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Background: Cancer cell-derived exosomal microRNAs (miRNAs) play critical role in orchestrating intercellular communication
between tumor cells and tumor microenvironmental factors, including lymphatic endothelial cells (LECs). Nevertheless, the functions
and underlying mechanisms of exosomal miRNAs in lymphatic metastasis and lymphangiogenesis in esophageal squamous cell
carcinoma (ESCC) remain unclear.

Methods: Small RNA sequencing, Gene Expression Omnibus (GEO) analysis and qRT-PCR were performed to identify the
candidate exosomal miRNAs involved in ESCC metastasis. Receiver operating characteristic curve analysis was conducted to evaluate
the diagnostic potential of exosomal miR-10527-5p in predicting lymph node metastasis (LNM) status. An in vitro coculture system
was used to investigate the effects of exosomal miR-10527-5p on ESCC cells and human LECs (HLECs), followed by a popliteal
LNM assay in vivo. The relationship between miR-10527-5p and Rab10 was identified by dual-luciferase reporter, fluorescence in situ
hybridization and qRT-PCR assays. Then, a series of rescue assays were performed to further investigate whether Rab10 is involved in
exosomal miR-10527-5p mediated ESCC metastasis.

Results: MiR-10527-5p was found to be notably reduced in both the plasma exosomes and tumor tissues of ESCC patients with LNM, and
plasma exosomal miR-10527-5p had a high sensitivity and specificity for discrimination of LNM status. Moreover, exosome-shuttled miR-
10527-5p suppressed the migration, invasion and epithelial-to-mesenchymal transition (EMT) of ESCC cells as well as the migration and tube
formation of HLECs via Wnt/B-catenin signaling in vitro and in vivo. Further investigation revealed that Rab10 was a direct target of miR-
10527-5p, and re-expression of Rab10 neutralized the inhibitory effects of exosomal miR-10527-5p.

Conclusion: Our study demonstrated that exosomal miR-10527-5p had a strong capability to predict preoperative LNM status and anti-
lymphangiogenic effect. Exosomal miR-10527-5p inhibited lymphangiogenesis and lymphatic metastasis of ESCC in a vascular endothelial
growth factor-C (VEGF-C)-independent manner, showing potential as a therapeutic target for ESCC patients.
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Introduction

Esophageal carcinoma (EC) is the seventh most frequent malignancy and the sixth leading cause of cancer-related deaths
globally, with approximately 572,000 newly diagnosed cases and 509,000 deaths worldwide in 2018." There are two main
histological types of EC: esophageal adenocarcinoma (EA) and esophageal squamous cell carcinoma (ESCC). ESCC, the
predominant subtype in China, comprises approximately 85% of esophageal cancer cases.” Although the combination of
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screening and surgical resection has effectively improved the prognosis of early-stage ESCC, the treatment of advanced-
stage ESCC is still disappointing.3 As the predominant metastatic method, lymph node metastasis (LNM) is one of the
leading causes of the poor prognosis of ESCC patients. Evidence has shown that ESCC patients with LNM (LNM") have
a worse 5-year overall survival (OS) rate than patients without LNM (LNM).* Therefore, the identification of a precise
molecule that can identify the LNM status and provide insights into the underlying mechanisms of ESCC metastasis is
essential for determining treatment strategies and improving the clinical outcomes of ESCC patients.

Exosomes are nanosized lipid bilayer-derived extracellular vesicles ranging in size from 30 to 200 nm.”> Exosomes can be
released by multiple types of cells including tumor cells, T cells, B cells and macrophages and serve as mediators of
intercellular communication by transmitting information-containing cargos, including proteins, lipids and various types of
nucleic acids [including mRNA, microRNA (miRNA), and long noncoding RNA].%” The contents of exosomes often vary
under different physiological and pathological states and can reflect the state and specific origin of their host cell; as such, they
are ideal tools for noninvasive tumor examination.®* Compared with circulating miRNAs, miRNAs in plasma exosomes are
protected by the double lipid membrane of exosomes and thus can avoid degradation by RNA enzymes, maintaining their
stability. Circulating exosomal miRNAs have also been recognized as promising biomarkers for the early diagnosis,
prognostic prediction and recurrence monitoring of ESCC patients.”'! Nevertheless, whether exosomal miR-10527-5p can
be used to determine the LNM status of ESCC patients preoperatively remains unclear and requires further exploration.

Lymphangiogenesis refers to the formation of new lymphatic vessels and has been identified as a new prognostic
parameter for predicting the risk of LNM.'? During the sequential processes of lymphatic metastasis, lymphatic vessels in
the tumor periphery serve as channels for tumor cell spread to regional lymph nodes (LNs).'? Several cytokines, such as
vascular endothelial growth factor C (VEGF-C) and VEGF-D, activate VEGF receptor-3 (VEGFR-3) and induce the
proliferation, tube formation and migration of lymphatic endothelial cells (LECs) in the tumor microenvironment.'*
Although various inhibitors of the VEGF-C/VEGFR-3 signaling pathway suppressed approximately 60—70% of LNM in

a variety of experimental tumor models,'>"'¢

the effectiveness and side effects of these drugs still need to be carefully
evaluated. In addition, some ESCC patients with LNM show low levels of VEGF-C. Therefore, exploration of new
lymphangiogenesis regulators is important. Recent investigations have demonstrated that exosomes serve as key
mediators of lymphangiogenesis in various cancers.'”'* Nevertheless, the roles and regulatory mechanisms of exosomal
miR-10527-5p in ESCC lymphangiogenesis remain largely unknown and warrant further investigation.

In the present study, we demonstrated that miR-10527-5p was significantly downregulated in plasma exosomes and
tumor tissues of ESCC patients with LNM. In addition, plasma exosomal miR-10527-5p had a strong ability to
discriminate LNM status. Moreover, we found that exosomal miR-10527-5p could strikingly inhibit the migration,
invasion and epithelial-to-mesenchymal transition (EMT) of ESCC cells as well as the migration and tube formation of
human LECs (HLECs), thereby preventing lymphatic metastasis and lymphangiogenesis of ESCC via Wnt/B-catenin
signaling by directly targeting Rabl0. Our study provides a potential noninvasive biomarker for the preoperative
prediction of LNM status in ESCC patients and novel insight into the molecular mechanism of ESCC LNM.

