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Exosomal miR-375-3p breaks vascular barrier and promotes small
cell lung cancer metastasis by targeting claudin-1
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Background: High incidence of metastasis is the main cause of death for small cell lung cancer (SCLC),
with its underlying molecular mechanisms remain unclear. Exosomal miRNAs are important regulators in
metastatic processes of various tumors, but their specific role in SCLC metastasis is unknown.

Methods: Small RNA sequencing followed by qRT-PCR verification was used to screen the potential
exosomal miRNAs that might mediate SCLC metastasis. SCLC-cell-secreted exosomes were labeled
followed by incubating with vascular endothelial cells to evaluate exosome-mediated communication
between SCLC cells and vascular endothelial cells. In vitro permeability assay and transendothelial migration
assay were applied to investigate the function of exosomal miRNA on vascular endothelial cells. In vivo
permeability assay and mouse lung colonization assay were used to verify the effects of exosomal miRNA
on vascular barriers and SCLC metastasis in vivo. Proteomics technology, dual-luciferase reporter system
together with rescue assays were conducted to excavate the downstream pathways of miRINA.

Results: Compared with 57 healthy volunteers and 46 non-small cell lung cancer patients, we identified that
the level of exosomal miR-375-3p in 126 SCLC patients was obviously higher and was positively correlated
with padent TNM stages. In vitro functional experiments found that SCLC-cell-secreted exosomal miR-375-3p
could increase the permeability of vascular endothelial cells and facilitate the transendothelial migration of
SCLC cells. In vivo, miR-375-3p-enriched exosomes also destroyed the barrier structure of lung, liver and
brain tissues of mice, leaded to an increased blood vessel permeability and finally promoted SCLC metastasis.
Mechanistically, SCLC-cell-secreted exosomal miR-375-3p was transferred to vascular endothelial cells. The
internalized miR-375-3p broke the tight junction of vascular endothelial cells by directedly binding to the
3’UTR of dght junction protein claudin-1 and negatively regulating its expression. Overexpressing claudin-1 in
vascular endothelial cells could rescue the broken vascular barriers induced by miR-375-3p.

Conclusions: Our findings underline the crucial roles of exosomal miRNA-375-3p in regulating vascular
endothelial barrier integrity and SCLC metastasis. miRNA-375-3p has a great potential to be a novel

biomarker monitoring metastasis and guiding clinical therapeutics of SCLC patients.
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Introduction

Small cell lung cancer (SCLC), an extremely malignant
and deadly subtype of lung cancer, is different from other
lung cancers in terms of pathology, molecular biology and
clinical manifestation (1,2). Accounting for nearly 15% of
lung cancer cases (3-6), SCLC is the sixth common cause
of cancer-related mortality (7) and leads to an estimated
250,000 deaths worldwide every year (1). The malignancy
and lethality of SCLC are attributed to its extremely
aggressive biological characteristics, especially its high
potential for metastasis (1,7,8). Among all patients with SCLC,
approximately two-thirds are diagnosed with advanced-stage
disease that is generally accompanied by distant metastasis
and has a five-year survival rate of <5% (9). Platinum plus
etoposide is the first choice for these SCLC patients and this
strategy has not changed in three decades (10); unfortunately,
most patients experience disease relapse and drug resistance
within 6 months (11). Uncovering the underlying molecular
mechanisms of SCLC metastasis will be of great value in
improving SCLC patient prognosis and is urgently needed
in the clinic.

Exosomes were small extracellular vesicles originated
from multivesicular endosome pathways and contain various
biological molecules, including DNA, mRNA, microRNA
(miRNA), proteins and lipids, which mediate intercellular
communications between cells and microenvironments (12).
Tumor-secreted exosomes have been widely documented to
act essential roles in primary tumor growth, distant metastasis,
neovascularization and escape from immunosurveillance
(13-16), and exosome-based drug delivery also showed
great potential in cancer therapeutics (17). miRINAs, one of
the major components packaged in exosomes, mediate the
destabilization or translation inhibition of mRINA by targeting
the 3’ untranslated regions (3’ UTRs) of mRNAs (18),
and upregulation or downregulation of miRNAs is closely
correlated with cancer development and evolution (19).
miRNAs loaded into exosomes are transferred from
secreted cells to exert their post-transcriptional regulation
of target genes in recipient cells to construct a comfortable
microenvironment supporting tumor survival and evolution
(20-22). Recently, the effects of tumor-secreted exosomal
miRNAs on vascular endothelial cells and their further
promoting roles in cancer metastasis have attracted
researchers’ attention, and many researches have shown that
tumor-secreted exosomal miRNAs can promote metastasis
by targeting vascular endothelial cells to induce angiogenesis
or increase vascular permeability (23-25). However, how
tumor-secreted exosomal miRNAs promote SCLC
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metastasis by affecting vascular endothelial cells remain
poorly understood.

