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Abstract

Under endoplasmic reticulum (ER) stress, tumor plays multifaceted roles in endothelial cell dysfunction through secreting
exosomal miRNAs. However, for the head and neck squamous cell carcinoma (HNSCC), it is still unclear about the impact
of ER-stressed HNSCC cell derived exosomes on vascular endothelial cells. To address this gap, herein, systemic research
was conducted including isolation and characterization of ER-stressed HNSCC cell (HN4 cell line as an in vitro model) derived
exosomes, identification of regulatory exosomal miRNAs, target exploration and downstream signaling pathway investigation
of exosomal miRNAs in human umbilical vein endothelial cell (HUVEC). ER-stressed HN4 cell-derived exosomes inhibited
angiogenesis and migration of HUVEC cells in vitro. Furthermore, RNA-seq analysis demonstrated that miR-424-5p was highly
upregulated in ER-stressed HN4 cell-derived exosomes. Through matrigel tube formation and transwell assays of HUVEC
cells, miR-424-5p displayed great capabilities on inhibiting angiogenesis and migration. Finally, based on western blot and
luciferase reporter, it was demonstrated that LAMCI is the target of miR-424-5p which could inhibit the angiogenesis and
migration of HUVEC cells by repressing the LAMCI-mediated Wnt/B-catenin signaling pathway. ER-stressed HNSCC cell-
induced exosomal miR-424-5p inhibits angiogenesis and migration of HUVEC cells through LAMC|-mediated Wnt/3-catenin
signaling pathway. This study offers a new insight for understanding the complicated mechanism behind ER-stress induced
anti-angiogenesis of HNSCC.
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Introduction

Head and neck tumors are the sixth largest malignancy
worldwide!. More than 90% of them belong to head and neck
squamous cell carcinoma (HNSCC), with more than 890,000
new cases and 450,000 deaths every year?. Despite the thriv-
ing advancement of diagnostic technology and treatment
schemes, over 65% of head and neck cancer patients are pro-
foundly jeopardized by recurrence or metastasis®. The 5-year
survival rate has remained under 50% for the past 30 years,
while 65% of head and neck cancer patients without metas-
tasis can survive for more than 5 years®.

Like most solid tumors, such as breast cancer and hepato-
cellular carcinoma, there are two main ways accounting for
distal metastasis of HNSCC: one is to directly enter the blood
circulation system, and the other is to enter the lymph nodes
near the primary focus®. However, as to HNSCC metastasis,
present study has mainly focused on Ilymph nodes.
Angiogenesis is involved with the migration, proliferation
and differentiation of vascular endothelial cells®. Additionally,
angiogenesis plays a critical role in facilitating the metastasis
of tumor cells to distant organs as blood vessels support the
tumor growth by supplying nutrients and oxygen. But it
remains a misty question for HNSCC blood metastasis.
Hence, it is urgent to explore HNSCC cell impacts on intra-
tumoral vessels.

It is well established that endoplasmic reticulum (ER)
stress is closely related to angiogenesis’. The ER in cells is
extremely sensitive to the external environments under
abnormal conditions such as nutrient deficiency, hypoxia and
oxidative stress, and proteins are not properly folded or con-
formed in the endoplasmic reticulum®®. ER stress is con-
trolled by several ER stress-related proteins, including
protein kinase R-like ER kinase (PERK), activating tran-
scription factor 6 (ATF6), glucose-regulated protein 78
(GRP78) and inositol-requiring enzyme 1 (IRE1)!°. It has
been reported ER stress is involved in the occurrence, devel-
opment and metastasis of various tumors'!. However, recent
studies demonstrated the inhibitory influence of tumor ER
on angiogenesis and metastasis. This discrepancy makes it
necessary to investigate whether ER stress could play some
role in blood metastasis in HNSCC.

When referring to blood metastasis, the relationship
between tumor cells and vascular endothelial cells is inevita-
bly under consideration. It has been universally known exo-
somes are the key bridge of cell-cell interaction. Exosomes
refer to nano-sized lipid bilayer membrane vesicles (30-200
nm), acting as a significant role in the local and systemic
intercellular communication by transferring their cargo (e.g.,
mRNAs, proteins, DNA, and microRNAs [miRNAs]) to
adjacent or distant cells'>!3, Specific miRNAs perform as
key regulators in the inflammation, tumorigenesis, and can-
cer development when transported by exosomes!'4!¢. Recent
studies have suggested that tumor cells can have various
effects on the surrounding HUVEC cells through exosomal

miRNAs. For example, nasopharyngeal carcinoma cell
induced exosomal miR-9 inhibits angiogenesis by targeting
MDK and regulating PDK/AKT pathway!”. However, under
ER stress, it has not been reported about the relationship
between HNSCC cell-derived exosomes and vascular endo-
thelial cells.

In our study, it is the first time to demonstrate that, under
ER stress, HNSCC cell-derived exosomal miR-424-5p con-
tributes to inhibiting the angiogenesis and migration of
HUVEC cells via targeting LAMC1-mediated Wnt/B-catenin
signaling pathway. These findings offer new understanding
into the effect of exosomal miRNAs secreted by HNSCC
cells in carcinogenesis.

