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Cancer-associated fibroblasts derived extracellular vesicles promote angiogenesis of
colorectal adenocarcinoma cells through miR-135b-5p/FOXO1 axis
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ABSTRACT

Colorectal adenocarcinoma (COAD) is a prevalent malignant tumor. Cancer-associated fibroblasts (CAFs)-
derived extracellular vesicles (EVs) (CAFs-EVs) are implicated in COAD treatment. This study explored the
mechanism of CAFs-EVs in COAD. CAFs and normal fibroblast (NFs) were isolated from COAD tissues and
adjacent normal tissues. Vimentin, a-SMA, and FAP expressions were detected. EVs were isolated from
CAFs and identified. SW480 and HCT116 cells were co-incubated with EVs. The EV uptake and COAD cell
malignant behaviors were assessed. EV-treated SW480 and HCT116 cells were co-cultured with human
umbilical vein endothelial cells (HUVECs). Extensive analyses were conducted to examine HUVEC prolif-
eration, migration, and angiogenesis, and miR-135b-5p expression in COAD cells, and SW480 and HCT116
cells. CAFs were transfected with the miR-135b-5p inhibitor. miR-135b-5p downstream targets were
predicted. FOXO1 expression in the co-culture system was determined and then overexpressed to
evaluate its role in HUVECs mediated by COAD cells. COAD mouse model was established by transplanting
SW480 cells into nude mice and injecting with EVs. Tumor growth rate, volume, and weight were
examined. Ki67, VEGF, CD34, FOXO1 expressions, and VEGF content were detected. CAFs-EVs promoted
COAD cell malignant behaviors and COAD cells-mediated HUVEC proliferation, migration, and angiogen-
esis. CAFs-EVs delivered miR-135b-5p into COAD cells. miR-135b-5p targeted FOXOT1. Inhibition of miR-
135b-5p in EVs or overexpression of FOXO1 partially reversed the effect of EVs on promoting COAD-
induced angiogenesis. CAFs-EVs promoted tumor proliferation and angiogenesis of COAD in vivo. CAFs-
EVs delivered miR-135b-5p into COAD cells to downregulate FOXO1 and promote HUVECs proliferation,
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migration, and angiogenesis.

Introduction

Colorectal adenocarcinoma (COAD) has persisted as the most
common type of cancer worldwide with definitive character-
istics of dysregulated intestinal epithelial differentiation, apop-
tosis, and proliferation."? Statistically, it is regarded as the 3™
in the global cancer incidence rate and the 4™ in global cancer
associated mortality accounting for over 1 million newly diag-
nosed cases and about 700000 deaths annually.” Notably, sev-
eral risk factors for COAD have been identified which include
smoking, excessive drinking, high consumption of processed
and red meats, diabetes, obesity, inflammatory bowel disease,
gender, age, and a family history of COAD.* Currently, there
are several therapeutic options available for COAD, such as
anti-angiogenic agents, anti-epidermal growth factor receptor,
and combination chemotherapy, however none of them can
completely cure COAD, and thus further investigations are
warranted for complete treatment of COAD.'
Cancer-associated fibroblasts (CAFs) are the primary consti-
tuents of tumor stroma as evidenced by a highly activated myofi-
broblastic phenotype with an increased proliferation rate, which
are the most vital components of the tumor microenvironment.”
CAFs are essential regulators in the initiation and development of
numerous types of cancers corresponding to their ability to

produce terminal growth factors, proteases, and cytokines, thus
fundamentally manipulating the cell motility, proliferation,
inflammatory responses, along with the deposition and remodel-
ing of extracellular matrix.® CAFs are associated with increased
cancer angiogenesis and the development of COAD.” An existing
study identified that CAFs and cancer cells can release extracel-
lular vesicles (EVs) to manipulate the effects of each other.® EVs
are small vesicles with a diameter of 30-150 nm that can transfer
the biological macromolecules of RNAs, proteins, and lipids.” EV's
can notably influence the regulation of malignant cell behaviors
using cargo molecules and are evidently implicated in a variety of
cancers.'” CAFs can improve chemoresistance and stemness of
COAD by the transfer of EVs-derived IncRNA H19."" As CAFs-
EVs elicited the characteristics of tumor stimulation, hence they
are associated with a low survival rate in various cancers, thus
demonstrating functionality as potential therapeutic targets.®
Currently, limited studies have investigated the function of CAFs-
derived EVs (CAFs-EVs) in the angiogenesis in COAD. The
effects of CAFs-EVs on COAD and its mechanism warrant
extensive investigation.

EVs are vital for intercellular communication as they can
essentially deliver microRNAs (miRNAs) into the tumor cells.-
' Moreover, miRNAs have been identified as chief regulators
for COAD." An existing study identified that miR-135b-5p
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can promote the angiogenesis and proliferation of endothelial
cells in diabetic retinopathy mice."* Upregulation of miR-
135b-5p can radically enhance the pro-angiogenic ability of
human umbilical cord mesenchymal stem cells (hUC-MSC)
derived EVs."” Previously, miR-135b-5p has been identified to
be upregulated in COAD tissues.'® However, whether the
CAFs-EVs can carry miR-135b-5p into COAD cells and func-
tion in the angiogenesis of COAD is largely unknown. We
predicted the downstream target genes of miR-135b-5p using
a combination of bioinformatics analysis and screening, after
which the forkhead box protein O1 (FOXO1) was identified.
FOXOL1 is one of the forkhead transcription factors, which
functions as an essential regulator for angiogenesis.'”
Notably, the knockdown of miR-135b can increase FOXOI in
colorectal cancer.'® Presently, no study has investigated the
effect and mechanism of CAFs-EVs-derived miR-135b-5p on
COAD and whether the CAFs-EVs can influence COAD
through miR-135b-5p/FOXO1. The current study aims to
investigate the mechanism of CAFs-EVs in regulating COAD.

