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miR-144 delivered by nasopharyngeal
carcinoma-derived EVs stimulates angiogenesis
through the FBXW7/HIF-1a/VEGF-A axis
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The current study aimed to explore the role of tumor-derived
extracellular vesicles (EVs) in angiogenesis during nasopharyn-
geal carcinoma (NPC). NPC biopsy specimens were initially
collected. Human umbilical vein endothelial cells (HUVECs)
were co-cultured with EVs isolated from NPC cells, after which
their migration, invasion, as well as vessel-like tube formation
were evaluated by Transwell chamber systems and Matrigel-
based angiogenesis assays. The pro-angiogenic activities of
EVs as well as the candidate microRNA (miRNA or miR)
were examined using an in vivo Matrigel angiogenesis model.
The results indicated that the levels of miR-144 in the NPC tis-
sues were upregulated when compared to the nasopharyngeal
normal tissues in addition to the identification of a positive
correlation with the expression of CD31. Moreover, our data
indicated that miR-144 was highly enriched in EVs from
NPC cells and then ultimately enhanced the migration and in-
vasion of HUVECs and vessel-like tubes in vitro and in vivo.
Notably, miR-144 was identified as a mediator in NPC-EV-
induced regulatory effects through the inhibition of the target
gene FBXW7 and promotion of the transcriptional factor HIF-
la-dependent vascular endothelial growth factor (VEGF-A).
Taken together, the key findings of the current study high-
lighted the role of miR-144 as an extracellular pro-angiogenic
mediator in NPC tumorigenesis.

INTRODUCTION

Nasopharyngeal carcinoma (NPC), an epithelial malignancy, is prev-
alent in southeast Asia, is particularly common in Southern China,
and is often accompanied by cervical node metastasis.' In 2018, newly
diagnosed NPC cases accounted for approximately 0.7% of all can-
cers, as well as 0.8% of cancer deaths on a global scale.” Despite sig-
nificant advances in relation to prevention of NPC local spread
through the use of various approaches, including intensity-modulated
radiotherapy and optimization of chemotherapy strategies, the man-
agement of NPC metastasis remains largely unsatisfactory.’ Patholog-
ical angiogenesis is a fundamental factor for tumor progression and
metastasis. Tumor cells release substantial pro-angiogenic factors,
which leads to the formation of abnormal disorganized vascular net-
works in addition to immature and permeable blood vessels, resulting
in impaired tumor perfusion.* Limited tumor perfusion and the sub-
sequent hypoxic microenvironment can facilitate the survival of more
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invasive and aggressive tumor cells, while simultaneously inhibiting
the tumor-killing action of the immune cells.” Recently, the potential
role of angiogenesis as a therapeutic target for NPC has been empha-
sized due to the evidence that irradiation with the coordinated anti-
angiogenesis could enhance the antitumor effect on NPC.*” Tumor
angiogenesis serves as the hallmark of tumors in an advanced form,
which is also observed in NPC.® Thus, further studies with a particular
emphasis on the angiogenic mechanisms associated with NPC and its
molecular drivers are required in order to develop novel therapeutics
for NPC.

Extracellular vesicles (EVs) are a class of membrane-enclosed and
nano-sized cellular vesicles that are secreted from various cell
types, including normal and pathological cells.” EVs have been well
documented to be significant mediators of cell-cell communication
by transferring proteins, lipids, and nucleic acids (mRNA, non-coding
RNAs, and DNA).10 Tumor-derived EVs mediate intercellular
communication between tumor cells and stromal cells, creating a tu-
mor microenvironment and a pre-metastatic niche.''* Accumu-
lating evidence continues to suggest that EVs stimulate angiogenesis
by means of facilitating tumor-to-endothelial-cell communication in
solid tumors, including head and neck squamous cell carcinoma.'® Ex-
isting cancer literature has provided evidence further attesting to the
idea that microRNA (miRNA or miR)-enclosed EV's derived from tu-
mor cells could be transferred into endothelial cells and could facilitate
their migration and tube formation, ultimately triggering angiogenesis
in NPC."* miR-144 has been reported as an oncomiRNA in NPC."” In
addition, a previous study concluded that miR-144 is one of the inclu-
sions in NPC-cell-derived EVs,' but the effect of EV miR-144 on
tumor endothelial cells and angiogenesis remains unknown. In the
current study, we set out to perform gain- and loss-of-function ana-
lyses to determine whether miR-144 shuttled by NPC-derived EVs
could elevate human umbilical vein endothelial cell (HUVEC) migra-
tion and invasion to ultimately promote angiogenesis.
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Figure 1. Expression pattern of miR-144 in NPC

304

N
o
1

-
o
1

Positive rate (%)

Normal

NP69 C666-1

SUNE1

(A) The expression of miR-144 compared between NPC biopsy specimens (n = 95) and nasopharyngeal biopsy specimens (n = 95) of chronic nasopharyngitis by qRT-PCR.
(B) The expression of miR-144 determined between NPC biopsy specimens (n = 95) and nasopharyngeal biopsy specimens (n = 95) of chronic nasopharyngitis by ISH. (C)
Immunohistochemical staining for CD31 of NPC tissues and non-cancerous nasopharyngeal tissues. (D) Correlation between CD31 and miR-144 expression in NPC tissues.
(E) The expression of miR-144 compared between human NPC cell lines and a nasopharyngeal epithelial cell line. (A-C) *p < 0.05 compared with non-cancerous naso-
pharyngeal tissues by unpaired t test. (E) “p < 0.05 compared with NP69 cells by Tukey’s-test-corrected one-way ANOVA.