Materials and Methods

Cell Lines and Cell Culture

The HNSCC cell line was purchased from Cell Bank of the
Chinese Academy of Sciences, Shanghai. HN4 cells were
cultivated in DEME/F12 Medium (Gibco, Grand Island, NY,
USA) with 10% fetal bovine serum (FBS), 100 U/ml penicil-
lin and 100 pg/mL streptomycin (Invitrogen, Carlsbad, CA,
USA).HUVEC cells was acquired from China Pharmaceutical
University (Nanjing, China). HUVEC cells were cultivated
in RPMI 1640 medium with 10% FBS (Gibco) and water-
saturated air. The two cell lines were incubated in a humid
environment with 5% CO, at 37°C.

Exosome Isolation and Identification

Exosomes were isolated from the supernatant of HN4 by
using Total Exosome Isolation Reagent (Invitrogen). Shortly,
in order to remove cell debris, acclimatized supernatant was
centrifuged 2000 X g for 30 min. Then the supernatant was
added with Total Exosome Isolation reagent, and then incu-
bated at 4°C overnight. On the next day, the mixture was
centrifuged at 10,000 g for 60 min at room temperature.
Afterwards, exosomes were resuspended in PBS. Isolation of
exosomes from the supernatants was confirmed by nanopar-
ticle tracking analysis (NTA). The exosomes diluted in PBS
(25 pg/mL) was determined by an ELSZ-DN?2 zeta-potential
analyzer (Otsuka Electronics) to measure zeta potential val-
ues, according to the manufacturer’s instructions.

Constructing Library, Sequencing, and Analysis

Exosomal miRNA sequencing was performed by Capital Bio
Technology., LTD (Shanghai, China). Shortly, an estimated
0.1 pg of RNA was utilized to make a library by use of
NEBNext Multiplex Small RNA Library Prep Set for [llumina
(Illumina, San Diego, CA) as per the protocol. Libraries con-
structed before were at this point amplified and aligned
through HiSeq Rapid SBS Kit V2 (50 cycles) together with
HiSeq Rapid SR Cluster Kit V2 in the HiSeq 2500 system
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(Illumina). In order to confirm the identified miRNAs, the
sequences we acquired were used to compared with the
sequences in the database (miRBase). The relative amount of
miRNAs in this study was further standardized through the
following formula: RPM = (number of reads mapped to
miRNA/number of reads in clean data) X 1,000,000.
Association constants were calculated by Pearson formulae
(R? > 0.8). Cut-off thresholds of|log, (fold change)| = 1 and
FDR < 0.05 were applied to identify miRNAs which were
considered to be significantly differentially expressed.

Total RNA Purification and Quantitative Real-
Time PCR

In this study, total RNA extraction of maintained cells or fro-
zen tissues was implemented by TRIZOL reagent
(Invitrogen). After that, the PrimerScript™ reagent kit
(TaKaRa, Shiga, Japan) was usedto obtain cDNA. Then, we
implement SYBR Premix Ex Taq II (TaKaRa) to exert the
qRT-PCR following the manufacturer’s instructions. GAPDH
and U6 were used as the internal reference. All Primer
sequences were designed by RiboBio (Guangzhou, China).
Primer sequences of related genes for RT-qPCR:

ATF6: forward 5’-CCAGCAGAAAACCCGCATTC-3’ and reverse
5’-AACTTCCAGGCGAAGCGTAA-3’;

GRP78: forward 5>~ AACCCAGATGAGGCTGTAGCA-3’ and
reverse

5’-ACATCAAGCAGAACCAGGTCAC-3’;

B-catenin: forward 5’- TGACAAAACTGCTAAATGACGAGG
-3” and reverse

5’-CGCATGATAGCGTGTCTGGA-3’;

c-myc: forward 5°- CCACGAAACTTTGCCCATAG -3’ and
reverse

5’- TGCAAGGAGAGCCTTTCAGAG-3’;

Cyclin D1: forward 5’- TGTCCCACTCCTACGATACGC -3’
and reverse

5’- CAGCATCTCATA AACAGGTCACTA C-3’;
LAMCTI: forward 5'-ATTTCAATCAACCGCTCT-3’ and reverse
5’-GTTATGGACCTCCTTCGT -3’;

GAPDH: forward 5-GACGTAGGGAGTGAAGGTC-3’ and
reverse

5’-GAGAGTTCAGATGTTGATGG-3.”

Cell Transfection

In this study, HUVEC cells were performed with cell trans-
fection. Specific targeting LAMCI1 (si-LAMCI1),non-target
siRNA control (si-NC), miR-424-5p mimic, miR-424-5p
inhibitor and corresponding negative control used for this
experiment were all synthesized by the Gene Pharma (Gene
Pharma). Lipofectamin™2000 (Invitrogen) was applied in

the cell transfection experiment according to the manufac-
turer’s instructions.

In Vitro Matrigel Tube Formation Assay

HUVEC cells (2 X 10* cells per well) were seeded onto per
well of 96-well plate while the bottom of each well was
coated with 50 uL matrigel (Growth factor-enriched; BD
Biosciences, USA) and cultured for 12 h at 37°C in 5% CO,,.
Capillary-like structures were evident and counted using a
phase-contrast microscope and the networks formed by
HUVEC cells were quantified with ImagelJ software (NIH,
USA). Data are summarized as means = SD.