Materials and methods
Ethics statement

The experiments were conducted with approval of the aca-
demic ethics committee of HwaMei Hospital, University of
Chinese Academy of Sciences. All procedures were in compli-
ance with the code of ethics. Significant measures were taken to
minimize the number of animals used and their suffering.

Isolation, culture, and identification of CAFs

Fresh tissue samples and adjacent normal tissues of COAD
were collected from patients after operations in HwaMei
Hospital, University of Chinese Academy of Sciences.
A portion of the tissue was immediately reserved for isolation
and culture CAFs of colorectal cancer tissue. CAFs or normal
fibroblast (NFs) were isolated in strict accordance with an
existing protocol.” Firstly, the colon tissue was divided into
small sections, vibrated and detached using Hank’s balanced
salt solution (HBSS) containing a combination of 1 mg/mL
collagenase, 2.5 mg/mL trypsin, and 30 pg/mL DNase I in a 37°
C water bath. The detachment was performed for 3 cycles of
30 min each. The detached mixed cells were cultured with 10%
fetal bovine serum-Dulbecco’s modified Eagle’s medium (FBS-
DMEM). After the third passage, the cells formed a monolayer
with identical morphology as the fibroblast-like cells. An ana-
lysis revealed that the samples contained more than 90% of
vimentin-positive cells. The isolated NFs and CAFs were cul-
tured in 10% FBS-DMEM for 24 h. After intensive fluorescent
staining, the samples were co-incubated with the primary
vimentin antibody (ab92547, 1/250, Abcam, Cambridge, MA,
USA), smooth muscle alpha-actin (a-SMA) antibody (ab7817,
5 ug/mL, Abcam), and fibroblast activation protein (FAP) anti-
body (ab207178, 1/100, Abcam) respectively. Next, the samples
were supplemented with a secondary antibody.
Immunofluorescence was observed under a fluorescence
microscope (Olympus Life-Sciences, Tokyo, Japan).
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Subsequently, the purity of CAFs was detected by means of
flow cytometry. CAFs were detached into single cells with
0.25% trypsin with termination of the detachment using 10%
FBS-DMEM. The samples were subject to centrifugation at
150 g for 6 min. After resuspension with the FACS buffer
(100 uL/10° cells, Flow Cytometry Staining Buffer, phosphate
buffer saline (PBS) (without calcium and magnesium ion in the
solution) + 1% FBS), the samples were supplemented with PE
anti-human FAP antibody (ab207178, 10 uL/ 10° cells), incu-
bated at 4°C in conditions devoid of light for 30 min, and
evaluated on the machine to calculate the proportion of FAP-
positive cells.

Isolation, identification, and grouping of CAFs-EVs and
NFs-EVs

The EVs in FBS were eliminated by ultra-centrifugation of the
culture medium at 100000 g at 4°C overnight. Upon attaining
80% confluence, the supernatant was removed from CAFs or
NFs. Subsequently, the samples were supplemented with 10%
EV-free FBS (EBM-2, Lonza, Allendale, NJ, USA) and cultured
in a CO; incubator at 37°C for 48 h. The collected supernatant
was subject to centrifugation at different speeds. The procedure
steps were as follows: at 300 g at 4°C for 10 min, at 2000 g at 4°
C for 15 min, at 5000 g at 4°C for 15 min, at 12000 g at 4°C for
30 min, and at 100000 g at 4°C for 70 min. The sample was
suspended with PBS after removal of the supernatant. The
sample was centrifuged at 100000 g at 4°C for 70 min with
removal of the supernatant along with suspension of the sam-
ple in PBS prior to preservation at —80°C.

The isolated EVs were identified in strict accordance with
the following protocols: the morphology of isolated EVs was
observed under transmission electron microscopy (TEM); the
size distribution of EVs was analyzed using the nanoparticle
tracking analysis (NTA); Western blot (WB) was adopted to
verify the expression patterns of EV surface antigens CD9
(EBM-2, Lonza, Allendale, NJ, USA), CD63 (ab271286,
Abcam), and calnexin (ab22595, Abcam), and the supernatant
of NFs or CAFs supplemented with GW4869 was used as
negative control (NC)."” The identified EVs were lysed with
the lysate, while the protein quantification was conducted
using the bicinchoninic acid (BCA) protein quantitative kit
(Boster, Wuhan, Hubei, China) according to the provided
instructions. The protein content was used as the standard of
EV concentration.

