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Background: Exosomal microRNAs (miRNAs) in the tumor microenvironment play crucial roles in tumorigenesis and tumor
progression by participating in intercellular cross-talk. However, the functions of exosomal miRNAs and the mechanisms by which
they regulate esophageal squamous cell carcinoma (ESCC) progression are unclear.

Methods: RNA sequencing and GEO analysis were conducted to identify candidate exosomal miRNAs involved in ESCC develop-
ment. Receiver operating characteristic curve analysis was performed to assess the diagnostic value of plasma exosomal miR-493-5p.
EdU, tube formation and Transwell assays were used to investigate the effects of exosomal miR-493-5p on human umbilical vein
endothelial cells (HUVECs). A subcutaneous xenograft model was used to evaluate the antitumor effects of miR-493-5p and
decitabine (a DNA methyltransferase inhibitor). The relationship between miR-493-5p and SP1/SP3 was revealed via a dual-luciferase
reporter assay. A series of rescue assays were subsequently performed to investigate whether SP1/SP3 participate in exosomal miR-
493-5p-mediated ESCC angiogenesis.

Results: We found that miR-493-5p expression was notably reduced in the plasma exosomes of ESCC patients, which showed the
high potential value in early ESCC diagnosis. Additionally, miR-493-5p, as a candidate tumor suppressor, inhibited the proliferation,
migration and tube formation of HUVECs by suppressing the expression of VEGFA and exerted its angiostatic effect via exosomes.
Moreover, we found that SP1/SP3 are direct targets of miR-493-5p and that re-expression of SP1/SP3 could reverse the inhibitory
effects of miR-493-5p. Further investigation revealed that miR-493-5p expression could be regulated by DNA methyltransferase 3A
(DNMT3A) and DNMT3B, and either miR-493-5p overexpression or restoration of miR-493-5p expression with decitabine increased
the antitumor effects of bevacizumab.

Conclusion: Exosomal miR-493-5p is a highly valuable ESCC diagnosis marker and inhibits ESCC-associated angiogenesis. miR-
493-5p can be silenced via DNA methylation, and restoration of miR-493-5p expression with decitabine increases the antitumor effects
of bevacizumab, suggesting its potential as a therapeutic target for ESCC treatment.
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Introduction

Esophageal cancer (EC), the seventh most common and sixth most deadly cancer worldwide, is a key threat to human
health." There were approximately 0.6 million newly diagnosed cases worldwide in 2022, more than half of which were
found in China, and esophageal squamous cell carcinoma (ESCC) accounts for 85% of the cases.” The prognosis of
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ESCC is poor, with a five-year survival rate less than 20%.> Although there has been great progress in recent years for
diagnostic methods, the early symptoms of ESCC are still too subtle to be noticed, so most ESCC cases are first
diagnosed in the advanced stage.* Because there is currently no reliable targeted therapy for ESCC, patients generally
have fewer options for treatment.’ Elucidating the underlying mechanism of ESCC development and identifying valuable
biomarker targets for diagnosis or treatment are highly important for improving ESCC prognosis.

Exosomes are extracellular vesicles ranging in size from 30~150 nm that exist in various body fluids.® It has been
reported that cancer cells secrete different exosomal components than normal cells, and these components include distinct
proteins, lipids and nucleic acids [such as microRNAs (miRNAs) and long noncoding RNAs].” Thus, exosomes, which
can be obtained by liquid biopsy, have been widely investigated as biomarkers for early diagnosis, prognosis prediction
and recurrence monitoring in cancer patients.*> Moreover, exosomes can transport molecular signals from host cells.
Accumulating evidence suggests that cancer-derived exosomes remodel the local tumor microenvironment by altering
intercellular communication, which regulates angiogenesis, lymphangiogenesis, tumor immunity, metastasis and drug
resistance in tumors.'®'" Recently, the clinical potential and function of exosomes in ESCC have been gradually

d,'*'* exosomes-based therapy shows bright perspectives in ESCC treatment. Through RNA sequencing, we

reveale
found a close relationship between plasma exosomal miR-493-5p levels and the progression of ESCC. However, whether
exosomal miR-493-5p can be treated as a noninvasive biomarker for early detection of ESCC and how miR-493-5p
regulates ESCC occurrence and development are unclear and need further investigation.

Angiogenesis, the formation of new blood vessels from preexisting vessels, is a critical mechanism for tumor
development. During tumor growth, oxygen and nutrients in the tumor environment are depleted, leading to hypoxia,
which results in the formation of new blood vessels to obtain additional oxygen and nutrients.'* The abnormal and
rapid formation of tumor blood vessels is regulated by an imbalance in proangiogenic and antiangiogenic factors.
Vascular endothelial growth factors (VEGFs), especially VEGFA, are recognized as some of the most powerful
proangiogenic factors. By binding to its specific receptors VEGFR1 and VEGFR2, VEGFA can activate distinct
signaling pathways and expand the tumor vascular bed.'> The United States Food and Drug Administration (FDA) has
approved several anti-VEGFA agents, such as bevacizumab, to suppress angiogenesis in many malignancies, and
these agents have great effects.'®'” However, the effects are limited in ESCC for several reasons, especially the
existence of VEGFA-independent pathway.'® Therefore, exploring the mechanism of the VEGFA-independent path-
way and further customizing combined treatment regimens are highly important for treating ESCC. Recently,
exosomal miRNAs have been recognized as key mediators of tumor angiogenesis.'®>' However, the roles and
regulatory mechanisms of exosomal miR-493-5p in ESCC angiogenesis have not been fully elucidated and warrant
further investigation.