Materials and Methods

Clinical Samples

A total of 62 ESCC patients who underwent surgical resection at the Second Hospital of Shandong University (Jinan, China)
from July 2019 to August 2020 were enrolled in this study. All patients underwent esophagectomy with complete resection, and
none received any anticancer treatments prior to biopsy collection. Postoperative stage was defined based on the 8th edition of the
International Union Against Cancer (UICC) tumor-node-metastasis (TNM) classification criteria. Peripheral blood was collected
one week before the operation. During the surgery, tumor tissues were immediately placed into liquid nitrogen.

Small RNA Sequencing and Bioinformatics Analysis

Small RNA sequencing of plasma exosomes from 5 LNM" and 5 LNM~ ESCC patients was performed by Novogene
(Beijing, China) as described by Liu.?’ Briefly, 3 ug of RNA was used as input material for the generation of a small
RNA library. Then, the small RNA library was sequenced on an Illumina HiSeq 2500/2000 platform. Differential
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expression analysis was performed using the DESeq R package (3.0.3). An adjusted P value of 0.05 and |log, FC| > 1
were set as the thresholds for significant differential expression. The detailed clinical data of these 10 ESCC patients for
small RNA sequencing are presented in Supplementary Table 1. The raw and processed data have been deposited in the

Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/; accession number: GSE214259). The
GEO dataset GSE155360 contains data from serum exosomes of 20 ESCC patients with or without LNM and was
employed to analyze differentially expressed genes by the “limma” package. [log,FC| > 1 was set as the screening
threshold. MiRNA target prediction was performed with the miRDB database (mirdb.org), miRWalk database (zmf.umm.
uni-heidelberg.de), and miRDIP database (ophid.utoronto.ca).

Cell Culture and Transfection

All cell lines involved in our study except HLECs were purchased from Fu Heng Biological (Shanghai, China). Human
ESCC cell lines (KYSE30, Ecal09, and KYSE150) were maintained in RPMI-1640 medium (Corning Cellgro,
Manassas, VA, USA). Human esophageal epithelial cell lines (HEEC and HET-1A) and HEK293T cells were grown
in DMEM (Corning). All media contained 1% penicillin/streptomycin and 10% fetal bovine serum (FBS; HyClone,
Logan, UT, USA). HLECs were purchased from ScienCell Research Laboratories (Carlsbad, California, USA) and
cultured in endothelial cell medium (ECM; ScienCell) with 5% FBS and 1% endothelial growth medium. All cells were
cultured at 37 °C in a 5% CO, humidified atmosphere.

The miR-10527-5p and Rab10 overexpression lentivirus plasmids were purchased from Genomeditech (Shanghai,
China). Puromycin was used at 5 pg/mL for 1 week to select stably transfected cells. The miR-10527-5p mimic, mimic-
NC, miR-10527-5p inhibitor and inhibitor-NC were purchased from GenePharma Co., Ltd (Shanghai, China) and
transduced into HEK293T or ESCC cells by Lipofectamine™™3000 (Invitrogen, Carlsbad, CA, USA). Small interfering
RNA (siRNA) against Rab10 (siRab10) and siRNA-NC (si-NC) sequences were synthesized by TSINGKE Biological
Technology (Qingdao, China), and these siRNAs were transduced into Ecal09 cells by Lipofectamine’™ RNAIMAX
(Invitrogen). The cells were collected after 48—72 h of culture for subsequent experimentation. The primer sequences
used are listed in Supplementary Table 2.

Isolation and Identification of Exosomes

For exosome isolation from cell conditioned medium (CM), we first plated an equal number of cells in 10-cm plates, and
the cells were rinsed with phosphate-buffered saline (PBS) twice and grown in serum-free medium when they reached
80-90% confluency. After 48 h, the CM was collected and filtered through a 0.22 pm filter (Millipore, Burlington, MA,
USA) to remove cells and cell debris, and exosomes were isolated by an exosome isolation kit (System Biosciences,
Mountain View, CA, USA). Briefly, the appropriate volume of ExoQuick-TC Exosome Precipitation Solution was added
to the CM and refrigerated overnight. The sample was centrifuged at 1500 r.p.m. for 30 min and then at 3000 r.p.m. for 5
min at 4 °C. Finally, the exosome pellet was resuspended in 1xPBS. Additionally, plasma exosomes were isolated using
an exosome isolation kit (System Biosciences) according to the manufacturer’s instructions. The exosomes were
quantified by bicinchoninic acid (BCA) protein assay and stored at —80 °C for further experiments.

For observation of exosome morphology, exosomes were observed by transmission electron microscopy (TEM, Thermo
Scientific, Carlsbad, CA, USA). In addition, exosome-specific protein markers CD63 and TSG101 and the negative marker
GRP94 were detected by Western blotting. Moreover, the size distribution of exosomes was measured using NanoSight
tracking analysis (NTA) (NanoSight NS300, Malvern, UK) according to the manufacturer’s instructions.

Exosome Labeling and Uptake Assays

Exosomes were labeled with the green fluorescent dye PKH67 (Sigma—Aldrich, MO, USA). Then, the labeled exosomes
were incubated with KYSE150 cells or HLECs. After 3 washes with 1XPBS to remove non internalized exosomes, cells
were fixed with 4% paraformaldehyde, stained with 4.6-diamidino-2-phenylindole (DAPI; Solarbio, Beijing, China) and
analyzed by an Olympus BX43 fluorescence microscope or a confocal microscope (Zeiss, Germany). Additionally, the
uptake of exosomes was also assessed by flow cytometry. For visualization of the transport of miR-10527-5p via
exosomes, Ecal09 cells were transfected with mimic-NC or Cy3-labeled miR-10527-5p mimics. Then, exosomes were
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isolated from the mimic-NC group or miR-10527-5p mimic group of Ecal09 cells, labeled with PKH67, incubated with
KYSE150 cells for 24 h, and observed by confocal microscopy.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from cells, exosomes, plasma, and tumor tissues by a miRcute miRNA Isolation Kit (Tiangen
Biotech, Beijing, China) and reverse-transcribed into cDNA using a miRNA First-Strand cDNA Synthesis kit or an
InRcute IncRNA First-Strand cDNA synthesis kit (Tiangen). Then, qRT-PCR was performed using a QuantStudio™ 5
Real-Time PCR System (Thermo Scientific). f-Actin and U6 small nuclear RNA were used as controls for mRNA and
miRNA normalization, respectively. The 2 “*“" analytic method was employed to calculate the relative expression levels.
The primers used in the current study were synthesized by TSINGKE and are listed in Supplementary Table 3.