Herein, we compared the plasma exosomal miRINA omics
of SCLC patients with or without metastasis and identified
a potential miRNA, miR-375-3p, which was obviously
upregulated in plasma exosomes of SCLC patients with
tumor metastasis. Recently, the dysregulation of exosomal
miR-375 and its important roles in tumor progression have
been widely demonstrated in other cancers. For example,
decreased exosomal miR-375-3p was detected in the plasma
of diffuse large B-cell lymphoma patients (26), while higher
expression of plasma miR-375 in prostate cancer has been
identified as compared to benign prostate hyperplasia (27)
and was related to poor overall survival (28). Combining
four tumor-associated exosomal miRNAs including miR-
375 could facilitate the early diagnosis of breast cancer
patients (29). Besides, exosomal miR-375 secreted by
Merkel cell carcinoma could induce fibroblast polarization
to construct a pro-tumorigenic microenvironment by
targeting RBPJ and p53 (30). Exosomal miR-375 derived
from umbilical cord mesenchymal stem cells could inhibit
esophageal squamous cell carcinoma progression via
inhibiting ENAH (31). These researches underlined the
importance of exosomal miR-375 in cell communications
and tumor progressions, but its role in SCLC has never
been explored.

In our study, we identified that SCLC-cell-derived miR-
375-3p was enwrapped into exosomes and internalized
by vascular endothelial cells to break vascular barriers by
inhibiting tight junction (TJ) protein claudin-1. Our results
uncovered the crucial roles of exosomal miR-375-3p in
regulating vascular endothelial barrier integrity and SCLC
metastasis, provided a potential candidate biomarker for the
management of SCLC patients in the future. We present
the following article in accordance with the ARRIVE
reporting checklist (available at https://dx.doi.org/10.21037/
tler-21-356).

Methods
Patient samples

Patient plasma or serum were obtained from SCLC or non-
small cell lung cancer (NSCLC) patients who accepted
surgery or tissue aspiration biopsy at the National Cancer
Center (NCC)/National Clinical Research Center for
Cancer/Cancer Hospital, Chinese Academy of Medical
Sciences and Peking Union Medical College. Normal
blood samples were obtained from healthy volunteers

Transl Lung Cancer Res 2021;10(7):3155-3172 | https://dx.doi.org/10.21037/tler-21-356


https://dx.doi.org/10.21037/tlcr-21-356
https://dx.doi.org/10.21037/tlcr-21-356

Translational Lung Cancer Research, Vol 10, No 7 July 2021

who received medical examination in Cancer Prevention
Department of NCC. Patients did not receive any
antitumor therapeutics before blood sample collection.
Medical ethics committee of NCC consented our
protocol (NO. 20/250-2446). The study was conducted in
accordance with the Declaration of Helsinki (as revised in
2013). Blood samples from three cohorts were included in
this study: (I) Cohort 1 was used to discover the exosomal
miRNAs that might play crucial roles in SCLC metastasis.
Four pooled plasma samples were collected from 5 SCLC
patients with distant metastasis (sample 1), 6 SCLC patients
without distant metastasis (sample 2) and 11 healthy
volunteers (samples 3 and 4). Exosomes were isolated from
the four pooled plasma samples to conduct small RNA
sequencing. (II) Cohort 2 included 57 SCLC patients and
25 healthy volunteers, from which plasma samples were
collected to verify the dysregulation of miR-375-3p. (I1I)
Cohort 3 included 69 SCLC patients, 46 NSCLC patients
and 32 normal volunteers, from which serum samples were
collected to evaluate the specificity of miR-375-3p in SCLC
metastasis. All blood samples were obtained between August
2008 and December 2019. Tables S1,S2 summarized the
relevant clinical data of the patients.

Small RNA sequencing and exosome isolation and
identification

The details were shown in the Supplementary Methods
(Appendix 1).

Exosome labeling and processing

To assess the uptake of SCLC-cell-secreted exosomal
miRNA in human umbilical vein vascular endothelial
cells (HUVEC:s), Cy3-labeled miR-375-3p mimics were
transfected into H446 cells, and the old culture medium
(CM) was refreshed with CM containing exosome-depleted
FBS for cell culture after 8 hours of transfection. Forty-
eight hours later, exosomes in CM were collected by
ultracentrifugation, followed by processing for PKHG67
(Sigma) labeling. After washing with PBS once to remove
excess dye, PKHG67-labeled exosomes were harvested by
ultracentrifugation and added to the CM of HUVECs:.
After incubation with PKH67-labeled exosomes for
12 hours, HUVECs were washed with PBS twice to
remove excess exosomes followed by cell fixation using
4% paraformaldehyde solution. Cell nucleus of HUVECs
were stained by DAPI and the uptake of exosomes in
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HUVECs was observed under a fluorescence microscope.
All steps were conducted in the dark to avoid fluorescence
quenching.

To transfer the mimics or inhibitors of miR-375-3p
directly into isolated exosomes, Exo-Fect Exosome
Transfection Reagent (System Biosciences, cat. NO.
EXFT20A-1) was applied following the instructions.

Cell lines and cell culture

The H446 (HTB-171) and H1048 (CRL-5853) SCLC
cell lines were purchased from the American Type
Culture Collection (ATCC) and were maintained in
ATCC recommended culture medium. HUVECs and
HEK293T cells were cultured in DMEM (Corning)
containing 10% FBS (Gibco) and 1% penicillin and
streptomycin (Gibco).

