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Abstract
This study aimed to investigate the role ofmiR-558 in tumor angiogenesis by targeting heparinase (HPSE) in tongue squamous cell carcinoma

(TSCC)-derived exosomes. In the present study, the role of exosome miR-558 in angiogenesis in vitro and in vivo was investigated by cell

proliferation,migration, tube formation, subcutaneous tumor formation inmice, and in vivoMatrigel plug assay. The target genes ofmiR-558

were detected by means of dual luciferase assay. It was found that TSCC cells secrete miR-558 into the extracellular environment, with

exosome as the carrier. Human umbilical vein endothelial cells (HUVEC) ingested exosomes, which not only increased the expression

level of miR-558, but also enhanced their proliferation, migration, and tube formation functions. In vivo Matrigel plug assay demonstrated

that TSCC cell-derived exosome miR-558 promoted neovascularization in vivo. Compared with negative control cells, TSCC cells over-

expressingmiR-558 formed subcutaneous tumors in nudemice,with larger volume, heaviermass, andmore vascularization.Dual luciferase

assay confirmed that HPSE was the direct target gene regulated by miR-558. HPSE promoted the proliferation, migration, and tube forma-

tion of HUVECs, and the knockout of HPSE could downregulate the pro-angiogenic effect of miR-558. In summary, miR-558 in TSCC exo-

somes promotes the proliferation, migration, and tube formation of HUVECs by targeting HPSE, and enhancing tumor angiogenesis.
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Research Highlights

1. miR-558 can be secreted by TSCC cells and delivered to
HUVECs.

2. miR-558 enhanced angiogenesis in TSCC tumors.
3. miR-558 directly regulates the expression of HPSE in

HUVECS.

Introduction
Head and neck squamous cell carcinoma (HNSCC) is a common
malignant tumor. According to a global cancer report in 2018,
there were 890,000 new cases of HNSCC and 450,000 deaths
annually.1 Tongue squamous cell carcinoma (TSCC) is a relatively
common HNSCC, accounting for about 41% of oral and maxillo-
facial malignant tumors.2 Prone to early metastasis, the local and
regional recurrence rates of TSCC are 23.9% and 20.4%, respec-
tively, and its 5-year survival rate is 50.6%.3 In recent years, some
progress has been made in the surgery, radiotherapy, chemother-
apy, and immunotherapy of TSCC.4–6 However, the overall sur-
vival rate of patients with locally advanced tumors and cervical
lymph node metastasis remains low.7 For patients who receive
radical surgery, major surgical trauma can cause damage to swal-
lowing, speech, and even breathing functions, leading to a severe
decline in quality of life.

Wedetectedand identifiedcircRNAin freshTSCCtissue samples
through high-throughput sequencing in the early stage. Subsequent
experiments confirmed that hsa_circ_0000231was highly expressed
inTSCC tumor tissue, andpromoted the proliferation,migration, and
invasion of TSCC cells through the Wnt/β-catenin signaling
pathway.8 Through online prediction websites Target-Scan and
miRanda, we discovered thatmiR-558might be one of the candidate
miRNAs adsorbed by hsa_circ_0000231,9 and the downstreammol-
ecule miR-558 was related to the occurrence and development of
tumor. Through a differential analysis of miRNA chips of TSCC
tissues in the NCBI database (GSE28100), we found that miR-558
was highly expressed in human TSCC tissues. Through literature
search, it was found that in bladder cancer, miR-558 can improve
the proliferation, migration, and invasion abilities of tumor cells,
and the supernatant of tumor cell lines can promote angiogenesis,
but in-depthmechanism research is lacking.10Not only tumor angio-
genesis provides the nutrients needed for its growth, but also patho-
logical angiogenesis is probably an important factor that promotes
distant tumor metastasis.11 It has been reported that heparinase
(HPSE) protein also promotes neovascularization, thus accelerating
the progression of malignant tumors.12 Accordingly, we carried out
research on whether miR-558 from TSCC-derived exosomes pro-
moted tumor angiogenesis in tumor microenvironment, and
whether it was related to HPSE.