The EVs used in this study were assigned into the following
three groups: the EVs group, the EVs-miR-NC group (EVs
extracted from CAFs transfected with inhibitor NC), the EVs-
miR-inhi group (EVs extracted from CAFs transfected with
miR-135b-5p inhibitor). The method of miRNA transfection
was as follows: CAFs in the logarithmic growth phase were
collected and seeded in 6-well plates at a concentration of
1.0 x 10° cells/well. Upon attaining 60% cell confluence over-
night, the miR-135b-5p inhibitor or the corresponding NC
(unrelated sequence NC) was transfected into the adherent
cells at a concentration of 50 nM using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) in strict accordance with the
provided instructions. After 48 h of transfection, the cells were
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collected for subsequent experimentation. The miR-135b-5p
inhibitor and unrelated sequence NC were synthesized and
purified by GenePharma (Shanghai, China).

Cell culture and grouping

Human COAD cell lines SW480 (CCL-228) and HCT116
(CCL-247) and human umbilical vein endothelial cells
(HUVECs) were provided by American Type Culture
Collection (ATCC, Manassas, VA, USA) for this experiment.
The cells were cultured in McCoy’s 5A complete medium or
eibovitz’s L-15 complete medium containing a combination
of 10% FBS, 100 U/mL penicillin, and 100 pg/mL strepto-
mycin. All experiments were strictly conducted in cells
between the 10™ and 20" generations. The cells were cul-
tured in a humidified incubator at 37°C containing 95% O,
and 5% CO,.

SW480/HCT116 cells were assigned into the following 6
groups: the NFs-EVs group (20 pug NFs-EVs were added
for co-incubation), the CAFs-EVs group (20 pg EVs was
added for co-incubation), the EVs-miR-NC group (20 ug
EVs-miR-NC was added for co-incubation), the EVs-miR-
inhi group (20 pg EVs-miR-inhi was added for co-
incubation), the oe-FOXO1 + EVs (the cells were treated
with 20 pg EVs after FOXO1 overexpression), and the oe-
NC + EVs group (the cells were treated with 20 pg EVs
after transfection with 0e-FOXO1 negative control oe-
NC).

EVs uptake assay

SW480/HCT116 cells were stained using the CellTrace CFSE
cell proliferation kit (Invitrogen) in strict compliance with the
provided instructions. The EVs were labeled using the PKH26
Fluorescent Cell Linker Kit (Sigma-Aldrich, St. Louis, MO,
USA). The EVs with 20 pg protein content were mixed with
1 mL PKH26 dye solution (at a dilution ratio of 1:1000) for
20 min. The samples were rinsed with PBS prior to centrifuga-
tion at 1000000 g for 70 min. Next, the PKH26-labeled EVs
were supplemented into CFSE-labeled cells for 24 h of co-
culture. The uptake of EVs at different time points was
observed under the laser confocal fluorescence microscope
(TCS SP8, Leica, Wetzlar, Germany).

Cell counting kit-8 (CCK-8)

Cell proliferation was measured by CCK-8 (Dojindo
Laboratories, Kumamoto, Japan) in strict compliance
with the provided instructions. In order to measure the
cell proliferation, 100 unL HUVECs were dripped into 96-
well plates (2 x 10> cells/well) prior to incubation for
24 h. The supernatant of tumor cells from each group
was collected and added into the corresponding wells at
the ratio of 0%, 20%, 40%, 60%, 80%, and 100% for CCK-
8 detection. The absorbance value was detected at the
excitation wavelength of 450 nm using the microplate
reader (Thermo Fisher Scientific, Inc., Waltham,
MA, USA).

Transwell assays

Transwell assay was performed to detect the concentration of
SW480/HCT116 COAD cells. A total of 5 x 10* cells from
different treatment groups were immersed in 200 puL serum-
free medium and added into the Transwell plate coated or
uncoated with Matrigel (BD Biosciences, San Jose, CA, USA).
The basolateral chamber was supplemented with 600 pL of 10%
FBS. After 24 h of incubation, the samples were fixed with
methanol for 20 min, stained with 0.1% crystal violet solution,
and analyzed under a microscope.

Transwell assay was performed to detect concentration of
HUVECs co-cultured with the SW480/HCT116 cells. The
tumor cells in each group (4 x 10° cells/well) were immersed in
500 uL culture medium and supplemented into the basolateral
chamber of the Transwell plate without Matrigel coating for over-
night incubation. The apical chamber was paved with HUVECs
(1 x 10° cells/well) and supplemented with 200 pL of FBS-free
medium. The samples were incubated at 37°C for 6 h and the
observations of migrated cells were documented and counted
under a microscope.

Tube formation assay

The basolateral chamber was supplemented with 200 pL of
Matrigel. The samples were incubated at 37°C for 30 min.
HUVECs were seeded in 24-well plates (2 x 10° cells/well).
The transfected cells (4 x 10° cells/well) were placed in an
apical chamber supplemented with 200 pL of medium contain-
ing FBS. The samples were incubated at 37°C for 6 h. The
formed tubes were counted and documented under
a microscope.

Enzyme-linked immunosorbent assay (ELISA)

The supernatant of HUVECs co-cultured with SW480/
HCT116 cells was isolated for subsequent experimentation.
ELISA kit (R&D Systems) was adopted to measure the concen-
tration of vascular endothelial growth factor (VEGF). The
absorbance value at OD,so wavelength was measured using
a microplate reader.