Western Blot

Total protein was extracted from the cells or exosomes using RIPA lysis buffer containing protease and phosphatase
inhibitors (Beyotime, Shanghai, China). After quantification using a BCA protein assay kit, equal amounts of protein
were separated by 10% SDS-PAGE and transferred to PVDF membranes (Millipore). Then, the membranes were
blocked in 5% skim milk for 1 h and incubated with primary antibodies at 4 °C overnight. The next day, the membranes
were incubated with the corresponding secondary antibodies for 1 h and visualized with an enhanced chemiluminescence
(ECL) detection system, and images were captured using a Tanon 5200 system (Tanon, Shanghai, China). GAPDH
served as the internal control. The primary antibodies used in this study are shown in Supplementary Table 4.

Immunohistochemistry (IHC)

IHC analysis was performed as we previously described,?' and the results were reviewed and scored separately by two
experienced pathologists who were blinded to the clinicopathological data. The immunohistochemical score (IHS) was
calculated by combining the proportion of positively stained tumor cells and the staining intensity score. The tumor cell
proportion was designated as follows: 0 (no positive tumor cells), 1 (0—10% positive tumor cells), 2 (10-30% positive
tumor cells), 3 (30-70% positive tumor cells), and 4 (>75% positive tumor cells). Staining intensity was graded as
follows: 1 (no staining), 2 (weak staining), 3 (moderate staining), and 4 (strong staining). Samples with IHS <8 were
defined as having low expression, and samples with IHS > 8 were defined as having high expression. The primary
antibodies used in the IHC analysis are also shown in Supplementary Table 4.

Wound Healing and Transwell Assays

Briefly, 4x10* cells suspended in 110 pL of medium were added to each well containing a culture insert (Ibidi, Germany)
and incubated overnight. When the cells reached 95-100% confluency, the insert that had been scratched was removed to
create a wound. After being washed with 1xPBS twice, the cells were cultured with serum-free medium. Images were
captured using a Leica DMI8 inverted microscope at 100x magnification every 12 h. The rate of wound healing was
analyzed with ImagelJ software. The experiment was performed in triplicate.

Uncoated Transwell chambers were used for the migration assay, whereas 50 pL. Matrigel (1:10; BD Biosciences, San
Jose, CA, USA) was used to precoat the upper surface of the Transwell chambers in the invasion assay. First, 5x10* cells
resuspended in 200 pL of serum-free medium were seeded in the upper chamber (8-um pore size; Corning), and 600 puL
of medium with 10% FBS was added in the lower chamber. After incubation for 48 h, the cells that penetrated the lower
surface of the membranes were fixed with 4% paraformaldehyde and stained with hematoxylin. Finally, cells from three
randomly selected fields were counted. The experiment was performed in triplicate.

Cell Counting Kit-8 (CCK-8), Colony Formation and 5-Ethynyl-2’-Deoxyuridine (EdU)
Assays

For the CCK-8 assay, 3x 10? cells were plated in 96-well plates. Then, the proliferation level was determined at 0, 24, 48,
and 72 h. Ten microliters of CCK-8 kit solution (Dojindo, Tokyo, Japan) with 90 puL of medium was added to each well
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and then incubated for 2 h. Finally, the optical density (OD) value at 450 nm was measured using a multifunctional
enzyme-linked analyzer (BioTek, Winooski, VT, USA).

For the colony formation assay, 1x10° cells were plated in 6-well plates and continuously cultured for approximately
2 weeks. After fixation with 4% paraformaldehyde for 15 min and staining with 0.1% crystal violet for 30 min, visible
colonies were imaged and counted.

For the EdU assay, 3x10° cells were seeded in 96-well plates and incubated for 24 h. Briefly, cells were incubated
with 100 uL EAU solution (Beyotime) for 2 h and then fixed with 4% paraformaldehyde. After the cells were washed and
permeabilized with 3% bovine serum albumin (BSA) and 0.3% Triton X-100, 1x Hoechst 33,342 reaction solution was
used to stain nuclei. Finally, images were captured using a fluorescence microscope. The percentage of EdU-positive
cells was calculated as follows: (EdU-stained cells/Hoechst-stained cells) x100%. The experiment was performed in
triplicate.

Tube Formation Assay

Matrigel (BD Biosciences) was diluted with precooled culture medium at a ratio of 1:1, placed in 48-well plates (100 pL/
well) and polymerized at 37 °C for 1 h. Then, 3x10* HLECs were placed in Matrigel-precoated 48-well plates. After
incubation with the corresponding exosomes for 6—8 h, capillary-like structures were photographed under an inverted
microscope. The total tube length was calculated using ImageJ software. All experiments were performed in triplicate.

Fluorescence in situ Hybridization (FISH) Assay

FISH was conducted using a RiboTM FISH Kit (RiboBio, Guangzhou, China) as described by Guo.** Briefly, cells were
fixed in 4% paraformaldehyde for 10 min and permeabilized in 0.5% Triton X-100 for 5 min at 4 °C. After incubation
with prehybridization buffer at 37 °C for 30 min and hybridization (with a FISH probe) at 37 °C in the dark overnight,
the cells were washed with Wash Buffer I (4xSSC), Wash Buffer II (2xSSC), and Wash Buffer III (1xSSC). Then, the
cells were incubated with rabbit anti-Rab10 (dilution 1:200) at 4 °C overnight. The next day, the cells were incubated
with Alexa Fluor 488-conjugated goat anti-rabbit IgG (dilution 1:100) for 1 h at 37 °C, and the nuclei were stained with
DAPI in the dark for 10 min. Images were captured using an Olympus BX43 fluorescence microscope (magnification
x200). The miR-10527-5p-CY3 FISH probes were designed and synthesized by RiboBio, and the probe sequence was 5°-
GCCGTTCACCCAACATTTGCTTT-3".

RNA Stability Assessment

For evaluation of the effect of miR-10527-5p on the stability of Rab10 mRNA, 20 uM actinomycin D (Sigma—Aldrich)
was added to Ecal09 cells in the vector group or miR-10527-5p overexpression group and incubated for 0, 1, 2, 3 and 4
h. At the end of the incubation period, total RNA was extracted, and the mRNA level of Rab10 was measured by qRT-
PCR. The experiment was performed in triplicate.