Transwell Assays

The HUVEC cells migration assay were exerted through
applying the transwell chambers (24 well, 8 um, Corning,
Corning, NY, USA). In migration assay, each chamber was
loaded with approximately 2.0 X 10* of HUVEC cells. After
incubation for 24 h, the bottom of the chambers were put in
4% paraformaldehyde for 30 min to fix and stained by 0.1%
crystal violet for 15 min (Beyotime, Shanghai, China). The
cells were observed, counted and photographed in five ran-
domly chosen fields under a microscope.

Protein Extraction and Western Blot

Western blot was performed as common methods. The pro-
tein of HUVEC cells was isolated in radioimmunoprecipita-
tion (RIPA) buffer supplemented with PMSF (Beyotime).
The protein were separated by using 10% SDS-PAGE gels
and immediately moved onto polyvinylidenedifluoride
membranes (PVDF; Millipore, Boston, MA, USA) via a wet
transfer method. Subsequently, these membranes were incu-
bated in specific antibodies at 4°C overnight. On the next
day, protein band visualization was implemented by expos-
ing to enhanced chemiluminescent (ECL) reagent after incu-
bated with secondary antibodies. GRP 78 antibodies (Abcam,
Cat No: ab21685), ATF 6 antibodies (Abcam, Cat No:
ab203119) and primary antibody: CD63, TSG-101, LAMCI,
B-catenin, c-myc, cyclin DI and GAPDH (Cell Signaling
Technology, Danvers, MA, USA).

Dual-Luciferase Reporter Detection

The wild type (Wt) sequences of LAMCI (LAMCI1-Wt)
including the speculative miR-424-5p binding site and the
matched mutant type (Mut) ones of LAMCI1 (LAMCI1-Mut)
containing the mutated seed regions of the miR-424-5p—bind-
ing site were designed and synthesized by Gene Pharma
(Gene Pharma). Subsequently, the pEX-3 vector inserted by
LAMCI1-Wt and LAMCI1-Mut, respectively, were named as
LAMCI-WT, LAMCI1-MUT. Then, HUVEC cells were co-
transfected by LAMC1-WT, LAMC1-MUT with miR-424-5p
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mimic or negative control (NC) by lipofectamine™2000
(Invitrogen) respectively. The transected cells were harvested
and lysed to be used in luciferase assay after incubated for
48 h. The Dual-Luciferase Reporter Assay System (Promega)
was implemented to test luciferase activities of cells.

Statistical Analysis

ALL experimental data analyses were performed using
GraphPad Prism 7.0 and SPSS software (version 22.0, SPSS
Inc, Chicago, IL, USA). The significant differences among
groups were compared through using analysis of variance
(ANOVA, with Sidak post hoc test) or the Student’s #-test. In
this study, P value less than 0.05 was considered to be statis-
tically significant.

Results

ER-Stressed HN4 Cell-Derived Exosome Inhibits
Angiogenesis and Migration of HUVEC Cells in
Vitro

To determine if ER stress is upregulated in HNSCC patients,
we compared the difference between the expression of ER
stress-related proteins in surgically resected HNSCC tissues
and paracarcinoma tissues by Western Blot and qPCR. These
assays verified that a much higher expression of ER stress-
related indicators (GRP78 and ATF6) in tumor tissues than in
para-carcinoma tissues (Fig. 1A—C). It has been reported that
IFN-y could induce endoplasmic reticulum stress in cells'®!°.
To investigate how ER stress modulates the angiogenesis and
migration of HUVEC cells in vitro, HN4 cells were cultured
with IFN-y (500 U/ml for 48 h) to induce ER stress and then
the expression of ER stressed related marker were determined
by Western Blot. The results showed that IFN-y inducedHN4
cell displayed significantly elevated GRP78 and ATF relative
to HN4 cell without IFN-y treatment (Fig. 1D, E). Since exo-
somes are important communicators between different cell
types, to systemically investigate HNSCC derived exosomes
on angiogenesis, we derived exosomes from HN4 cells
(Exo-ER) treated with or without IFN-y (defined as Exo-
NOR). Western blot analysis demonstrated the expression of
two exosomal-marker proteins CD63 and tumor susceptibil-
ity gene (TSG)-101 indicating successful extraction of exo-
somes (Fig. 1F). The purity of these exosomes was confirmed
by nanoparticle tracking analysis (NTA). The NTA image of
Ex0-NOR or Exo-ER confirmed the expected size range of
30-200 nm in diameter (Fig. 1G), and the zeta potential con-
firmed the stability of the exosome particles in suspension
(Fig. 1H). Then, we collected the exosomes of NH4 cells to
verify whether it has an impact on angiogenesis and migra-
tion of HUVEC cells. The angiogenesis and migration ability
of HUVEC cells were suppressed by Exo-ER compared to
Exo-NOR (Fig. 11, J). Thus, we found ER-stressed HN4

cell-derived exosome inhibited the angiogenesis and migra-
tion of HUVEC cells in vitro.