RESULTS

miR-144 is upregulated in NPC tissues and cells

Previous literature has highlighted the cancer-promoting effects of
miR-144 during the development of NPC."”> We initially set out to
determine the expression pattern of miR-144 in NPC. The expression
of miR-144 was analyzed between 95 NPC biopsy specimens and 95
nasopharyngeal biopsy specimens of chronic nasopharyngitis via
quantitative reverse-transcriptase polymerase chain reaction (qRT-
PCR). The results obtained indicated that the expression level of
miR-144 was higher in the NPC tissues than that in the non-
cancerous nasopharyngeal tissues (Figure 1A), which was further
verified by in situ hybridization (ISH) (Figure 1B). As depicted in Fig-
ure 1C, enhanced immunohistochemical staining for CD31 was
demonstrated in NPC tissues relative to non-cancerous nasopharyn-
geal tissues. Moreover, a positive correlation between the expression
of CD31 and that of miR-144 was identified in the NPC tissues (Fig-
ure 1D). We subsequently compared the expression levels of miR-144
between human NPC cell lines (C666-1 and SUNE1) and a nasopha-
ryngeal epithelial cell line, NP69, via qRT-PCR. As expected, both the
C666-1 and SUNEI cells exhibited higher levels of miR-144 expres-
sion relative to NP69 (Figure 1E). These results suggested that miR-

144 was highly expressed in NPC tissues and cells, with a positive
correlation detected between its expression and that of CD31, high-
lighting its potential association with tumor angiogenesis.

Highly enriched miR-144 in EVs released from NPC cells

Next, to determine whether tumor-secreted miR-144 has the capac-
ity to influence tumor-microenvironment crosstalk by extracellular
communication via EVs, we initially isolated EVs from C666-1,
SUNEI, and NP69 cells. The nanoparticle concentration and size
distribution of the EVs were examined. Observation under a trans-
mission electron microscope (TEM) revealed that the diameter of
nanoparticles ranged from 30 to 100 nm, with each vesicle exhibit-
ing a cup-like shape (Figure 2A). Immunoblotting revealed the pres-
ence of common EV-specific markers, including CD9, CD63, and
TSG101, with the notable absence of the endoplasmic reticulum
membrane protein calnexin in these nanoparticles derived from
C666-1, SUNEL, and NP69 cells when compared to corresponding
cell lysate (Figure 2B). The nanoparticle tracking analysis (NTA)
further revealed that the mean diameter of EVs was 94.1 nm
(C666-1 cells), 90.5 nm (SUNEL1 cells), and 68.5 nm (NP69 cells),
with no difference in EV concentration (Figure 2C). Zeta detected
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Figure 2. miR-144 is highly enriched in EVs released from NPC cells

(A) Representative images of TEM for EVs secreted from C666-1, SUNE1, and NP69 cells (scale bar = 100 nm). (B) The presence of CD9, CD63, and TSG101 (common EV-
specific markers) immunoblots and the absence of calnexin (endoplasmic reticulum membrane protein) immunoblots of EVs secreted from C666-1, SUNE1, and NP69 cells
(EVs, extracellular vesicles; CL, cell lysate). (C) Size distribution and concentration of EVs secreted from C666-1, SUNE1, and NP69 cells. (D) Zeta detection of surface charge
of EVs. (E) The expression of miR-144 in EVs from C666-1, SUNE1, and NP89 cells. *p < 0.05 compared with the control group. (F) The expression of miR-144 in EVs
secreted from C666-1, SUNE1, and NP69 cells was determined with gRT-PCR. *p < 0.05 compared with NP69-cell-derived EVs by Tukey’s-test-corrected one-way

ANOVA.

the surface charges of C666-1, SUNEI, and NP69-cell-derived EVs
(Figure 2D) in addition to the expression of miR-144 following
treatment with varying EVs derived from these three cell lines.
The addition of RNase exerted no effect on the expression of
miR-144 in the EVs derived from these three cell lines, while the
expression of miR-144 was markedly decreased in the cells treated
with Triton X-100, indicating that the cell membrane conferred pro-
tection on the expression of miR-144 (Figure 2E). The results ob-
tained suggested that EVs from these three cell lines had stable
membrane states and exerted protective effects on RNA. The
expression of miR-144 was determined in the EVs via qRT-PCR,
which revealed the presence of high levels of miR-144 expression
in the EVs derived from NPC cells (Figure 2F). These findings pro-
vided evidence indicating that miR-144 was upregulated in the
NPC-cell-derived EVs.

1002 Molecular Therapy: Nucleic Acids Vol. 24 June 2021

miR-144 delivery from NPC cells into HUVECs via EVs enhanced
HUVEC migration and invasion

Previous literature has provided evidence verifying that endothelial
cell migration and tube-forming ability are required for angiogenesis.
Hence, we sought to investigate the effect of NPC-EV-secreted miR-
144 on HUVEC migration and invasion to elucidate the role of tu-
mor-secreted miR-144 in angiogenesis. Initially, the uptake of
PKH67-labeled EVs by HUVECs at different time points was observed
under fluorescence microscopy. The results confirmed the presence of
PKH67 signals in the cytoplasm of HUVECs, suggesting that the EVs
had been endocytosed by HUVECs. As time elapsed, the HUVECs in
the C666-1-EV group and the SUNEL-EV group progressively ex-
hibited a significantly greater degree of EV internalization when
compared with the NP69-EV group (Figure 3A). qRT-PCR results
indicated that the expression of miR-144 was higher in HUVECs
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Figure 3. miR-144 is delivered from NPC cells into HUVECs via EVs and enhances HUVEC migration and invasion