Cell transfection and green fluorescent protein (GFP)"
SCLC subline construction

The mimics of miR-375-3p (miR-375, 5'-UUUGUUCGU
UCGGCUCGCGUGA-3"), negative control mimics
(NC, 5'-UUCUCCGAACGUGUCACGUTT-3"), the
inhibitors of miR-375-3p (anti-miR-375, 5'-UCACGCG
AGCCGAACGAACAAA-3") and negative control inhibitors
(anti-NC, 5'-CAGUACUUUUGUGUAGUACAA-3")
were synthesized in GenePharma (Shanghai, China).
siRNAs targeting claudin-1 (siRNA-1, 5'-CAAUAGAA
UCGUUCAAGAATT-3"; siRNA-2, 5'-ACGAUGAG
GUGCAGAAGAUTT-3"; siRNA-3, 5'-GGGCAGAU
CCAGUGCAAAGTT-3"; siRNA-NC, 5'-UUCUCCGA
ACGUGUCACGUTT-3") were purchased from SyngenTech
(Beijing, China). Synthesized RNAs were transfected into
SCLC cells or HUVECs with Lipofectamine RNAIMAX
Transfection Reagent (Invitrogen) following the
instructions. Claudin-1-expressing plasmid and the negative
control plasmid were derived from Vigene Biosciences
(Shandong, China) and transfected into HUVECs with
Lipofectamine 3000 Transfection Reagent (Invitrogen).

To establish GFP* SCLC sublines, GFP-expressing
plasmids purchased from Obio Technology (Shanghai,
China) together with lentivirus packaging plasmids were
transfected into HEK293T cells by Lipofectamine 3000
Transfection Reagent. Sixty hours later, lentivirus was
harvested and concentrated to infect H446 cells. Infected

H446 cells were screened with puromycin for two weeks to
establish GFP* H446 sublines.
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RNA isolation and gRT-PCR

The details were shown in the Supplementary Methods
(Appendix 1). Table S3 summarized associated primers.

Western blotting and cell immunofluorescence

The details were shown in the Supplementary Methods
(Appendix 1).

Tube formation and cell migration assays

In tube formation assays, 2x10* HUVECs were added in
a 96-well plate per well which was pre-coated with 50 pL
Matrigel (Corning, cat. No. 354234) and cultured in a
humidified incubator for 3 hours. Three hours later, the
number of tubes formed per well was photographed under
a microscope. In cell migration assays, HUVECs were
digested from culture dishes, washed twice with medium
without FBS and seeded on upper chambers of 24-well
Transwell filters (Corning, 8 pm, cat. NO. 3422) at a
density of 3x10* cells/well. Culture medium with 20% FBS
was added to lower chambers. After migrating for 20 hours,
migrated HUVECs were fixed using methanol, stained
using Giemsa followed by photographing and counting.

In vitro permeability assay and transendothelial migration
assay

For the in vitro permeability assay, 3x10* HUVECs were
added to upper chambers of 24-well Transwell filters
(Corning, 0.4 pm, cat. NO. 3470) and treated with culture
medium or exosomes from SCLC cells for 48 hours
with HUVECs reaching 100% confluence. Fluorescein
isothiocyanate-dextran (FITC-dextran, Sigma, cat. NO
FD70S) was then added to upper chambers at 1 mg/mL.
Medium in the lower chamber was collected at 30 min, 60
and 90 min successively, to detect its fluorescence intensity
with 490 nm excitation and 520 nm emission.

For the transendothelial migration assay, 3x10* HUVECs
were seeded on upper chambers of 24-well Transwell filters
(Corning, 8 pm, cat. NO. 3422) and treated with SCLC-
cell-derived exosomes for 48 hours. After the vascular
endothelial cells reached 100% confluence, GFP* H446
cells were added in upper chambers (2x10* cells/well).
Culture medium containing 20% FBS was added to lower
chambers for transendothelial migration of GFP™ H446
cells. After twelve hours of migration, cells remaining on
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upper chambers were swabbed, cells migrated through
filters were counted under a fluorescence microscope.

Liquid chromatography-mass spectrometry/mass
spectrometry analysis (LC-MS/MS)

The details were shown in the Supplementary Methods
(Appendix 1).

Dual-luciferase reporter assay

Potential target sequences of miR-375-3p in 3' UTR
segment of claudin-1 together with mutant sequences were
synthesized and inserted into the pGL3.0 vector. HUVECs
were digested and placed in a 12-well plate one day before
transfection and allowed to reach 40-50% confluence.
Luciferase-expressing plasmids together with miR-375-3p
mimics or negative control were transfected to HUVECs
with Lipofectamine 3000 Transfection Reagent. Thirty-six
to 48 hours later, the transfected HUVECs were harvested
to determine the relative luciferase activity using Dual-
Luciferase Reporter Assay System (Promega).

Animal experiments

Animal experiments were performed under a project
license (NO. NCC2020A292) granted by Animal Care
and Use Committee of National Cancer Center/National
Clinical Research Center for Cancer/Cancer Hospital, in
compliance with institutional guidelines for the care and
use of animals. BALB/c nude mice (female, 5-week-old)
and NOD/SCID mice (female, 4-week-old) were obtained
from HFK Bioscience (Beijing, China) and fed in a specific-
pathogen-free environment.