Reverse transcription quantitative polymerase chain
reaction (RT-qPCR)

The TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used
to extract the total RNA content. The PrimeScript RT reagent
kit (Takara, Dalian, China) was used for reverse transcription
of the RNA content into cDNA. The qPCR was performed in
strict compliance with the ABI PRISM 7900 sequence detection
system of SYBR Green II (Takara Biotechnology). The reaction
conditions were as follows: pre-denaturation at 95°C for 5 min
and 40 cycles of denaturation at 95°C for 15s, annealing at 60°C
for 20 s and extension at 72°C for 35s. GAPDH and U6 were
regarded as internal parameters while the analysis was con-
ducted based on the 274" method. The primer sequences
synthesized by Sangon Biotech Co., Ltd. (Shanghai, China)
are shown in Table 1.



Table 1. Primer sequence.

Gene Forward 5'-3' Reverse 5'-3’

miR-135b-  AGGGCACAGGAGGGGC AGTGCAGGGTCCGAGGTATT
5p

FOXO1 CGTAAGCTGGGAGAGACCTG GGATGGATGGGAATGAACAC

GAPDH CTCAGACACCATGGGGAAGGTGA ATGATCTTGAGGCTGTTGTCATA

ué ATTGGAACGATACAGAGAAGATT GGAACGCTTCACGAATTTC

Tumor model establishment

BALB/C female athymic nude mice (6 weeks old) were selected
for establishment of the COAD mouse model. The mice were
provided by Beijing Vital River Laboratory Animal Technology
Co., Ltd. [SCXK (Beijing) 2019-0009, Beijing, China]. Each
nude mouse was subcutaneously injected with 0.2 mL of
SW480 mixed with about 1 x 107 cells. The different treatment
groups were injected with 100 pg of EV's (50 ug/100 pL PBS) via
the tail vein once every 4 day for a total of 28 days. The length
(L) and width (W) of the tumor were measured daily using
a vernier caliper. The tumor volume was calculated based on
the formula (length x width?)/2.

The nude mouse model of COAD used in this study was
assigned into the following three groups: COAD + EVs (EVs
were injected through the tail vein), COAD + CAFs-EVs-miR-
NC (CAFs-EVs-miR-NC was injected through the tail vein),
and COAD + CAFs-EVs-miR-inhi (CAFs-EVs-miR-inhi was
injected through the tail vein). In this study, a total of 36 nude
mice were chosen for COAD model establishment. Each group
had 12 mice, with 6 reserved for observation and measurement
of the tumor growth rate, volume, and weight on the 7%, 14™,
21, and 28™ day, and the tumor tissues on the 28™ day were
sectioned for immunohistochemistry detection of Ki67, VEGF
and CD34 expressions, while the remaining 6 mice were
reserved for RT-qPCR detection of miR-135b-5p and FOXO1
mRNA expressions.

Immunohistochemistry

Tumor sections were prepared for immunohistochemical ana-
lysis. The samples were paraffin-embedded and sectioned.
After a regimen of dewaxing, dehydration, inactivation, and
blocking, the samples were incubated with CD34 (ab81289, at
a dilution ratio of 1:2500, Abcam), Ki67 (ab15580, 5 pg/mL,
Abcam) antibodies or VEGF (ab52917, at a dilution ratio of
1:100, Abcam) antibody at 4°C overnight. The samples were
incubated with a secondary antibody and subsequently stained
with diazine. The cytoplasmic staining of the vascular endothe-
lial cells was positive.

Western blot (WB)

Mouse tumor tissue homogenate was lysed with the enhanced
radio-immunoprecipitation assay (RIPA) lysate (Boster) con-
taining a protease inhibitor for 20 min and centrifuged at 4°C
at 3000 g for 20 min and isolation of the supernatant. The
protein concentration in the supernatant was detected using
the BCA protein quantitative kit. The protein content was
isolated by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The isolated protein content
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was transferred onto polyvinylidene fluoride (PVDF) mem-
branes. A membrane blockade was induced using 5% bovine
serum albumin (BSA) at room temperature for 2 h to block any
nonspecific binding, prior to incubation with the primary anti-
body FOXO1 (ab179450, Abcam) at 4°C overnight. After
a rinse with the tris buffered saline-Tween20 (TBST), the
sample was supplemented with horseradish peroxidase (HRP)
labeled secondary antibody and incubated for 1 h at room
temperature. The enhanced chemiluminescence (ECL) reagent
(EMD Millipore, Bedford, MA, USA) was added for develop-
ment. Image Pro Plus 6.0 (Media Cybernetics Inc., Silver
Springs, MD, USA) was used to quantify the gray scale of
bands in each group in WB images, with P-actin serving as
an internal parameter. Each experiment was conducted three
times independently.

Bioinformatics analysis

The downstream target genes of miRNA were predicted by
a combination of the StarBase (http://starbase.sysu.edu.cn/),
RNAInter (http://www.rna-society.org/rnainter/), Targetscan
(http://www.targetscan.org/vert_71/) and miRDB (http://
www.mirdb.org/). The coexpedia database was used to identify
the co-expression relationship of genes and obtain the co-
expression score of the website for subsequent screening of
the target genes.