In this study, we found that miR-493-5p expression was notably reduced in the plasma exosomes of ESCC patients vs
those of healthy controls, and plasma exosomal miR-493-5p had high diagnostic value for ESCC. In addition, we found
that miR-493-5p inhibited the proliferation, migration, and tube formation of HUVECs in a VEGFA-dependent manner
and exerted an angiostatic effect via exosomes. Overexpression of miR-493-5p or restoration of miR-493-5p expression
with decitabine could increase the antitumor effects of bevacizumab. These findings provide us with a new noninvasive

biomarker for ESCC diagnosis and indicate a potential therapeutic strategy for ESCC treatment.

Material and Methods

Clinical Samples

Fifty-eight ESCC patients who underwent radical surgery at the Second Hospital of Shandong University (Jinan, China)
between May 2020 and October 2021 were enrolled in this study. None of the patients received any anticancer treatments
before biopsy collection. We collected peripheral blood from these 58 ESCC patients preoperatively and used peripheral
blood from 30 healthy volunteers as controls. Surgical tissues were collected from 36 of the 58 ESCC patients during

surgery and immediately placed in liquid nitrogen.
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RNA Sequencing and Bioinformatics Analysis

RNA sequencing was performed by Novogene (Beijing, China) using plasma exosomes from 5 ESCC patients with
lymph node metastasis (LN") and 5 ESCC patients without LN metastasis (LN ") as we previously described.? Firstly, 3
pg of RNA was used to generate a small RNA library, and sequenced on an Illumina HiSeq 2500/2000 platform. Then,
DESeq R package (3.0.3) was used for differential expression analysis. P<0.05 and log,|fold change| > 1 were set as the
thresholds for significant differential expression. The raw data have been uploaded in the Gene Expression Omnibus
(GEO) database (GEO number: GSE214259). The GEO dataset GSE155360 contains data from serum exosomes of 20
ESCC patients with or without LN metastasis was employed to analyze differentially expressed genes by the “limma”
package. Log,|fold change| > 1 was set as the screening threshold. The miRDB, miRDIP, ENCORI and TargetScan
databases were used to predicted the targeted genes of miR-493-5p.

Cell Culture and Transfection
All cell lines used in this study were purchased from Fu Heng Biological (Shanghai, China). Ecal09 and KYSE150 cells
were cultured in RPMI-1640 medium (Corning Cellgro, Manassas, VA, USA) supplemented with 10% fetal bovine
serum (FBS; HyClone, Logan, UT, USA). HEEC, HET-1A and HEK293T cells were cultured in DMEM (Corning)
supplemented with 10% FBS. HUVECs were maintained in endothelial cell medium (ECM; ScienCell) supplemented
with 5% FBS and 1% endothelial growth medium. All cells were cultured at 37°C in a 5% CO, humidified incubator.
The miR-493-5p and DNMT1 overexpression lentivirus plasmids were synthesized by TSINGKE Biological
Technology (Beijing, China). The SP1, SP3, DNMT3A and DNMT3B overexpression lentivirus plasmids were purchased
from Miaoling Biology (Wuhan, China). The miR-493-5p mimic and inhibitor were purchased from GenePharma Co., Ltd.
(Shanghai, China) and were transduced into HEK293T cells or HUVECs by Lipofectamine™ 3000 (Invitrogen, Carlsbad,
CA, USA). The sequences of the miR-493-5p mimic and inhibitor are listed in Supplementary Table 1. SIRNAs against SP1
and SP3 and shRNAs against DNMT1, DNMT3A, and DNMT3B synthesized by TSINGKE were transduced into Ecal09
cells or HUVECs through siTran 2.0 siRNA transfection reagent (Origene). The siRNA and shRNA sequences are shown in
Supplementary Table 2. Decitabine and bevacizumab were purchased from MedChemExpress (Shanghai, China).

Isolation and Identification of Exosomes

The cell culture medium (CM) was centrifuged at 2000 xg for 10 min and 10,000 xg for 30 min, and the precipitate was
removed. The supernatant was then ultracentrifuged at 110,000 xg for 70 min to collect the exosomes using an Optima
XPN-80 Ultracentrifuge (Beckman Coulter, California, USA). Plasma exosomes were extracted via an exosome isolation
kit (System Biosciences) according to the manufacturer’s instructions. Finally, the exosome precipitate was resuspended
in PBS and stored in a —80°C freezer.

To ensure that the exosomes were separated successfully, we used transmission electron microscopy (TEM; Thermo
Scientific, Carlsbad, CA, USA) to observe the morphology of the exosomes. NanoSight tracking analysis (NTA,
NanoSight NS300, Malvern, UK) was used to assess the size distribution of the exosomes. Finally, we performed
Western blotting with the exosome-specific protein markers CD63 and TSG101 and the negative marker GRP94.

Exosome Labeling and Uptake Assays

The purified exosomes were labeled with a PKH67 green fluorescence labeling kit (Sigma—Aldrich, MO, USA). Then,
the labeled exosomes were cocultured with HUVECs. A confocal microscope (Zeiss, Germany) was used to observe the
cells, which were stained with 4.6-diamidino-2-phenylindole (DAPI; Solarbio, Beijing, China).

Quantitative Real-Time PCR (qRT-PCR)

Total RNA from exosomes, tissues and cells was extracted with the miRcute miRNA Isolation Kit (Tiangen Biotech,
Beijing, China) and reverse-transcribed into cDNA using the miRNA First-Strand cDNA Synthesis Kit and the InRcute

IncRNA First-Strand cDNA Synthesis Kit (Tiangen). gqRT-PCR was conducted using a QuantStudio™ 5 Real-Time PCR

Z—AACT

System (Thermo Scientific). B-Actin and U6 snRNA were chosen as internal controls. The analytical method was
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used to calculate the relative expression levels. The primers used in this study were synthesized by TSINGKE and are
listed in Supplementary Table 3.