(A) miR-144 delivery from NPC cells into HUVECs via EVs at 1, 6, and 12 h. PKH67 signals are localized in the cytoplasm of HUVECs (green). Nuclear counterstaining was
performed using DAPI (blue). (B) The expression of miR-144 in HUVECs exposed to EVs released from C666-1, SUNE1, and NP69 cells. (C) The expression of miR-144 in
HUVECs exposed to miR-144-interferenced C666-1 and SUNET cells. (D) The migration and invasion of HUVECs exposed to EVs from miR-144-interferenced C666-1 cells.
(E) The migration and invasion of HUVECs exposed to EVs from miR-144-interferenced SUNE1 cells. (F) The migration of HUVECs exposed to EVs from miR-144-inter-
ferenced C666-1 or SUNE1 cells. (B) “p < 0.05 compared with HUVECs exposed to EVs from NP69 cells by Tukey’s-test-corrected one-way ANOVA. (C-F) *p < 0.05 by
unpaired t test relative to HUVECs exposed to EVs from miR-mimic NC-treated NPC cells; *p < 0.05 by unpaired t test relative to HUVECs exposed to EVs from miR-inhibitor

NC-treated NPC cells.

exposed to EVs released from C666-1 and SUNEL relative to the
HUVECs exposed to EVs from NP69 cells (HUVECs not exposed to
EVs were used as negative control [NC]) (Figure 3B). To further
demonstrate the effects associated with EV miR-144 secreted by
NPC cells on endothelial cells, C666-1 and SUNEL1 cell lines were
transfected, followed by EV extraction. The obtained EVs were co-
cultured with HUVECs and grouped into the NC mimic-EV group,
miR-144 mimic-EV group, NC inhibitor-EV group, and miR-144 in-
hibitor-EV group. The qRT-PCR results illustrated that miR-144 was
upregulated in HUVECs exposed to miR-144 mimic-treated NPC cells
but downregulated in HUVECs exposed to miR-144 inhibitor-treated
NPC cells (Figure 3C). The results of Transwell migration and Matri-
gel-based invasion assays demonstrated that miR-144-overexpressing
EVs were sufficient to enhance HUVEC migration and invasion, with

an opposite trend observed with miR-144-inhibiting EV's (Figures 3D
and 3E). In addition, the proliferation and migration ability of
HUVECs was also measured by a wound-healing experiment (Fig-
ure 3F). The results revealed that the wound-healing rate of the cells
in the miR-144 mimic-EV group was elevated when compared with
that in the NC mimic-EV group, indicating that both C666-1- and
SUNEI-cell-derived EV miR-144 promoted the proliferation and
migration of HUVECs. The wound-healing rate of cells was dimin-
ished in the miR-144 inhibitor-EV group relative to that of the NC in-
hibitor-EV group, suggesting that the proliferation and migration of
HUVECs were inhibited secondary to the inhibition of C666-1- and
SUNEI cell EV miR-144 (both p < 0.05). Ultimately, the results ob-
tained provided evidence suggesting that delivery of EV miR-144 to
endothelial cells promoted their proliferation and migration.
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Figure 4. NPC-EVs enhance vessel-like tube formation of HUVECs in vitro and in vivo via transferring miR-144

(A) The number of vessel-like tubes formed in vitro. (B) Neovessels in the transplanted gel plugs containing EVs from C666-1 cells. (C) Neovessels in the transplanted gel plugs
containing EVs from SUNET cells. *p < 0.05 by unpaired t test relative to HUVECS or transplanted gel plugs containing EVs from miR-mimic NC-treated NPC cells; *p < 0.05
by unpaired t test relative to HUVECs or transplanted gel plugs containing EVs from miR-inhibitor NC-treated NPC cells. n = 8 for each mouse group.

NPC-EVs enhance vessel-like tube formation of HUVECs in vitro
and in vivo via transferring miR-144

We subsequently set out to evaluate the effects associated with NPC-
EV-derived miR-144 on vessel-like tube structures of HUVECs to
elucidate the role of tumor-secreted miR-144 in angiogenesis. The
in vitro Matrigel-based angiogenesis assays (Figure 4A) demonstrated
notably promoted vessel-like tube formation of HUVECs in vitro in
the EVs from miR-144 mimic-treated NPC cells, which was a contrast-
ing finding in comparison to the EVs from miR-144 inhibitor-treated
NPC cells. Next, to further demonstrate the pro-angiogenic activity of
NPC-EV-derived miR-144, an in vivo Matrigel plug assay was per-
formed to identify the newly formed blood vessels in the transplanted
gel plugs in nude mice (Figures 4B and 4C). We identified that newly
formed enhanced blood vessels in the gel plugs were enhanced by EVs
from miR-144 mimic-treated NPC cells but reduced by EVs from
miR-144 inhibitor-treated NPC cells, which was consistent with the
results of the in vitro Matrigel-based angiogenesis assays. Based on
the aforementioned results, NPC-EV-shuttled miR-144 enhanced
vessel-like tube formation of HUVECs both in vitro and in vivo.

Elevated miR-144 results in downregulation of FBXW7 and
upregulation of HIF-1a

Recent research has indicated that FBXW?7 plays an important role in
vascular endothelial cell migration and inflammation and endothelial
barrier integrity and angiogenesis.'” We subsequently set out to eluci-
date the molecular mechanisms responsible for the pro-angiogenic
function of miR-144 in NPC. The in-silico analysis predicted the pres-
ence of miR-144 binding sites in the 3’ UTR of FBXW7 mRNA (Fig-
ure 5A), which was further confirmed by the reduction detected in
luciferase activity at the promoter of the reporter gene containing
wild-type (WT) instead of mutant (MUT) 3’ UTR of FBXW?7
following co-transfection with miR-144 mimic (Figure 5B). The
expression of FBXW7 was compared between NPC tissues and
non-cancerous nasopharyngeal tissues at the mRNA level (qRT-
PCR) and protein level (immunoblotting). As depicted in Figures
5C and 5D, the mRNA and protein expression of FBXW?7 was lower
in NPC tissues when compared to the non-cancerous nasopharyngeal