Statistical analysis

GraphPad Prism 8.01 (GraphPad Software Inc., San Diego, CA,
USA) and SPSS 21.0 (IBM Corp. Armonk, NY, USA) were used
for elaborate data analysis and mapping. Kolmogorov-
SmiRnov test showed that the continuous variable was in
normal distribution and expressed as mean + standard devia-
tion. The independent ¢ test was used for comparison between
two groups and one-way analysis of variance (ANOVA) was
used for comparison among multiple groups. Tukey’s multiple
comparisons test was adopted for the post hoc test. In all
statistical references, a value of P < .05 was indicative of
statistical significance.

Results
Isolation and identification of CAFs and their EVs

The CAFs and NFs from the COAD tissues and adjacent
normal tissues of the patients undergoing COAD surgery
were successfully isolated. NFs and CAFs elicited fibroblasts
characteristics of long fusiform morphology, elevated expres-
sion pattern of the fibroblast marker vimentin, positive expres-
sion pattern of a-SMA, and positive expression pattern of
fibroblast activating protein (FAP); compared with NFs,
CAFs elicited enhanced vimentin, a-SMA and FAP fluores-
cence expression (Figure la). Flow cytometry demonstrated
that more than 90% of the isolated cells were fibroblasts
(Figure 1b), thus indicative of accurate CAF and NF isolation
through separation and purification. Subsequently, the EVs
and NFs were isolated from CAFs by ultracentrifugation. The
EVs were in a circular or oval shape as revealed TEM with
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Figure 1. Identification of CAFs and EVs. The CAFs and NFs were successfully isolated from COAD tissues and adjacent normal tissues of patients undergoing colon
cancer surgery. (a) Immunofluorescence was used to observe the morphology of CAFs and the expressions of surface markers vimentin, a-SMA, and FAP; (b) The purity
of NFs and CAFs was detected using flow cytometry. The EVs were extracted. (c) The morphology of EVs was observed by TEM; (d) The size distribution of EVs was
analyzed using NTA; (e) The expressions of CD9, CD63, and Calnexin were analyzed using WB.

a diameter of 60-160 nm, with identification of intact mem-
brane structure in the periphery of the EVs (Figure 1c). NTA
was used for subsequent analysis to determine their size dis-
tribution. As demonstrated in Figure 1d, the predominant
distribution of EVs was at about 100 nm, the concentration
of NFs was 1.0 x 10° cells/mL, and the concentration of CAFs
was 1.5 x 10®/mL. WB analysis showed that elevated expression
patterns of EV markers CD9 and CD63 in EVs, while no
significant expression pattern was identified for Calnexin
(Figure 1e). The preceding results are indicative of correct NFs-
EVs and CAFs-EVs isolation.

CAFs-EVs promoted angiogenesis induced by COAD cells

Two COAD cell lines (SW480 and HCT116) were cultured
and co-incubated with CAFs-EVs and NFs-EVs for 24 h.
The results of the uptake test revealed that both of the EVs
could be internalized by SW480/HCT116 cells (Figure 2a).
To investigate the role of NFs-EVs or CAFs-EVs in the
angiogenesis of COAD, the supernatants of SW480 and
HCT116 cells treated with EVs were collected and co-
cultured at variable ratios of 0%, 20%, 40%, 60%, 80%,
and 100% with HUVECs. Cell proliferation was detected
by the CCK-8 assay, which illustrated significantly
increased proliferation of HUVECS after the addition of
60% of the supernatant of COAD cells treated with CAFs-
EVs into the co-culture system (all P < .05), while NFs-EVs
treated COAD cell supernatant had no significant effects on
HUVEC proliferation (Figure 2b), thus indicating that
CAFs-EVs could improve the proliferation of HUVECs
mediated by COAD cells. Transwell assay demonstrated

that compared with NFs-EVs treatment, CAFs-EV treat-
ment could considerablyincrease the migration of
HUVECs mediated by COAD cells (all P < .01)
(Figure 2c). Furthermore, the number of connections was
measured to quantify the degree of tube formation of
HUVECs. After co-culture with CAFs-EVs-treated COAD
cells, the angiogenesis ability of HUVECs was significantly
enhanced. In comparison with the NFs-EVs group, the
number of connections was significantly increased (all
P < .01) (Figure 2d). ELISA was adopted to detect the
content of VEGF in the HUVECs supernatant in each
group, which revealed that the VEGF content in the super-
natant of HUVECs co-cultured with CAFs-EVs-treated
COAD cells was significantly higher compared to the NFs-
EVs group (all P < .01) (Figure 2e). The preceding results
indicated that CAFs-EVs had radically promoted the pro-
liferation and migration of HUVECs mediated by COAD
cells and promoted angiogenesis.