Western Blotting

Cells were harvested and lysed with RIPA lysis buffer (Beyotime, China). Proteins were separated by 8§-12% SDS—
PAGE and transferred to PVDF membranes (Millipore). The membranes were subsequently blocked in 5% skim milk for
1 h and incubated with the corresponding primary antibodies at 4°C overnight. The next day, the membranes were
washed three times with TBST and incubated with secondary antibodies for 1 h. After washing three times with TBST,
the membranes were visualized with an enhanced chemiluminescence (ECL) system. GAPDH or B-Actin served as the
internal control, and the primary antibodies used in this study are shown in Supplementary Table 4.

Enzyme-Linked Immunosorbent Assay (ELISA)

After transfection for 48 h, the cell culture medium was collected and centrifuged at 1000 x g for 20 min at 4°C. The
VEGFA concentration in the supernatant was subsequently measured via a VEGFA ELISA Kit (Elabscience, Wuhan,
China) according to the manufacturer’s instructions. Finally, the optical density (OD) at 450 nm was measured by
a multifunctional enzyme-linked analyzer (BioTek, USA).

Immunohistochemistry (IHC)

Four-millimeter-thick section slides were stained with antibodies against CD31 and VEGFA with an THC kit (Zsbio,
Beijing, China). After incubation with primary and secondary antibodies, chromogenic reactions were revealed by 3.3'-
diaminobenzidine tetrahydrochloride hydrate (DAB) staining. Images were captured with a NanoZoomer Digital
Pathology scanner (HAMAMATSU, Japan). The results were evaluated according to the mean integrated optical density
(IOD) via ImagelJ software. The primary antibodies used in the IHC analysis are also shown in Supplementary Table 4.

5-Ethynyl-2’-Deoxyuridine (EdU) Assay

A total of 3x10° cells were seeded in 96-well plates and incubated for 24 h. After incubation with 100 pL of EdU solution
(Beyotime) and fixation with 4% paraformaldehyde, the cells were washed with 3% bovine serum albumin (BSA) and
permeabilized with 0.5% Triton X-100. Finally, 1x Hoechst 33342 reaction solution was used to stain the nuclei, and images
were captured using a fluorescence microscope. The percentage of EdU-positive cells was calculated as follows: (number of
EdU-stained cells/number of Hoechst-stained cells) x 100%. The experiment was performed three times.

Wound Healing Assay

A total of 4x10* cells were added to each well with a culture insert (Ibidi, Germany) and incubated overnight, and the
insert was removed when the cells reached 100% confluency. After washing with 1xPBS, the cells were cultured in
serum-free medium. Images were captured by an inverted microscope every 12 h. The wound healing rate was analyzed
with ImagelJ software. The experiment was performed three times.

Transwell Assay

In the invasion assay, 50 pL of Matrigel (1:10; BD Biosciences, San Jose, CA, USA) was used to precoat the upper
membranes of the Transwell chambers (8 pwm pore size; Corning); in the migration assay, uncoated Transwell chambers were
used. A total of 5x10* cells suspended in 200 pL of serum-free medium were seeded in the upper chambers, and 600 pL of
medium supplemented with 10% FBS was added to the lower chamber. After culturing for 48 h, the cells that penetrated the
lower membranes were stained with hematoxylin and counted. The experiment was performed in triplicate.

Tube Formation Assay

One hundred microlitres of Matrigel (1:1; BD Biosciences) was added to 48-microwell plates, which were subsequently
incubated at 37°C for 30 min for solidification. Then, 3x10* HUVECs were resuspended in ECM supplemented with the
corresponding exosomes and added to the microwells. After incubation for 4-6 h, the capillary-like structures were

7168 rees International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=464403.docx
https://www.dovepress.com/get_supplementary_file.php?f=464403.docx
https://www.dovepress.com/get_supplementary_file.php?f=464403.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Xiao et al

observed using an inverted microscope. The length of tubes per field was counted using ImageJ software. The experiment
was performed in triplicate.

Dual-Luciferase Reporter Assay

The 3’ untranslated regions (UTRs) of SP1 and SP3, which contain binding sites for miR-493-5p or their mutated
versions, were cloned and inserted into the pmirGLO vector. HEK293T cells were cotransfected with a wild-type (WT)
vector or mutant (MUT) vector and miR-493-5p mimics or mimics-NC using Lipofectamine™ 3000 (Invitrogen). After
cotransfection for 48 h, luciferase activity was detected through a dual-luciferase reporter assay kit (Promega, Madison,
WI, USA). The firefly luciferase activity was normalized to the Renilla luciferase activity. The experiment was performed
in triplicate.

Vivo Xenograft Test

Four-week-old female BALB/c nude mice were purchased from HFK Biotechnology (Beijing, China). To explore the
effects of miR-493-5p in sensitizing mice to bevacizumab, the mice were randomly divided into two groups and
engrafted with 4x10° Ecal09-NC or Ecal09-miR-493-5p-OE cells in the axilla. Then, each group was intraperitoneally
injected with bevacizumab (2.5 mg/kg) or PBS every two days. Xenograft formation in nude mice was monitored and
calculated with the following formula: tumor volume =lengthxwidth?/2. Three weeks after the initial implantation, the
tumors were harvested, measured and embedded in paraffin for IHC analysis.

To observe the synergistic antitumor effects of decitabine and bevacizumab, 4x10° Ecal09 cells were injected into the
axilla of the mice. After implantation for one week, the mice were randomly divided into 4 groups and intraperitoneally
injected with PBS, bevacizumab (2.5 mg/kg), decitabine (1.0 mg/kg), or bevacizumab (2.5 mg/kg) plus decitabine
(1.0 mg/kg) every two days. Three weeks after the initial implantation, the tumors were harvested, measured and
embedded in paraffin for IHC analysis.

