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NSCLC Extracellular Vesicles Containing miR-374a-5p

Promote Leptomeningeal Metastasis by Influencing
Blood—Brain Barrier Permeability
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Leptomeningeal metastasis (LM) is a devastating complica-
tion of advanced non-small cell lung cancer (NSCLC). Its di-
agnosis and monitoring can be challenging. Recently,
extracellular vesicle (EV) miRNAs have become a new nonin-
vasive diagnostic biomarker. The purpose of this study was to
examine the clinical value and role of EV miRNAs in NSCLC-
LM. Next-generation sequencing analysis revealed that miRNAs
with differential expression of EVs in sera of patients with
NSCLC with LM and non-LM were detected to identify bio-
logical markers for the diagnosis of LM. Cellular and in vivo
experiments were conducted to explore the pathogenesis of EV
miRNA promoting LM in NSCLC. In the present study, we first
demonstrated that the serum level of EV-associated miR-374a-
5p in patients with LM of lung cancer was much higher than

Introduction

Leptomeningeal metastasis (LM) is a terminal stage with devas-
tating consequences to patients with cancer. LM occurs in ap-
proximately 5% to 10% of patients with solid tumors, and this
percentage is expected to increase. The majority of LMs are derived
from breast cancer, melanoma, and lung cancer (1). LM occurs in
3% to 5% of patients with advanced non-small cell lung cancer
(NSCLG; ref. 2). Patients with EGFR mutations were more frequent
to develop LM than those with wild-type EGFR (9.4% vs. 1.7%; ref.
3). The prognosis for LM is extremely poor, with a median overall
survival time of only 3.6 to 12 months (4). Therefore, it is crucial to
diagnose LM early and provide the patient with the best chance of
treatment.

However, diagnosis of LM can be challenging. Most symptoms
and signs of patients with LM are nonspecific owing to the
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that in patients without LM and was correlated with the survival
time of patients with LM. Further studies showed that EV miR-
374a-5p efficiently destroys tight junctions and the integrity of
the cerebral microvascular endothelial cell barrier, resulting in
increased blood-brain barrier permeability. Mechanistically,
miR-374a-5p regulates the distribution of ZO1 and occludin in
endothelial cells by targeting y-adducin, increasing vascular
permeability and promoting LM.

Implications: These results suggest that serum NSCLC-derived
EV miR-374a-5p is involved in premetastatic niche formation by
regulating the permeability of the blood-brain barrier to promote
NSCLC-LM and can be used as a blood biomarker for the di-
agnosis and prognosis of NSCLC-LM.

involvement of different central nervous system areas and cannot
alone justify a diagnosis of LM (5). At present, the diagnosis of LM
mainly relies on MRI and cerebrospinal fluid (CSF) cytology, but
their sensitivity is low (6, 7). MRI findings of various diseases in-
volving the leptomeningeal structures are similar to those of LM,
with little distinctive capacity between some diseases and LM (8, 9).
CSF cytology remains the gold standard for the diagnosis of LM.
However, a drawback of CSF cytology is the low sensitivity of 68%.
To improve sensitivity, repeated CSF sampling is required for
analysis (10). It is imperative for LM to provide convenient diag-
nostic methods.

Extracellular vesicles (EV) have received increasing attention as
biomarkers for tumor diagnosis (11). EVs are membranous vesicles
secreted by cells and can be roughly divided into three categories:
apoptotic bodies, microvesicles, and exosomes (12). The function of
EVs depends on the various contents that they carry, which include
proteins, lipids, and various types of nucleic acids (13). EVs are used
as a cancer biomarker because of several advantages. First, EVs are
widely distributed in body fluids (including urine, blood, and CSF)
and are easy to extract. Second, tumor-derived EV's carry functional
molecular cargo from the original cells and are specific. Finally, EVs
are lipid bilayer-enclosed structures, which can protect the bio-
logical activity of the cargo and have strong stability (14). Studies
have shown that tumor-derived EVs can be used as markers of bone
(15), liver (16), brain (17), and lymphatic metastases (18) of lung
cancer. However, studies on NSCLC-LM are extremely rare.