For the in vivo permeability assays, a total of 24 BALB/c
nude mice were randomly and equally divided into 4 groups:
H446/NC-EXO, H446/miR-375-EXO, H1048/NC-
EXO, H1048/miR-375-EXO. miR-375-3p-overexpressed
exosomes (miR-375-EXO) or control exosomes (NC-EXO)
were intraperitoneally injected into BALB/c nude mice
twice a week. Two weeks later, exosome-treated mice were
injected with FITC-dextran (100 mg/kg) via the tail vein and
sacrificed after transcardiac perfusion for 2 hours. The lung,
liver and brain tissues of mice were removed and stored at
-80 °C to make frozen sections by embedding in Tissue-Teck
OCT compound (Sakura, Tokyo, Japan) for evaluating the
leakage of FITC-dextran under a confocal microscope.

For the metastasis assay, a total of 24 NOD/SCID mice
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were randomly divided into 4 groups, with 5 mice in H446/
NC-EXO group, 5 mice in H446/miR-375-EXO, 7 mice
in H1048/NC-EXO, and 7 mice in H1048/miR-375-EXO.
NOD/SCID mice were intraperitoneally injected with
miR-375-3p-overexpressing exosomes (miR-375-EXO)
or control exosomes (NC-EXO) twice a week for 2 weeks
followed by injection of 5x10° wild type H446 or H1048
cells via tail veins. One mouse in H1048/miR-375-EXO
group died while tail vein injecting. Two months later,
mice were sacrificed by carbon dioxide anesthetization, and
the lungs of the mice were removed for formalin fixation,
paraffin sectioning and hematoxylin-eosin (HE) staining.

Statistical analysis

We applied GraphPad Prism 6 software to conduct data
analysis. Student’s 7-test was performed in assessing the
differences between two groups while one-way ANOVA was
conducted among more than two groups. Chi-square test
was applied to evaluate relationships between miR-375-3p
and clinical characteristics. All quantitative results are

exhibited as the mean = SD.

Results
Exosomal miR-375-3p was upregulated in metastatic SCLC

To identify exosomal miRNAs that might promote SCLC
metastasis, four pooled plasma of SCLC patients with or
without metastasis or healthy volunteers (Table SI) were
collected to isolate exosomes, extract exosomal RNA
followed by small RNA sequencing. Exosomes isolated
from plasma showed a specific exosomal morphology under
transmission electron microscopy (TEM) (Figure 1A).
Most exosomes had a diameter of approximately 100 nm,
which was evaluated by nanoparticle tracking analysis
(NTA) (Figure 1B). Two exosome-specific proteins, CD9
and TSG101, and one exosome-negative protein calnexin
were detected in plasma exosomes by western blotting (WB)
(Figure 1C). The small RNA sequencing results were used
for differential expression analysis between SCLC patients
and healthy volunteers as well as between metastatic SCLC
and nonmetastatic SCLC. The most dysregulated miRINAs
are listed in Figure 1D,E, miR-375-3p was upregulated in
SCLC patients compared to healthy volunteers (Figure 1D)
and in metastatic SCLC compared to nonmetastatic SCLC
(Figure 1E). Considering that miR-375-3p was the most
abundant miRNA in the plasma of SCLC patients (Figure 1F)
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and its critical role in tumor progression has been reported
in other tumors, we speculated that exosomal miR-375-3p
might exert an important influence on the progress of
SCLC metastasis.

To validate the results of RNA sequencing, another two
groups of blood samples were used in this study (Table S2).
qRT-PCR verified the obvious upregulation of miR-375-3p
in plasma exosomes of 57 SCLC patients compared to that
of 25 healthy volunteers (Figure 1G). Subgroup analysis
found the upregulation of plasma exosomal miR-375-3p
was mainly enriched in stage IV SCLC patients who had
distant metastasis (Figure 1H). In concordance with the
plasma results, the expression of serum miR-375-3p was also
upregulated in 69 SCLC patients, especially in stage IV SCLC
patients, compared with 32 normal volunteers (Figure 11,7).
Interestingly, no variation of serum miR-375-3p was found
in 46 NSCLC patients, which indicated the potential specific
function of miR-375-3p in SCLC metastasis (Figure 11).
Moreover, clinical relevance analysis revealed the level of
exosomal miR-375-3p was statistically related to tumor size,
lymph node metastasis, distant metastasis and TINM stages
in SCLC patients (Tables 1,2).

SCLC-cell secreted exosomal miR-375-3p was delivered to
HUVECs

Growing evidence has shown that the miRNAs of
exosomes can promote metastasis by targeting vascular
endothelial cells to facilitate angiogenesis or induce
vascular permeability (23-25). Thus, we focused on vascular
endothelial cells to investigate whether exosomal miR-
375-3p could be transferred to endothelial cells to further
facilitate SCLC metastasis by influencing their biological
functions.