Materials and Methods

Isolation, Characterization, and Quantification of
Exosome
TSCC cell lines Tca-8113 and SCC-25 were cultured in serum-
free medium for 48 h, and the supernatant was collected and
centrifuged at a low speed with differential gradients, that is,
300 r/min for 10 min, 2000 r/min for 30 min, and 10,000
r/min for 1 h. The precipitate was discarded, the cell supernatant
after differential centrifugation was placed in a ultracentrifuge,
and ultracentrifuged at a speed of 54,000 r/min for 2 h. All cen-
trifugation procedures were carried out at 4 °C, and the precip-
itate was resuspended in phosphate buffer saline (PBS)
solution. After the exosome suspension was diluted with
PBS, the particle size of exosome was analyzed by a
ZetaView particle size analyzer. The exosomes were lysed
with Radio Immunoprecipitation Assay (RIPA) and exosome
protein was extracted, the concentration of exosome protein
was measured with a BCA kit, and the surface proteins CD9
and CD63 of exosome were identified by means of western
blot. The exosome suspension was placed under a transmission
electron microscope (HT7800, JPN) to observe its microscopic
morphology.

Cell Culture
The human umbilical vein endothelial cells (HUVEC) was
donated by the Clinical Experimental Center of the Affiliated
Hospital of Nantong University and cultured in RPMI-1640
medium containing 15% fetal bovine serum (FBS). Human
oral keratinocytes (HOK) and TSCC cell lines (CAL27,
Tca-8113, and SCC-25) were donated by the Department of
Head and Neck Surgery, the Ninth People’s Hospital of
Shanghai Jiaotong University. SCC-25 cells were cultured in
DMEM/F12 medium containing 10% fetal bovine serum
(FBS). CAL27 and HOK cells were cultured in DMEM high
glucose medium containing 10% FBS. Tca-8113 cells were cul-
tured in 1640 medium containing 10% FBS.

Extracellular Vesicle Track Experiment
The PKH26 working solution was configured lucifugally, and
the exosomes of Tca-8113 and SCC-25 were incubated with
PKH26 working solution in darkness for 20 min. The exosomes
stained by fluorescence were incubated using HUVEC lucifu-
gally for 24 h. HUVEC cells were fixed with 4% paraformalde-
hyde for 20 min, and then stained with DAPI for 10 min. Images
were obtained under an inverted microscope (OLYMPUS, JPN)
and the images were synthesized by ImageJ software.
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RNA Oligonucleotides, Plasmids, and Virus
The following materials were synthesized by Genechem
(Shanghai, China): lentiviral vectors expressing miR-558
(OE-miR-558) and their control (OE-NC), anti-miR-558 and its
control (anti-NC). According to the instructions, the cells were
plated in six-well plates and transfected. After 24 h, the virus-
containing supernatant was discarded, antibiotic-free medium
was added, and further incubated in a 5% CO2 incubator at 37 °
C. After three passages, the medium containing puromycin was
added to select stable strains. The plasmids of the overexpressing
HPSE and control group were synthesized by Genechem
Shanghai, China. HUVEC was plated in a six-well plate, 2 mL
opti-MEM low-serum medium was added, 4 μg plasmid was dis-
solved in 250 μL opti-MEM low-serum medium, 10 μL
Lipofectamine 2000 was added to opti-MEM low-serum
medium, plasmid mixed with Lipofectamine 2000 was added to
HUVEC medium, and the cell supernatant was discarded after 6
h, and further experimentswere carried out after culturing for 24 h.

Small-interfering RNAs (siRNAs) ofHPSE together with their
negative control were synthesized with Ribobio (Guangzhou,
China): siRNA-1,5′-CTAACAGTTTCCTTAAGAA-3′; siRNA-
2,5′-GAAGGAAGCTTCGAGTATA-3′; siRNA-3,5′-CCAT
AAACCTCCATAATGT-3′. 100 pmol siRNA was dissolved
in 250 μL opti-MEM low-serum medium, 5 μL Lipofectamine
2000 was added to opti-MEM low-serum medium, and the
plasmid was mixed with Lipofectamine 2000 and then added to
HUVEC medium. After 6 h, the supernatant was abandoned and
cultured for 24 h.

