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Cancer-derived exosomal miR-221-3p promotes angiogenesis
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Abstract

Aims Recently, cancer-derived exosomes were shown to have pro-metastasis function in cancer, but the mechanism remains
unclear. Angiogenesis is essential for tumor progression and is a great promising therapeutic target for advanced cervical
cancer. Here, we investigated the role of cervical cancer cell-secreted exosomal miR-221-3p in tumor angiogenesis.
Methods and results miR-221-3p was found to be closely correlated with microvascular density in cervical squamous cell
carcinoma (CSCC) by evaluating the microvascular density with immunohistochemistry and miR-221-3p expression with
in situ hybridization in clinical specimens. Using the groups of CSCC cell lines (SiHa and C33A) with miR-221-3p overex-
pression and silencing, the CSCC exosomes were characterized by electron microscopy, western blotting, and fluorescence
microscopy. The enrichment of miR-221-3p in CSCC exosomes and its transfer into human umbilical vein endothelial cells
(HUVECs) were confirmed by qRT-PCR. CSCC exosomal miR-221-3p promoted angiogenesis in vitro in Matrigel tube
formation assay, spheroid sprouting assay, migration assay, and wound healing assay. Then, exosome intratumoral injection
indicated that CSCC exosomal miR-221-3p promoted tumor growth in vivo. Thrombospondin-2 (THBS2) was bioinfor-
matically predicted to be a direct target of miR-221-3p, and this was verified by using the in vitro and in vivo experiments
described above. Additionally, overexpression of THBS2 in HUVECsS rescued the angiogenic function of miR-221-3p.
Conclusions Our results suggest that CSCC exosomes transport miR-221-3p from cancer cells to vessel endothelial cells
and promote angiogenesis by downregulating THBS2. Therefore, CSCC-derived exosomal miR-221-3p could be a possible
novel diagnostic biomarker and therapeutic target for CSCC progression.
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vascular endothelial growth factor (VEGF), to chemotherapy
was shown to improve median overall survival in patients
with recurrent, persistent, or metastatic cervical cancer
[4]. However, anti-angiogenesis therapies mostly target the
VEGEF axis [5], and treatment with angiogenesis-targeted
combination regimens is marred by variable responses, non-
negligible toxicity, and possible drug resistance [6]. There-
fore, the identification of novel anti-angiogenetic factors or
predictive biomarkers will be critical for future drug devel-
opment and anti-cancer therapy.

Within the tumor microenvironment (TME), intercellular
communication between malignant and stromal cells of the
host is necessary [7]. In recent years, exosomes, a group
of extracellular 30-100 nm membrane vesicles secreted
by multiple cell types, have emerged as a novel pattern of
intercellular communication [8]. Recently, accumulating evi-
dence has revealed that cancer-derived exosomes play an
important role in tumor initiation, progression, metastasis,
drug resistance, and angiogenesis due to the vast array of
cancer-associated contents, including microRNAs, mRNAs,
transcription factors, proteins, and lipids [9]. microRNAs
(miRNAs) are a class of endogenous 22- to 25-nt noncoding
single-stranded RNA molecules that are stable in exosomes
because RNase degradation is prevented [10]. miRNAs have
been identified as major players in posttranscriptional gene
regulation in diverse biological processes [11].

Our previous study discovered that miR-221-3p induced
epithelial-to-mesenchymal transition (EMT) in cancer cells
and promoted tumor progression in cervical squamous cell
carcinoma (CSCC) [12]. In addition to EMT, local angiogen-
esis is critical for cancer progression. We further explored
whether CSCC-derived miR-221-3p could affect angiogen-
esis via an exosome carrier.

Materials and methods
Cell culture

Human CSCC cell lines SiHa and C33a, human umbilical
vein endothelial cells (HUVECSs), and human embryonic
kidney 293T cells were purchased from the American Type
Culture Collection (ATCC). SiHa, C33a, and 293T cells
were cultured in DMEM (Gibco) supplemented with 10%
heat-inactivated fetal bovine serum (FBS). HUVECs were
cultured in RPMI 1640 (Gibco) supplemented with 10%
heat-inactivated FBS.

Transient expression and inhibition of miR-221-3p were
performed by transfecting with miRNA oligonucleotides
(miR-221-3p mimics, inhibitors, and their negative controls,
RIBO Bio.) using Lipofectamine 2000 (Invitrogen). In addi-
tion, overexpression of THBS2 in vitro was performed by
transfection with pCMV-THBS2(Sino Biological Inc.).
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The stable overexpression and inhibition of miR-221-3p
in SiHa and C33a cell lines were established by stable trans-
duction using lentivirus according to the manufacturer’s pro-
tocol. Lenti-mCherry containing an miR-221-3p overexpres-
sion sequence and its negative control vector (miRNA-NC)
or containing an miR-221-3p inhibiting segment (si-miR-
221-3p) and its negative control vector (si-miRNA-NC)
were purchased from GeneChem Inc. The transfected cells
were designated both in SiHa and C33a cell lines as fol-
lowing: miRNA-NC, miR-221-3p, si-miRNA-NC, and
si-miR-221-3p.