First, the level of miR-375-3p in several SCLC cells were
detected. H446 and H1048, which had a low endogenous
expression of miR-375-3p in both their cells and their cell-
secreted exosomes (Figure S1A and S1B), were chosen to
construct SCLC sublines with miR-375-3p overexpression.
SCLC-cell-secreted exosomes extracted from culture
medium were identified by TEM, NTA and WB
(Figure S1C,D,E). miR-375-3p mimics were transfected
to H446 and H1048 cells to upregulate miR-375-3p. qRT-
PCR confirmed the overexpression of miR-375-3p in both
cells and cell-secreted exosomes (Figure 24, Figure S2A).
Then, miR-375-3p-overexpressed exosomes (miR-375-EXO)
or negative control exosomes (NC-EXO) were incubated

with HUVECs. After incubation with miR-375-EXO,
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Figure 1 The level of exosomal miR-375-3p was obviously upregulated in SCLC patients. (A) Representative TEM images of plasma
exosomes of SCLC patients. (B) Diameter and concentration of plasma exosomes determined by NTA. (C) Detection of TSG101, CD9

and calnexin in plasma exosomes using western blotting. (D) Differentially expressed exosomal miRNAs in pooled plasma of SCLC patients

compared with healthy volunteers. (E) Differentially expressed exosomal miRNAs in pooled plasma of SCLC patients with metastasis

compared with whom without metastasis. (F) Average copies of exosomal miRNAs in four pooled plasma samples. (G,H) Relative expression

of plasma exosomal miR-375-3p in cohort 2. (IJ) Relative expression of serum miR-375-3p in cohort 3. SCLC, small cell lung cancer;

NSCLC, non-small cell lung cancer; N, normal; T, tumor; EXO, exosomes.

the expression of miR-375-3p was upregulated at 4 hours
and reached a peak at 12 hours in HUVECs (Figure 2B,
Figure S2B), with no changes in the level of pri-miR-375
(Figure 2C). Besides, the upregulated miR-375-3p in
HUVECs could be abrogated by pretreating exosomes
with the inhibitor of exosome internalization Annexin
V but could not be influenced by 5,6-dichloro-1-p-D-
ribofuranosylbenzimidazole (DRB), an inhibitor of RNA
transcription (Figure 2D). These results revealed that the
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*, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.

upregulated miR-375-3p in HUVECs was due to the uptake
of exosomes rather than the processing of pri-miRNA.

To visualize the delivery of exosomal miR-375-3p
directly, Cy3-labeled miR-375-3p mimics were transfected
into H446 cells followed by exosome isolation and PKHG67
labeling. Labeled exosomes were incubated with HUVECs
for 12 hours. The presence of HUVECs was examined
under a fluorescence microscope, and both the red
fluorescence of Cy3 and the green fluorescence of PKH67
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Table 1 The correlations of the plasma exosomal miR-375-3p level with SCLC clinical features in cohort 2
Clinical features Group Low miR-375-3p expression High miR-375-3p expression P value
Sex Female 12 10 0.5162
Male 16 19
Age <60 16 13 0.3525
=60 12 16
T T1-T2 20 6 0.0001***
T3-T4 8 23
N NO-N1 17 2 <0.00071***
N2-N3 11 27
M Mo 28 17 0.0001***
M1 0 12
Stage 111 15 2 0.0001***
n-1v 13 27
SCLC, small cell lung cancer; T, tumor; N, node; M, metastasis. ***, P<0.001; ****, P<0.0001.
Table 2 The correlations of the serum miR-375-3p level with SCLC clinical features in cohort 3
Clinical features Group Low miR-375-3p expression High miR-375-3p expression P value
Sex Female 6 8 0.5906
Male 28 27
Age <60 14 14 0.9207
=60 20 21
T T1-T2 19 9 0.0107*
T3-T4 15 26
N NO-N1 9 1 0.0053**
N2-N3 25 34
M MO 23 17 0.1085
M1 11 18
Stage I-1l 5 0 0.0185*
-1v 29 35

SCLC, small cell lung cancer; T, tumor; N, node; M, metastasis. *, P<0.05; **, P<0.01.

were observed in exosome-treated HUVECs (Figure 2E),
which confirmed that miR-375-3p could be delivered into
HUVECs via SCLC-cell-secreted exosomes.

Exosomal miR-375-3p increased vascular permeability
and promoted SCLC cell transendotbelial migration in vitro

To figure out the influences of miR-375-3p on HUVEC:,

© Translational Lung Cancer Research. All rights reserved.

we transfected miR-375-3p mimics (miR-375) or negative
control mimics (NC) into HUVECs and explored their
effects on the biological functions of HUVECs. The
upregulation of miR-375-3p in HUVEC: after transfection
with miR-375 was validated by qRT-PCR (Figure S3A).
Interestingly, compared with the NC group, HUVECs
transfected with miR-375 showed no alterations in cell
migration (Figure S3B) but had decreased tube formation
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capacity (Figure S3C) and prominently increased cell
permeability (Figure S3D), which might facilitate the
invasion of tumor cells. Transendothelial migration assays
confirmed that more SCLC cells migrated through miR-
375-transfected HUVEC monolayers than NC-transfected
HUVEC monolayers (Figure S3E). Thus, we speculated
that miR-375-3p might facilitate SCLC metastasis by
broking the vascular endothelial barriers rather than
affecting angiogenesis.