1004 Molecular Therapy: Nucleic Acids Vol. 24 June 2021

tissues. Pearson’s correlation analysis revealed a significant negative
correlation between miR-144 expression and FBXW?7 expression in
NPC tissues (Figure 5E). We also identified a decrease in the degree
of immunohistochemical staining for FBXW?7 in NPC tissues relative
to non-cancerous nasopharyngeal tissues (Figure 5F). Expectedly,
both the C666-1 and SUNEL cells exhibited lower mRNA and protein
expression levels of FBXW7 when compared to NP69 cells (Figures
5G and 5H). Previous evidence revealed that the FBXW7/HIF-1a/
vascular endothelial growth factor A (VEGF-A) pathway was
involved in tumor angiogenesis.'"® Hence, we hypothesized that the
pro-angiogenic function of miR-144 was achieved via modulation
of the FBXW7/HIF-1a/VEGF-A pathway during carcinogenesis. In
the present study, we initially determined FBXW7 and HIF-1a. at
the mRNA level (QRT-PCR) and protein level (immunoblotting) in
HUVECs exposed to EVs from NPC cells with introduction of
miR-144 mimic or inhibitor, while VEGF-A concentration in the su-
pernatant of HUVECs was determined with enzyme-linked immuno-
sorbent assay (ELISA) (Figures 5I and 5]). The results obtained
revealed diminished expression of FBXW7 in the EVs exposed to
miR-144 mimic but increased the expression of HIF-1a and VEGF-
A concentration in the supernatant of the HUVECs. Expectedly,
the introduction of miR-144 inhibitor led to an increase in FBXW7
expression but reduced HIF-1a expression in the EVs, with a decrease
in VEGF-A concentration in the supernatant of the HUVECs de-
tected. Furthermore, we performed a gain-of-function study using
pcDNA vector inserted with wild-type FBXW7 fragments and loss-
of-function analysis using HIF-la-specific small interfering RNA
(siRNA) in C666-1, SUNEI1, and HUVECs. Overexpression of
FBXW? or silencing of HIF-1a. led to a reduction in the expression
of HIF-1a and VEGF-A concentration in the supernatant of the HU-
VECs (Figures 5K and 5L). Therefore, miR-144 could target FBXW?7
and promote the expression of HIF-1a and VEGF-A.

miR-144 exerts pro-angiogenic function by the FBXW7/HIF-1o/
VEGF-A pathway

We subsequently set out to determine whether NPC-EV-derived
miR-144 facilitated vessel-like tube formation of HUVECs in vitro
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Figure 5. Elevated miR-144 results in downregulation of FBXW7 and upregulation of HIF-1«

(A) The predicted miR-144 binding sites in the 3’ UTR of FBXW7 mRNA. (B) The targeting relationship between miR-144 and FBXW?7. *p < 0.05 compared with miR-mimic NC
by unpaired t test. (C and D) The expression of FBXW7 in NPC tissues and non-cancerous nasopharyngeal tissues at the mRNA level and protein level. “p < 0.05 compared
with non-cancerous nasopharyngeal tissues by unpaired t test. (E) Correlation between the expression of FBXW7 mRNA and miR-144 in NPC tissues. (F) Immunohisto-
chemical staining for FBXW?7 of NPC tissues and non-cancerous nasopharyngeal tissues. (G) The expression of FBXW?7 in C666-1, SUNE1, and NP69 cells at the mRNA
level. (H) The expression of FBXW?7 in C666-1, SUNE1, and NP69 cells at the protein level. *p < 0.05 compared with NP69 cells by Tukey’s-test-corrected one-way ANOVA. ()
The mRNA expression of FBXW7 and HIF-1a. (J) The protein expression of FBXW7 and HIF-1a was determined by immunoblotting in HUVECs, and VEGF-A concentration in
the supernatant of HUVECs was determined with ELISA. *p < 0.05 by unpaired t test relative to HUVECs exposed to EVs from miR-mimic NC-treated NPC cells; “p < 0.05 by
unpaired t test relative to HUVECs exposed to EVs from miR-inhibitor NC-treated NPC cells. (K) The mRNA expression of FBXW7 and HIF-1e. (L) The protein expression of
HIF-1a determined by immunoblotting and VEGF-A concentration in the supernatant of HUVECs were determined with ELISA. *p < 0.05 by unpaired t test relative to
treatment of empty pcDNA vector; *p < 0.05 by unpaired t test relative to treatment of scramble siRNA.
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Figure 6. miR-144 exerts pro-angiogenic function by the FBXW7/HIF-1o/VEGF-A pathway in vivo (n = 8)

(A) Western blot analysis of FBXW7, HIF-1a, and VEGF-A protein expression. (B) HUVECs migrating from upper Transwell chambers into lower ones. (C) HUVECs invading
from Matrigel-coated upper Transwell chambers into lower ones. (D) The number of vessel-like tubes formed in vitro. (E) Transplanted gel plugs containing EVs from C666-1.
(F) Transplanted gel plugs containing EVs from SUNE1 cells. *p < 0.05 compared with the presence of both EVs from miR-144 inhibitor-treated NPC cells and scramble

siRNA by unpaired t test. n = 8 for each mouse group.