Clinical specimens

The clinical specimens were collected at Nanfang Hospital
from 2013 to 2015. Fifteen samples of normal cervical tissue
were collected from patients who underwent hysterectomy
and were diagnosed with uterine leiomyoma but were not
diagnosed with HPV infection or a cervical lesion. Forty-five
CSCC samples were collected from patients who underwent
abdominal radical hysterectomy (ARH) without prior radi-
otherapy and chemotherapy. The clinical and pathological
characteristics of the cervical cancer specimens are shown in
Table 1 and Supplementary Table 1 (Table S1). All samples
were submitted for pathological examination after the opera-
tion. The study was approved by the Institutional Research
Ethics Committee of Southern Medical University. Informed
consent was obtained from each patient before collecting
samples.

Table 1 The clinical and pathological characteristics of cervical can-
cer specimens

Characteristic N H score of P value
miR-221-3p

Total number of 45 - -
patients

Median age, years 49 (38-62) — -
(range)

FIGO stage
1 (IB1+1B2) 23 150.39+15.14 0.236
II (TA1+1IA2+1IB) 22 146.63 +£12.67

Differentiation
Moderately 29 146.31+11.46 0.408
Poorly 16 152.63 +18.65

Lymphatic metastasis
Positive 20 192.25+12.34 <0.001
Negative 25 113.60+10.31

H score system was used as a semiquantitative approach to evalu-
ate the expression level of miR-221-3p in primary tumor samples of
cervical cancer. The values are mean number of means+SEM of H
score.
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In situ hybridization

In situ hybridization was performed as described previ-
ously [13]. Briefly, after incubation with 3% H,0,, diges-
tion with pepsin for 2 min at 37 °C, and fixation with 1%
paraformaldehyde (PFA) in diethyl pyrocarbonate (DEPC)
for 5 min, the slides were prehybridized in hybridization
buffer at 42 °C with miR-221-3p or U6 synthetic oligonu-
cleotide probes (Exiqon). The slides were then incubated
with streptavidin—biotin complex (SABC) and horserad-
ish peroxidase (HRP) polymer. Subsequently, slides were
stained with 3,3-diaminobenzidine and counterstained with
hematoxylin (Sigma). For semiquantitative evaluation of the
level of miR-221-3p in tissue, an immunoreactivity “histo”
score (H score) was used [14]. First, the staining intensity (0,
1+, 2+, or 3+) was determined for each cell in a fixed field.
Then, the percentage of cells at each staining intensity level
was calculated, and an H score was assigned using the fol-
lowing formula: [1 X (% cells 14+) +2 X (% cells 24+) + 3 X (%
cells 3+4)].

Immunohistochemistry

Tissue sections were used for Immunohistochemistry (IHC)
as described previously [15]. Mouse anti-human cluster of
differentiation (CD31) antibodies (Zsgb-Bio), rat anti-mouse
CD31 antibodies (Abcam, ab56299), and rabbit anti-Throm-
bospondin2 antibodies (Abcam, ab84469) were used as pri-
mary antibodies. Horseradish peroxidase (HRP)-conjugated
goat anti-mouse antibody (Zsgb-Bio) and HRP-conjugated
goat anti-rat antibody (Zsgb-Bio) were used as secondary
antibodies. In cervical cancer samples, peritumoral vessels
were counted and matched with the field of the slide by
in situ hybridization. In a mouse tumor model, intratumoral
and peritumoral blood vessels were counted in every sample.
In addition, the H score system was used to evaluate the rela-
tive expression of THBS2.

Exosome isolation

Exosome isolation was performed as previously described
[16]. In brief, cancer cells were cultured with exosome-
free FBS media and when cells were grown to 70% con-
fluency [17], washed 3 times with PBS, and incubated for
24 h in serum-free media and the supernatant was collected.

The supernatant was centrifuged at 3000 x g for 15 min to
remove cells and cell debris and it was then mixed with Exo-
Quick exosome precipitation solution (SBI) and incubated
overnight, according to the manufacturer’s protocol. Then,
the mixture was centrifuged at 1500 X g for 30 min at 4 °C.
The pelleted exosomes were dissolved in phosphate-buffered
saline (PBS) and were subsequently split and transferred to
RNase-free tubes to be stored or undergo electron micros-
copy, protein assays, RNA extraction, and to be used for
in vitro or in vivo treatment.

Electron microscopy

EM imaging of exosomes was performed as previously
reported [18]. Briefly, exosomes were fixed in 2% PFA and
absorbed by a Formvar—carbon-coated 400 mesh copper grid
(Electron Microscopy Sciences) for 20 min. The grid was
postfixed with 1% glutaraldehyde for 5 min. The samples
were stained first with uranyl-oxalate solution at pH 7, for
5 min and then with a 9:1 ratio of 2% methyl cellulose at
pH 4 and 4% uranyl acetate for 10 min. After the grids were
air-dried, micrographs were captured with a CM20 Twin
Phillips electron microscope (Phillips) at 80 k'V.