We then treated HUVECs with culture medium (CM)

© Translational Lung Cancer Research. All rights reserved.

or exosomes (EXO) obtained from miR-375- or NC-
transfected H446 or H1048 cells to evaluate their influence
on vascular endothelial barriers. As expected, compared
with the negative control groups (NC-CM or NC-EXO),
miR-375-3p-overexpressed CM or exosomes (miR-375-
CM, miR-375-EXO) induced the leakage of monolayer
vascular endothelial cells, and the increased permeability
could be rescued by pretreating exosomes with Annexin
V (Figure 34,B and Figure S4A,B). Pre-transfecting
HUVECs with the inhibitors of miR-375-3p (anti-
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miR-375) also reversed the increased permeability induced
by miR-375-EXO (Figure 3C and Figure S4C). Moreover,
transendothelial migration assay showed that more SCLC
cells migrated through miR-375-EXO-treated HUVEC
monolayers than NC-EXO-treated HUVEC monolayers
(Figure 3D and Figure S4D), and pretreating exosomes
with Annexin V or pre-transfecting HUVECs with anti-
miR-375 abrogated the promoting function of miR-375-
EXO on transendothelial migration assays (Figure 3D,E and
Figure S4D,E).

To further validate the influence of exosomal miR-375-
3p on vascular endothelial cells, we loaded miR-375-3p
mimics into NC-EXO or loaded miR-375-3p inhibitors
into miR-375-EXO to enhance or block the effect of
exosomal miR-375-3p, respectively. As shown in Figure 3EG
and Figure S4F,G, treating HUVECs with miR-375-3p-
mimic-loaded NC-EXO (NC-EXO+miR-375) increased
HUVECs-monolayer permeabilities and promoted the
migration of SCLC cells through HUVEC monolayers,
while treating HUVECs with miR-375-3p-inhibitor-loaded
miR-375-EXO (miR-375-EXO+anti-miR-375) reversed
the increased permeabilities of HUVECs and reduced the
number of SCLC cells that migrated through HUVEC
monolayers. All of the above results demonstrated that
exosomal miR-375-3p secreted by SCLC cells could induce
the permeability of vascular endothelial cells and promote
SCLC cell migration through vascular endothelial barriers
n vitro.

SCLC-cell-secreted miR-375-3p induced blood vessel
permeability in vivo

To clarify the role of miR-375-3p-enriched exosomes
on blood vessel walls i# vivo, BALB/c nude mice were
treated with exosomes derived from miR-375-3p-mimic-
transfected H446 or H1048 cells or control cells (miR-
375-EXO or NC-EXO) two times per week for 2 weeks.
Before mice sacrificing, FITC-dextran were injected via
the tail vein, and the lung, liver and brain tissues of mice
were removed to assess the leakage of FITC-dextran
under a confocal microscope. As shown in Figure 44 and
Figure S5A, compared with that in NC-EXO-treated
mice, the amount of FITC-dextran that infiltrated from
blood vessels into lung tissues was significantly increased
in miR-375-EXO-treated mice. Moreover, the liver and
brain tissues in miR-375-EXO-treated mice also showed
more FITC-dextran infiltration than NC-EXO-treated
mice (Figure 4B,C and Figure S5B,C). These results
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implied that SCLC-cell-derived miR-375-3p might be
transferred to different organs to increase the permeability
of blood vessel walls in vivo.

miR-375-3p increased HUVEC permeabilities by
inhibiting TF protein claudin-1

To excavate the potential downstream pathways of miR-
375-3p, we compared the protein components of miR-375-
3p-overexpressed or control HUVECs using protein mass
spectrometry analysis. A total of 83 upregulated proteins
and 90 downregulated proteins (Figure S6A,B, Table S4)
were identified. Gene Ontology (GO) enrichment analysis
found the dysregulated proteins were mostly located on the
intermediate filament cytoskeleton, intermediate filaments
and cell-cell junctions (Figure S6C). TJs are the main
component of vascular endothelial cell-cell junctions, which
serve as gatekeepers to control the infiltration of cells and
solutes through the walls of blood vessels and are necessary
in maintaining the integrity of blood vessel walls (32). The
destruction of TJs destroys the integrity of blood vessel
barriers, leads to increased paracellular permeability and
promotes the metastasis of various cancers by facilitating the
transendothelial invasion of tumor cells (33). Therefore, we
focused on TJ proteins to study the downstream pathways
of miR-375-3p.

Claudin-11 and claudin-1, two essential proteins of
TJs, were identified by protein mass spectrometry analysis
to be downregulated in HUVECs after transfection with
miR-375-3p mimics (Table S4). Then, we validated the
expressions of claudin-11 and claudin-1 utilizing qRT-
PCR and WB. As shown in Figure 5A,B,C, both RNA and
protein levels of claudin-11 in HUVECs were not changed
(Figure 5A) while claudin-1 was significantly downregulated
at both the RNA and protein levels (Figure 5B,C) after
miR-375-3p overexpression. Considering that a previous
study documented that claudin-1 was directly targeted
by miR-375 (34), we suspected miR-375-3p induced the
permeability of HUVECs by regulating the expression of
the TJ protein claudin-1.