and in vivo by mediating the FBXW7/HIF-1a/VEGF-A pathway.
HUVECs exposed to EVs from miR-144 inhibitor-treated C666-1
and SUNEI cells were transfected with FBXW7-specific siRNA. As
evidenced by the immunoblotting analysis findings, treatment with
si-FBXW7 led to a downregulation in the expression of FBXW?7 along
with elevated HIF-1o. and VEGF-A expression in the presence of EVs
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derived from miR-144 inhibitor-treated NPC cells, suggesting that the
effects of miR-144 on the HIF-10/VEGF-A pathway took place in a
FBXW?7-dependent manner (Figure 6A). Likewise, we also identified
enhanced HUVEC migration (Figure 6B) and invasion (Figure 6C), as
well as increased vessel-like tube formation (Figure 6D) in HUVECs
in response to miR-144 inhibition and siRNA knockdown of FBXW?7
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in combination when compared to miR-144 inhibition alone, which
was indicative of the pro-angiogenic function of miR-144 in vitro
dependent on FBXW7. As we expected, the in vivo Matrigel plug assay
(Figures 6E and 6F) displayed the gel plugs containing EVs from miR-
144 mimic-treated NPC cells possessed enhanced newly formed
blood vessels in response to miR-144 inhibition and siRNA knock-
down of FBXW?7 in combination when compared to miR-144 inhibi-
tion alone, recognizing the pro-angiogenic function of NPC-EV
miR-144 in vivo dependent on FBXW7.

DISCUSSION

Accumulating evidence continues to emphasize the clinical and
biological significance of NPC-derived EVs to tumor progression
mediation. The crucial role of EVs in a wide variety of malignancies
highlights their potential functions as biomarkers and therapeutic tar-
gets.'”** Hence, the current study set out to investigate the functional
interaction of NPC-cell-derived EV-shuttled miR-144 with FBXW?7
in relation to NPC tumorigenesis and angiogenesis. Collectively, the
experimental data provided evidence suggesting that miR-144 carried
by EVs derived from NPC cells contributed to angiogenesis of
HUVECSs via the upregulation of HIF-1oe and VEGF-A through target
inhibition of FBXW7, which has the potential to be applied in the
development of therapeutic strategies.

A key finding made during the current study revealed high levels of
miR-144 expression in NPC tissues and cells as well as in NPC-
EVs. Previous reports have highlighted the strong tumorigenic role
of miR-144 in NPC, as evidenced by the frequent upregulation of
miR-144 in the NPC samples and cells, while malignant cellular be-
haviors have been reported to be notably suppressed following the
repression of miR-144." In addition, knockdown of miR-144 can
induce significantly more human type 1 NPC cells to be arrested dur-
ing the S phase, indicative of cell apoptosis inhibition.*' Notably,
miR-144 has been identified in EVs derived from NPC TWO03 and
NP69 cell lines as revealed by microarray analysis in a previous
report.'® During the current study, we detected that miR-144 was
located in NPC-cell-derived EVs characterized by significantly high
levels of expression. Furthermore, microscopic observations provided
verification of the internalization of miR-144 by HUVECs. For explo-
ration purposes, the expression of miR-144 in the NPC cells was
knocked down using a miR-144 inhibitor. EVs were isolated and
co-cultured with HUVEC:s to ascertain the resulting effects on migra-
tion, invasion, and angiogenesis of HUVECs. Based on the findings,
HUVEC migratory, invasive, and angiogenic properties were signifi-
cantly restrained in the presence of EVs harboring miR-144 inhibitor,
as evidenced by the diminished levels of HIF-1a and VEGF-A con-
centration. The HIF-1o/VEGF-A axis has been emphasized as a
crucial component of angiogenesis in multiple malignancies.”* **
As a critical regulator of tumor aggressiveness, HIF-1o. promotes pro-
liferation, invasion, and neoangiogenesis and has been implicated in
regard to the pro-metastatic effects mediated by EVs in NPC.*> Acti-
vation of HIF-1a has been shown to enhance tumorigenesis of NPC
cells via crosstalk with long non-coding RNA cancer susceptibility
candidate 9.°° Moreover, elevated expression of VEGF has been

linked with poor oncological outcomes in patients with NPC.*’
Notably, EV's derived from NPC cells have been reported to enhance
angiogenesis by promoting HUVEC migration and invasion,*® indi-
cating the need for future research efforts to determine the optimal
dose for optimal application.

Further investigation into the underlying mechanism revealed that
FBXW?7 was targeted by miR-144 and was required for the role of
miR-144 contained in EVs secreted from NPC cells. Moreover,
FBXW?7 has been reported to exhibit marked reductions in its expres-
sion in NPC tissues and cells and formed an inverse relationship with
miR-144. FBXW7 represents a key mediator in human tumorigenesis
through its effect on the regulation of diverse cellular pathways, which
strongly highlights its potential for application in the development of
novel therapeutic approaches.”” In the context of NPC, FBXW?7 has
been proposed as a tumor suppressor by means of promoting the
drug sensitivity of NPC cells.’® Importantly, the silencing of
FBXW?7 has been reported to possess the capacity to neutralize the
suppressive effects induced when miR-144 is silenced, which was
further evidenced by the results obtained from function assays in
the current study. A similar regulatory mechanism has been previ-
ously reported in breast cancer, which suggested that upregulation
of miR-182 can induce angiogenesis and enhance invasiveness and
tumorigenicity accompanied by higher expression levels of HIF-1a.
and VEGF-A, all of which are offset by ectopic FBXW?7 expression,
a target gene of miR-182,'® which indicated that multiple miRNAs
can indeed regulate angiogenesis in tumor cells by regulating target
genes.