Statistical Analysis

All the data were analyzed using GraphPad Prism 9.0.1 (San Diego, CA, USA). Statistical significance was analyzed via
Student’s ¢ test for comparisons between two groups and one-way analysis of variance (ANOVA) for comparisons among
multiple groups. The chi-square test was applied to compare categorical variables. Pearson’s correlation coefficient
analysis was used to analyze the correlations. All the results are expressed as the mean + standard deviation (SD), and
P<0.05 was considered to indicate a significant difference.

Results
Downregulation of Exosomal MiR-493-5p is Associated with Poor Clinicopathological
Characteristics in ESCC Patients

To identify the candidate exosomal miRNAs involved in ESCC progression, we isolated plasma exosomes from 5 LN
ESCC patients and 5 LN ESCC patients. After plasma exosomes were characterized by TEM, NTA and Western blotting
(Figure 1A—C), RNA sequencing was performed by Novogene (Beijing, China). As shown in Figure 1D, 6 miRNAs were
significantly upregulated, and 4 miRNAs were downregulated in the plasma exosomes of LN" ESCC patients vs LN
ESCC patients according to cutoff values of log,|fold change[> 1 and P<0.05. The raw and processed data were uploaded
to the GEO database (GEO number: GSE214259). After combination with the GSE155360 dataset, which includes the
miRNA profiles from the serum exosomes of 20 ESCC patients, 2 miRNAs (miR-493-5p and miR-10527-5p) that were
differentially expressed in both datasets were identified (Figure 1E).

Since we elucidated the functional roles and mechanisms of exosomal miR-10527-5p previously,” in this study, we
focused mainly on miR-493-5p, which has been reported to be a tumor suppressor and to be downregulated in various
cancers.” > First, qRT-PCR was applied to detect the expression of miR-493-5p in plasma exosome samples from 58
ESCC patients and 30 healthy individuals. As depicted in Figure 1F, the exosomal miR-493-5p level was significantly
lower in LN" ESCC patients (n=38) than in the LN patients (n=20), which was consistent with the RNA sequencing
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results. Compared with that in ESCC patients, the exosomal miR-493-5p expression level was significantly greater in
healthy individuals (Figure 1G). In addition, the results of Pearson analysis revealed that the expression of miR-493-5p in
plasma exosomes was positively correlated with that in tissues (Figure 1H). The receiver operating characteristic (ROC)
curve analysis showed that the area under the ROC curve (AUC), sensitivity and specificity values of plasma exosomal
miR-493-5p in discriminating preoperative LN status were 0.7908, 81.58% and 75.00%, respectively (Figure 1I).
Whereas, the AUC, sensitivity and specificity values of plasma exosomal miR-493-5p in ESCC diagnosis were
0.9017, 82.76% and 80.00%, respectively (Figure 1J), which suggested that exosomal miR-493-5p had higher accuracy
in ESCC diagnosis than predicting the preoperative LN status. Next, we classified these 58 ESCC patients into 2 groups
based on the median exosomal miR-493-5p levels and investigated the association between exosomal miR-493-5p levels
and clinicopathological parameters using the chi-square test. As shown in Table 1, exosomal miR-493-5p levels were
significantly negatively correlated with T status (P=0.0118), LNM status (P<0.001) and tumor stage (P<0.001), indicat-
ing that downregulation of exosomal miR-493-5p is strongly associated with poor clinicopathological characteristics in
ESCC patients.

MiR-493-5p Acts as a Tumor Suppressor and an Angiostatic Factor

To further assess the biological functions of miR-493-5p in ESCC cells, we compared the expression levels of miR-493-
5p in 2 esophageal epithelial cell lines (HET-1A and HEEC) and 4 ESCC cell lines (KYSE30, Ecal09, KYSE150 and
EC9706). As shown in Figure S1A, the expression level of miR-493-5p in ESCC cell lines was markedly lower than that
in normal esophageal epithelial cell lines. Next, Ecal09 and KYSE150 cells were transfected with miR-493-5p over-
expression (miR-493-5p OE) lentiviruses and miR-493-5p inhibitor, respectively (Figure S1B). Wound healing and
Transwell assays showed that miR-493-5p OE notably suppressed the migration and invasion of ESCC cells and that the
miR-493-5p inhibitor significantly promoted these effects (Figure SIC-S1E), confirming that miR-493-5p may serve as

a tumor suppressor.

Table | Relationship Between Plasma Exosomal miR-493-5p Expression and
Clinicopathologic Characteristics in ESCC

Clinicopathologic Cases (n=58) Exosomal miR-493-5p level
Characteristics
Low (n=29) | High (n=29) | P-value
Gender
Male 43 22 21 0.7643
female 15 7 8
Age (years)
<60 20 10 10 0.9999
260 38 19 19
Differentiation Degree
Low 37 21 16 0.1719
Mid-high 21 8 13
T Stage
TI-2 19 5 14 0.0118*
T3-4 39 24 15
LN Status
NO 20 2 18 <0.00 | ***
NI-3 38 27 I
Pathologic stage
I+l 19 2 17 <0.00 | ***
n+1v 39 27 12

Notes: *P<0.05; ***P<0.001.
Abbreviations: ESCC, esophageal squamous cell carcinoma; T, tumor; LN, lymph node.
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To further clarify how exosomal miR-493-5p regulates ESCC progression, we performed Gene Ontology (GO) analysis
using 315 miR-493-5p target genes predicted via the miRDB, miRDIP, ENCORI and TargetScan databases (Figure 1K and L).
GO enrichment analysis indicated that these genes were enriched in “positive regulation of angiogenesis”. Clinically, plasma
exosomal miR-493-5p levels were negatively correlated with microvessel density (MVD) in corresponding ESCC tissues
(Figure IM and N). Considering the critical role of angiogenesis in tumor development, we next assessed the antiangiogenic
effect of miR-493-5p in vitro. HUVECs were transfected with miR-493-5p mimics and mimics-NC (Figure S2A), and the
results of EdU, tube formation, and Transwell assays suggested that miR-493-5p mimics markedly suppressed the prolifera-
tion, tube formation and migration of HUVECs (Figure S2B—S2F), indicating that miR-493-5p is an angiostatic factor.