Dual Luciferase Reporter and TOPFlash/FOPFlash Reporter Assay

The 3’ untranslated region (UTR) of Rab10 containing binding sites for miR-10527-5p or its mutated versions were cloned
into the pmirGLO vector. HEK293T cells were cotransfected with miR-10527-5p mimic or mimic-NC and luciferase reporter
plasmids containing the wild-type (WT) or mutant (MUT) 3’-UTR of Rabl0 using Lipofectamine’™ 3000 reagent
(Invitrogen). After transfection for 48 h, luciferase activity was measured by a Dual-Luciferase Kit (Promega, Madison,
WI, USA) according to the manufacturer’s protocol. For the TOPFlash/FOPFlash reporter assay, cells were seeded in 12-well
plates and cotransfected with the TOPFlash or FOPFlash and pRL-TK plasmid (Beyotime). After transfection for 48 h,
a luciferase assay was performed with the Dual-Luciferase kit. The firefly luciferase activity level was normalized against the
Renilla luciferase activity level. The experiment was performed in triplicate.

Popliteal LNM Assay

Female nude mice (BALB/c-nu, 5-6 weeks old) were purchased from HFK Biotechnology (Beijing, China) and
were used to construct the popliteal LNM model as described by Liu.>* Briefly, GFP-labeled KYSE150 cells (1x10°)
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with 40 pL of PBS were injected into the footpads of mice. One week after the initial implantation, the nude mice
were randomly divided into 2 groups (n = 5/group) and injected intratumorally with Ecal09yir-10527-5p-EXOs or
Ecal09vyecior-EXOs (10 pg) twice a week. Lymphatic metastasis was monitored and imaged with an In Vivo Imaging
System (Spectrum CT, PerkinElmer, USA). Four weeks after the initial implantation, the footpad tumors and
popliteal LNs were excised, measured (volume = width? x length/2) and paraffin embedded for further analysis.
Positive LNs were indicated by GFP-positive tumor cells detected by IHC. The ratios of positive-stained LNs to

total LNs were calculated.

Statistical Analysis

Statistical analyses were conducted with GraphPad Prism 8.0.1 (GraphPad, San Diego, CA, USA). Differences between
groups were analyzed by Student’s #-test for comparisons between two groups or one-way analysis of variance (ANOVA)
for multiple comparisons. The chi-square test was applied for categorical variables. The correlation of measurements was
determined using Pearson’s correlation analysis. Measurement data are presented as the mean + standard deviation (SD),
and P < 0.05 was considered significant.

Results
MiR-10527-5p is Reduced in Plasma Exosomes and Tumor Tissues of ESCC Patients
with LNM

Initially, exosomes were isolated from plasma and tissues from LNM" ESCC or LNM~ ESCC patients by an
ExoQuick exosome isolation kit. Then, TEM was performed to verify the typical disc-shaped morphology of the
isolated exosomes (EXOs, Figure 1A). NTA showed that the median diameters of plasma exosomes were 128.1
(LNM") and 126.0 nm (LNM") (Figure 1B). In addition, Western blotting confirmed the expression of the
exosome markers CD63 and TSG101 and the negative marker GRP94 (Figure 1C). With the goal of identifying
candidate exosomal miRNAs involved in ESCC metastasis, we conducted small RNA sequencing to determine the
miRNA expression profiles of plasma exosomes from 5 LNM" and 5 LNM  ESCC patients. As depicted in
Figure 1D and E, we identified 10 exosomal miRNAs with |log,FC|> 1 and P<0.05 (Supplementary Table 5), 4
miRNAs that were significantly downregulated and 6 miRNAs that were significantly upregulated in the plasma
exosomes of LNM" patients compared to LNM ™ patients. We further analyzed the GEO dataset GSE155360,
which contains the miRNA expression datasets of serum exosomes from 20 ESCC patients, and used it in

combined analysis with our sequencing data. As a result, only miR-10527-5p and miR-493-5p were found to be
differentially expressed in the RNA sequencing data and GSE155360 dataset (Figure 1F). Of these, miR-10527-5p
(a product of the MIR10527 gene, which is located on chromosome 12q14.2) showed a smaller P value and was
selected for further experiments. Then, qRT-PCR was applied to validate the expression of miR-10527-5p in
plasma exosomes of 52 ESCC patients (26 LNM™~ and 26 LNM" ESCC patients). As shown in Figure 1G,
exosomal miR-10527-5p expression was significantly lower in the LNM" group than in the LNM™ group, which
was consistent with the results of RNA sequencing. In addition, receiver operating characteristic (ROC) curve
analysis showed that plasma exosomal miR-10527-5p had a high accuracy for distinguishing LNM" patients from
LNM' patients. The area under the ROC curve (AUC) value, sensitivity and specificity were 0.8935, 84.42% and
80.75%, respectively (Figure 1H), highlighting the diagnostic potential of plasma exosomal miR-10527-5p in
predicting the LNM status of ESCC patients. We also evaluated the miR-10527-5p expression levels in ESCC
tumor tissues by qRT-PCR. Consistent with the expression of miR-10527-5p in plasma exosomes, miR-10527-5p
was substantially reduced in tumor tissues of LNM" patients (n=26) compared with LNM™ patients (n=26)
(Figure 11I). Taken together, these data indicated that miR-10527-5p plays a crucial role in the progression of
ESCC metastasis.
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Figure 1 MiR-10527-5p is reduced in plasma exosomes and tumor tissues of ESCC patients with LNM. (A) The morphology of exosomes (EXOs) derived from the plasma
of ESCC patients with (LNM®) or without LNM (LNM") was identified under a transmission electron microscope (scale bar, 100 nm). (B) Size distribution of exosomes
detected by NTA. (C) The expression of the exosomal markers CDé63 and TSGI0I and the negative marker GRP94 determined by Western blotting. (D) Heatmap of
plasma exosomal miRNA sequencing from ESCC patients with or without LNM. (E) The volcano map indicates differentially expressed miRNAs from RNA sequencing. (F)
Intersection of differentially expressed exosomal miRNAs from our RNA sequencing results and the GSE155360 dataset. (G) qRT-PCR analysis of miR-10527-5p expression
in plasma exosomes from 26 LNM" and 26 LNM~ ESCC patients. (H) ROC curve analysis for evaluating the diagnostic potential of plasma exosomal miR-10527-5p in
predicting LNM status. (I) gQRT-PCR analysis of miR-10527-5p expression in 26 LNM* and 26 LNM~ ESCC tumor tissues. **P<0.01, ***P<0.001.