RNA Isolation, PCR
The cells and exosomes were lysed with TRIzol reagent, and
cel-miR-39-3p was added to the exosome mixture before
chloroform was added. Total RNA was extracted and dissolved
in diethypyrocarbonate water. The concentration of RNA was
determined through a Nanodropone ultraviolet spectrophotom-
eter. RT-PCR assay was done with a ThermoFisher K1622
reverse transcription kit to reverse transcribed RNA into cDNA
for further study. cel-miR-39-3p was used as an exogenous refer-
ence for cellular exosomes and RNU6 was used as an endogenous
reference for cell samples. qRT-PCR was done with a Ribobio
primer kit. The primers of miRNAs or mRNAs used in this
study were as follows: miR-558 was synthesized by Ribobio
(Guangzhou,China); miR-39-3p (Forward: 5′-TCACCGGGTG
TAAATCAGCTTG-3′); RNU6 (Forward: 5′-CTCGCTTCGG
CAGCACA-3′); GAPDH (Forward: 5′-GTCTCCTCTGACTT
CAACAGCG-3′; Reverse: 5′-ACCACCCTGTTGCTGTAGCC
AA-3′); HPSE (Forward: 5′-CCATAAACCTCCATAATGT
CACC-3′, Reverse: 5′-CACCATCTTTAGAGTTAGACC
ATTG-3′). Set up the real-time fluorescent quantitative PCR
instrument according to the instructions of the primer kit, and
record the experimental results.

Western Blot
Cells and exosomes were lysed with RIPA, the total protein was
extracted, and the protein concentration was determined by a

BCA kit. The protein was dissolved in a 5× protein loading
buffer at a ratio of 1:4. 10% SDS-PAGE was used to separate
proteins by electrophoresis at a constant voltage of 100 V,
and proteins were printed onto PVDF membrane at 4 °C with
a constant current of 300 mA. Primary antibodies, including
anti-matrix metalloproteinase 9 (MMP9), anti-heparanase
(HPSE; 1:1000; Proteintech), anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; 1:1000; Sangon Biotech), and anti-
vascular endothelial growth factor A (VEGF-A; 1:1000;
ABclonal) antibodies, Primary antibody was used to incubate
overnight and the membrane was washed with TBST solution
for three times, 10 min each time. After the HRP-conjugated
secondary antibody (1:1000; Sangon Biotech) was incubated
for 1 h, the membrane containing separated proteins was
washed with TBST solution for 3 times, 5 min each time.
With GAPDH as the internal reference protein, the image of
protein band was captured by Gel Imager (Gel Doc XR, USA).

Cell Proliferation Assay
The cells in logarithmic growth phase were digested and the
centrifuged cells were re-suspended in medium. 2500 cells
were added to each well of a 96-well plate, 10μl of Cell
Counting Kit 8 (CCK8, Genomeditech) was added to each
experimental well for 3 days in a row, and the OD value of
the well was measured by a multifunctional microplate reader
(Thermofisher, USA) after incubating in the dark for 3 h.

Cell Migration Assay
The cells in the logarithmic growth phase were digested, the
HUVEC content was diluted to 1.5× 105/mL, and the tumor
cell content was diluted to 5× 105/mL. The 24-well plate was
placed in a small chamber, 200 μL cell suspension was added
to the upper chamber, and 600 μl medium containing 10%
FBS was added to the lower chamber to ensure chemotaxis of
the solution in the lower chamber. The chambers in the
HUVEC group were recovered after 24 h, while the chambers
in the tumor cell group were recovered after 36 h. Cells were
fixed with paraformaldehyde for 20 min and stained with
crystal violet (Solarbio, Beijing, China) for 10 min. The cells
in the upper chamber were wiped off with a cotton swab, and
the small chamber was washed with PBS solution and let dry.
Pictures were taken under a microscope (OLYMPUS, JPN).

Tube Formation Assay
50 μL of Matrigel (model: BD356234) was spread on the
bottom of the precooled 96-well plate at 4 °C using a precooled
pipette tip and placed at 37 °C for 1 h. HUVEC cells were sus-
pended in serum-free medium after the Matrigel was solidified.
1.5× 104 HUVEC cells were added to each well, and placed in
a cell incubator for 6 h, observed and photographed under an
inverted microscope.
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Luciferase Reporter Assay
Dual luciferase reporter plasmids and miR-558 mimics were
designed by Limibio. With Lipofectamine 2000 transfection
reagent (Invitrogen,USA), HUVECs were co-transfected with
the reporter plasmid of the luciferase vector containing the pro-
moter sequence of HPSE and miR-558 mimics or NC. After
48 h of incubation, cell lysates were collected and added to a
96-well plate, and the wavelength of luciferase was detected
by a microplate reader (Thermofisher, USA).