Exosomal miR-493-5p Suppresses the Cell Proliferation, Migration, and Tube
Formation of HUVEC:s in vitro

In the tumor microenvironment, tumor-derived exosomal miRNAs can be absorbed by vascular endothelial cells and regulate
their biological behaviors.'”?® To determine whether miR-493-5p functions by hiding in exosomes, we purified exosomes
from the CM of Ecal09 cells and characterized them via TEM, NTA and Western blot assays (Figure 2A—C). The qRT-PCR
results confirmed that miR-493-5p levels were also markedly lower in ESCC cell-secreted exosomes than in the exosomes
secreted from human esophageal epithelial cells (Figure 2D). Additionally, the level of exosomal miR-493-5p was signifi-
cantly positively correlated with the miR-493-5p content in cells (R=0.9139, P=0.0108; Figure 2E). The qRT-PCR results
revealed that miR-493-5p was more highly expressed in exosomes extracted from miR-493-5p-overexpressing cells (miR-
493-5p OE-EXOs) than in exosomes extracted from cells transfected with the control vector (Vector-EXOs; Figure 2F). We
then cocultured PKH67-1abeled exosomes derived from Ecal09 cells with HUVECs. Under a confocal microscope, the green
fluorescence signal was observed mainly in the perinuclear region of HUVECs (Figure 2G). Moreover, the qRT—PCR results
revealed that coculture of Ecal09ir-493-5p oe-EXOs obviously increased the level of miR-493-5p in HUVECs in a time-
dependent manner (Figure 2H). Collectively, these findings clearly demonstrated that the horizontal transfer of miR-493-5p
from ESCC cells to HUVECs can occur through exosomes. To determine whether exogenous miR-493-5p functions
identically to endogenous miR-493-5p, we cocultured exosomes from different sources with HUVECs. Figure 2I illustrates
that Ecal09,ir_493-sp or-EXOs significantly decreased the proliferation, migration and tube formation capacities of HUVECs.
However, treatment with Ecal09.,ir-493-5p-inhibitor-EXOs had the opposite effect (Figure 2J). Taken together, these results
indicated that exosomal miR-493-5p could suppress the angiogenesis ability of HUVECs.

miR-493-5p Increases the Anti-ESCC Effect of Bevacizumab via a VEGFA-Dependent
Pathway

Among the various proangiogenic factors, VEGFA is recognized as one of the most powerful regulators of blood vessel
formation. Thus, in further experiments, we conducted qRT-PCR and Western blotting to detect the influence of miR-
493-5p on the expression of VEGFA in ESCC. Notably, miR-493-5p overexpression decreased and miR-493-5p silencing
increased the protein and mRNA levels of VEGFA (Figure 3A and B). Additionally, an ELISA confirmed that miR-493-
Sp also suppressed the secretion of VEGFA (Figure 3C). Bevacizumab, which can specifically inhibit the interaction
between VEGFA and VEGFR2 to inhibit angiogenesis, has been used in the clinic for many cancers,’ but its
effectiveness is limited by the fact that tumors have evolved bypassing pathways to attenuate their reliance on
VEGFA. Given that miR-493-5p not only suppresses ESCC cell secretion of VEGFA but also exerts intracellular effects
when it is released from exosomes, we presumed that miR-493-5p might exert synergistic angiostatic effects with
bevacizumab. In vivo, in a subcutaneous xenograft model, the xenograft tumor volume and tumor weight were markedly
lower in the miR-493-5p-overexpressing group than in the NC group (Figure 3D—H). Consistently, the IHC results
revealed decreased MVD and VEGFA staining intensity in the miR-493-5p overexpression group, indicating the
angiostatic effect of miR-493-5p (Figure 31 and J). Moreover, miR-493-5p overexpression combined with bevacizumab
treatment decreased xenograft tumor volume, MVD and VEGFA staining intensity to a greater extent than did
bevacizumab treatment alone (Figure 3D-J), which suggested that upregulation of miR-493-5p increases the antiangio-
genic effect bevacizumab in ESCC.
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Figure 2 Exosomal miR-493-5p suppresses the cell proliferation, migration, and tube formation of HUVECs in vitro. (A and B) The morphology and size distribution of the ESCC-
derived exosomes (EXO) were identified by a transmission electron microscope (scale bar=100 nm) and NanoSight tracking analysis. (C) Western blot analysis of CD63, TSG101,
and negative marker GRP94 in exosomes. (D) qRT—PCR analysis of miR-493-5p expression in exosomes from 2 esophageal epithelial cell lines and 4 ESCC cell lines. (E) Correlation
between cellular miR-493-5p expression levels and paired exosomal miR-493-5p expression levels in different cell lines. (F) qRT-PCR analysis of miR-493-5p expression in
exosomes derived from Eca | 09 cells after miR-493-5p overexpression. (G) Labeled Ecal 09-EXOs (green fluorescent dye, PKH67) were taken up by HUVECs. Scale bar, 10 pm. (H)
qRT-PCR analysis of miR-493-5p expression in HUVEC:s after incubation with Ecal09r.493.5, oe-EXOs for 0,12 and 24 h. (I and J) The effects of exosomal miR-493-5p on
proliferation, migration and tube formation ability of HUVECs detected by EdU (scale bar, 50 pm), Transwell (scale bar; 100 um), and tube formation assays (scale bar;, 100 um). In
vitro experiments were performed in triplicate, and the data are represented as the mean * SD, **P<0.01, ***P<0.001.