Exosome uptake assay

For exosome uptake experiments, exosomes were labeled
with a PKH67 Green Fluorescent Cell Linker Kit (Sigma)
following the manufacturer’s protocol. 10 pg of exosomes
was resuspended in 100 pl PBS and were added to 1x 10°
HUVECs. HUVECs were harvested at different time points
(Oh, 6 h, 12 h, 24 h, and 36 h) for qRT-PCR and immunoflu-
orescence analysis. Rhodamine phalloidin (Thermo Fisher)
was used to stain actin stress fibers in HUVECs.

gRT-PCR analysis

Total RNA was extracted from cells and exosome samples
with TRIzol reagent (Invitrogen). U6 was used as an endog-
enous control for miRNA, and GAPDH was chosen as the
internal control for mRNA. The primer sequences are shown
in Table 2. Quantitative mRNA and miRNA expression was
measured with ABI Prism 7500 Software v2.0.6 and calcu-
lated based on the comparative threshold cycle (Cy) method.
The expression level of miRNA or mRNA was normalized

Table 2 Sequence primers
designed for qRT-PCR

Forward

Reverse

miR-221-3p

THBS2
GAPDH

5'-AGCTACATTGTCTGCTGGGTTTC -3’ -
ué6 5'-CTCGCTTCGGCAGCACA-3'
5'-GGGGACACTTTGGACCTCAAC-3'
5'-ACAACTTTGGTATCGTGGAAGG-3'

5'-AACGCTTCACGAATTTGCGT-3'
5'-GCAGCCCACATACAGGCTA-3'
5'-GCCATCACGCCACAGTTTC-3’
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to that of U6 or GAPDH and converted to fold changes
(2742CY and expression as the n-fold difference relative to
the control.

Western blotting

Protein samples were prepared using a BCA Protein Assay
Kit (Beyotime). A total of 50 ug of protein were separated
by 10% SDS-PAGE and subsequently transferred onto poly-
vinylidene difluoride (PVDF) membranes. The membranes
were blocked with 5% bovine serum albumin (BSA) for 1 h
before being incubated overnight at 4 °C with the primary
antibodies, including an Exosomal Marker Antibody Sam-
pler Kit (CST, #74220), anti-THBS2 (Abcam, ab84469), and
anti-GAPDH (Abcam, ab9485) antibodies. The membranes
were washed three times with PBST and then incubated with
HRP-conjugated secondary antibodies (Abcam, ab6721, and
ab6789) for 1 h. After the final wash with PBST, the proteins
were detected using enhanced chemiluminescence (ECL)
reagents (Pierce).

Matrigel tube formation assay

A Matrigel tube formation assay was performed as previ-
ously described [19]. In brief, HUVECs were treated with
exosomes (10 pg of exosomes resuspended in 100 ul PBS
were added to 1x 10° HUVECS) or were transfected with
miRNA oligonucleotides or plasmid for 24 h; HUVECs
were then harvested. HUVECS were diluted with serum-free
RPMI 1640 and 15,000 cells in 100 pl were added per well
to a 96-well culture plate precoated with basement mem-
brane matrix (BD). Then, the plate was incubated at 37 °C
for 6 to 8 h. The tube formation was visualized under an
inverted microscope. Enclosed networks of tube structures
from three randomly chosen fields were recorded under a
Leica DC300F microscope (Leica).

Spheroid sprouting assay

A three-dimensional (3D) spheroid sprouting assay was
performed as described previously [20]. In brief, HUVECs
were treated with exosomes (10 ug of exosomes resus-
pended in 100 pl PBS were added to 1 x 10° HUVECS) or
were transfected with miRNA oligonucleotides or plasmid
for 24 h; HUVECS were then harvested. A total of 1x 10°
HUVECs were added to each well of a 96 U-well suspen-
sion plate (Corning) in 150 pl of endothelial cell (EC)
growth medium-2 (EGM-2) (Lonza), with 20% Methocel
(v/v). Cells formed spheroids overnight at 37 °C. After-
ward, a solution of 3 mg/ml of rattail collagen type I (BD)
was prepared in EGM-2 medium, and the pH was neu-
tralized by 1 M NaOH. Spheroids were suspended with
an equivalent solution of collagen type I, deposited over
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the first layer, and incubated at 37 °C for 1.5 h. After the
collagen gels were set, 100 ul of RPMI 1640 medium con-
taining 5% FBS was added to each well, and the sphe-
roids formed sprouts after 48 h. Sprouts were imaged
with a Leica TCS SP8-X confocal microscope (Leica) at
100 X magnification.

Transwell migration assay

The upper chambers were rehydrated with RPMI 1640
(serum-free) for 2 h at 37 °C with no Matrigel coating. In
the lower chamber, RPMI 1640 medium containing 10%
FBS was added as a chemoattractant. HUVECs were treated
with exosomes (10 pg of exosomes resuspended in 100 pl
PBS were added to 1 x 10° HUVECS) or were transfected
with miRNA oligonucleotides or plasmid for 24 h; HUVECs
were then harvested and diluted with serum-free RPMI 1640
(1x10° cells in 200 pl) and added to the upper compartment
of the chamber. After incubation for 24 h, invading cells on
the undersides of the membranes were stained with hema-
toxylin and five random visual fields (200 X ) were counted
under a light microscope. Each experiment was repeated
three times.

Wound healing assay

HUVECs were treated with exosomes (10 pug of exosomes
resuspended in 100 ul PBS were added to 1 x 10> HUVECs)
or transfected with miRNA oligonucleotides or plasmid for
24 h; HUVECs were then were harvested and seeded in
a 6-well plate at a density of 1x 103 cells/well. A scratch
wound was generated using a sterile 200 pl pipette tip, and
floating cells were removed by washing with PBS. Images
of the scratches were taken using an inverted microscope
at 100 X magnification at 0 h and 24 h after scratching. The
percentage of the healed wound area was measured as a ratio
of the occupied area to the total area using Image Olympus
IX71 (Olympus).