In Vivo Matrigel Plug Assay
500 μL of low growth factor Matrigel (BD: 356231) was mixed
with exosomes from Tca-8113 and SCC-25 cells and injected
into the right shoulder of c57BL/6 mice with a needle gauge
of 1 cm. 10 days later, the Matrigel plug was removed and
stored in 4% paraformaldehyde. With the help of paraffin
section and immunohistochemical staining techniques, we can
stain CD31 molecule in the Matrigel plug and evaluate the
internal vascular density. The nude mice were euthanized via
intravenous administration of sodium pentobarbital, and the
carcass was securely sealed and dispatched to the animal
center for centralized and safe disposal (The Tab of Animal
Experimental Ethical Inspection, No.S20210130-906).

Animal Model
TSCC tumor cells in the logarithmic growth phase were
digested into single-cell suspension and injected into the right
armpit of 5-week-old nude mice, with 5 mice in each group
(n= 5). After 14 days, fresh subcutaneous tumors were taken
out and the weight of tumors was accurately measured with
an electronic scale. The longest diameter (a) and the shortest
diameter (b) of tumors were accurately measured with a
vernier caliper. The approximate volume of tumors was esti-
mated through the formula V= a× b2/2. The removed tumor
tissues were sectioned and used for immunohistochemical
staining experiment.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 8.3
statistical software. The comparison between two groups was
done with an unpaired Student’s t-test. The comparison
between three or more groups was done with a one-way
ANOVA test.13 Statistical results with *P< 0.05, **P< 0.01,
***P < 0.001, or ****P< 0.0001 were considered to be statisti-
cally significant.

Results

TSCC Cell-Derived Exosomes Promoted HUVEC
Proliferation
Related studies have shown that overexpression of miR-558
cancer cell supernatant can promote HUVEC tube formation.

In order to explore the expression level of miR-558 in TSCC
cell lines, we selected HOK, Tca-8113, CAL27, SCC-25 cell
lines, and qRT-PCR experiments indicated that the expressions
of miR-558 in Tca-8113 and SCC-25 cells in wild-type TSCC
cell lines were relatively low (Figure 1A). Ultracentrifugation
method was employed to obtain the supernatant precipitate of
wild-type TSCC cells, and the nanoparticle tracking (NTA)
technology was adopted to prove that the particle size range
of the precipitate obtained was between 30 and 150 nm
(Figure 1B). The total protein was extracted by Western blot
experiment. It was found that the expression levels of CD9
and CD63 proteins in the total protein were much higher than
the total protein of cancer cells, and the expressions of
protein were consistent with the characteristics of exosomes
(Figure 1C). The extracted exosomes showed typical cup-
packed and spherical morphology under a transmission electron
microscope (Figure 1D).

In an effort to study the biological function of TSCC exo-
somes on HUVEC, we co-incubated the exosomes of wild-type
SCC-25 and Tca-8113 cell lines with HUVEC in a 96-well
plate. CCK8 experiment showed that 10 and 100 μg/mL exo-
somes played a better role in promoting HUVEC proliferation
at 48 and 72 h than those of the control group mixed with PBS.

Comparing the effects of exocrine at different concentrations on
HUVEC proliferation, exosomes with a final concentration of 100
μg/mL had the best proliferation effect at 48 and 72 h. However, the
proliferation effect of HUVEC was not further enhanced by
co-incubating with 500 μg/mL exosome suspension (Figure 1E).
The above experiments proved that exosomes from Tca-8113
and SCC-25 cell lines can promote the proliferation of HUVECs.
Under the conditions of this experiment, TSCC cell-derived exo-
somes did not show a concentration-dependent effect on the prolif-
eration of HUVECs. We took 100 μg/mL as the optimal
concentration under the experimental conditions.