ER-Stressed HN4 Cell-Derived Exosomal miR-
424-5p Inhibit Angiogenesis and Migration of
HUVEC Cells in Vitro

To detect factors concerning HN4 cell-derived exosomes
inhibited angiogenesis and migration of HUVEC cells, we
subsequently performed comprehensive miRNA sequencing
using RNA from Exo-ER (n = 3) and Exo-NOR (n = 3). The
data indicated a strong dysregulation in the expression of
miRNAs in Exo-ER. Remarkably a number of miRNAs,
including miR-99a-5p, miR-99b-5p, miR-424-5p, miR-
96-5p and miR-26a-5p, were highly upregulated in Exo-ER
compared to Exo-NOR (Fig. 2A—C). TagMan probe-based
gqRT-PCR assays additionally indicated miR-424-5p was
identified as the mostly upregulated miRNAs in Exo-ER
(Fig. 2D). Next, we assessed the amount of miR-424-5p in
HUVEC cells cocultured with Exo-ER or Exo-NOR. The
results showed that Exo-ER up-regulated the expression of
miR-424-5p in HUVEC cells compared to control cells (Fig.
2E). To further evaluate the role of miR-424-5p in the inhibi-
tion of angiogenesis and migration in HUVEC cells, we
transfected miR-424-5p mimics or inhibitor into HUVEC
cells to over-express or knockdown the levels of miR-424-5p
(Fig. 2F). The ability of angiogenesis and migration was sig-
nificantly enhanced by miR-424-5p inhibitor in HUVEC
cells (Fig. 2G, I). Adversely, the over-expression of miR-
424-5p inhibited the angiogenesis and migration in HUVEC
cells by matrigel tube formation assay and transwell assays
(Fig. 2H, J). Overall, these data revealed exosomes secreted
from ER-stressed HN4 cell could increase the expression of
miR-424-5p to prevent the angiogenesis and migration of
HUVEC cells in vitro.

LAMCI Is the Target of miR-424-5p

miRNA is through specific complementary pairing with the
base of the target mRNA, causing the target mRNA degrada-
tion and translational repression’’. To deeply reveal the
potential downstream molecule target of miR-424-5p, bioin-
formatics software was used to predict that LACMI1 is the
target gene of miR-424-5p. And its combination with miR-
424-5p is shown in TargetScan database and the related score
is very high. In the 3' UTR of LAMCI, the binding sites for
miR-424-5p were highly conserved among seven species.
The results of the dual-luciferase reporter analysis indicated
that miR-424-5p could interact with the 3' UTR sequence of
wild-type LAMCI to suppress luciferase activity. However,
no decrease was observed in the mutant LAMCI 3’UTR
reporter (Fig. 3A, B). Furthermore, to investigate the relation
between miR-424-5p and LACM1, the LACM1 expression
levels were measured in the HUVEC cells with the
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Figure |. ER-stressed HN4 cell-derived exosome inhibits angiogenesis and migration of HUVEC in vitro. (A, C) Relative expression

of GRP78 and ATFé6 in three pair samples of HNSCC and matched adjacent normal tissues by Western blotting and qRT-PCR. (B)
Quantification of protein levels of ATF6 and GRP78 in (A). (D) Protein expression of GRP78 and ATF6 in HN4 cultured with or without
IFN-y. (E) Quantification of protein levels of ATF6 and GRP78 in (D). (F) Analysis of the presence of the exosomal markers TSG101

and CDé63 by Western blotting. (G) Nanoparticle tracking analysis of Exo-NOR (exosomes from HN4 cells treated without IFN-y) or
Exo-ER (exosomes from HN4 cells treated with IFN-y) confirming the expected size range of 30-200 nm in diameter. (H) Zeta potential
measurements for the Exo-NOR or Exo-ER. (I) HUVEC cultures were treated with Exo-NOR or Exo-ER for 24 h and then subjected to
in vitro tube formation assay, scale bar: 100 um. (J) The cell migration abilities of HUVEC cells treated with Exo-NOR or Exo-ER were
determined by transwell assays. The data are presented as the mean * SD, analyzed using Student’s t-test or analysis of variance. ER:
endoplasmic reticulum; HUVEC: human umbilical vein endothelial cell; QRT-PCR: quantitative real-time polymerase chain reaction; IFN-y:

interferon-y; NOR: normal; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; HNSCC: head and neck squamous cell carcinoma.
*P < 0.05; *¥*P < 0.01; ***P < 0.001.

overexpression or knockdown of miR-424-5p expression  its expression was lower by the overexpression of miR-
respectively. The results showed that the expression of  424-5p (Fig. 3C, D). Collectively, these data confirmed that
LACMI1 was higher by the knockdown of miR-424-5p and ~ LAMCI1 was indeed the target of miR-424-5p.
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Figure 2. ER-stressed HN4 cell-derived exosomal miR-424-5p inhibits angiogenesis and migration of HUVEC in vitro. (A) Heat-maps
showing the relative expression of miRNAs in exosomes isolated from Exo-NOR or Exo-ER. (B) Heat-maps analysis of differential
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cells treated with Exo-NOR or Exo-ER. (F) The relative expression of miR-424-5p in HUVEC cells transfected with miR- 424-5p

mimics or inhibitor was determined by qRT-PCR. (G—J) Tube formation tests and cell migration abilities of HUVEC cells transfected
with miR-424-5p mimics or inhibitor, scale bar: 100um. The data are presented as the mean = SD, analyzed using Student’s t-test or
analysis of variance. ER: endoplasmic reticulum; HUVEC: human umbilical vein endothelial cell; NOR: normal; FC: fold change; qQRT-PCR:
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ER-Stressed HN4 Cell-Derived Exosomal miR-
424-5p Inhibits the Angiogenesis and Migration
of HUVEC Cells Depending on LAMCI in Vitro