Conclusions

In conclusion, the key findings of the current study provide evidence
demonstrating that EV-derived miR-144 serves as a facilitator in the
progression of NPC in vitro. Specifically, miR-144 could be shuttled to
HUVECs via EVs derived from NPC cells, which ultimately
strengthens their malignant phenotypes, providing a new target for
the development of EV-based biomarkers and treatment modalities
against NPC. The mechanistic illustration of pro-angiogenic function
of tumor-secreted miR-144 in NPC is depicted in Figure 7. However,
further investigations are required to determine whether sustained
delivery of NPC-EVs can yield more powerful pro-angiogenic effects
and the dose of EVs secreted from tumor cells to endothelial cells
residing at close or distant sites in vivo. In addition to EVs derived
from NPC cell lines, tissue-derived EVs from NPC patients are
encouraged to be delivered into orthotopic or metastatic NPC in vivo.
Further investigation is required in order to determine the feasibility
of NPC-EVs as a therapeutic tool for NPC.

MATERIALS AND METHODS

Ethics statement

All study participants provided signed informed consent documenta-
tion prior to enrollment into the study. All study protocols were
approved by the ethics committee of the Second Affiliated Hospital
of Nanchang University. All animal experiments were performed in
strict accordance with the approval of the institutional animal care
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and use committee of the Second Affiliated Hospital of Nanchang
University.

Clinical samples

Human tumor biopsy specimens were collected from 95 patients (62
males and 33 females; aged 28-61 years) who had been diagnosed
with NPC based on histopathological findings at the Second Affiliated
Hospital of Nanchang University from June 2016 to October 2018. All
patients were yet to receive any therapy prior to biopsy collection.
Nasopharyngeal biopsy specimens obtained from 95 patients (66
males and 29 females; aged 28-72 years) with chronic nasopharyng-
itis served as the control specimens.

RNA extraction and quantification

Total RNA was extracted using a RNeasy Mini Kit (QIAGEN, Valen-
cia, CA, USA). Synthesis of cDNA from mRNA was generated using a
commercial kit (RR047A, Takara, Japan) and performed based on the
instructions provided by the manufacturer. Synthesis of cDNA of
miR-144 was conducted using miRNA First Strand cDNA Synthesis
(Tailing Reaction) kit (B532451-0020) as per the instructions pro-
vided by the manufacturer (Sangon Biotech, Shanghai, China).
cDNA was subject to qRT-PCR using SYBR Premix Ex Taq II (Perfect
Real Time) kit (DRRO081, Takara, Japan) using an ABI 7500 instru-
ment (Applied Biosystems, Foster City, CA, USA), with each reaction
performed in triplicate. The universal RT primer of miRNA and for-
ward primer of U6 were provided by the miRNA First Strand cDNA
Synthesis kit. The individual miRNA-specific forward primer and
mRNA primer information is listed in Table S1. The miR-144 level
was normalized to U6 and the target mRNA level to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH). The results were deter-
mined using the 27*4T method.

Immunohistochemical staining and ISH
Paraffin-embedded NPC tissues were cut into 5 um sections. The sec-
tions were made into slides and then immunostained for CD31 and

1008 Molecular Therapy: Nucleic Acids Vol. 24 June 2021

A —\ FBXWD

\
\

Molecular Therapy: Nucleic Acids

Figure 7. The mechanistic illustration of pro-
angiogenic function of tumor-secreted miR-144 in
NPC

EVs secreted from NPC cells stimulate tumor angiogen-
esis via transferring miR-144. miR-144 negatively regu-
lates FBXW?7 and thus increases the activity of HIF-1a..
Increased HIF-1a. promotes the translation of VEGF-A,
thereby facilitating endothelial cell migration and tube-
forming ability.

HUVEC cells

FBXW7. Immunohistochemical staining for
CD31, an endothelial cell marker, was per-
formed to identify angiogenesis in the NPC tis-
sues. The number of CD31-positive vessels
(1:100 dilution, Abcam, Cambridge, UK) was
recorded in 10 random fields of view at 200X
magnification. In accordance with the afore-
mentioned, the expression of FBXW7 was
examined in NPC tumor samples with the use of immunohistochem-
ical staining. All antibodies were purchased from Abcam. The in-situ
detection of miR-144 was identified in formalin-fixed paraffin-
embedded samples using ISH optimization kits (Exiqon, Vedbaek,
Denmark) with miRCURY LNA miR-144 probe, and scramble-miR
probe (Exiqon) was used as a NC.

Cell culture

Human NPC cell lines C666-1, SUNE1, and HUVECs were pur-
chased from the Shanghai Institute of Nutrition and Health, Chinese
Academy of Sciences and a human immortalized nasopharyngeal
epithelial cell line NP69 from BeNa Culture Collection (Beijing,
China). C666-1 and SUNEI cells were grown by the Roswell Park Me-
morial Institute (RPMI)-1640 (Hyclone, Laboratories, Logan, UT,
USA) in the presence of 10% heat-inactivated fetal bovine serum
(FBS, Gibco, Gaithersburg, MD, USA), HUVECs in the 10% FBS-
contained endothelial basic medium (EBM-2), and NP69 cells in
the Keratinocyte-SFM (Invitrogen, Carlsbad, CA, USA) in the pres-
ence of bovine pituitary extract (BD Biosciences, Sparks, MD,
USA). All cells were cultured under controlled conditions at 37°C
in a 5% CO,-containing atmosphere.

Transient transfection

The NPC cells as well as the HUVECs were seeded in either 6-well or
96-well plates 24 h prior to transfection commencement. Transient
transfection of miR-144 mimic (50 nM), miR-144 inhibitor
(100 nM), NC mimic (50 nM), and NC inhibitor (100 nM) (all
from Ambion, Austin, TX, USA) was performed using Lipofectamine
2000 reagent (Invitrogen).