miRNA target prediction

The analysis of miR-221-3p predicted targets was deter-
mined by miRwalk (http://zmf.umm.uni-heidelberg.de/) and
Pictar (http://pictar.bio.nyu.edu/). Gene Ontology (http://
geneontology.org/) was used to identify negative regulation
of angiogenesis genes. Then, Venny 2.1.0 (http://bioinfogp.
cnb.csic.es/tools/venny/) was used to combine the data and
determine the most probable target. miRanda (http://www.
microrna.org) was used to identify the seed sequences and
regions of potential base-pairing of the target gene.


http://zmf.umm.uni-heidelberg.de/
http://pictar.bio.nyu.edu/
http://geneontology.org/
http://geneontology.org/
http://bioinfogp.cnb.csic.es/tools/venny/
http://bioinfogp.cnb.csic.es/tools/venny/
http://www.microrna.org
http://www.microrna.org

Angiogenesis (2019) 22:397-410

401

Mouse xenograft model

Six-week-old female athymic nude mice were purchased
from the Experimental Animal Center at Southern Medical
University (Guangzhou, PR China). Animal handling and
experimental procedures were approved by the Institutional
Animal Research Ethics Committee of Southern Medical Uni-
versity. Tumor cells (SiHa or C33a, 5 X 10° cells/mouse) were
implanted subcutaneously into the flank of nude mice. Tumor
volume (mm?) was measured every 3 days and calculated
by the formula: volume = (width)?x length/2. When tumors
reached a minimal volume of 50 mm? (approximately 12 days
after tumor inoculation), the animals were randomly divided
into five groups for further experiments. 10 pg of exosomes
resuspended in 20 ul PBS was injected into the center of the
xenograft tumors every 3 days [16, 21]. The same volume
of PBS was used as a control. After five injections, primary
tumors had reached a volume of approximately 300 mm?,
and mice were euthanized and tumors were excised for IHC
analysis.

Luciferase activity assay

A luciferase activity assay was performed as described previ-
ously [22]. In brief, the 3’ UTR segment of the THBS2 gene
was amplified by PCR and inserted into the vector. A mutant
construct that disrupted the miR-221-3p binding sites of the
THBS2 3’ UTR region was also generated using a Quick
Change Site-Directed Mutagenesis Kit (Agilent). Cotrans-
fection of THBS2 3" UTR or mut-THBS2 3" UTR plasmid
with miR-221-3p mimic into the cells was performed using
Lipofectamine 2000 (Invitrogen). After 48 h of transfection,
luciferase activity was analyzed by a Dual-Luciferase Reporter
Assay System (Promega).

Statistical analysis

The SPSS (version 20.0) software package was used for sta-
tistical analysis. Data are presented as the mean + standard
error of the mean (SEM), and the graphs and diagrams were
generated by GraphPad Prism. Statistical analysis between
two groups was performed using Student’s t-test, and analysis
between multiple groups was conducted by one-way analysis
of variance (ANOVA) with the Bonferroni correction. Cor-
relation analyses were performed using the Spearman rank
test. Differences were considered statistically significant at P
value <0.05.

Results

miR-221-3p expression positively correlates
with microvascular density in CSCC

To identify the correlation between miR-221-3p expression
and microvascular density(MVD) in CSCC, miR-221-3p
was detected by in situ hybridization (ISH), and the blood
vessels were stained with the vascular endothelial cell
marker CD31 in paraffin-embedded human CSCC serial
sections. Normal cervical tissue was used as a negative
control. An H score system was established to semiquan-
titatively assess the expression of miR-221-3p in tissue
(Fig. S1). Compared to the low expression of miR-221-3p
in normal cervical samples, significantly higher expression
of miR-221-3p was detected at the primary tumor sites of
CSCC samples (Fig. la, ¢, ¥*P <0.0001). Correspond-
ingly, the expression of miR-221-3p was positively corre-
lated with an increase in MVD in serial sections of CSCC
specimens (Fig. 1B, D, r?=0.6544; P <0.0001). Taken
together, these results suggested that miR-221-3p may be
an angiogenesis-promoting miRNA in CSCC.

Exosomes transport miR-221-3p from CSCC cells
to HUVECGs in vitro

Based on the findings in clinical samples, we also con-
firmed the relative higher level of miR-221-3p in CSCC
cell lines (SiHa and C33a) than in HUVECs (Fig. S2A).
We explored how cancer-derived miR-221-3p affected
angiogenesis in HUVECs. Previous studies have revealed
that exosomes transport functional small RNAs from can-
cer cells to other stromal cells [25]. Cancer cell-derived
exosomes were isolated from the supernatant of two CSCC
cell lines, SiHa and C33a, and 30-100 nm cup-shaped
exosomes were characterized by the expression of CD?9,
CD54, and Annexin and by the lack of GM130 expres-
sion with western blot analysis (Fig. 2a, b). The uptake
of CSCC exosomes into HUVECs was confirmed by the
presence of PKH67-labeled exosomes in HUVECs after
exosome addition (Fig. 2c).