TSCC Exosomal miR-558 Promoted the Proliferation,
Migration, and Tube Formation of HUVEC In Vitro
To determine the function of exosome miR-558 in TSCC angio-
genesis, we first built Tca-8113 and SCC-25 cell lines that
stably overexpressed miR-558, to obtain exosomes with high
expression of miR-558. Then the total RNA of cancer cells
and exosomes with stable overexpression of miR-558 and its
negative control group were extracted, and the expression of
miR-558 was determined by qRT-PCR. The results showed
that overexpression of miR-558 lentivirus increased the expres-
sion of miR-558 in cells and exosomes (Figure 2A).

After incubating HUVECs with TSCC cell supernatants, the
HUVECs incubated with the supernatants of Tca-8113 and
SCC-25 cell lines that overexpressed miR-558 had stronger
proliferation ability than the control group, the number of
migrating cells increased, and the tubes generated were mark-
edly increased (Supplemental Figure 1A–D). To further inves-
tigate whether the above results were associated with exosomes,
we used exosomes from Tca-8113 and SCC-25 cell lines that
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overexpressed miR-558 to incubate with HUVECs, and the
HUVECs after incubation showed stronger proliferation
ability than the negative control group. The number of migrated
cells was larger than that of the negative control group, and the
number of tubes was greater (Figure 2B and D).

Anti-miR-558 lentivirus and its NC virus were transfected
into HUVEC, and the treated cells were incubated with the
exosomes of cancer cells overexpressing miR-558 for 24 h.
The experimental results indicated that pre-transfection of
anti-miR-558 could antagonize the promoting effect of exo-
somes overexpressing miR-558 on HUVEC proliferation,
migration, and tube formation (Figure 2B–D).

In order to further determine the direct effect of miR-558
on HUVEC, we directly transfected HUVEC with lentivirus
overexpressing miR-558 and repeated the above experiment.
The transfection of lentivirus raised the expression level of
miR-558 in HUVEC (Figure 2A), and the upregulation of

miR-558 improved HUVEC proliferation, migration, and tube
formation (Supplemental Figure 2B–D).

miR-558 Was Delivered to HUVEC from TSCC Cell Lines
by Exosomes
We speculated that TSCC-derived exosomal miR-558 was
delivered into HUVECs to initiate TSCC-associated angiogen-
esis. Thus, after we incubated the exosomes of TSCC cells in
the overexpression miR-558 group and its negative control
group with HUVECs, qRT-PCR showed that the expression
of miR-558 in HUVEC cells in the experimental group
was heightened (Figure 3A and B). The extracellular
vesicle track experiment captured the fluorescent images of
the uptake of PKH26-stained exosomes by HUVECs. The
images of three different colors were fused with ImageJ software

Figure 1. Wild-type TSCC exosomes regulate HUVECs proliferation. (A) The expression level of miR-558 in HOK, CAL27, Tca-8113, and
SCC-25 cells was detected by qRT-PCR. (B) The particle size distribution of extracted exosomes was detected by nanoscale particle size analyzer.
(C) The expression levels of CD9 and CD63 were detected by western blot. (D) Morphology of exosomes in Tca-8113 and SCC-25 cells under
transmission electron microscopy. (E) HUVECs proliferation curves of wild-type Tca-8113 and CAL27 exosomes after incubation with
HUVECs. EXO, exosomes. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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to show that the red fluorescence was distributed within the cell
outline and had a clear boundary with blue nucleus (Figure 3C).
The above experiments demonstrated that TSCC cell exosomes
were successfully taken up by HUVECs.

TSCC Cell Line-Derived Exosomal miR-558-Induced
Neovascularization in Vivo
We further explored the function of exosomal miR-558 in neo-
vascularization in vivo. Exosomes were isolated from TSCC

cell supernatants, then mixed with Matrigel and injected into
the right shoulder of mice. After 10 days, the Matrigel plug
was recovered, and the results indicated that the Matrigel
mixed with overexpressed miR-558 had more neovascularization
than the control group (Figure 4A and B). Immunohistochemical
staining results indicated that Matrigel plugs mixed with exo-
somes overexpressing miR-558 had more CD31 staining areas
than those in the control group, suggesting that Matrigel plugs
mixed with exosomes overexpressing miR-558 had higher vas-
cular density (Figure 4C and D). The above in vivo experiments