Transient transfection of siRNAs (Invitrogen) against FBXW?7 and
HIF-1a and si-NC (100 nM) was performed using 0.5% (v/v) Lipo-
fectamine 2000 to inhibit the expression of FBXW7 and HIF-1a.
The siRNA stock solution was formulated into 20 uM solution by
RNase-free water. Cell culture medium was replaced with Opti-MEM
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Ireduced serum medium (Invitrogen). Next, siRNAs were transfected
into cells using Lipofectamine 2000 as per the instructions provided.
FBXW?7 siRNA or HIF-1a siRNA at a concentration of 100 nM pre-
pared with 0.5% (v/v) lipid carrier was transfected into cells in 2 mL
Opti-MEM medium in each well of the standard 6-well plate in prep-
aration for subsequent experiments.

To overexpress FBXW7, HUVECs (2 X 10° cells/mL) were trans-
fected with pcDNA-FBXW7 plasmid vector (500 pg), and the plasmid
containing FBXW7 was provided by GenePharma (Shanghai, China).
Upon reaching 90% confluence of the HUVECs to the culture plate,
pcDNA-FBXW?7 was transfected into the cells in accordance with
the instructions of the Lipofectamine 2000 kit (Invitrogen). HUVECs
transfected with pcDNA-NC were used as controls. The cells were
cultured at 37°C for 3 days for subsequent experiments.

Characterization of EVs released from NPC cells

The cell culture medium was subsequently subjected to differential
centrifugation at 300 x g, 1,200 x g, and 10,000 X g for 3 h followed
by 3-h ultracentrifugation at 110,000 x g (all procedures performed at
4°C). The EVs were collected from the pellet and subsequently resus-
pended using phosphate-buffered saline (PBS). The morphologies of
EVs were observed under a TEM (H-7650, Hitachi, Japan) at 80 kV/
acceleration voltage. The particle diameter and concentration were
measured with NTA using the Nanosight NS3000 system (Nanosight,
Amesbury, UK). The characteristic surface marker proteins CD9,
CD63, and TSG101 and the endoplasmic reticulum membrane pro-
tein, calnexin, of EVs were determined using immunoblotting. Sur-
face charge (¢ electric potential) of different cell EV particles was
analyzed with the use of Zetasizer Nano series Nano-ZS (Malvern In-
struments, Malvern, UK).

Detection of miRNAs in EVs to evaluate EV stability

RNAase treatment was employed to ascertain whether the miRNAs
were surface bound to or packaged in EVs. Next, 10 ug EVs were re-
suspended in PBS with the incubation conducted using 10 pg/pL
RNase (Purelink RNase A, Life Technologies, Carlsbad, CA, USA)
for 20 min at 37°C. In addition, the specificity of the miRNAs
was determined by disrupting vesicle membrane integrity using
0.3% Triton X-100 treatment, followed by 20-min treatment with
radio-immunoprecipitation assay (RIPA) buffer and RNase treat-
ment in accordance with the aforementioned steps. After incubation
with RNase A, lysis buffer was supplemented to inhibit the reaction,
and RNA was isolated for TagMan miRNA analysis. The relative
expression of miR-144 was determined based on the comparison
with and without RNase A (10 pg/mL) and/or 0.3% Triton X-100
treatment.

Uptake of PKH67-labeled EVs

The isolated EVs were labeled using the green lipophilic fluores-
cent dye PKH67 (Sigma-Aldrich, St. Louis, MO, USA) and main-
tained with HUVECs. The labeled EVs were then incubated with
cultured HUVECs. After incubation for 1, 6, and 12 h, uptake of
PKH67-labeled EVs by HUVECs was traced under a confocal mi-

croscope (FV10i, Olympus, Tokyo, Japan), with 4'6-diamidinophe-
nylidole (DAPI, Abbott, Abbott Park, IL, USA) used for nuclear
staining.

Luciferase assay

FBXW?7 dual-luciferase reporter vector and mutant (400 ng) on bind-
ing sites of miR-144 were constructed, namely PGLO-FBXW?7 wild-
type and PGLO-FBXW?7 mutant type. The reporter plasmids were
subsequently co-transfected with miR-144 mimic and NC mimic
into HEK293T cells (the final concentration of 50 nM; 1 x 10°
cells/mL). The cells were lysed 24 h post transfection and centrifuged
at 4,000 x g for 1 min, after which the supernatant was collected. The
luminescence of firefly luciferase was determined using a Dual-Lucif-
erase Reporter Assay System (E1910, Promega, Madison, W1, USA).
Firefly luciferase activity was detected following the addition of
100 L firefly luciferase working fluid to each cell sample (1 x 10°
cells/mL), and Renilla luciferase activity was measured by adding
100 pL Renilla luciferase working fluid. The ratio of firefly luciferase
activity to Renilla luciferase activity was regarded as the relative lucif-
erase activity.

Transwell migration and Matrigel-based invasion assays
Transwell chambers (Corning, Corning, NY, USA) with 24-well
(8 um) plates were employed for the subsequent experiment. Briefly,
HUVECs were cultured using serum-free RPMI-1640 medium with
200 pL of HUVECs (5 x 10° cells/mL) added to the apical chambers
and treated with EVs at the concentration of 0.2 ug/pL (600 uL EV's/
well) from differently transfected NPC cells. In the lower chamber,
600 pL complete medium (Invitrogen) containing 10% FBS was
added as chemokine. Following incubation of the chamber at 37°C
with 5% CO, for 48 h, the chamber was fixed with 4% paraformalde-
hyde for 30 min, treated with 0.2% Triton X-100 (Sigma) for 15 min,
and stained with 0.05% crystal violet for 5 min. The stained cells were
determined from five random fields in each well using an inverted mi-
croscope (XDS-800D, Shanghai Caikang Optical, China). The cell
migration and invasion assay procedures were performed in an iden-
tical fashion, with the exception of the use of 50 L Matrigel (Sigma-
Aldrich) in the invasion assays.