Sequence similarity analysis identified that the sequences
of miR-375-3p in human and mouse were homologous
(Figure 5D). Next, basing on predicted target sites (T'S)
of miR-375-3p in the 3’ UTR of claudin-1, plasmids with
wild type (WT) or mutant TS were constructed (Figure 5D)
to conducted a dual-luciferase assay. As shown in Figure SE,
miR-375-3p inhibited the luciferase activity of plasmids
containing W'T sequences, and this inhibition was
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abrogated by the mutation of several target sites. Then,
we explored whether the expression of claudin-1 could be
inhibited by miR-375-3p-enriched exosomes. As shown
in Figure SF and Figure S6D, the level of claudin-1 in
HUVECs was downregulated after treatment with miR-
375-EXO, and the decrease in claudin-1 could be rescued
when the absorption of miR-375-EXO was inhibited by
Annexin V. Moreover, treating HUVECs with miR-375-3p-
mimic-loaded NC-EXO (NC-EXO + miR-375) could also
inhibit the expression of claudin-1, and treating HUVECs
with miR-375-3p-inhibitor-loaded miR-375-EXO
(miR-375-EXO + anti-miR-375) could reverse the
downregulation of claudin-1 induced by miR-375-EXO
(Figure S6E). In addition, when HUVECs were pre-
transfected with the inhibitors of miR-375-3p (anti-
miR-375), the downregulation of claudin-1 induced by miR-
375-EXO could also be reversed (Figure SF and Figure SGF).
All of the above results validated miR-375-3p in SCLC-
cell-secreted exosomes downregulated TJ protein claudin-1
in HUVECs.

"To further clarify the function of claudin-1 in maintaining
the integrity and permeability of HUVEC monolayers,
we downregulated the level of claudin-1 in HUVECs
using claudin-1-specific siRNAs (Figure S7A). The results
showed that the downregulation of claudin-1 in HUVECs
led to increased permeabilities of HUVEC monolayers
(Figure S7B). Moreover, the increased permeability
of HUVEC monolayers induced by miR-375-3p
could be reversed by upregulation of claudin-1 (Figure S7C).
Transendothelial migration assays also confirmed that
knocking down the expression of claudin-1 could increase
the number of SCLC cells that migrated through HUVEC
monolayers (Figure S7D), while overexpressing claudin-1
could abrogate the promoting role of miR-375-3p
on transendothelial migration assays (Figure 5G). All
of the above results indicate miR-375-3p promotes the
permeability of HUVECs by directly regulating the T]J
protein claudin-1.

Exosomal miR-375-3p promoted SCLC metastasis in mice

We have determined exosomal miR-375-3p secreted by
SCLC cells could disrupt the vascular endothelial barrier
and induce the permeability of blood vessels with an in vivo
permeability assay; however, whether it can promote SCLC
metastasis 72 vivo is still unknown. Thus, we treated NOD/
SCID mice with NC-EXO or miR-375-EXO twice a week
for two weeks followed by injecting with wild type H446 or
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H1048 cells via the tail vein. Two months later, mouse lung
tissues were fetched to evaluate the metastasis of SCLC. As
shown in Figure 64,5, in H446 cell-injected mice, 3 out of 5
(60%) mice showed lung metastasis in the H446/miR-375-
EXO-treated group, while 0 out of 5 (0%) mice showed
lung metastasis in the H446/NC-EXO-treated group. The
number of metastatic nodules was also higher in the H446/
miR-375-EXO-treated group than in the H446/NC-EXO-
treated group, although the p value indicated no statistical
significance (Figure 6C). Consistent with the results in H446
cell-injected mice, in H1048 cell-injected mice, 5 out of 6
(83.3%) mice showed lung metastasis in the H1048/miR-
375-EXO-treated group, while 2 out of 7 (28.6%) mice
showed lung metastasis in the H1048/NC-EXO-treated
group (Figure 6D,E); the number of metastatic nodules was
also significantly increased in the H1048/miR-375-EXO-
treated group compared to that in the H1048/NC-EXO-
treated group (Figure 6F). All of the above implied SCLC-
cell-secreted exosomal miR-375-3p could facilitate SCLC
metastasis i vivo.

Discussion

In this study, exosomal miR-375-3p was discovered to
be a critical regulator in SCLC metastasis for the first
time. miR-375 was firstly characterized to be a conserved
and pancreatic islet-specific miRNA regulating insulin
secretion (35). In recent years, the downregulation and
tumor suppressing role of miR-375 have been widely
documented in different cancer types (36), including
esophageal carcinoma (37), hepatoma (38), gastric
cancer (39), head and neck cancer (40), glioma (41) and
melanoma (42). Despite its significant tumor suppressive
effect in multiple cancers, miR-375 was reported to be
elevated to serve as an oncogenic regulator in breast (43)
and prostate cancers (44). MiR-375 enriched in exosomes
has also shown a great promise to be a liquid biomarker in
the diagnosis and prognosis of human cancers such as breast
cancer (29) and prostate cancer (27). Considering that the
function of miRNA relies on the cellular context and tumor
microenvironment, it is reasonable that miR-375 shows
diverse functions in different cancers. However, how miR-
375 functions in SCLC is ill-defined. Here, we showed
the expression of exosomal miR-375-3p in SCLC patients
was upregulated compared with that in healthy volunteers
and that high miR-375-3p level was significantly associated
with SCLC metastasis, which underlined the possible
importance of miR-375-3p in SCLC malignancy. Moreover,
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Figure 6 Exosomal miR-375-3p promoted SCLC metastasis in mice. (A) The representative macrographs and HE images of the lungs of
mice which were treated with H446/miR-375-EXO or H446/NC-EXO followed by injecting with wild type H446 cells via the tail vein. (B)
The number of mice with or without lung metastasis in the H446/miR-375-EXO- or H446/NC-EXO-treated group. (C) The number of
tumor nodules in the lung of mice which were treated with H446/miR-375-EXO or H446/NC-EXO. (D) The representative macrographs
and HE images of lungs in mice which were treated with H1048/miR-375-EXO or H1048/NC-EXO followed by injecting with wild type
H1048 cells via the tail vein. (E) The number of mice with or without lung metastasis in the H1048/miR-375-EXO- or H1048/NC-EXO-
treated group. (F) The number of tumor nodules in the lungs of mice treated with H1048/miR-375-EXO or H1048/NC-EXO. H446/
miR-375-EXO, exosomes derived from miR-375-transfected H446 cells; H446/NC-EXO, exosomes derived from NC-transfected H446
cells; H1048/miR-375-EXO, exosomes derived from miR-375-transfected H1048 cells; H1048/NC-EXO, exosomes derived from NC-
transfected H1048 cells; ns, not significant. **, P<0.01.