We further investigated whether exosomes transferred
miR-221-3p into vessel endothelial cells. First, to prove
that miR-221-3p was enriched in CSCC exosomes, sta-
ble cell lines that were overexpressing or inhibiting miR-
221-3p were established by lentiviral vectors in the SiHa
and C33a cell lines (Fig. S2B). We found that the expres-
sion of miR-221-3p in CSCC-secreted exosomes was
higher than that of their parental cells (Figs. 2d and S3A;
*P <0.05). To confirm the role of exosomes in transport-
ing miR-221-3p from tumor cells to vessel endothelial
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Fig. 1 miR-221-3p expression positively correlates with microvascu-
lar density in CSCC. a The expression of miR-221-3p was detected
in paraffin-embedded normal cervical tissues and CSCC samples by
in situ hybridization (ISH). Representative micrographs are shown at
X200 magnification. b In CSCC samples, miR-221-3p was detected
by ISH, and blood vessels were stained with the vascular endothe-
lial cell marker CD31 in serial sections. Representative cases with

cells, HUVECs were incubated with exosomes for differ-
ent lengths of time (0 h, 6 h, 12 h, 24 h, and 36 h) and were
harvested for miR-221-3p detection. We found that exo-
some addition obviously increased the level of miR-221-3p
in a time-dependent manner (Figs. 2e, S3B, *P <0.05,
**P <0.001). These results suggested that CSCC-secreted
exosomes were enriched with miR-221-3p from cancer
cells and transported miR-221-3p into HUVEC: in vitro.

CSCC exosomal miR-221-3p promotes HUVEC
angiogenesis in vitro

To investigate the function of CSCC exosomal miR-
221-3p in vessel endothelial cells, the angiogenic abil-
ity of HUVECs was examined by a Matrigel tube for-
mation assay, spheroid sprouting assay and migration
assay. HUVECs were pretreated with miR-221-3p over-
expressing exosomes (miR-221-3p-Exo), miR-221-3p-
silenced exosomes (si-miR-221-3p-Exo), control group
exosomes (MiRNA-NC-Exo and si-miRNA-NC-Exo) at a
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low (Case 1) and high levels (Case 2) of miR-221-3p that were cor-
respondingly stained CD31 are shown (magnification 200X ). ¢ Scat-
ter diagrams of the H score of miR-221-3p in normal cervical tissues
and CSCC samples (30.27 +£4.036 vs 148.6+9.808, **P <0.0001). d
Correlation analysis of the H score of miR-221-3p and the microvas-
cular density in CSCC tissues (n=45, #=0.6544, P<0.0001 )

concentrate of 10 pg/1 x 10° cells for 24 h. Treatment with
miR-221-3p-overexpressing exosomes induced HUVEC
tube-like structure formation in the Matrigel tube forma-
tion and spheroid sprouting assays (Figs. 3a, b, S3C, D,
**P <0.001) and cell migration in the transwell migra-
tion assay and wound healing assay (Figs. 3c, d, S3E, F,
*P <0.05, **P <0.001). miR-221-3p-silenced exosomes
(si-miR-221-3p) had opposite effects on HUVECs. The
similar proliferation level of HUVECs in all groups
excluded a proliferation induced effect that promoted angi-
ogenesis (Fig. S3G, H, P> 0.05). To exclude the effect of
soluble factors than exosomes on angiogenesis, HUVECs
were treated with exosome-free conditioned medium from
SiHa cells for 24 h and were then harvested for Matrigel
tube formation assay and transwell migration assay. The
results revealed that exosome-free conditioned media of
CSCC cells had no effect on angiogenesis (Fig. S6). These
results reveal that CSCC exosomal miR-221-3p promoted
HUVEC angiogenesis in vitro.
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Fig.2 Exosomes transport miR-221-3p from CSCC to HUVECs
in vitro. a Exosomes were isolated from the supernatant of SiHa and
C33a cells and the typical cup-shaped morphology and a size range
of 30-100 nm were confirmed by transmission electron micros-
copy (scale bar =100 nm). b Exosomes (SiHa-Exo and C33a-Exo)
were analyzed by western blotting using anti-CD9, anti-CD54,
anti-Annexin, and anti-GM130 antibodies. Cellular lysates (SiHa
and C33a) were used as positive loading controls. ¢ HUVECs were
stained with rhodamine phalloidin (red) and a nuclear marker (DAPI,

CSCC exosomal miR-221-3p promotes tumor growth
in mouse models

We proved that CSCC exosomal miR-221-3p promoted
angiogenesis in HUVECs in vitro. However, the tumor
microenvironment (TME) is complicated. We further
investigated whether CSCC exosomal miR-221-3p was
also pro-angiogenic in the TME. CSCC mouse xenograft
tumor models (SiHa and C33a cell lines) were used to
investigate the function of exosomal miR-221-3p in vivo.
10 pg of exosomes (miRNA-NC-Exo, miR-221-3p-Exo,

blue) and viewed under confocal microscopy after treatment with
PKH67 labeling exosomes (SiHa-Exo and C33a-Exo) (magnifica-
tion 1800x). d gRT-PCR analysis of the relative expression of
miR-221-3p in SiHa cells and their exosomes. The data represent
the means +SEM of triplicates (*P <0.05). e HUVECs were treated
with SiHa cell-derived exosomes for different lengths of time (0 h,
6 h, 12 h, 24 h, and 36 h) and then miR-221-3p was detected by qRT-
PCR. The data represent the means+ SEM of triplicates (*P <0.05;
**P <0.001)

si-miRNA-NC-Exo, and si-miR-221-3p-Exo) were injected
into the center of tumors every 3 days, starting from the
time that the tumor reached the minimal volume of 50 mm?
(approximately 12 days after tumor inoculation) [16, 21].
After five injections, primary tumors reached a volume of
approximately 300 mm?, and mice were euthanized and
tumors were harvested by surgical removal on day 27. We
found that the administration of miR-221-3p-Exo signifi-
cantly promoted tumor growth (SiHa, Fig. 4a—c, *P <0.05,
**P <0.001; C33a, Fig. S4A-C, *P <0.05, **P <0.001).
The tumor volume in the SiHa miR-221-3p-Exo group
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Siha exosomes