CAFs-EVs carried miR-135b-5p into COAD cells

An existing study has identified a close association between miR-
135b-5p and angiogenesis. The upregulation of miR-135b-5p can
improve the angiogenesis ability of hUC-MSC-EVs'" and pro-
mote endothelial cell proliferation and angiogenesis in diabetic
retinopathy mice."* Previously, a high expression pattern of miR-
135b-5p has been determined in colorectal cancer.'® An analysis
of the ECORI Pan-Cer database showed that miR-135b-5p was
highly expressed in COAD (Figure 3a). We further speculated
a definitive role of CAFs-EVs in the angiogenesis of COAD by
transporting miR-135b-5p. After subsequent RNase treatment,
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Figure 2. EVs promoted the proliferation, migration, and angiogenesis of HUVECs induced by colon cancer cells. COAD cell lines SW480 and HCT116 were cultured and
co-incubated with CAFs-EVs or NFs-EVs for 24 h. (a) The uptake of EVs was observed using immunofluorescence. Then, SW480 and HCT116 cells in different EVs
treatment groups were co-cultured with HUVECs. (b) The proliferation of HUVECs was measured using CCK-8; (c) The migration was detected using Transwell assay; (d)
The number of connections was measured to quantify the tube formation of HUVECs; (e) The VEGF content in HUVECs supernatant was detected using ELISA. Three cell
tests were performed and the data were expressed as mean + standard deviation. Independent t test was used for comparison among multiple groups. *P < .05,

**P < .01. The revised figure 2 in the attachment shall prevail. Thank you.

no significant difference was evident in the expression pattern of
miR-135b-5p in CAFs-EVs, while the miR-135b-5p expression
pattern was downregulated significantly after the addition of SDS
during RNase treatment (all P < .01) (Figure 3b), thereby indicat-
ing that miR-135b-5p was encapsulated in CAFs-EVs.
Additionally, CAFs were transfected with the miR-135b-
5p inhibitor to inhibit the miR-135b-5p expression pattern
and facilitate isolation of EVs, and the miR-135b-5p expres-
sion pattern in CAFs and CAFs-EVs was both significantly
downregulated (all P < .01) (Figure 3c-d). After treatment of
SW480 and HCT116 cells with CAFs-EVs-inhi, the expres-
sion pattern of miR-135b-5p in COAD cells was significantly
downregulated compared with the expression pattern in the

CAFs+EVs-miR-NC group (all P < .01) (Figure 3e). The
aforementioned results indicated that CAFs-EVs delivered
miR-135b-5p into COAD cells.

Inhibition of miR-135b-5p in EVs partially reversed
the promotive effect of EVs on angiogenesis induced
by COAD cells

To further explore whether CAFs-EVs played a role in the
angiogenesis of COAD through miR-135b-5p, the SW480/
HCT116 cells in different treatment groups were co-
cultured with HUVECs, with detection of the proliferation,
migration, and angiogenesis of HUVECs. In comparison



82 (& X.DAIETAL

a hsa-miR-135b-5p with 450 cancer and 8 normal samples in COAD = b
Data Source: starBase v3.0 project
z ' N
o
= —- 2
S
0
0
]
] o
x
Q
(]
2
2
&
4
d » e
. 15 25—
g * % s
c -
$a.l 5,20
[T} -
0?10 29
28 2 & 1.5
o] 50
s X<
o o o 1.0+
> g 0.5 Q=
g "
3 L g %]
14 ©
0.0- 0.0-
Q@' RN &
& & &
< <
7 <7
o“ c,vg

miR-135b-5p

1.5+
*%

-
o
I

e

miR-135b-5p
o
]

Relative expression of

0.0-

mm NFs- EVs

CAFs- EVs
mm CAFs- EVs-miR-NC
CAFs- EVs-miR-inhi

SW480 HCT116

Figure 3. CAFs-EVs carried miR-135b-5p into COAD cells. (a) The miR-135b-5p expression pattern in COAD was analyzed using the ECORI Pan-Cer database. The CAFs
and EVs were treated differently, and (b—d) The expression pattern of miR-135b-5p was detected by RT-qPCR. SW480 and HCT116 cells were treated with EVs of different
treatment groups. (e) miR-135b-5p expression pattern in COAD cells was detected by RT-gPCR. Three cell tests were performed and the data were expressed as mean +
standard deviation. One-way ANOVA was used for comparison among groups. Tukey’s multiple comparisons test was used for the post hoc test. **P < .01.

with the EVs treatment, inhibition of miR-135b-5p in EVs
significantly reduced the proliferation and migration of
HUVECs (P < .01) (Figure 4a-b) and the angiogenesis
ability (P < .01) (Figure 4c-d). The aforementioned results
indicated that inhibition of miR-135b-5p in EVs partially
annulled the effect of EVs on enhancing the proliferation,
migration, and angiogenesis of HUVECs mediated by
COAD cells, suggesting that EVs exerted the effect by
delivering miR-135b-5p into COAD cells.