we discovered the difference of miR-375-3p between has been reported that miR-375 was differentially expressed
NSCLC patients and normal volunteers was not statistically between SCLC and NSCLC, and it was a potential
significant, which implied that miR-375-3p played a specific biomarker discriminating SCLC from NSCLC (45).
role in SCLC that it does not play in NSCLC. In fact, it Interestingly, the expression of miR-375 was found to be
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induced by the transcription factor ASH1, which is a critical
regulator of lung cancer with neuroendocrine features (46).
SCLC is the major subtype of lung neuroendocrine tumors,
and approximately three-quarters of SCLC patients express
ASHI1 to support tumor cell growth and survival (47), which
might explain the elevated level of miR-375-3p in SCLC
patients. Recently, a novel model of SCLC molecular
subtypes was established basing on the level of four key
transcription regulators, including ASH1 (48), whether
ASH1-subtype SCLC shows higher expression of miR-375-
3p and more metastasis than other subtypes needs to be
further explored.

Exosomes have been widely identified as nanoscale
carriers mediating crosstalk among tumor cells and
microenvironments, which contributes to premetastatic
niche formation and finally tumor metastasis (49). For
example, CEMIP-enriched exosomes were delivered to
brain endothelial and microglial cells to support brain
metastasis progression by producing proinflammatory
cytokines (50). Colorectal cancer cell-secreted exosomal
miRNAs are internalized by macrophages to induce M2
polarization via PTEN and promote liver metastasis of
colorectal cancer (51). Exosomes secreted from Hel.a
cells can destroy endothelial barriers to facilitate tumor
metastasis by inducing endoplasmic reticulum stress in
endothelial cells (52). Exosomal miR-375 has also been
validated to serve as a communicator mediating the crosstalk
between different cells in the tumor microenvironment,
thus affected the biological functions of exosome-recipient
cells such as tumor cells (31) and fibroblasts (30). In our
research, we revealed that miR-375-3p was enwrapped
into exosomes by SCLC cells and delivered to vascular
endothelial cells, and this communication was visualized
under a fluorescence microscope. HUVEC:s treated by miR-
375-3p-enriched exosomes showed increased permeability
in vitro. Protein mass spectrometry analysis identified that
proteins affected by miR-375-3p were mainly enriched
in cell-cell junctions and that miR-375-3p reduced the
integrity of vascular barriers by inhibiting the TJ protein
claudin-1. Vascular endothelial cells are critical stromal
cells that stabilize the tissue microenvironment by relying
mainly on cell-cell junctions, especially TJs (32). The
disruption of TJs between endothelial cells facilitates tumor
cell transendothelial migration and further localization into
distant metastatic sites. For example, exosomal miR-25-3p
disrupts endothelial junctions by downregulating ZO-1,
Occludin and claudin-5 and promotes colorectal cancer
metastasis (24). The metastasis of hepatoma is induced

© Translational Lung Cancer Research. All rights reserved.

3169

by exosomal miR-103, which breaks down endothelial
barriers by attenuating VE-cadherin, p120 and ZO-1 (25).
miR-105 in breast cancer cell-derived exosomes destroys
endothelial junctions and contribute to tumor metastasis
by inhibiting ZO-1 (23). In our results, another TJ protein,
claudin-1, was found to be the critical endothelial junction
protein regulated by miR-375-3p, and exosomal miR-
375-3p secreted from SCLC cells destroyed endothelial
barriers by directly downregulating the expression of
claudin-1. Claudin-1 was previously found to be one of the
downstream genes of miR-375, which facilitated NSCLC
cell migration and invasion by regulating claudin-1 (34).
However, our study was the first to determine exosomal
miR-375/claudin-1 pathway in endothelial barrier
maintenance and tumor metastasis.

Taken together, our research revealed that miR-375-3p-
enriched exosomes secreted by SCLC could destroy blood
barriers by targeting the vascular TJ protein claudin-1
to facilitate SCLC metastasis. This is the first study to
explore metastasis-associated exosomal miRNAs in SCLC
patients basing on small RNA omics, which was meaningful
in the biomarker exploration of SCLC metastasis and lay
a foundation for the future investigations of exosomal
miRNAs in the progress of SCLC metastasis.
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