To explore whether LAMCI, an already confirmed target of
miR-424-5p, also participates in miR-424-5p-mediated

inhibition of angiogenesis and migration in HUVEC cells, we
knocked down LAMC1 in HUVEC cells by the transfection of
si-LAMCI (Fig. 3E). The knockdown of LAMCI1 expression
led to the significant inhibition of angiogenesis and migration
of HUVEC cells compared to the negative control group (Fig.
3F, G). Studies have shown that Wnt/B-catenin pathway plays
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an important role in angiogenesis. To explore whether Wnt/[3-
catenin pathway is involved in the process of inhibiting the
angiogenesis and migration of HUVEC cells induced by miR-
424-5p/LAMCI, we co-transfected miR-424-5p inhibitor and
si-LAMCI into the HUVEC cells. As shown in Fig. 4A, B,
silencing LAMCI inhibited Wnt/B-catenin pathway. Western
Blot demonstrated non-active-f-catenin decreased and the
expression of related proteins (c-myc and cyclin D1) of Wnt/j3-
catenin pathway also decreased after LAMCI1 knockdown.

ar: 100 um. The data are presented as the mean = SD, analyzed
| vein endothelial cell; WT: wild type; MUT: mutant type; gRT-
raldehyde-3-phosphate dehydrogenase; NC: negative control. *P <

Moreover, downregulated LAMCI, non-active-f-catenin,
c-myc and cyclin D1 expression after si-LAMCI treatment
could be reversed by the treatment with miR-424-5p inhibitor
in HUVEC cells (Fig. 4A, B). In the rescue experiment, the
enhancement of angiogenesis and migration of HUVEC cells
induced by miR-424-5p inhibitor was reversed by si-LAMCI1
after co-transfection of miR-424-5p inhibitor and si-LAMCI1
in HUVEC cells (Fig. 4C—F). Overall, the above experiments
showed that ER-stressed HN4 cell-derived exosomal
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Figure 4. ER-stressed HN4 cell-derived exosomal miR-424-5p inhibits angiogenesis and migration of HUVEC depending on LAMCI in
vitro. (A) Protein expression of LAMCI, 3-catenin, non-active-f3-catenin, c-myc and cyclin DI in HUVEC cells transfected with inhibitor
negative control (anti-NC), miR-424-5p inhibitor (antimiR- 424-5p), si-LAMCI negative control (si-NC) or si-LAMCI. (B) Relative
expression of LAMCI, 3-catenin, c-myc and cyclin DI in HUVEC cells after treatment as in (A) by qRT-PCR. (C—F) Tube formation
tests and cell migration abilities of HUVEC cells after treatment as in (A), scale bar: 100 um. The data are presented as the mean * SD,
analyzed using Student’s t-test or analysis of variance. ER: endoplasmic reticulum; HUVEC: human umbilical vein endothelial cell; NC:
negative control; QRT-PCR: quantitative real-time polymerase chain reaction; GAPDH: glyceraldehyde-3-phosphate dehydrogenase. *P <
0.05; **P < 0.01; ***P < 0.001.

miR-424-5p inhibited angiogenesis and migration of HUVEC Discussion

cells by repressing the LAMC1-mediated Wnt/B-catenin sig- ER stress is closely correlated with human diseases?'.
naling pathway. Especially in tumors, ER stress exerts an essential role in the
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occurrence, development and metastasis of tumor??. Besides
variously affecting tumor cells themselves, ER stress also
has corresponding effects on surrounding cells through inter-
cellular effects®. For example, in prostate cancer, ER stress
causes the secretion of tumor suppressor (PAWR) into the
extracellular space, triggering the apoptosis of nearby cancer
cells**. According to recent researches, Kanemoto et al®’
reported that ER stress promoted exosome release in IREla
and PERK-dependent manners. This means that ER stress
strengthens the production and release of exosomes, which
improves the ability of exosomes to interact between cells. In
tumors, ER stress can regulate the crosstalking between cells
through exosomes. For example, ER stress-induced exo-
somal miR-27a-3p promotes immune escape in breast cancer
via regulating Programmed Death Ligand 1 (PD-L1) expres-
sion in macrophages®. Additionally, ER stress causes liver
cancer cells to release exosomal miR-23a-3p and upregulate
PD-L1 expression in macrophages?’. Interestingly, we found
that ER-stressed HN4 cell-derived exosome could mediate
the inhibition of angiogenesis and migration in HUVEC cells
in vitro. This further shows that transmission through exo-
somes is indeed one way for ER stress to regulate surround-
ing cells in tumors.

It is well known that ER stress is closely related to angio-
genesis and invasion®®. Previous studies have revealed that
ER stress could induce angiogenesis by PERK, IREIl, and
ATF6 hypoxic conditions. For example, Blais et al*® sug-
gested that PERK-ATF4 arm of the UPR directly upregulates
vascular endothelial growth factor (VEGF) while downregu-
lating the inhibitors of angiogenesis. However, Maamoun
et al’® mentioned ER stress could impair the angiogenic
capacity of HUVEC cells, and Lin et al®' found exosomes
derived from HeLa cells break down vascular integrity by
triggering ER stress in endothelial cells. These suggest ER
stress could also inhibit angiogenesis. Evidence suggests that
ER stress-generated extracellular vesicles self-perpetuate ER
stress and mediate endothelial cell dysfunction independently
of cell survival®?, In addition to directly regulating vascular
endothelial cells, ER stress could use a significant approach
to mediate them through tumor cell-derived exosomes. In our
study, we also found ER-stressed HN4 cell-derived exosomal
miR-424-5p inhibits the angiogenesis and migration of
HUVEC cells. Moreover, ER stress exerts its effect on
HUVEC cells through HN4-derived exosomes and internal
miRNAs. We firstly determined exosomes from ER-stressed
HN4 cells could inhibit the angiogenesis and migration of
HUVEC cells. Then we further determined, miR-424-5p in
exosomes plays a regulatory role on HUVEC cells.