miR-135b-5p targeted FOXO1

To further explore the regulatory mechanism of miR-135b-5p
in EVs promoting COAD cell-mediated angiogenesis, the
downstream target genes of miR-135b-5p and their intersec-
tions were predicted using a combination of StarBase,
RNAlInter, Targetscan, and miRDB database (Figure 5a). The
co-expression relationships of genes were analyzed to further
screen target genes using the Coexpedia database and 3 target
genes ELK3, MEF2C, and FOXO1 with the highest score
(score = 78.213, 71.840, 52.113) were screened according to
the co-expression score of the website (Figure 5b). An existing
study identified FOXO1 as a transcription factor and a vital
regulator of angiogenesis.'” Moreover, the analysis of the
ECORI Pan-Cer database demonstrated notable downregula-
tion of FOXO1 in COAD (Figure 5c), and the expression

pattern of FOXO1 was negatively correlated with miR-135b-
5p (Figure 5d). Starbase prediction identified a targeted bind-
ing relationship between miR-135b-5p and FOXO1 3'UTR
(Figure 5e). The targeted binding relationship between miR-
135b-5p and FOXO1 was verified by means of dual-luciferase
assay (P < .01) (Figure 5f). Furthermore, the FOXO1 mRNA
expression pattern in the co-culture system of SW480/HCT116
and HUVECs was detected. After CAFs-EVs treatment, the
expression pattern of FOXO1 mRNA in the co-culture system
was notably downregulated, while the FOXO1 mRNA expres-
sion pattern was significantly upregulated after inhibition of
miR-135b-5p in CAFs-EVs (P < .01) (Figure 5g), hereby elicit-
ing a negative regulatory relationship between miR-135b-5p
and FOXO1.

Overexpression of FOXO1 reversed the effect of EVs on
promoting angiogenesis of COAD cells

Furthermore, FOXO1 was overexpressed after treatment of
SW480/HCT116 cells with CAFs-EVs. WB demonstrated
a markedly elevated expression pattern of FOXOL1 in the co-
culture system (P < .01) (Figure 6a). Subsequently, the prolifera-
tion, migration, and angiogenesis abilities of HUVECs were
detected. Our results denoted that the overexpression of FOXO1
annulled the effects of EVs on promoting the proliferation, migra-
tion, and angiogenesis of HUVECs (P < .01) (Figure 6b-e). The
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preceding results indicated that CAFs-EVs downregulated
FOXOL1 by carrying miR-135b-5p into COAD cells, thus effec-
tively promoting HUVECs proliferation, migration, and
angiogenesis.

CAFs-EVs promoted angiogenesis of xenograft tumors by
mediating miR-135b-5p

COAD cells SW480 were selected to establish a mouse model
of COAD. The mice were injected with EVs under different
treatment groups via the tail vein. The tumor growth was
observed and the tumor size was measured every 7 days.
The inhibition of miR-135b-5p in CAFs-EVs suppressed
tumor growth rate, volume, and weight (P < .01)
(Figure 7a-c). In order to detect the effect of CAFs-EVs on
tumor proliferation and angiogenesis, the tissue sections were
stained with Ki67, VEGF, and CD34 antibodies. Our results
illustrated that compared with the COAD+CAFs-EVs-NC
group, the Ki67, VEGF, and CD3 positive cells were decreased
after CAFs-EVs-miR-inhi treatment (Figure 7d-e). ELISA
further verified the ability of CAFs-EV-miR-inhi treatment
to significantly decrease the content of VEGF in the tumor
tissues and repressed angiogenesis (P < .01) (Figure 7f). The
tumor samples were detected by RT-qPCR and WB and
compared with the COAD + CAFs-EVs-miR-NC group, the
expression pattern of miR-135b-5p was significantly down-
regulated, while the expression pattern of FOXO1 was signif-
icantly upregulated after CAFs-EVs-miR-inhi treatment (all
P < .01) (Figure 7g-h).

Discussion

COAD is the most prevalent type of tumor worldwide and is
regarded among the most explicit causes of cancer associated
mortality, along with breast, lung, and prostate cancers.*
Limited evidence has identified the involvement of EVs in the
development of COAD.*' The current study revealed that
CAFs-EVs had promoted the angiogenesis of COAD cells via
regulation of miR-135b-5p/FOXO1.

CAFs-EVs potentiate cell malignant biological behaviors in
cancers.® The uptake assay validated the internalization of
both CAFs-EVs and NFs-EVs by SW480 and HCT116 cells.
In order to determine the effect of CAFs-EVs on COAD, the
SW480 and HCT116 cell supernatants treated with CAFs-EVs
or NFs-EVs were co-cultured with HUVECs. Our experimen-
tal results demonstrated that CAFs-EVs had effectively pro-
moted COAD cell-mediated HUVEC proliferation,
migration, and angiogenesis, while NFs-EVs had no signifi-
cant effects on HUVECs. Research has identified VEGF as
a vital factor for angiogenesis.”> Our results demonstrated
significantly elevated VEGF content in HUVECs supernatant
co-cultured with  CAFs-EVs-treated COAD  cells.
Additionally, an existing study had determined the ability of
EVs to manipulate fundamental processes trivial for tumor
progression including cell proliferation, angiogenesis, inva-
sion, and migration.>”> Consistently, EVs derived from cancer
cells are essential for inducing malignant behaviors in COAD
cells.”* Briefly, our findings elicited that CAFs-EV's induced
COAD cell-mediated HUVECs malignant biological beha-
viors and angiogenesis.
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Thank you.