Figure 2. TSCC-derived exosomes mir-558 promotes the proliferation, migration, and tube formation of HUVECs. (A) qRT-PCR detection of
miR-558 expression levels in cancer cells with stable overexpression of miR-558 and negative control cancer cells. The right figure shows the
expression levels of miR-558 in exosomes of the corresponding groups. (B) Proliferation curve of HUVECs after treatment with exosomes from
cancer cells overexpressing miR-558 and negative control cancer cells. (C) Representative images of HUVECs that spanned to the bottom of the
transwell chamber after treatment with exosomes from cancer cells overexpressing miR-558 and negative control cancer cells. The number of
migrated cells is shown in the chart on the right. (D) Representative images of tubes formed after treatment of HUVECs with exosomes from
cancer cells overexpressing miR-558 and negative control cancer cells, and the number of tubes formed is shown in the right chart. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001.
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demonstrated that TSCC-derived exosomal miR-558 had a better
pro-angiogenic effect.

miR-558 Promoted Tumor Growth and Increased the
Vascular Density of Tumor in Nude Mice
To further investigate whether miR-558 can promote tumorigen-
esis in vivo by inducing neovascularization, we injected
Tca-8113 and SCC-25 cells subcutaneously into the right axilla
of nude mice, and found that TSCC cells overexpressing
miR-558 had larger tumor volume and heavier tumor mass that
those in the negative control group (Figure 5A–F). We assessed
the number of microvessels in tumor nodules by CD31 staining,
and the results showed that the expression of CD31 molecules
was upregulated in tumor sections overexpressingmiR-558, sug-
gesting a high vascular density in neoplastic tumors (Figure 5G–
J). These results showed thatmiR-558 can promote the growth of
TSCC tumors in vivo by inducing tumor angiogenesis.

miR-558 Promoted Angiogenesis by Targeting HPSE
In order to further investigate the molecular mechanism how
exosomal miR-558 promoted angiogenesis, we designed a dual-

luciferase experiment with reference to information on the
sequence of the 5′UTR binding site between miR-558 and
HPSE reported in the study of gastric cancer. The results
proved that miR-558 can bind to the promoter sequence of
the 5′UTR of HPSE. Overexpression of miR-558 in HUVECs
increased the promoter luciferase activity of HPSE, which
was counteracted by mutation in the binding site sequence
(Figure 6A and B). The expression level of HPSE mRNA in
HUVEC was verified by qRT-PCR. Compared with the
control group, the expression level of HPSE mRNA in
HUVEC overexpressing miR-558 increased (Figure 6C). The
expressions of miR-558 downstream protein HPSE and HPSE
downstream protein MMP9 and VEGF-A were detected by
western blot assay. The results showed that compared with
the negative control group, the expression of HPSE in
HUVEC that overexpressed miR-558 increased, while the
expression of VEGF-An and MMP9 regulated by HPSE was
significantly upregulated (Figure 6D). The above experiments
suggested that the expression of HPSE was regulated by
miR-558, but whether it promoted angiogenesis via HPSE
remained unclear.

We synthesized the overexpressed HPSE and negative
control plasmids. In the experimental group, the HPSE

Figure 3. miR-558 is packaged into exosomes and delivered from TSCC cells to HUVECs. (A–B) miR-558 expression level of HUVECs after
incubation of TSCC cell-derived exosomes with HUVECs. (C) Fluorescence microscope image of PKH26-stained exosomes of Tca-8113 and
SCC-25 cells incubated with HUVECs and DAPI stained HUVECs nuclei.
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expression of HUVEC significantly increased (Supplemental
Figure 3A), and the overexpression of HPSE can facilitate the
proliferation, migration, and tube formation of HUVEC
(Supplemental Figure 3B–D). We used three siRNAs to
knock out the HPSE gene of HUVEC, and qRT-PCR was
used to verify the knockout effect. The results showed that
the knockout effect of siRNA-HPSE1 was the best
(Figure 6E). Therefore, we selected it for further experiment.
We used siRNA-HPSE1 to transfect HUVEC that overex-
pressed miR-558. The results of CCK8 experiment indicated
that HPSE knockout significantly downregulated the effect of
miR-558 on the promotion of HUVEC proliferation at 72 h
(Figure 6F). The results of Transwell experiment showed that
the knockout of HPSE can reverse the promoting effect of
miR-558 on HUVEC migration (Figure 6G). The results of
tube formation experiment also showed that the knockout of
HPSE could downregulate the promoting function of HUVEC

tube formation by overexpressing miR-558 (Figure 6H). The
above results indicated that miR-558 promoted the prolifera-
tion, migration, and angiogenesis of HUVECs by regulating
the expression of HPSE.