Downregulation of Exosomal MiR-10527-5p is Associated with Poor
Clinicopathological Characteristics of ESCC Patients

Fifty-two ESCC patients were classified into 2 groups based on the median miR-10527-5p levels in plasma exosomes,
with 26 patients in the low-expression group and 26 patients in the high-expression group. Then, the chi-square test was
used to investigate the association between exosomal miR-10527-5p levels and clinicopathological parameters (including
sex, age, tumor size, T stage, differentiation degree, and LNM status). As shown in Table 1, exosomal miR-10527-5p
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Table 1 Correlations Between Plasma Exosomal miR-10527-5p Expression and
Clinicopathologic Characteristics of 52 ESCC Patients

Clinicopathologic Cases (n=52) Eexosomal miR-10527-5p Level
Characteristics
Low (n=26) | High (n=26) | P-value
Gender
Male 32 17 15 0.776
female 20 9 I
Age (years)
<50 9 3 6 0.465
>50 43 23 20
Tumor Size(cm)
<3 22 5 17 0.002%*
>3 30 21 9
T status
TI-2 21 5 16 0.004**
T3-4 31 21 10
Differentiation degree
Low 21 13 8 0.258
Mid-high 31 13 18
LNM status
No 26 8 18 0.012%
Yes 26 18 8

Note: The bold values indicate statistically significant; *P<0.05; **P<0.01.
Abbreviations: ESCC, esophageal squamous cell carcinoma; T, tumor; LNM, lymph node metastasis.

levels were significantly negatively correlated with tumor size (P=0.002), T stage (P=0.004) and LNM status (P =0.012),
while no significant associations were observed between exosomal miR-10527-5p expression and sex, age or differentia-
tion degree (P>0.05). These data indicated that downregulation of exosomal miR-10527-5p was strongly associated with
poor clinicopathological characteristics of ESCC patients.

MiR-10527-5p Inhibits the Migration, Invasion and EMT of ESCC Cells via Wnt/}3-Catenin
Signaling

Based on the above data, we further assessed whether miR-10527-5p mediates the biological functions of ESCC cells. First,
we compared the expression levels of miR-10527-5p in three human ESCC cell lines (KYSE30, Ecal09, and KYSE150) and
two esophageal epithelial cell lines (HET-1A and HEEC) via qRT-PCR. As shown in Figure 2A, miR-10527-5p expression
was considerably lower in the ESCC cell lines than in the normal esophageal epithelial cell lines. Then, Ecal09 and
KYSEI150 cells were transfected with miR-10527-5p overexpression (miR-10527-5p OE) lentiviruses, and gQRT-PCR was
used to confirm the transfection efficiency (Figure 2B). Wound healing and Transwell assays demonstrated that miR-10527-
5p OE significantly suppressed the migration and invasion of Ecal09 and KYSE150 cells (Figure 2C and D). Conversely, the
miR-10527-5p inhibitor (inh-miR-10527-5p, Figure S1A) dramatically enhanced the cell migration and invasion of Ecal09,
KYSE150 and KYSE30 cells (Figure SIB-S1E). However, there was no obvious significant difference in cell proliferation
as determined by CCK-8, EdU and clone formation assays (Figure 2E-H). EMT, an evolutionarily conserved developmental
program, has been implicated in carcinogenesis and confers metastatic properties on cancer cells by enhancing cell mobility,
migration and invasive potential.”** As shown in Figure 2I, the expression of mesenchymal markers (N-cadherin and
Vimentin) was significantly reduced whereas that of the epithelial marker E-cadherin was increased after miR-10527-5p
overexpression. However, miR-10527-5p inhibitor treatment resulted in the opposite effects (Figure S1F). Accumulating
evidence has revealed that Wnt/B-catenin signaling is involved in EMT and tumor metastasis.”> Therefore, we next explored
whether miR-10527-5p regulation of ESCC EMT could be mediated by the Wnt/B-catenin pathway. As shown in Figure 2J,
phosphorylated GSK-3p5" (pGSK3p5") and P-catenin levels were significantly reduced after miR-10527-5p overexpres-
sion but increased after administration of the miR-10527-5p inhibitor (Figure S1G). Then, TOPFlash and FOPFlash
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reporters, containing WT and MUT B-catenin/TCF-4 binding sites respectively, were constructed to verify whether miR-
10527-5p affects the transcriptional activity of -catenin. Notably, overexpression of miR-10527-5p strongly decreased the
activity of TOP/FOP (Figure 2K). However, TOP/FOP activity was increased when miR-10527-5p was downregulated
(Figure S1H). These data suggest that miR-10527-5p inhibits the migration, invasion and EMT of ESCC cells through the
Wnt/B-catenin pathway.

Exosomal MiR-10527-5p Inhibits the Migration, Invasion and EMT of ESCC Cells via
Whnt/B-Catenin Signaling

To investigate whether miR-10527-5p is enriched by ESCC-derived exosomes, we purified exosomes from the CM of Ecal09
cells and then identified them by TEM, NTA, and Western blot assays (Figure 3A—C). qRT—PCR results revealed that miR-
10527-5p levels were significantly lower in ESCC cell-secreted exosomes than in exosomes isolated from human esophageal
epithelial cells (Figure 3D), and the levels of exosomal miR-10527-5p were significantly positively correlated with the levels
in cells (R=0.899, P=0.038, Figure 3E). In addition, miR-10527-5p was more highly expressed in exosomes extracted from
miR-10527-5p-overexpressing cells (miR-10527-5p OE-EXOs) than in those extracted from cells transfected with the control
vector (Vector-EXOs) (Figure 3F). During tumor metastasis, tumor-derived exosomal miRNAs can be taken up by other tumor
cells and regulate their biological behaviors. Ecal09 cells that showed low levels of E-cadherin and high levels of Vimentin
and N-cadherin were designated high-EMT cells, and KYSE150 cells that expressed high levels of E-cadherin and no
detectable levels of Vimentin or N-cadherin were designated low-EMT cells. Furthermore, an in vitro coculture system was
used to investigate the functional roles of exosomal miR-10527-5p in intercellular communication between ESCC cells.
PKH67-labeled exosomes derived from Ecal09 cells were cocultured with KYSE150 cells. Flow cytometry results demon-
strated that the PKH67 fluorescence intensity in KYSE150 cells increased with time (Figures 3G and S2A). Interestingly, we
observed that the green fluorescent signal colocalized mainly in the perinuclear region of KYSE150 cells using fluorescence
microscopy (Figures 3H and S2B). The qRT-PCR results revealed that Ecal09yir-10527-5p-EXOs obviously increased the level
of miR-10527-5p in KYSE150 cells in a time-dependent manner (Figure 3I). Additionally, in KYSE150 cells, colocalization
of Cy3-labeled miR-10527-5p mimics and PKH67 fluorescence was observed in the Ecal09myir-10527-5p-EXO group
(Figure 3J). Taken together, these results indicated that horizontal transfer of miR-10527-5p from Ecal09 cells to
KYSE150 cells can occur via exosomes. Wound healing and Transwell assays demonstrated that Ecal09ir-10s27-5p-EXOs
could significantly decrease the cell migratory and invasive capacities of KYSE150 and Ecal09 cells (Figure 3K-L).
Interestingly, after incubation with Ecal09ye.o-EXOs for 0, 24, 48 and 72 h, the expression levels of Vimentin,
N-cadherin, pGSK3p5™ and B-catenin in KYSE150 cells were significantly increased, and that of E-cadherin was decreased,
whereas there were no significant changes after incubation with Ecal09yr-10527-5,-EXOs (Figure 3M and N), which indicated
that exosomal miR-10527-5p inhibits the migration, invasion and EMT of ESCC cells through the Wnt/B-catenin pathway.