The circulating EVs can transport miR byproducts to the
surrounding cells, thus facilitating intercellular communica-
tion between different cells for a significant physiological
effect.”” An existing study determined a close association
between miR-135b-5p and angiogenesis and miR-135b-5p
upregulation improves the angiogenic capacity of hUC-MSC-
derived EVs.'> Our results showed a notably upregulated
miR-135b-5p expression in COAD, which was in consistency
with previously reported findings.'® In light of the aforemen-
tioned literature, we speculated that CAFs-EVs might manip-
ulate effects on COAD by transporting miR-135b-5p. Our
results revealed that miR-135b-5p was encapsulated in CAFs-
EVs, which led to a downregulated miR-135b-5p expression

in COAD cells after CAFs-EVs-inhi treatment. Consistently,
these results demonstrated complete transport of miR-135b-
5p by CAFs-EVs into COAD cells. To further investigate the
function of CAFs-EVs in COAD through miR-135b-5p, the
CAFs-EVs-treated SW480/HCT116 cells were co-cultured
with HUVECs. Our findings demonstrated partial annulment
of the effects of EVs in inhibiting the malignant behaviors of
HUVECs after inhibition of the miR-135b-5p expression in
CAFs-EVs. Consistently, miR-135b overexpression can facil-
itate the progression and transformation of COAD, while
inhibition of miR-135b can weaken tumor growth by manip-
ulation of the regulatory genes implicated in the malignant
behaviors in COAD.?® Altogether, our findings elicited that
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Figure 6. Overexpression of FOXO1 reversed the effect of EVs on promoting angiogenesis. The FOXO1 was overexpressed in CAFs-EV-treated SW480/HCT116 cells. (a)
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tests were performed and the data were expressed as mean + standard deviation. One-way ANOVA was used for comparison among groups. Tukey’s multiple

comparisons test was used for the post hoc test. **P < .01.

CAFs-EVs inhibited the malignant behaviors of HUVECs by
transporting miR-135b-5p into COAD cells. COAD cells
SW480 were used to establish a mouse model of COAD,
followed by injection with EVs in different groups. miR-
135b-5p inhibition in CAFs-EVs suppressed tumor growth
rate, volume, and weight, decreased the Ki67, VEGF, and
CD3 positive cells, and significantly reduced the content of

VEGF and repressed angiogenesis. These results suggest that
CAFs-EVs promote COAD proliferation and angiogenesis by
transporting miR-135b-5p.

To study the downstream mechanism of miR-135b-5p,
a combination of StarBase, RNAlnter, Targetscan, and
miRDB database were adopted to predict the downstream
target genes of miR-135b-5p, after which FOXOIl was
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Figure 7. CAFs-EVs promoted angiogenesis of xenograft tumors in vivo. The nude mouse model of COAD was established by transplanting SW480 cells into the skin of
nude mice. The mice were injected with CAFs-EVs of different treatment groups through the tail vein. (a-c) The growth rate, volume, and weight of the tumor were
observed and measured. The tumor tissues were collected. (d) The expression patterns of Ki67, VEGF, and CD34 were detected using immunohistochemistry; (e)
Microvessel density (MVD) was reflected by the number of CD34 microvessels; (f) The VEGF content in HUVECs supernatant was detected using ELISA; (g) The expression
of miR-135b-5p was detected by RT-gPCR; (h) The expression pattern of FOXO1 was detected by WB. N = 6; the data were expressed as mean + standard deviation. One-
way ANOVA was used for comparison among multiple groups. Tukey’s multiple comparisons test was used for the post hoc test. **P < .01.

identified. Fundamentally, FOXOL1 is a forkhead transcription
factor that functions as an essential regulator of angiogenesis.'”
ECORI Pan-Cer database elicited that FOXO1 was downregu-
lated in COAD. Our findings validated a negatively correlated
relationship between miR-135b-5p and FOXO1 along with the
targeted binding relationship. Consistently, FOXO1 has been
identified as the potential downstream target of miR-135b-5p
in colorectal cancer.”” Our results elicited notable downregula-
tion of FOXOL1 in the co-culture system after CAFs-EV treat-
ment, however it was markedly upregulated after inhibition of
miR-135b-5p in CAFs-EVs. Moreover, we overexpressed
FOXO1 in CAFs-EVs-treated SW480/HCT116 cells. Our
results were illustrative of conflicting CAFs-EVs effect on the

malignant behaviors of HUVECs cells after overexpression of
FOXOL1. Relative to the cells with knockdown of FOXO1, the
apoptosis rate is higher in the presence of FOXO1, moreover,
the FOXO1 degradation induces COAD cell proliferation.*® In
conclusion, CAFs-EVs targeted FOXO1l and promoted
HUVEC malignant behaviors by delivering miR-135b-5p into
COAD cells.

In summary, the findings of the current study supported
that CAFs-EVs-shuttled miR-135b-5p targeted FOXOI,
thereby inducing the malignant behaviors and angiogenesis
of COAD cells-mediated HUVECs cells. However, the direct
effect of EVs on HUVECs, and other miRNAs that EV's could
potentially regulate, other target genes under potential



regulation of miR-135b-5p, and the downstream pathways that
FOXO1 might regulate were not investigated. Moreover, the
effect of EV's has not been studied at the clinical level. Future
studies are warranted to identify the upstream IncRNAs in EV's
that regulate miR-135b-5p or the role and mechanism of other
EV-carried IncRNAs and miRNAs in COAD, or other down-
stream target genes and relative pathways that miR-135b-5p
may potentially regulate.
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