance of cell number, DNA damage process, multiple
cellular response, endosome and endosome part, while targets
of downregulated miRNAs were involved in vesicle part,
glandular epithelial cell differentiation and digestive system
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development (Fig. 3B and C). These results suggested the using KEGG analyses (Figs. 4 and S4; Tables SX and SXI).
distinct functions of targets of up- and downregulated plasma  Based on the Venn graph, 65 of 309 pathways were signifi-
exosomal miRNAs. cantly abundant (P<0.05) in upregulated miRNA targets, 42 of

300 pathways were significantly abundant (P<0.05) in down-
KEGG and DO analysis. Interactions between up- and down-  regulated miRNA targets, and 12 pathways were overlapped in
regulated miRNAs and their predicted targets were next studied ~ two groups (Fig. 4A).
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Based on the KEGG correlation network, it was found
that top 15 pathways of targets of downregulated miRNAs
play a role in multiple cancer processes, such as prostate and
lung cancer, and the p53 signaling pathway. Top 15 pathways
of targets of downregulated miRNAs function in pathways
associated with cancer such as cell cycle and the MAPK
signaling pathway, and ascorbate and aldarate metabolism
(Fig. 4B). These KEGG analyses suggested that altered
miRNAs of pre- and post-radiotherapy may function in
different pathways.

Interactions between miRNAs and their predicted targets
were next investigated using DO analysis. The targets of
upregulated miRNAs were enriched in digestive system
cancers such as pancreas adenocarcinoma, pancreatic ductal
adenocarcinoma and pancreatic carcinoma (Figs. 4C and S5;
Table SXII). The targets of downregulated miRNAs were
enriched in central nervous system cancer such as cerebral
ventricle cancer, cerebrum cancer, synovial sarcoma, malig-
nant glioma, brain cancer and atypical teratoid rhabdoid
tumor (Figs. 4C and S5; Table SXIII). These results suggested
the up- and downregulated plasma exosomal miRNAs play
different roles in cancer processes.

Cell migration and proliferation analyses of miR-652 and
miR-30a in TE-1 cells. Our miRNA sequencing and RT-qPCR
results showed that miR-652 and miR-30a are sensitive and
responding to the radiotherapy of ESCC. Previous studies
have shown that miR-652 inhibits proliferation and invasion
of ESCC by targeting FGFR1 and other genes, and miR-30a
may negatively regulates FoxD1 in ESCC (38-41). Thus,
miR-652 and miR-30a were selected and their roles in migra-
tion in TE-1 cells, a human EC cell line, were examined using
wound-healing assays (31,42,43) (Fig. 1A).

The expression of miR-652 and miR-30a was altered
by overexpressing and knocking down in TE-1 cells (31).
Wound-healings were detected at 0, 24 and 72 h after
scratching (Fig. 5). Compared with those at O h, the normalized
wound sizes of the miR-652 overexpression group (miRNA
mimics) were significantly decreased by 23.28% at 24 h, and
by 73.54% at 72 h (Fig. 5A and E). Conversely, the normalized
wound sizes of the miRNA inhibitor group were significantly
increased by 15.42% at 72 h (Fig. 5C and F). Moreover, to
investigate the miRNA effect in proliferation, a CCK-8 assay
was performed in TE-1 cells, which is widely used to examine
cell growth or proliferation (44,45). Proliferation of TE-1 cells
was not significantly changed by miR-652 overexpression
and inhibition (Fig. S6A and B). These results suggested that
altering miR-652 expression affects TE-1 cell migration but
not proliferation.

The potential role of miR-30a in migration and prolifera-
tion (Fig. 5) was next examined. Compared with the control
group, the normalized wound sizes of the miR-30a mimics
group showed no change (Fig. 5B and E). Conversely,
the normalized wound sizes of the inhibitor group were
significantly decreased by 11.50% at 24 h and by 29.94%
at 72 h (Fig. 5D and F). Proliferation of TE-1 cells was
not significantly changed by miR-30a overexpression and
inhibition (Fig. S6C and D). These results indicated that
inhibition of miR-30a directly prevents cancer cell migra-
tion in vitro.

Potential roles of target genes of miR-652 and miR-30a.
It was found that the radiotherapy sensitive miR-652 and
miR-30a may play roles in migration of TE-1 cells. Target
genes of miR-652 and miR-30a were next analyzed using the
KEGG analysis. A total of 8 different molecular processes
of their targets including cell growth and death, cell motility,
drug resistance, signal transduction, cancers, cellular
community-eukaryotes, signaling molecules and interaction
and transport and catabolism were chosen (Fig. 6). Among
these targets, 20 target genes of miR-652 and 13 target genes
of miR-30a were enriched in the 8 aforementioned molecular
processes (Fig. 6A and B).