Exosomal MiR-10527-5p Inhibits Lymphatic Metastasis and Lymphangiogenesis in vitro

and in vivo

To investigate whether exosomal miR-10527-5p mediates the migration and tube formation of HLECs, we treated HLECs with
different exosomes derived from Ecal(9 cells. The exosome uptake assay (Figure 4A and B and Figure S2C) and qRT-PCR
(Figure 4C) results showed that exosomal miR-10527-5p could also be transported from Ecal09 cells to HLECs. Subsequently,
tube formation and Transwell assays were performed to assess the impacts of exosomal miR-10527-5p on HLECs. We observed
that Ecal09ir-10527-5,-EXOs notably inhibited HLEC tube formation and migration compared with Ecal09ycior-EXOs
(Figure 4D and E). Moreover, the Western blot results demonstrated that pGSK3p*™ and B-catenin levels significantly decreased
when HLECs were incubated with Ecal09yir-10527.55-EXOs for 72 h (Figure 4F), suggesting that exosomal miR-10527-5p
inhibits the migration and tube formation of HLECs via the Wnt/B-catenin pathway. As a classic lymphangiogenic growth factor,
VEGF-C is a key regulator of lymphangiogenesis. Thus, the relationship between miR-10527-5p and VEGF-C expression was
further examined. The results revealed that miR-10527-5p overexpression did not influence VEGF-C mRNA and protein levels
(Figure 4G). Collectively, these findings indicated that exosomal miR-10527-5p inhibits the migration and tube formation of
HLECs in a VEGF-C-independent manner. The regulatory function of exosomal miR-10527-5p in ESCC lymphangiogenesis
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Figure 3 Exosomal miR-10527-5p inhibits the migration, invasion and EMTof ESCC cells via Wnt/B-catenin signaling. (A) The morphology of exosomes derived from Ecal09 cells under
a transmission electron microscope (scale bar; 100 nm). (B) Size distribution of exosomes detected by NTA. (C) The expression of the exosomal markers CD63 and TSGI101 and the
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The effects of exosomal miR-10527-5p on the migration of Ecal09 and KYSEI50 cells detected by wound healing assays (scale bar; 200 um). (M) Western blot analysis of E-cadherin,
N-cadherin and Vimentin proteins in KYSEI50 cells treated with the indicated exosomes for 0, 24, 48 and 72 h. (N) Western blot analysis of B-catenin and pGSK3p°*" proteins in
KYSE|150 cells treated with the indicated exosomes 0, 24, 48 and 72 h. Experiments were performed in triplicate, and the data are represented as the mean + SD, *P<0.01, **P<0.001.
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Figure 4 Exosomal miR-10527-5p inhibits lymphatic metastasis and lymphangiogenesis in vitro and in vivo. (A) Quantitative analysis of exosomes uptaked by HLECs after
incubation with Ecal09-EXOs for 0, 6, 12 and 24 h was determined by flow cytometry. (B) The uptake of Ecal09-EXOs by HLECs under a fluorescence microscope (scale
bar, 10 um). (C) qRT-PCR analysis of miR-10527-5p expression in HLECs after incubation with Ecal09yir-10527-5,-EXOs for 0, 6, 12 and 24 h. (D and E) The effects of
exosomal miR-10527-5p on the tube formation and migration of HLECs detected by tube formation (scale bar, 250 um) and Transwell (scale bar, 100 pum) assays. (F)
Western blot analysis of B-catenin and pGSK3p®™ proteins in HLECs treated with the indicated exosomes. (G) VEGF-C mRNA and protein expression levels in Ecal09 and
KYSEI50 cells after miR-10527-5p overexpression determined by qRT-PCR and Western blotting. (H and I) Representative fluorescence images and quantitative analysis of
popliteal metastatic lymph nodes (LNs) of all groups. (J) Representative image of the popliteal LN metastasis model. (K) Representative image and quantitative analysis of
enucleated popliteal LNs of all groups. (L) Representative images and quantitative analysis of GFP in popliteal LNs detected by IHC assay. Scale bar, 500 um (up), 100 pm
(down). (M) Representative images and quantitative analysis of peritumoral LVD, as indicated by LYVE-I-positive microvessels detected by IHC assays (scale bar, 100 um). In
vitro experiments were performed in triplicate, and the data are represented as the mean * SD, ns, no significance, *P<0.05, **P<0.01, ***P<0.001.
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was evaluated in vivo. An in vivo imaging system (IVIS) revealed that Ecal09yr-10527-5,-EXOs strikingly prohibited the
metastasis of the primary tumor to the popliteal LNs compared with Ecal09.,~EXOs (Figure 4H and I). Four weeks after the
initial implantation, foot-pad tumors and popliteal LNs were enucleated (Figure 4J). Strikingly, Ecal09ir-10527-5,-EXO injection
obviously reduced the volume of popliteal LNs compared with Ecal09co-EXO injection (Figure 4K). Similarly, the
Ecal09ir-10527-5p-EXO group showed a lower rate of metastasis-positive popliteal LNs, as indicated by GFP-positive tumor
cells detected by IHC (Figure 4L). Additionally, IHC analysis revealed that the peritumoral lymphatic vessel density (LVD) in
footpad tumor tissues was significantly lower in the EcalO09yir-10527-5,-EXO group than in the Ecal09yecor-EXO group
(Figure 4M). Taken together, these results indicated that exosomal miR-10527-5p inhibits lymphatic metastasis and lymphan-
giogenesis of ESCC in vitro and in vivo.