Wound-healing experiment

The effects of the different conditional treatments on endothelial cell
proliferation and migration were determined by wound healing.
HUVECs (1 x 10° cells/well) were seeded into 12-well plates. After
24 h, two vertical wounds were formed using a 1 mL pipette tip.
Following treatment with EVs at a concentration of 0.2 pg/pL
(600 pL EVs/well) from differentially transfected NPC cells,
HUVECs were treated with EGM-2 growth medium containing
2% FBS at 37°C with 5% CO,. Images were captured at 10x magni-
fication at 0 h and 12 h. Three different areas of the wound were
measured using Image] software. The vertical distance between
the wounds at 0 h and 12 h was compared, with the wound closure
rates expressed as a percentage of the difference between the wound-
healing distance at the two different time points/the initial post-
injury distance.
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Matrigel-based angiogenesis assays

Initially, the Matrigel was removed and melted. The Matrigel was
diluted with culture medium at a ratio of 1:1. Next, the diluted Matri-
gel was evenly spread on the cell culture plate in the absence of bub-
bles. The Matrigel plate was solidified at 37°C for 1 h. HUVECs were
maintained in the plate coated by Matrigel (300 uL/well) at 2 x 10*
cells/well and treated with EVs (600 pL EVs/well) from differentially
transfected NPC cells for 24 h. The number of tubular structures
formed by HUVECs was subsequently determined under a micro-
scope (a complete closed loop was regarded as a tubular structure),
which was considered to be indicative of angiogenesis. The formation
of vessel-like tube structures was quantitated as the mean relative tube
length based on 5 random microscopic views using Image] software.

In vivo Matrigel plug assays

HUVECs (4 x 10°) were incubated with EVs derived from 2 x 10°
C666-1 or SUNEL cells and then made into cell suspension. Cell sus-
pension and 500 pL growth-factor-reduced Matrigel (BD Matrigel
356230) were then mixed at ratio of 1:1. Next, 500 uL Matrigel was
subsequently injected subcutaneously into the dorsal region of 96
BALB/c mice (female, aged 4-6 weeks, weighing 18-22 g) (8 mice
for each group). Briefly, a small skin mound was made by injecting
air on the back of the mouse, and Matrigel was injected into the
skin mound. The plugs were collected, and angiogenesis was evalu-
ated and observed 2 weeks later. The number of tubular structures
formed in each Matrigel plug (a complete closed loop was regarded
as a tubular structure) was evaluated to determine angiogenesis.

Protein extraction and quantification

Protein extraction was performed using protease-inhibitor-contained
RIPA buffer (R0010, Solarbio, Beijing, China). The protein sample
was separated using freshly prepared SDS-PAGE, electro-transferred
onto polyvinylidene fluoride (PVDF) membranes, and probed with
primary antibodies (Abcam, Cambridge, UK). Immunoblots were
visualized with goat anti-rabbit IgG (1:10,000, ab205718) and
enhanced chemiluminescence detection reagents and captured using
a SmartView Pro 2000 (UVCI-2100, Major Science, Saratoga, CA,
USA) microscope. Gray value of target protein bands was quantified
using Quantity One software, with GAPDH used for normalization.
The primary antibodies used were as follows: anti-FBXW?7 antibody
(ab109617, 1:1,000), anti-HIF-1a antibody (ab51608, 1:2,000), anti-
VEGF-A antibody (ab183100, 1:450), anti-CD9 antibody (ab92726,
1:1,000), anti-CD63 antibody (ab217345, 1:1,000), anti-calnexin anti-
body (ab92573, 1:20,000), and anti-GAPDH antibody (1:1,000,
ab22555).

ELISA

After the cell supernatant had been collected, it was centrifuged at
2,000 rpm for 3 min to remove debris. The supernatant was saved
as a sample awaiting analysis. The slats were taken out from a sealed
bag that had been equilibrated to room temperature. Standard and
sample diluent were subsequently added to the blank wells, with sam-
ples or standards of different concentrations (100 pL/well) added to
the remaining wells. The reaction wells were then sealed using sealing
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tape and incubated in a 36°C incubator for 90 min. The biotinylated
antibody working solution was prepared 20 min in advance. The
blank wells were added with biotinylated antibody diluent, while bio-
tinylated antibody working solution (100 pL/well) was added to the
remaining wells. The reaction wells were sealed with new sealing
tape and incubated at 36°C for 60 min. The enzyme conjugate work-
ing solution was prepared 20 min in advance under conditions void of
light at 22°C-25°C. Enzyme conjugate diluent was subsequently
added to the blank wells, while enzyme conjugate working solution
(100 pL/well) was added to the remaining wells, followed by sealing
and incubation at 36°C for 30 min under conditions void of light.
The microplate reader was warmed up and the detection program
was set. 100 pL/well of chromogenic substrate (TMB) was added to
the wells and incubated for 15 min under dark conditions in a
36°C incubator. 100 pL/well of stopping solution was added to the
wells. The OD450 value (within 3 min) was measured immediately af-
ter mixing, after which the concentration of the target substance was
determined in the sample.

Statistical analysis

All statistical analyses were completed with SPSS 21.0 software (IBM,
Armonk, NY, USA). Data were expressed as the mean + standard de-
viation from a minimum of three independent experiments per-
formed in triplicate. Unless otherwise noted, statistical comparisons
were performed using an unpaired t test during comparisons between
two groups or by Tukey’s-test-corrected one-way analysis of variance
(ANOVA) when comparing more than two groups. The correlation
of measurements was conducted using Pearson’s correlation analysis.
Two-tailed p < 0.05 was considered to be indicative of statistical
significance.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
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