A PBS

Fig.3 CSCC exosomal miR-221-3p promotes HUVEC angiogen-
esis in vitro. HUVECs were treated with exosomes isolated from
SiHa stable cell lines for 24 h before the following assays. The con-
trol group was treated with an equal volume of PBS. a An in vitro
Matrigel tube formation assay was performed to evaluate the angio-
genic ability of HUVECS, and representative micrographs images
are shown at 200 X magnification. The number of branches per high-
power field was analyzed, and the data represent the means + SEM of
triplicates (¥*P <0.05; **P <0.001). b Representative micrographs of

increased from 62.67 +11.23 mm?® to 376.33 +21.56 mm®
during exosome treatment, whereas the tumor volume in the
SiHa miRNA-NC group increased from 54.00 + 8.54 mm?® to
313.33+20.81 mm?® (Fig. 4a, **P <0.001). Tumor volume
increased from 54.33+7. 09 mm? to 318.33 +18.92 mm?
in the C33a miR-221-3p-Exo group and from 51.67 +7.64
mm? to 251.67 + 10.41 mm? in the C33a miRNA-NC group
(Fig. S4A, **P <0.001). In contrast, when miR-221-3p was
silenced in exosomes (si-miR-221-3p-Exo), the growth of
the tumor was repressed (Figs. 4a, S4A, *P <0.05). The
blood vessels were evaluated in tumors by IHC using anti-
CD31 antibody. We found that miR-221-3p-Exo significantly
promoted angiogenesis at both peritumoral (SiHa, Fig. 4d,
7.6+0.54 vs 5.6 +£0.54, **P<0.001; C33a, Fig. S4D,
8.4+0.89 vs 5.6 £ 1.14, **P < (.001) and intratumoral sites
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the 3D spheroid sprouting assay (magnification 100X ). Means of the
sproutings per high-power field from three independent experiments
were analyzed (*P <0.05; **P <0.001). ¢ Representative micrographs
of the transwell assay (magnification 100X ). Invasive cells were cal-
culated per high-power field from three independent experiments
(*P<0.05; **P<0.001). d Representative micrographs of the wound
healing assay. The average migration distance was calculated by the
difference of gap widths of the same area. The data represent the
means + SEM of triplicates (¥*P <0.05; **P <0.001)

(SiHa, Fig. 4d; 7.8 £0.83 vs 4.8 +0.83, **P < 0.001; C33a,
Fig. S4D, 7.8 £0.83 vs 5.6 +0.55, **P <0.001) compared to
that of the miRNA-NC-Exo group. In addition, there was no
significant difference between the control groups (miRNA-
NC-Exo, si-miRNA-NC and PBS). Together, these results
indicated that CSCC exosomal miR-221-3p significantly
increased blood vessel formation and promoted tumor
growth in vivo.

THBS2 is a direct target of miR-221-3p

As miRNAs mainly inhibit target genes at the posttranscrip-
tional level, the negative regulation of angiogenic genes reg-
ulated by miR-221-3p was our candidates of interest. Using
bioinformatic tools (miRWalk and PicTar databases), 61
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Fig.4 CSCC exosomal miR-221-3p promotes tumor growth in mouse
models. a Growth curves of tumors (SiHa) were generated by meas-
uring tumor volumes every three days (¥*P<0.05; **P<0.001).
Arrows mark that intratumoral exosome injection occurred at the
indicated times. An equal volume of PBS was injected as a blank
control. b Images of tumors excised from mice (n=3). ¢ Means of

candidate genes were identified as the most probable down-
stream target genes of miR-221-3p (Fig. 5a). Gene Ontol-
ogy analyses indicated that there were 401 anti- angiogenic
genes. By combining the data presented above using Venny
2.1.0, THBS2 was identified as a putative miR-221-3p target
gene involved with the process of angiogenesis (Fig. 5a), and
the presence of seed regions with potential base-pairing with
miR-221-3p in the 3' UTRs of THBS2 mRNA were verified
by miRanda analysis (http://www.microrna.org) (Fig. 5b).

To confirm this prediction, a 1187-bp fragment of the 3’
UTR region of THBS2 mRNA that was a putative binding
site for miR-221-3p was subcloned and inserted into a lucif-
erase reporter plasmid. miR-221-3p binding sites in the 3’
UTR region of THBS2 were mutated to obtain the 3' UTR-
Mut THBS2-luc plasmid (Fig. 5b). Transient transfection
of wild-type THBS2-luc reporter with miR-221-3p mimic
into 293T cells and HUVECS led to a significant decrease
in luciferase activity compared with that of control groups
(Fig. 5c; *P < 0.05). However, miR-221-3p did not decrease
the luciferase activity of the mutant construct-3' UTR-Mut
THBS2-luc (Fig. 5¢).