Rab10 is a Direct Target Gene of miR-10527-5p

To investigate the factor through which miR-10527-5p mediates ESCC cell metastasis, we used three bioinfor-
matics databases (miRWalk, miRDB, and miRDIP) to identify the candidate target genes of miR-10527-5p
(Figure 5A). As shown in Figures 5B and S3A, Ras-related protein Rab-10 (Rab10) showed the most significant
decrease in mRNA levels among the 5 candidate target genes after miR-10527-5p overexpression. Consistently,
the Western blot results showed that the Rab10 protein level was also substantially suppressed (Figure 5B). Then,
we compared the mRNA levels of Rab10 in KYSE30, Ecal09, KYSE150, HET-1A and HEEC cells via qRT-PCR.
As shown in Figure 5C, Rab10 expression was considerably higher in the ESCC cell lines than in HET-1A and
HEEC cells, and the level of Rabl0 tended to negatively correlate with the miR-10527-5p level (R=0.844,
P=0.072, Figure 5D). In addition, the FISH assay showed a negative correlation between the expression of
miR-10527-5p and Rab10, which colocalized mainly in the cytoplasm of Ecal09 cells (Figure SE). Evidence has
shown that miRNAs can modulate gene expression by directly targeting mRNAs, resulting in their post-
transcriptional suppression or instability.’® In the present study, we found that Rabl0 was more stable in the
miR-10527-5p overexpression group than in the vector group under treatment with actinomycin D (Figure 5F),
which indicated that miR-10527-5p decreased Rabl0 through post-transcriptional suppression rather than desta-
bilization. To examine whether miR-10527-5p directly targets Rabl0 mRNA, we performed dual luciferase
reporter analysis in HEK293T cells. We found that the miR-10527-5p mimic effectively inhibited the activity
of the firefly luciferase reporter containing the WT 3’-UTR of Rab10 compared with the mimic-NC, whereas this
effect was abolished when the binding sites were mutated (Figure 5G), which indicated that Rabl0 is a direct
target of miR-10527-5p. The miR-10527-5p binding site in the Rab10 mRNA 3°-UTR is shown in Figure S3B. To
verify the biological functions of Rab10 in ESCC cells, we downregulated Rab10 by siRNA (siRab10, Figure 5H).
In vitro studies revealed that silencing Rab10 dramatically attenuated the migration and invasion of Ecal09 cells
(Figure 51 and J). Moreover, knockdown of Rab10 notably inactivated Wnt/B-catenin signaling and reversed EMT
progression in Ecal09 cells (Figure 5K and L).

Exosomal MiR-10527-5p Targets Rabl0 to Inhibit ESCC Metastasis

To determine whether Rab10 was necessary for miR-10527-5p-mediated ESCC metastasis, we transfected Ecal09,,r-
10527-5p ok cells with Rab10 overexpression lentiviruses (Rab10 OE, Figure 6A). Wound healing and Transwell assays
revealed that upregulation of Rab10 significantly reversed the suppression of Ecal09 cell migration and invasion due to
miR-10527-5p OE (Figure 6B). The results of the TOPFlash/FOPFlash reporter assay and Western blots showed that the
inhibitory effects of miR-10527-5p OE on Wnt/B-catenin signaling and EMT progression were also reversed when Rab10
was reintroduced (Figure 6C and D). To further investigate whether Rabl10 is involved in exosomal miR-10527-5p-
mediated lymphatic metastasis and lymphangiogenesis in ESCC, we performed a series of rescue assays. In vitro studies
revealed that cotreatment with Ecal09,,ir-10s527.5p-EXOs and the Rab10 overexpression plasmid significantly reversed the
inhibitory effects of exosomal miR-10527-5p on the migration and invasion of KYSE150 and Ecal09 cells (Figures 6E
and S4A). Similarly, re-expression of Rabl0 also neutralized exosomal miR-10527-5p-mediated inhibition of the
migration and tube formation of HLECs (Figures 6F and S4B). Likewise, the Western blot results showed that the
inhibitory effects of exosomal miR-10527-5p on Wnt/B-catenin signaling and EMT in KYSE150 cells (Figure 6G), as
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well as Wnt/B-catenin signaling in HLECs (Figure 6H), were also significantly reversed when Rab10 was reintroduced.
Then, we detected Rab10 expression levels in footpad tumor tissues by IHC. As shown in Figure 61, Rabl0 expression
was significantly lower in the Ecal09,ir-10s527.5p-EXO group than in the Ecal09yecior- EXO group. Based on the Kaplan—
Meier plotter online database,”’” we generated a Kaplan—Meier OS curve, which revealed that the OS rate was obviously
reduced in ESCC patients with Rabl10 overexpression (Figure S5). In addition, IHC assays indicated that Rabl0
expression in LNM" ESCC tumor tissues was significantly higher than that in LNM  specimens (Figure 61).
Collectively, these data indicate that exosomal miR-10527-5p inhibits lymphatic metastasis and lymphangiogenesis in
ESCC by directly targeting Rab10 (Figure 7).

Discussion

In the current study, we identified an exosomal miRNA, miR-10527-5p, that was reduced in the plasma exosomes of
ESCC patients with LNM. In addition, plasma exosomal miR-10527-5p showed a strong ability to discriminate the
preoperative LNM status. Moreover, we found that exosomal miR-10527-5p could significantly attenuate the migration,
invasion and EMT of ESCC cells by blocking Rab10-mediated Wnt/B-catenin signaling. Furthermore, exosomal miR-
10527-5p could be transferred to HLECs, in which it exerted its anti-lymphangiogenic effects in a VEGF-C-independent
manner. Our study provides a noninvasive biomarker for predicting the LNM status of ESCC patients and novel insight
into the molecular mechanism of ESCC metastasis.