International Journal of Nanomedicine 2024:19 hetps: 7173
Dove:


https://www.dovepress.com
https://www.dovepress.com

Xiao et al Dove

A

w
2
0
)

Eca109 KDa

S

VEGFA

,. o —
CAPDH) S| S

S
N
Relative VEGFA level
Relative VEGFA level in CM

+NC
F + miR-493-5p OE
+ NC+Beva
2000 miR-493-5p OE+Beva
E
E 1500¢
® H
S *
=2
S 1000(
<] H
5
S 500
0
0O 4 8 12 16 20
Time (day)
G |
—=INC
=INC == MiR-493-5p OE
=m miR-493-5p OE =aNC+Beva
—=NC+Beva == mMiR-493-5p OE+Beva
=mmiR-493-5p OE+Beva o o 301 .
09r z 2 [
e 5 —
o Q.
2 ®» 20r
206} 3
S o 3 T
g o m 3 I
— 1 (@] 8 10_
o Q g
£0.3f © 2
2 o [ <
(=) o
3 s
o 0
0 E|
H +nC =INC
-+miR-493-5p OE Y =mMiR-493-5p OE
+NC+Beva 2 =NC+Beva
+miR-493-5p OE+Beva 6 == miR-493-5p OE+Beva
zZ 0.151 o
.‘é‘ % 1
~22 2
k=) © A —
= g So.0r —
[
518 1 2
E w g
o) o
=3 2 ®
@ 14} ©f 0051
8| g
S| <
%4 8 12 16 2 & — ' 0
4 8 6 20 - - — =
Time (day) VEGFA
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SPI and SP3 are Direct Target Genes of miR-493-5p

miRNAs bind predominantly to the 3’-UTR of target genes to exert posttranscriptional suppression effects.”® According
to the results of GO analysis (Figure 4A and B), we identified 4 transcription factors (SP1, SP3, HIF-1a and E2F3) that
are upregulated in ESCC tissues (Figure S3A) and closely related to tumor angiogenesis.”” ' The qRT-PCR results
revealed that miR-493-5p overexpression notably decreased the expression levels of SP1 and SP3 and that silencing miR-
493-5p significantly increased the expression levels of SP1 and SP3 (Figure 4C and D and S3B). However, the mRNA
levels of HIF-1a and E2F3 changed only when miR-493-5p was overexpressed; no difference was detected when miR-
493-5p was knocked down (Figure S3B). Therefore, we chose SP1 and SP3 for further investigation. The Western
blotting results showed that the SP1 and SP3 protein levels were also decreased by miR-493-5p (Figure 4E). To examine
whether miR-493-5p directly binds to the 3’-UTRs of SP1 and SP3, we performed dual-luciferase reporter analysis in
HEK-293T cells. The inhibitory effect of miR-493-5p on the activity of the firefly luciferase reporter was abolished when
the binding sites were mutated (Figure 4F), indicating that SP1 and SP3 are direct targets of miR-493-5p. The miR-493-
5p binding sites in the SP1/SP3 mRNA 3’-UTR are listed in Figure S4A and S4B. In addition, silencing of SP1 and SP3
in ESCC markedly decreased VEGFA expression (Figure SSA-S5D), which led us to speculate that SP1/SP3 is
indispensable for miR-493-5p-mediated angiogenesis in ESCC. Therefore, we performed a series of rescue experiments
and found that SP1/SP3 overexpression reversed the inhibitory effects of the miR-493-5p mimics on HUVECs
proliferation, migration and tube formation (Figure 4G and H, Figure S6A and S6B). These results indicate that miR-
493-5p exerts its angiostatic effect by directly targeting SP1 and SP3.

miR-493-5p Inhibits Angiogenesis of HUVECs via Suppressing the SP1/SP3-Activated
MAPK Signaling Pathway

Accumulating evidence has shown that various signaling pathways, such as the PI3K-AKT, Wnt/B-catenin, and MAPK signaling
pathways, are activated during angiogenesis.** >* KEGG enrichment analysis indicated that the 315 target genes were enriched in
the “MAPK signaling pathway” (Figure SA). Since MAPK cascades involve many kinases, such as MAP/ERK kinases (MEKs),
ERK1/2 in the canonical MAPK pathway, and p38 MAPK in the noncanonical pathway,>> we next explored whether miR-493-
5p exerts its antiangiogenic effect through the MAPK pathway. As shown in Figure 5B, phosphorylated MEK (p-MEK),
phosphorylated ERK1/2 (p-ERK1/2) and phosphorylated p38MAPK (p-p38MAPK) levels were markedly reduced after miR-
493-5p overexpression and increased after administration of the miR-493-5p inhibitor. Furthermore, silencing SP1/SP3 also
decreased the expression levels of p-MEK, p-ERK1/2 and p-p38MAPK in HUVECsS (Figure S7A and S7B). Given these results,
we investigated whether miR-493-5p regulates the MAPK pathway via the SP1/SP3 pathway via a series of rescue assays. The
results revealed that re-expression of SP1/SP3 attenuated the miR-493-5p-mediated inhibition of p-MEK, p-ERK1/2 and
p-p38MAPK expression in HUVECs (Figure 5C). Silencing SP1/SP3 not only attenuated the increase in p-MEK, p-ERK1/2
and p-p38MAPK expression in HUVECs induced by treatment with Ecal09,,ir-493-sp-inhibitor- EXOs (Figure 5D) but also
reversed the promoting effects of Ecal09mir-493-5p-inhibitor-EXOs on the proliferation, migration and tube formation of
HUVECs (Figure SE-G). Collectively, these data indicated that miR-493-5p inhibits angiogenesis mediated by HUVECs
through the SP1/SP3-activated MAPK signaling pathway.