During the past decades, more and more evidence accu-
mulated implicate miRNAs in the pathogenesis of many
human diseases®’. Changes in miRNA expression contribute
to the cell transformation, tumorigenesis and angiogenesis>*.
MiR-424-5p has been reported in various tumors. Most inter-
estingly, according to previous reports, miR-424-5p could

suppress tumor angiogenesis. In hepatocellular carcinoma,
miR-424-5p could regulate cell cycle and further inhibit the
proliferation of HCC cells by targeting E2F7%. In colorectal
cancer, FENDRR Sponges miR-424-5p to suppress the
cell proliferation, migration and invasion®®. In addition,
MYLK-ASI facilitates tumor progression and angiogenesis
by targeting miR-424-5p/E2F7 axis in hepatocyte’”*. Our
study showed that miR-424-5p has a negative effect on
HUVEC cells, consistent with previous findings. Further
investigation is needed to uncover the potential downstream
target and mechanism of miR-424-5pin anti-angiogenesis
and anti-migration.

Nextly, we further found LAMC1 was the target of miR-
424-5p. LAMCI encodes laminin y1 chain, a protein essen-
tial for assembly of basement membrane. Laminins acted as
a signal molecule in the tissue development, tumor cell inva-
sion and metastasis’®. Recent evidence has shown that
LAMCI could promote the angiogenesis and progression of
tumors***!. Similarly, our results revealed that miR-424-5p-
induced LAMCI1 inhibition could suppress the angiogenesis
and migration of HUVEC cells. It has been reported that the
Whnt/B-catenin pathway can induce vascular endothelial
growth factor to promote angiogenesis®’. In the classic
Whnt/B-catenin pathway, B-catenin accumulates in the cyto-
plasmic and enters into nucleus, thus regulating the down-
stream genes expression, which plays an important regulatory
role in HUVEC cells®. In our study, the miR-424-5p inhibi-
tor could reverse si-LAMCI induced repression of -catenin
expression. Furthermore, miR-424-5p could inhibit the
angiogenesis and migration of HUVEC cells by repressing
the LAMC1-mediated Wnt/B-catenin signaling pathway.

These results established that ER-stressed HN4 cell-
derived exosome inhibited the angiogenesis and migration of
HUVEC cells in vitro. miR-424-5p is the main component in
exosomes. Moreover, we found that ER-stressed HN4exos-
derived miR-424-5p inhibited the angiogenesis and migration
of HUVEC cells depending on LAMCI-mediated Wnt/p3-
catenin signaling pathway in vitro. The present study revealed
that LAMC1 was a direct target of miR-424-5p and the loss of
the LAMCI repressed Wnt/B-catenin signaling pathway.
Taken together, the results of our study showed that exosomes
derived from ER-stressed HN4 transferring with miR-424-5p
inhibit angiogenesis and migration of HUVEC cells via the
downregulation of LAMCI and inactivation of the Wnt/B-
catenin signaling pathway.

Author Contributions

Each author has made an important scientific contribution to the
study and has assisted with the drafting or revising of the
manuscript.

Ethical Approval

Ethical approval was given by the Affiliated Stomatological
Hospital of Nanjing Medical University, Nanjing, China.



10

Cell Transplantation

Statement of Human and Animal Rights

All procedures in this study were conducted in accordance with the
Affiliated Stomatological Hospital of Nanjing Medical University,
Nanjing, China.

Statement of Informed Consent

Written informed consent was obtained from the patients for their
anonymized information to be published in this article.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article: This
work was supported by the Nature Science Foundation of Jiangsu
Province (grants no BK20180669), educational research project of
the Stomatological College of Nanjing Medical University
(JX2019Y09), educational research project of Nanjing Medical
University (2021ZC061), and the Health Committee of Jiangsu
Province (grants no M2020003).

ORCID iDs

Zeyu Wang
Yi Zhong
Hongming Du

https://orcid.org/0000-0001-7314-7888
https://orcid.org/0000-0002-1411-2711
https://orcid.org/0000-0002-0909-0773

Supplemental Material

Supplemental material for this article is available online.

References

1. Obacz J, Avril T, Rubio-Patifio C, Bossowski JP, Igbaria A,
Ricci JE, Chevet E. Regulation of tumor-stroma interactions by
the unfolded protein response. FEBS J. 2019;286(2):279-96.

2. Hetz C, Axten JM, Patterson JB. Pharmacological targeting
of the unfolded protein response for disease intervention. Nat
Chem Biol. 2019;15(8):764-75.

3. Ojha R, Amaravadi RK. Targeting the unfolded protein
response in cancer. Pharmacol Res. 2017;120:258—-66.

4. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I,
Jemal A, Bray F. Global cancer statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers
in 185 countries. CA Cancer J Clin. 2021;71(3):209-49.

5. Limia CM, Sauzay C, Urra H, Hetz C, Chevet E, Avril T.
Emerging roles of the endoplasmic reticulum associated
unfolded protein response in cancer cell migration and inva-
sion. Cancers (Basel). 2019;11(5):631.