To visualize the potential role of predicted targets, Sankey
diagrams were constructed to illustrate a relationship of
genes, pathways and miRNAs (Fig. 6C). Certain previously
demonstrated target-miRNA pairs such as PTEN-miR30a,
AKT3-miR30a, EP300-miR652, YWHAH-miR652 and
ITGAL-miR652 were readily detected (Fig. 6C). These
gene-miRNA pairs may play an essential role in responding to
radiotherapy in ESCC.

Discussion

Radiotherapy is a major therapeutic way for ESCC (46-48).
Studies have shown that miRNAs derived from plasma
exosomes can be used to evaluate the curative effect of radio-
therapy (49-51). Previous studies have shown that some specific
miRNAs are sensitized by radiotherapy in ESCC (52,53). In
the present study, to identify exosomal miRNAs that may
be responding to radiotherapy in non-metastatic ESCC,
differentially expressed exosomal miRNAs were analyzed in
plasma samples of patients with pre- and post-radiotherapy
using miRNA sequencing and RT-qPCR. It was identified
that upregulated miRNAs play specific roles in responding
to radiation and DNA damage, and downregulated miRNAs
play roles in exosome transduction. Among them, upregulated
miR-652 and downregulated miR-30a directly altered migra-
tion but not proliferation of human EC cells in vitro. The
present study indicated that certain exosomal miRNAs are
responding to radiotherapy in ESCC patients, and provided
new plasma biomarkers for future evaluation of diagnosis,
treatment and prognosis of ESCC.

Accumulating studies have shown that circulating
exosomes are associated with cancer progression and
therapeutic reactions, for instance in ESSC (54-57). Moreover,
radiation exposure increases the levels of intracellular free
radical species, followed by DNA strand breaks and subse-
quent dysfunction of the mitochondria, endoplasmic reticulum
and other organelles (58). These radiation-induced cellular
events lead to activation of pro-apoptotic signaling and eventu-
ally to tumor cell killing (59). Thus, the present study aimed
to identify miRNAs in exosomes that may be responding to
radiotherapy in ESSC. A total of 8 and 9 miRNAs with up-
and downregulated expression in pre- and post-radiotherapy
plasma samples were identified, respectively. Certain identified
miRNAs in the present study have also been shown as novel
circulating factors in responding to radiotherapy in other types
of cancer (52,53,60-62). Moreover, a higher level of plasma
miR-339-5p, which was also identified in the present study, has
been shown to be associated with radiotherapy sensitivity and
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favorable survival by targeting Cdc25A gene in ESCC (53).
Therefore, radiotherapy causes significant alterations in
expression levels of exosomal miRNAs in ESCC plasma.

Furthermore, because miRNAs normally negatively
regulate expression levels of target genes, it was revealed that
targets of upregulated exosomal miRNAs are enriched in DNA
damage check point and cellular response to radiation, while
targets of downregulated miRNAs are enriched in endosome
transport and digestive system development. For instance,
target genes for upregulated miRNAs after radiotherapy are
involved in the p53 signaling pathway and are enriched in
digestive system cancers based on the present study. These
results suggested that radiation sensitive miRNAs in plasma
exosomes may be developed into non-invasive biomarkers for
evaluating the radiation-induced esophageal toxicity and ther-
apeutic effect in the future (63). More specimen and detailed
target examinations are required to uncover biomarkers of
miRNA-target pairs in the future studies.

Among identified exosomal miRNAs in the present study,
miR-652 and miR-30a have been demonstrated to regulate cell
migration in cancers of the digestive system by other labora-
tories (64-67). It appears that miR-652 directly inhibits tumor
invasion by targeting FGFRI, PLDI and other genes (38,39).
The present study also showed the effect of miR-652 and
miR-30a on cell migration but not proliferation in TE-1 cells,
an EC cell line. Moreover, our miRNA-target pair analyses
indicated that targets for miR-652 and miR-30a are enriched
in multiple biological and cellular processes, which may
correlate with cancer cell migration and invasion. In addi-
tion, it is likely that miR-652 and miR-30a play a general role
in cancer development. Studies have shown that miR-652
executes a tumor-promoter function in non-small cell lung
cancer through direct binding and regulating the expression
of Lgll (68), and miR-30a plays a central role in regulating the
PTEN/AKT pathway in lung adenocarcinoma and liver cancer
cells (69,70). The present findings provided a reference for
further identification of miRNA-target interaction networks in
responding to radiotherapy of ESCC. The future studies will
be to validate miRNA-target regulations and to examine the
biological meanings of these interactions.

In summary, certain exosomal miRNAs sensitive to
radiotherapy were identified in the present study, which may
be developed into biomarkers for evaluation of the effect of
radiotherapy for human ESCC. Identifying and validating
interactions of miRNAs and their targets in responding to
radiotherapy will help us to design radiotherapy strategies in
an improved way and optimize treatment effects in the future.
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