To further confirm the regulatory effect of miR-221-3p
on THBS2, miR-221-3p mimics, inhibitors, and negative
controls were transfected into HUVECs. The expression of

miRNA-NC-Exo miR-221-3p-Exo si-miRNA-NC-Exo si-miR-221-3p-Exo

101 *%
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24
04

Peritumoural vessels

10 * %
84
64
44
2
0-
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the weight of tumors. The data represent the means + SEM of tripli-
cates (*P<0.05; **P<0.001). d The blood vessels in tumors were
detected by immunohistochemistry using an anti-CD31 antibody. The
peritumoral (black arrows, magnification 200X ) and intratumoral
(red arrows, magnification 400x) CD31+ vessels were measured.
The data represent the means + SEM of triplicates (**P <0.001)

miR-221-3p in HUVEC: after transfection was confirmed by
gqRT-PCR (Fig. 5D, *P <0.05). We found that miR-221-3p
mimics decreased the expression level of THBS2 at both the
mRNA (Fig. Se, *P <0.05) and protein levels (Fig. 5f, Fig.
S5A), but the miR-221-3p inhibitor increased the expression
levels (Fig. 5e, f, Fig. S5A). Similarly, in vivo, miR-221-3p
manipulation of THBS2 was also observed in mouse tumors
(Fig. 5g, h, *P <0.05; Fig. S4E, *P <0.05). These results
verified that miR-221-3p downregulated the expression of
THBS2 by directly binding to the 3" UTR region of THBS2
mRNA.

Overexpressing THBS2 rescues the angiogenic effect
of miR-221-3p

To further investigate whether overexpressing THBS2
could rescue the biological effects of miR-221-3p,
HUVECs were transfected with miR-221-3p mimics,
mimics-NC, pCMV-THBS2 plasmid, pCMV-NC plasmid,
and miR-221-3p mimics plus pCMV-THBS2 plasmid. The
expression of THBS2 mRNA and protein was significantly
upregulated upon transfection with the pCMV-THBS2
plasmid (Fig. 6a, b, *P < 0.05). In the Matrigel tube
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Fig.5 THBS2 is a direct target of miR-221-3p. a Venn diagram of
predicted miR-221-3p targets by three programs (miRwalk, PiTar,
and Gene Ontology). b The seed regions of miR-221-3p, the seed-
recognizing sites in the THBS2 3’ UTR, and the nucleotides mutated
in THBS2 mutant 3’ UTR are shown. ¢ Luciferase activity of wild-
type 3' UTR-THBS2-luc and mutant 3" UTR-THBS2-luc constructs
in HUVECs and 293T cells after transfection with miR-221-3p oli-
gonucleotides. The data represent the means+SEM of triplicates
(*P<0.05). d HUVECs were transfected with mimics-NC, inhibitor-
NC, miR-221-3p mimics, and miR-221-3p inhibitor. The expression
of miR-221-3p was detected by qRT-PCR after transfection. The

formation assay, 3D spheroid sprouting assay, wound heal-
ing assay, and transwell assay, miR-221-3p significantly
increased angiogenesis in vitro (Fig. 6¢c—f, *P <0.05).
However, overexpression of THBS2 in HUVECsS signifi-
cantly decreased the angiogenic effects of miR-221-3p
(Fig. 6¢c—f, *P <0.05). These findings revealed that over-
expressing THBS2 could rescue the angiogenic function of
miR-221-3p in HUVECs. Additional evidence supported
that miR-221-3p promoted angiogenesis by downregulat-
ing THBS2.
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data represent the means+SEM of triplicates (*P<0.05). e qRT-
PCR analysis of THBS2 mRNA in HUVECs after transfection. The
data represent the means + SEM of triplicates (*P <0.05). f Western
blotting analysis of THBS2 protein in HUVECs after transfection.
GAPDH was used as a loading control. g To further confirm the regu-
latory effect of exosomal miR-221-3p on THBS2 in vivo, the expres-
sion of THBS2 in a mouse xenograft model was also detected by IHC
(magnification 200 ). h The expression of THBS2 was analyzed by
the H score system. The data represent the means+SEM of tripli-
cates (*P <0.05)

Discussion

Angiogenesis is critical to cervical cancer development and
progression [23]. When tumor size exceeds 1 to 2 mm in
diameter, angiogenetic factors activate the angiogenic net-
work and result in the sprouting of blood vessels from the
surrounding tissues and into the tumor [24]. Anti-angiogenic
therapy has been proven to be an effective treatment strategy
for advanced or recurrent cervical cancer patients [25], and
anti-VEGF strategy effectively improves progression-free
survival. However, the single target and potential resistance
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Fig.6 Overexpressing THBS2 rescues the angiogenic effect of
miR-221-3p. HUVECs were transfected with mimics-NC, miR-
221-3p mimic, pCMV-NC plasmids, pCMV-THBS2 plasmids, and
miR-22-3p mimics plus pCMV-THBS2 plasmids. An equal vol-
ume of PBS was used as a blank control. a Western blot analysis of
THBS2 protein in HUVECs after transfection. GAPDH was used as
a loading control. b The expression of THBS2 mRNA in HUVECs
after transfection was detected by qRT-PCR. The data represent
the means+SEM of triplicates (*P<0.05; **P <0.001). ¢ Repre-
sentative micrographs of the in vitro Matrigel tube formation assay
(magnification 200% ). The number of branches per high-power field