Discussion
Malignant tumor cells have strong proliferation ability. During
the rapid proliferation, the tumor tissues are in a relatively
hypoxic state, which will stimulate tumor cells to secrete
pro-angiogenic factors and induce neovascularization in
tumor tissues.14 Neovascularization not only brings oxygen
and nutrients into tumor cells, but also raises the pressure of
tumor interstitial tissues and facilitates the drainage of intersti-
tial materials into lymph nodes because of its high permeability.
This mechanism is often one of the factors that promote tumor
metastasis and regional recurrence.15 It has been reported that

Figure 4. TSCC cell exosomes induce neovascularization in vivo. (A) Images of Matrigel plug formed in mouse axilla after mixing Matrigel with
Tca-8113 or SCC-25 cell-derived miR-558-EXO or NC-EXO. (B–C) Representative images of CD31 immunohistochemical staining of
paraffin-embedded Matrigel plug sections. The number of CD31-positive microvessels in the Matrigel plug is shown on the right. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001.
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the expression of angiogenic factors in patients with HNSCC is
higher than that in healthy people, which may result in a poor
prognosis due to the enhanced tumor resistance to traditional
cytotoxic drugs.16 At present, a variety of targeted drugs have
been developed for tumor angiogenesis. Bevacizumab was
the first antiangiogenic drug approved by FDA in the United
States. By targeting the inhibition of VEGF-A downregulation
of angiogenesis, bevacizumab can effectively treat metastatic

rectal cancer, advanced non-small cell lung cancer, ovarian
cancer, and other malignant tumors, but the effect is not ideal
in HNSCC.17 Although antiangiogenic targeted drugs, such as
sorafenib and sumatinib developed based on tyrosine kinase recep-
tors, showed relatively lower toxicity in HNSCC clinical trials, they
did not achieve a marked anticancer effect.18 Therefore, it is very
important to carry out in-depth research on HNSCC and find a
more reliable and safe therapeutic target.

Figure 5. miR-558 promotes malignant progression of TSCC in vivo. (A–C) Tca-8113 cells overexpressing miR-558 produced larger and
heavier tumors in nude mice subcutaneously. (D–F) SCC-25 cells overexpressing miR-558 formed larger and heavier tumors in nude mice
subcutaneously. (G–H) Representative images of CD31 immunohistochemical staining in paraffin-embedded Tca-8113 tumor sections. The
number of CD31-positive microvessels is shown in the chart on the right. (I–J) Representative images of CD31 immunohistochemical staining in
paraffin-embedded SCC-25 tumor sections. The number of CD31-positive microvessels is shown in the chart on the right. *P<0.05, **P<0.01,
***P<0.001, ****P<0.0001.
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In previous studies, our team found that hsa_circ_0000231
was highly expressed in TSCC tumor tissues and promoted
the proliferation, migration, and invasion of TSCC cells. At
the same time, it was predicted that miR-558 may be one of
the candidate molecules regulated by its targeting. Through liter-
ature search, miR-558 can promote the occurrence of lung cancer
and paclitaxel resistance,19 and upregulate the transcription of
HPSE gene in retinoblastoma.20 The supernatant of bladder
cancer cells overexpressing miR-558 has a role in promoting

HUVEC angiogenesis,10 but what factors in the supernatant
play a role in neovascular angiogenesis and whether exosomes
play a role as transporters have not been explained, and no rele-
vant studies have been conducted on the role of miR-558 in exo-
somes in HNSCC. Due to extremely high stability of exosomal
miRNA, it can not only be employed as an effective biomarker
by expressing the out-of-control miRNA in cancer cells, but
also act as a medium to deliver miRNA to target cells and regu-
late the corresponding functions, when it is secreted by cancer