Decitabine Increases the Antitumor Effect of Bevacizumab by Upregulating the
Expression of miR-493-5p in ESCC

Previous studies have demonstrated that altered DNA methylation in the promoter region leads to changes in miRNA
expression.”®>” Consistent with these findings, we found that miR-493-5p expression in ESCC increased in response to
treatment with decitabine in concentration - and time-dependent manners (Figure 6A and B). Decitabine is a frequently
prescribed DNA methyltransferase agonist in tumor therapy.*® Hence, we speculated that methyltransferases may be
involved in this process. Theoretically, the de novo establishment of DNA methylation is regulated by the DNA
methyltransferases DNMT3A and DNMT3B, whereas DNA methylation maintenance is mediated by DNMT1.?° The
qRT-PCR results revealed that DNMT3A, DNMT3B and DNMT1 downregulated the expression of miR-493-5p
(Figure 6C), and miR-493-5p could be re-expressed by shDNMT3A or shDNMT3B. However, knocking down
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Figure 4 SP| and SP3 are direct target genes of miR-493-5p. (A and B) GO analysis of the 315 candidate target genes. (C and D) qRT-PCR analysis of SP| and SP3
expression in Ecal09 and HUVECs treated with the indicated agent. (E) Western blot analysis of SP| and SP3 proteins in Ecal09 and HUVECs treated with the indicated
agent. (F) The target relationship between miR-493-5p and SPI, SP3 was verified by dual luciferase reporter assays. (G) Western blot analysis of SP| and SP3 in HUVECs
treated with the indicated agent. (H) Quantitative analysis of the proliferation, migration, tube formation ability of HUVECs rescued by SPI and SP3 overexpression detected
by EdU, Transwell, and tube formation assays. In vitro experiments were performed in triplicate, and the data are represented as the mean * SD, ns no significance, *P<0.05,
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Abbreviations: MF, molecular function; CC, cellular component.
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Figure 5 miR-493-5p inhibits angiogenesis of HUVECs via suppressing the SP1/SP3-activated MAPK signaling pathway. (A) KEGG enrichment analysis of 315 miR-493-5p
target genes. (B-D) Western blot analysis of MAPK-related markers in HUVECs treated with the indicated agent. (E and F) Representative images of silencing SP| and SP3
to rescue proliferation, migration and tube formation abilities of HUVECs detected by EdU (scale bar, 50 um), Transwell (scale bar, 100 um) and tube formation assays (scale
bar, 100 pm). (G) Quantitative analysis of the proliferation, migration, and tube formation abilities of HUVECs rescued by silencing SP| and SP3 detected by EdU, Transwell,
and tube formation assays. In vitro 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 6 Decitabine increases the antitumor effect of bevacizumab by upregulating expression of miR-493-5p in ESCC. (A) qRT-PCR analysis of miR-493-5p expression in Ecal 09 cells
after administration with decitabine under concentration of 0, 5, 10 uM for 24 h. (B) qRT-PCR analysis of miR-493-5p expression in Ecal09 cells after administration with decitabine
under concentration of 5 uM for 0, 12, 24 h. (C) qRT-PCR analysis of miR-493-5p expression in Ecal09 cells after overexpression of DNMT3A, DNMT3B, DNMT |. (D-F) gRT-PCR
analysis of miR-493-5p expression in Ecal09 cells after knockdown of DNMT3A, DNMT3B, and DNMTI. (G) qRT-PCR analysis of VEGFA expression in Ecal09 cells after
administration with decitabine under concentration of 0, 5, 10 uM for 24 h (left) and under concentration of 5 uM for 0, 12, 24 h (right). (H) Representative image of enucleated
xenograft tumor of all groups. (I) Quantitative analysis of nude mice’s xenograft tumor volume changing of all groups. (J) Representative images of IHC staining for CD31 and VEGFA in
each group (scale bar, 50 um). (K and L) Quantitative analysis of MVD, as indicated by CD3 | -positive microvessels, and average optical density of VEGFA detected by IHC assays. In vitro

experiments were performed in triplicate, and the data are represented as the mean * SD, *P<0.05, **P<0.01, ***P<0.001.
Abbreviations: Beva, bevacizumab; Deci, decitabine; ns, no significance.
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Figure 7 Schematic diagram showing that miR-493-5p suppresses the cell proliferation, migration, and tube formation of HUVECs via exosomes and a VEGFA-dependent
manner.

DNMT]1 had no significant effect on miR-493-5p (Figure 6D-F). Interestingly, we found that the administration of
decitabine notably decreased VEGFA levels (Figure 6G), suggesting that decitabine may have promising potential for
controlling ESCC angiogenesis.

Having proven that miR-493-5p overexpression increases the antiangiogenic effect of bevacizumab on ESCC, we
sought to determine whether decitabine has an identical effect on bevacizumab because decitabine can restore the
expression of miR-493-5p. Therefore, Ecal09 cells were engrafted into nude mice to generate xenograft tumors.
Strikingly, the combination of decitabine and bevacizumab reduced the xenograft tumor volume compared to that in
the groups treated with decitabine or bevacizumab alone (Figures 6H, I and S8A-S8C). IHC staining of CD31 and
VEGFA in tumor tissue also confirmed that the bevacizumab plus decitabine group had the lowest microvascular density
(MVD) and optical density value for VEGFA (Figure 6J-L). In summary, decitabine increases the expression of miR-
493-5p in ESCC by inhibiting DNMT3A/B, which increases the antiangiogenic effect of bevacizumab. A working model
of our study has been summarized (Figure 7).

Discussion
In this study, we demonstrated that miR-493-5p was consistently downregulated in the plasma exosomes of ESCC
patients vs those of healthy controls and had high diagnostic value for ESCC. In addition, we found that miR-493-5p,
a candidate tumor suppressor, not only inhibited the proliferation, migration and tube formation of HUVECs in
a VEGFA-dependent manner but also exerted its angiostatic effect via exosomes. Further investigation revealed that
its angiostatic effect depends on the miR-493-5p-SP1/SP3-MAPK axis. Moreover, we found that miR-493-5p could be
regulated by DNMT3A and DNMT3B, and either the overexpression of miR-493-5p or the restoration of miR-493-5p
expression with decitabine could increase the antiangiogenic and antitumor effects of bevacizumab. Our study identified
a new noninvasive biomarker for ESCC diagnosis and a promising therapeutic target for ESCC treatment.