A key initial finding made during the present study was the clinical value of plasma exosomal miR-10527-5p in
predicting preoperative LNM status. Currently, imaging technologies such as computed tomography (CT) and endoscopic
ultrasonography (EUS) are the main methods used by clinicians to determine the N stage of ESCC patients. However,
due to the low specificity and sensitivity of CT and EUS, in some cases, micrometastases are not detected, which results
in incorrect staging and inadequate therapy.”**’ Recently, exosomal miRNAs have attracted extensive attention for their
clinical utility in predicting LNM status.***' Compared with CT and EUS, the detection of exosomal miRNAs is less
traumatic and more convenient. In the current study, we found that plasma exosomal miR-10527-5p had a high sensitivity
and specificity in determining the LNM status of ESCC patients, suggesting that exosomal miR-10527-5p is a promising
biomarker for the selection of patients with a high risk of LNM. Additionally, the plasma exosomal miR-10527-5p levels
were negatively correlated with the LNM status of ESCC patients, highlighting the essential role of miR-10527-5p in
ESCC metastasis.
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Another important finding in the current study was the anti-lymphangiogenic effect of exosomal miR-10527-5p.
Several studies have demonstrated that exosomal miRNAs serve as key mediators of tumor lymphangiogenesis.
Nevertheless, the functions and molecular mechanisms of exosomal miRNAs in ESCC lymphangiogenesis remain
unclear. In vitro studies, our results revealed that Ecal(09-secreted exosomal miR-10527-5p could be transferred to
HLEC:s to inhibit their migration and tube formation. The anti-lymphangiogenic effect of exosomal miR-10527-5p
was further confirmed by a popliteal LN metastasis assay. Above all, a decrease in exosomal miR-10527-5p might
be the main contributor to ESCC microenvironment generation. Conversely, a recent study revealed that exosomal
miR-320b promotes lymphangiogenesis and lymphatic metastasis of ESCC by targeting PDCD4.*? In addition,
Garcia-Silva found that melanoma-derived exosomes could induce lymphangiogenesis and metastasis through nerve
growth factor receptor (NGFR).>® All of these indicate that whether exosomes are pro-lymphangiogenic or anti-
lymphangiogenic probably depends on the tissue type and the distinct cargo composition of exosomes. Tumor
lymphangiogenesis can be modulated by multiple regulators, such as VEGF-C. However, there were no obvious
changes in the mRNA and protein levels of VEGF-C after miR-10527-5p overexpression. Growing evidence
suggests essential roles for the Wnt/B-catenin signaling pathway in lymphangiogenesis.>**> Given the results of
published literature and our previous results, we hypothesized that the Wnt/B-catenin signaling pathway might
contribute to the inhibitory effects of exosomal miR-10527-5p on lymphangiogenesis. The central event in the
activation of Wnt/B-catenin signaling is the accumulation of B-catenin in the cytoplasm, which is followed by the
translocation of unphosphorylated B-catenin to the nucleus, where it forms a B-catenin-TCF/LEF transcriptional
complex and induces the transcription of target genes. GSK3f mediates the phosphorylation of B-catenin, promoting
its ubiquitination and subsequent proteasomal degradation, whereas phosphorylation and inhibition of GSK3p
ensure an increase in cytosolic B-catenin concentration.’®*’ To verify the above assumption, we performed
Ser% and B-catenin in HLECs. The results showed that exosomal
S and B-catenin, which confirmed that the Wnt/p-
catenin signaling pathway plays a crucial role in lymphangiogenesis in ESCC.

Western blotting to detect the expression of pGSK3f
miR-10527-5p significantly decreased the expression of pGSK3p

In addition, we investigated the functional role of exosomal miR-10527-5p in intercellular communication
between ESCC cells. A previous study identified different cell subpopulations within the same tumor, and the
gene expression and migration and invasion differ among different subpopulations.®® During tumor metastasis,
tumor-derived exosomal miRNAs can be internalized by other tumor cells, thereby affecting recipient cell
activities, such as proliferation, invasion, EMT, angiogenesis, and drug resistance.’® Liu et al reported that
exosomes from colorectal cancer (CRC) cells with high invasive potential can deliver miR-106b-3p to CRC
cells with low invasive potential, which enhances CRC cell migration and invasion by targeting DLC-1.2° Our
results showed that miR-10527-5p could not only inhibit the migration, invasion and EMT of ESCC cells but also
be horizontally delivered to KYSE150 cells from Ecal09 cells via exosomes, thus inhibiting their migration,
invasion and EMT. Based on these results, we proved that exosomal miR-10527-5p has a major regulatory effect
on the metastatic potential of ESCC cells.

Further investigation demonstrated that Rab10 is a direct target gene of miR-10527-5p. Rab10, a member of
the small GTPase family,40 has been identified as an oncogene in various cancers, such as breast cancer,
osteosarcoma, and ESCC, and it participates in tumor metastasis by affecting different processes, including
invasion, migration, EMT, immune evasion and chemoresistance.*'™ In our study, Rabl0 was found to be
significantly elevated in LNM " ESCC tissues and tended to be associated with poor prognosis in ESCC patients.

Ser% and B-catenin and inhibited

Moreover, we verified that silencing Rab10 decreased the expression of pGSK3f
the migration, invasion, and EMT of ESCC cells. However, upregulation of Rab10 reversed the inhibitory effects
of miR-10527-5p overexpression. Most importantly, re-expression of Rab10 obviously neutralized exosomal miR-
10527-5p-mediated inhibition of the migration, invasion and EMT of ESCC cells, as well as exosomal miR-
10527-5p-mediated inhibition of the migration and tube formation of HLECs. All of these results demonstrated
that exosomal miR-10527-5p inhibits lymphatic metastasis and lymphangiogenesis by directly targeting Rabl10,
and targeting Rab10 is promising strategy for ESCC patients with LNM. Given the low efficacy and side effects

of current treatment approaches, which include chemotherapy, radiotherapy, immunotherapy and targeted therapy,
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it is desirable to develop novel therapeutic strategies for advanced-stage ESCC patients. Recent investigations
have demonstrated that exosome drug delivery systems have great application prospects in tumor therapy owing to
their high stability, low cytotoxicity and minimal immunogenicity.***> Therefore, miR-10527-5p packaging into
exosomes may overcome the shortcomings of current treatment methods and serve as a potential therapeutic
strategy for ESCC patients. There are several limitations in the present study. First, the number of samples was
relatively small, which may affect the reliability of our findings. Therefore, larger sample sizes are required to
verify our results. Second, the prognostic value of Rabl0 as well as the detailed mechanism by which Rab10
regulates the Wnt/B-catenin pathway remains unclear and requires further investigation. Third, in this study, we
mainly focused on the role and mechanism of tumor-derived exosomal miR-10527-5p, and whether miR-10527-5p
could be carried by exosomes from immune cells or other stromal cells also needs to be investigated in future
experiments.

Conclusion

In conclusion, our study first verified that plasma exosomal miR-10527-5p levels were negatively correlated with
lymphatic metastasis in ESCC patients and that plasma exosomal miR-10527-5p might serve as a noninvasive
biomarker for predicting LNM status. Exosomal miR-10527-5p could be transferred to ESCC cells and HLECs
and suppressed the migration, invasion and EMT of ESCC cells as well as the migration and tube formation of
HLECs, thereby preventing lymphatic metastasis and lymphangiogenesis of ESCC through the Wnt/B-catenin
signaling pathway by directly targeting Rab10. Therefore, exosomal miR-10527-5p could serve as a diagnostic
biomarker and potential therapeutic target for ESCC treatment.
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