6. Leemans CR, Snijders PJF, Brakenhoff RH. The molecu-
lar landscape of head and neck cancer. Nat Rev Cancer.
2018;18(5):269-82.

7. Almanza A, Carlesso A, Chintha C, Creedican S, Doultsinos
D, Leuzzi B, Luis A, McCarthy N, Montibeller L, More S,

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

Papaioannou A, et al. Endoplasmic reticulum stress signal-
ling—from basic mechanisms to clinical applications. FEBS J.
2019;286(2):241-78.

Oakes SA, Papa FR. The role of endoplasmic reticulum stress
in human pathology. Annu Rev Pathol. 2015;10:173-94.
Corazzari M, Gagliardi M, Fimia GM, Piacentini M.
Endoplasmic reticulum stress, unfolded protein response, and
cancer cell fate. Front Oncol. 2017;7:78.

Borok Z, Horie M, Flodby P, Wang H, Liu Y, Ganesh S, Firth
AL, Minoo P, Li C, Beers MF, Lee AS, et al. Grp78 loss in epi-
thelial progenitors reveals an age-linked role for endoplasmic
reticulum stress in pulmonary fibrosis. Am J Respircrit Care
Med. 2020;201(2):198-211.

Cubillos-Ruiz JR, Bettigole SE, Glimcher LH. Tumorigenic
and immunosuppressive effects of endoplasmic reticulum
stress in cancer. Cell. 2017;168(4):692—706.

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall
JO. Exosome-mediated transfer of mRNAs and microRNAs is
anovel mechanism of genetic exchange between cells. Nat Cell
Biol. 2007;9(6):654-59.

Mathieu M, Martin-Jaular L, Lavieu G, Théry C. Specificities
of secretion and uptake of exosomes and other extracellu-
lar vesicles for cell-to-cell communication. Nat Cell Biol.
2019;21(1):9-17.

Thomou T, Mori MA, Dreyfuss JM, Konishi M, Sakaguchi
M, Wolfrum C, Rao TN, Winnay JN, Garcia-Martin R,
Grinspoon SK, Gorden P, et al. Adipose-derived circulating
miRNAs regulate gene expression in other tissues. Nature.
2017;542(7642):450-55.

Ying W, Riopel M, Bandyopadhyay G, Dong Y, Birmingham
A, Seo JB, Ofrecio JM, Wollam J, Hernandez-Carretero A, Fu
W, Li P, et al. Adipose tissue macrophage-derived exosomal
miRNAs can modulate in vivo and in vitro insulin sensitivity.
Cell. 2017;171(2):372-384.e12.

YinZ,Ma T, Huang B, Lin L, Zhou Y, Yan J, Zou Y, Chen S.
Macrophage-derived exosomal microRNA-501-3p promotes
progression of pancreatic ductal adenocarcinoma through
the TGFBR3-mediated TGF-f signaling pathway. J Expclin
Cancer Res. 2019;38(1):310.

Lu J, Liu QH, Wang F, Tan JJ, Deng YQ, Peng XH, Liu X,
Zhang B, Xu X, Li XP. Exosomal miR-9 inhibits angiogenesis
by targeting MDK and regulating PDK/AKT pathway in naso-
pharyngeal carcinoma. J Expclin Cancer Res. 2018;37(1):147.
Brozzi F, Nardelli TR, Lopes M, Millard I, Barthson J, Igoillo-
Esteve M, Grieco FA, Villate O, Oliveira JM, Casimir M,
Bugliani M, et al. Cytokines induce endoplasmic reticulum
stress in human, rat and mouse beta cells via different mecha-
nisms. Diabetologia. 2015;58(10):2307-16.

Fang C, Weng T, Hu S, Yuan Z, Xiong H, Huang B, Cai Y,
Li L, Fu X. IFN-y-induced ER stress impairs autophagy and
triggers apoptosis in lung cancer cells. Oncoimmunology.
2021;10(1):1962591.

Gomes CC, de Sousa SF, Gomez RS. MicroRNAs: small mol-
ecules with a potentially role in oral squamous cell carcinoma.
Curr Pharm Des. 2013;19(7):1285-91.

Cao SS, Luo KL, Shi L. Endoplasmic reticulum stress inter-
acts with inflammation in human diseases. J Cell Physiol.
2016;231(2):288-94.


https://orcid.org/0000-0001-7314-7888
https://orcid.org/0000-0002-1411-2711
https://orcid.org/0000-0002-0909-0773

Wang et al

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Moenner M, Pluquet O, Bouchecareilh M, Chevet E. Integrated
endoplasmic reticulum stress responses in cancer. Cancer Res.
2007;67(22):10631-34.

Zanetti M. Cell-extrinsic effects of the tumor unfolded pro-
tein response on myeloid cells and T cells. Ann N 'Y Acad Sci.
2013;1284:6-11.

Burikhanov R, Zhao Y, Goswami A, Qiu S, Schwarze SR,
Rangnekar VM. The tumor suppressor Par-4 activates an
extrinsic pathway for apoptosis. Cell. 2009;138(2):377-88.
Kanemoto S, Nitani R, Murakami T, Kaneko M, Asada R,
Matsuhisa K, Saito A, Imaizumi K. Multivesicular body
formation enhancement and exosome release during endo-
plasmic reticulum stress. Biochembiophys Res Commun.
2016;480(2):166-72.