Figure 6. miR-558 regulates HPSE to promote proliferation, migration, and tube formation in HUVECs. (A) Construction of wild-type and
mutant luciferase-containing plasmid sequences of predicted binding sites between HPSE and miR-558. (B) Co-transfect HPSE wild-type and
mutant luciferin-containing plasmids for the miR-558 binding site in HUVEC cells, as well as miR-558 mimics or NC mimics, and detect the
luciferase activity to reflect the binding situation. (C) The expression level of HPSE in HUVECs after overexpression of miR-558 was detected by
qRT-PCR. (D) Protein expression of HPSE, VEGF-A and MMP9 in HUVEC after overexpression of miR-558. (E) After transfecting HUVEC
with three small interfering RNAs and one control sequence, the expression level of HPSE was detected by qRT-PCR experiment. (F) The effect
of knocking out HPSE on the proliferation ability of HUVEC overexpressing miR-558. (G–H) Representative images of migration and tube
formation of miR-558-overexpressed HUVECs knocked out of HPSE, the number of migrated cells and the number of tubes are shown in the
right chart. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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cells into the internal environment.21–24 Therefore, we carried
out a study on miR-558 of TSCC-derived exosomes.

In this study, we found that the expression level of miR-558
increased in exosomes of TSCC cells that overexpressed
miR-558. Extracellular vesicles track experiments showed
that the exosomes of miR-558 were delivered from TSCC
cells to HUVEC as an uptake carrier, and the expression
level of miR-558 in HUVEC increased. Compared with the
control group, the supernatant and exosome of TSCC cells
that overexpressed miR-558 showed stronger promotion of
HUVEC proliferation, migration, and tube formation, and
HUVEC pretreated with anti-miR-558 could downregulate the
above results. These results demonstrated the ability of miR-558
to promote angiogenesis in vitro. To further explore the role of
TSCC exosome miR-558 in vivo, we performed in vivo
Matrigel plug assay and subcutaneous tumor formation experi-
ment on c57BL/6 mice and nude mice, respectively. The results
of in vivo Matrigel plug assay showed that Matrigel mixed with
exosomes overexpressing miR-558 had a higher density of angio-
genesis in mice, and the results of subcutaneous tumor formation
experiment indicated that the TSCC cell line overexpressing
miR-558 had larger tumor size, heavier weight, and higher
density of neovasculum in nude mice.

Based on the prediction that miR-558 probably targeted the
regulation of HPSE, we carried out research on HPSE. HPSE is
a protein endonuclease secreted by tumor cells, which has the
activity of degrading and remodeling extracellular matrix
(ECM). Its expression is increased in a variety of malignant
tumors. It can promote angiogenesis, degrade the vascular base-
ment membrane, and extracellular matrix, and is an important
factor for promoting invasion and metastasis of malignant
tumors.12 HPSE can activate ERK pathway and enhance the
expression of matrix metallopeptidase 9 (MMP-9).25–27

MMP-9 can raise the concentration of VEGF in tissues and
facilitate the binding of VEGF and VEGFR2.28,29 In addition,
HPSE has been shown to significantly increase the expression
of VEGF-An in many cell lines.30 VEGF-A in tumor cells
can not only promote tumor angiogenesis, but also enhance vas-
cular permeability. This is probably one of the initiating factors
of tumor distant metastasis.31,32 In this study, we proved that
HPSE was a direct target of miR-558 through dual luciferase
experiment. The western blot assay showed that miR-558 pro-
moted the expression of HPSE, MMP-9, and VEGF-An in
HUVEC. HPSE overexpressing HUVEC could enhance the
proliferation, migration, and tube formation of HUVEC,
which proved that HPSE could promote angiogenesis in vitro,
and the knockout of HPSE could downregulate the above
results. Therefore, we believe that the targeted regulation of
HPSE expression by miR-558 is one of the main drivers of
angiogenesis.

The study still has certain limitations. Firstly, it is necessary
to include multicenter clinical samples of TSCC for comprehen-
sive research purposes. Secondly, additional molecular biology
experiments are required to validate the precise mechanism by
which miR-558 promotes the proliferation, migration, and
angiogenesis of TSCC.

Conclusion
Our study is the first to demonstrate that miR-558 in TSCC-
derived exosomes can promote HUVEC proliferation, migra-
tion, and tube formation by targeting HPSE, and lead to the for-
mation of tumor neovascular.
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