may limit the efficiency of anti-angiogenesis [3]. Recently,
because their expression profile potentially reflected deregu-
lated expression patterns in multiple human cancer types and
high stability in serum [26], we investigated cancer-derived
exosomal miRNAs as biomarkers of angiogenesis in CSCC.
In our study, we initially found that miR-221-3p was upregu-
lated in CSCC patients and that miR-221-3p expression posi-
tively correlated with the microvascular density of tumors.
Second, cancer-resourced exosomes transported miR-221-3p
from CSCC cells to vessel endothelial cells, and exosomal
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was analyzed and the data represent the means+SEM of triplicates
(*¥*P <0.05). d Representative micrographs of the 3D spheroid sprout-
ing assay (magnification 100X ). Means of the sproutings per high-
power field were analyzed (*P <0.05). e Representative micrographs
of the transwell assay (magnification 100X). Invasive cells per high-
power field from three independent experiments were calculated
(*P<0.05). f Representative micrographs of the wound healing assay.
The average migration distance was calculated by the difference of
gap widths of the same area. The data represent the means + SEM of
triplicates (*P <0.05)

miR-221-3p significantly induced angiogenesis to promote
tumor growth. Finally, miR-221-3p manipulated THBS2 in
vessel endothelial cells to promote angiogenesis.

We first found that, in cervical cancer, CSCC-derived
miR-221-3p directly affected vessel endothelial cells to
promote angiogenesis by downregulating THBS2 in ves-
sel endothelial cells. In previous reports, endogenous
miR-221-3p of endothelial cells was found to have a pro-
angiogenic function in metastatic renal cell carcinoma [27],
hepatocellular carcinoma [28], and even in embryogenesis
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[29], with the involvement of c-kit molecules and PI3K-AKT
pathways [30]. Our studies demonstrated that exogenous
CSCC-derived miR-221-3p entered vessel endothelial cells
and directly promoted angiogenesis, similar to the endog-
enous miR-221-3p.

The short life span of and obstacles to cell entrys of exog-
enous miRNA in serum restricts persistent function, and it
is difficult to detect reliably. The exosomes were found to
be mediating the transport of cellular communications both
locally and distally [31, 32]. Cancer cells secrete millions of
exosomes containing a wide variety of miRNAs, and exo-
some carriers protect them from degradation and phagocyto-
sis and help them to enter into other cancer cells and normal
cells, then allowing them to reprogram their surroundings
to generate tumor-promoting microenvironment [26]. Our
study has shown that miR-221-3p is enriched in CSCC
exosomes. CSCC-derived exosomes carried exogenous miR-
221-3p into vessel endothelial cells. After encapsulation in
exosomes, exogenous CSCC-derived miR-221-3p was suc-
cessfully transferred into HUVECs and induced angiogen-
esis in vivo and in vitro. The long-lived exosomal miRNA-
221-3p in serum is a potential biomarker and therapeutic
target for diagnosis and therapy.

In previous study, the pro-angiogenic properties of endog-
enous miR-221-3p involved c-kit and PI3K-AKT in vessel
endothelial cells [30]. We first identified that the miR-221-
3p-THBS2 axis in HUVECs promoted angiogenesis and
tumor growth in a cervical cancer model. THBS2 has been
found to be a potent endogenous inhibitor of angiogenesis
[33]. As it was involved with activation of the PI3K-AKT
pathway, THBS2 suppressed VEGF and nitric oxide (NO)
[34], harnessed endothelial cell migration, and induced
endothelial cell apoptosis [35]. THBS2 knockout mice
had a complex phenotype characterized chiefly by abnor-
malities in blood vessels [36]. The newly discovered axis
implicated miR-221-3p in multiple regulatory functions in
angiogenesis.

In addition, our previous study suggested that the miR-
221-3p-THBS2 axis stimulated EMT in cancer cells and
promoted tumor progression [12]. This axis increased stro-
mal cell trophoblast growth and migration [37]. In addition
to THBS2 in HUVECsS, our group also found that CSCC
exosomal miR-221-3p enhanced lymphangiogenesis and
lymphatic metastasis, by manipulating VASH-1 in lymph
endothelial cells [16]. In summary, multiple mechanisms
involving CSCC exosomal miR-221-3p enhanced the pro-
tumor microenvironment that promoted tumor growth and
metastasis. Therefore, CSCC exosomal miR-221-3p could be
a possible novel diagnostic biomarker and therapeutic target
for CSCC progression.

Many other studies have also shown that other exoso-
mal miRNAs derived from cancer cells have angiogenic
potential in several types of cancer. For example, Umezu
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et al. reported that multiple myeloma-derived exosomes in
hypoxic bone marrow contain high levels of miR-135b and
that exosomal miR-135b from hypoxia-resistant multiple
myeloma cells enhanced angiogenesis [38]. miR-23a from
cancer cell-derived exosomes increased angiogenesis and
vascular permeability in lung cancer [39] and mediated angi-
ogenesis and promoted metastasis in nasopharyngeal car-
cinoma [40].The cancer-derived exosomal miRNA may be
potential biomarker and therapeutic targets. Moreover, some
studies reported that the growth factors(EGF, HGF) and cell
confluency could affect the cancer exosomal miRNA secre-
tion, such as nonsmall cell lung cancer [41], renal cancer
[42], Hepatocellular carcinoma [43], colorectal cancer cells,
cervical cancer, and hepatocellular carcinoma [44], even in
the renal tubular cells [45], which need thoughtful attention
to cancer-exosomal miRNAs in different conditions.

Conclusion

In summary, we found that CSCC exosomes transferred
miR-221-3p from cancer cells to vessel endothelial cells
and promoted angiogenesis by downregulating THBS2.
CSCC-derived exosomal miR-221-3p could be a possible
novel diagnostic biomarker and therapeutic target for CSCC
progression.
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