Currently, imaging technologies such as esophageal barium radiography and endoscopic examination are the main
tools used for ESCC screening. Nevertheless, there appear to be some limitations. For example, esophageal barium
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radiography may have low sensitivity for detecting early-stage ESCC, and endoscopic examination is invasive and
expensive. Recently, the use of exosomal miRNAs in liquid biopsy samples of malignant tissue has facilitated early-stage
cancer diagnosis.'*** Compared with esophageal barium radiography and endoscopic examination, the detection of
exosomal miRNAs is more convenient, more economical and less invasive. In this study, we found that exosomal miR-
493-5p expression was markedly reduced in the plasma of ESCC patients vs that of healthy controls. The ROC curve
indicated that this marker has high sensitivity and specificity for ESCC diagnosis. Considering that the detection of
plasma exosomal miR-493-5p is noninvasive and convenient, this miRNA might serve as a competitive potential
biomarker for the early screening of ESCC.

A key initial finding in the current study was the functions and mechanisms of miR-493-5p in regulating ESCC
angiogenesis. According to most reports investigating exosomal miRNA-mediated tumor angiogenesis, exosomal
miRNAs are released by tumor cells and subsequently taken up by vascular epithelial cells to induce further molecular
cascades, which influence vessel formation capacity.*' The proangiogenic effect of exosomal miRNA has been widely
reported. Recently, several studies demonstrated that exosomal miRNAs also could serve as antiangiogenic factors, such as
exosomal miR-100-5p and exosomal miR-484.*>* In this study, in addition to the finding of horizontal transfer of miR-493-
5p from ESCC cells to HUVECs via exosomes, we also found that the overexpression of miR-493-5p could significantly
inhibit VEGFA expression and secretion. Our results confirmed that in ESCC, miR-493-5p resistance to angiogenesis occurs
via an exosomal mechanism and a VEGFA-dependent mechanism. These two pathways complement each other, hence
conferring strong angiostatic ability to miR-493-5p. SP1/SP3 are transcription factors involved in tumor-associated metas-
tasis and proliferation.** In our study, we demonstrated that the overexpression of miR-493-5p can significantly suppress the
mRNA and protein expression of SP1/SP3, and the results of a dual-luciferase reporter assay verified that SP1/SP3 are direct
targets of miR-493-5p. Previous reports have revealed the relationship between SP1 and ESCC angiogenesis.****® However,
the connection between SP3 and ESCC angiogenesis has rarely been reported. Here, we found that the overexpression of
SP1/SP3 can reverse the inhibitory effect of miR-493-5p on HUVECsS, and the knockdown of SP1/SP3 can reverse the
promoting effects of the miR-493-5p inhibitor on HUVECs. Collectively, these results reveal that the angiostatic effect of
miR-493-5p is mediated by SP1/SP3. In addition, the formation of new blood vessels relies on the stimulation of numerous
signaling pathways, including the MAPK, PI3K/Akt, Wnt and JAK/STAT pathways.*”** In this study, we found that either
overexpressing miR-493-5p or knocking down SP1/SP3 strikingly decreased p-p38MAPK and p-ERK1/2 levels in
HUVECs. Moreover, the overexpression of SP1/SP3 attenuated the inhibitory effects of miR-493-5p on MAPK signaling,
indicating that miR-493-5p inhibits angiogenesis of HUVECs via the SP1/SP3-mediated MAPK signaling pathway. Overall,
our comprehensive study elucidated the mechanism of miR-493-5p in regulating ESCC angiogenesis.

Another important finding was related to the potential clinical value of miR-493-5p in inhibiting angiogenesis.
Bevacizumab, which can specifically target VEGFA, has been approved by the FDA for application in many cancers and
has achieved impressive results.*”>* However, some factors limit the clinical efficacy of bevacizumab. Heterogeneity among
tumor patients can lead to low sensitivity or even drug resistance in some cases, even in patients with high levels of
VEGFA.’! Therefore, the identification of methods to classify tumor patients according to sensitivity to bevacizumab alone
or combined with antiangiogenic agents is important for the ESCC treatment. In our in vivo experiment, miR-493-5p OE
transduction and bevacizumab treatment synergistically and significantly decreased the tumor volume, indicating that miR-
493-5p can strengthen the antitumor effect of bevacizumab. Further experiments demonstrated that miR-493-5p can be
silenced by DNMT3A and DNMT3B. Additionally, decitabine not only restored miR-493-5p expression but also decreased
the expression level of VEGFA, which suggested that decitabine may increase the antiangiogenic effects of bevacizumab. To
verify the above assumption, we performed an in vivo experiment, and the data confirmed that the combination of
bevacizumab and decitabine significantly decreased the xenograft tumor volume compared with that in the groups treated
with bevacizumab or decitabine alone. Thus, this study highlights a novel promising therapeutic strategy for ESCC treatment.

Conclusion

In conclusion, we found that miR-493-5p expression was notably reduced in the plasma exosomes of ESCC patients vs that
of healthy controls and that plasma exosomal miR-493-5p might serve as a noninvasive biomarker for ESCC screening.
miR-493-5p not only inhibited the proliferation, migration and tube formation of HUVECs in a VEGFA-dependent manner
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but also exerted an angiostatic effect via exosomes. Overexpression of miR-493-5p or restoration of miR-493-5p expression
with decitabine increased the antitumor effects of bevacizumab, which highlights a promising therapeutic strategy for ESCC
treatment.
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