Yao X, TuY, Xu Y, Guo Y, Yao F, Zhang X. Endoplasmic
reticulum stress-induced exosomal miR-27a-3p promotes
immune escape in breast cancer via regulating PD-L1 expres-
sion in macrophages. J Cell Mol Med. 2020;24(17):9560-73.
Liu J, Fan L, Yu H, Zhang J, He Y, Feng D, Wang F, Li X,
LiuQ, LiY, Guo Z, et al. Endoplasmic reticulum stress causes
liver cancer cells to release exosomal miR-23a-3p and up-reg-
ulate programmed death ligand 1 expression in macrophages.
Hepatology. 2019;70(1):241-58.

Drogat B, Auguste P, Nguyen DT, Bouchecareilh M, Pineau R,
Nalbantoglu J, Kaufman RJ, Chevet E, Bikfalvi A, Moenner
M. IREIl signaling is essential for ischemia-induced vas-
cular endothelial growth factor-A expression and contrib-
utes to angiogenesis and tumor growth in vivo. Cancer Res.
2007;67(14):6700-707.

Blais JD, Addison CL, Edge R, Falls T, Zhao H, Wary K,
Koumenis C, Harding HP, Ron D, Holcik M, Bell JC. Perk-
dependent translational regulation promotes tumor cell adapta-
tion and angiogenesis in response to hypoxic stress. Mol Cell
Biol. 2006;26(24):9517-32.

Maamoun H, Zachariah M, McVey JH, Green FR,
Agouni A. Hemeoxygenase (HO)-1 induction prevents
Endoplasmic Reticulum stress-mediated endothelial cell
death and impaired angiogenic capacity. Biochempharmacol.
2017;127:46-59.

Lin Y, Zhang C, Xiang P, Shen J, Sun W, Yu H. Exosomes
derived from HeLa cells break down vascular integrity by
triggering endoplasmic reticulum stress in endothelial cells. J
Extracell Vesicles. 2020;9(1):1722385.

Osman A, El-Gamal H, Pasha M, Zeidan A, Korashy
HM, Abdelsalam SS, Hasan M, Benameur T, Agouni A.
Endoplasmic reticulum (ER) stress-generated extracellular

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

vesicles (microparticles) self-perpetuate ER stress and medi-
ate endothelial cell dysfunction independently of cell survival.
Front Cardiovasc Med. 2020;7:584791.

Zhu HY, Bai WD, Li C, Zheng Z, Guan H, Liu JQ, Yang
XK, Han SC, Gao JX, Wang HT, Hu DH. Knockdown of
IncRNA-ATB suppresses autocrine secretion of TGF-32 by
targeting ZNF217 via miR-200c in keloid fibroblasts. Sci Rep.
2016;6:24728.

Li J, Wang J, Chen Y, Li S, Jin M, Wang H, Chen Z, Yu
W. LncRNA MALATI exerts oncogenic functions in lung
adenocarcinoma by targeting miR-204. Am J Cancer Res.
2016;6(5):1099-107.

Zhao Y, Zhu C, Chang Q, Peng P, Yang J, Liu C, Liu
Y, Chen X, Liu Y, Cheng R, Wu Y, et al. MiR-424-5p
regulates cell cycle and inhibits proliferation of hepato-
cellular carcinoma cells by targeting E2F7. PLoS ONE.
2020;15(11):¢0242179.

Cheng C, Li H, Zheng J, Xu J, Gao P, Wang J. FENDRR
sponges miR-424-5p to inhibit cell proliferation, migration
and invasion in colorectal cancer. Technol Cancer Res Treat.
2020;19:1533033820980102.

Teng F, Zhang JX, Chang QM, Wu XB, Tang WG, Wang JF,
Feng JF, Zhang ZP, Hu ZQ. LncRNA MYLK-ASI facilitates
tumor progression and angiogenesis by targeting miR-424-5p/
E2F7 axis and activating VEGFR-2 signaling pathway in hepa-
tocellular carcinoma. J Expclin Cancer Res. 2020;39(1):235.
Vimalraj S, Saravanan S, Raghunandhakumar S, Anuradha D.
Melatonin regulates tumor angiogenesis via miR-424-5p/VEGFA
signaling pathway in osteosarcoma. Life Sci. 2020;256:118011.
Patarroyo M, Tryggvason K, Virtanen I. Laminin isoforms in
tumor invasion, angiogenesis and metastasis. Semin Cancer
Biol. 2002;12(3):197-207.

Xu D, Guo YB, Zhang M, Sun YQ. The subsequent biological
effects of simulated microgravity on endothelial cell growth in
HUVECs. Chin J Traumatol. 2018;21(4):229-37.

Kunitomi H, Kobayashi Y, Wu RC, Takeda T, Tominaga E,
Banno K, Aoki D. LAMCI is a prognostic factor and a poten-
tial therapeutic target in endometrial cancer. J Gynecol Oncol.
2020;31(2):el 1.

Skurk C, Maatz H, Rocnik E, Bialik A, Force T, Walsh K.
Glycogen-Synthase Kinase3beta/beta-catenin axis promotes
angiogenesis through activation of vascular endothelial growth
factor signaling in endothelial cells. Circ Res. 2005;96(3):
308-18.

Goodwin AM, D’Amore PA. Wnt signaling in the vasculature.
Angiogenesis. 2002;5(1-2):1-9.