In this study, we demonstrated that miR-374a-5p is specifically
upregulated in serum EVs of patients with NSCLC-LM. EV miR-374a-
5p levels were negatively correlated with the prognosis of patients.
Experiments showed that NSCLC cell-derived EV miR-374a-5p could
promote NSCLC-LM. The mechanism involves the transfer of miR-
374a-5p to human microvascular endothelial cells through EVs and
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promotes blood-brain barrier (BBB) permeability by targeting
y-adducin (ADD3) to enhance LM. Our findings suggested that
NSCLC-derived serum EV miR-374a-5p may be considered a bio-
marker and promising target for the diagnosis and prognosis of LM.

Materials and Methods

Small RNA library preparation and sequencing

Total RNA was extracted and purified from EVs using the miR-
Neasy mini kit (QIAGEN, cat. no. 217004), according to the kit in-
structions. Then, sequencing libraries were generated using the
NEBNext Multiplex Small RNA Library Prep Set for Illumina (NEB)
following the manufacturer’s recommendations, and index codes
were added to attribute sequences to each sample. The libraries were
then sequenced using an Illumina HiSeq 2500 instrument (Illumina).

Clinical samples

A total of 106 serum samples (including 30 noncancer, 24 early
NSCLC, 26 advanced NSCLC without LM, and 26 NSCLC-LM
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samples) and 58 CSF samples (including 25 noncancer and
33 NSCLC-LM samples) were collected from The Second Hospital
of Hebei Medical University. Written informed consent was ob-
tained from all patients. This study was approved by the Ethics
Committee of The Second Hospital of Hebei Medical University.

Cell lines

Human lung cancer cell lines (NCI-H1299, A549, 95C, and 95D)
and immortalized human bronchial epithelial cells (BEAS-2B) were
purchased from the ATCC. Immortalized human cerebral micro-
vascular endothelial cells (h\CMEC/D3), human normal astrocytes
(HA1800), and human brain vascular pericytes (HBVPC) were
purchased from the Shanghai Cell Bank. All cells were maintained at
37°C under 5% CO, with at least 95% humidity. hCMEC/D3 cells
were cultured in endothelial cell medium (ECM) with 5% FBS
(ScienCell). Other cell lines were cultured in DMEM (Gibco) with
10% FBS (HyClone). Cell lines were authenticated by routinely
testing negative for Mycoplasma (November 30, 2019).

MOLECULAR CANCER RESEARCH



>

Figure 2.

miR-374a-5p-Harboring NSCLC EVs Promote LM

Serum EV miR-374a-5p

The expression of EV miR-374a-5p
was detected in serum and CSF. A,
ddPCR quantified serum EV miR-
374a-5p. The level of EV miR-374a-
5p in serum of patients with
NSCLC-LM was higher than that in
patients with early and advanced
NSCLC and more significant than
that in noncancer samples. There
was no difference in EV miR-374a-
5p expression between noncancer,
early, and advanced NSCLC. B,

20,000
16,000 ~
12,000

8,000~ 9 N

4,000

Serum EV miR-374a-5p copy numbers/mL

-

o

o
|

k== LoOw (n=12)

=2=  High (n=11)

» (=2} (-]
o o o
1 1 1

<
Probability of survival
N
o
1

o

Serum EV miR-374a-5p was nega-
tively correlated with survival time.
C, ddPCR quantified CSF EV miR- &
374a-5p. The level of EV miR-374a- X
5p in NSCLC-LM was significantly

higher than that in noncancer. D, C D
CSF EV miR-374a-5p was nega-
tively correlated with survival time.
E, The EV miR-374a-5p levels were
consistent between the CSF and
the corresponding serum of patients
with LM. %, P < 0.05; **, P < 0.01; ***,
P < 0.001; ns, not significant.

o

800+

-

=)

[
1

600

©
=]
1

400+

-]
=]
1

S
o
1

200+

N
=]
1

CSF EV miR-374a-5p copy numbers/mL
Probability of survival

°
i
o

o
-
o

20 30 40 60
Survival time (month)

50

CSF EV miR-374a-5p

8007 g gsee2

e Low (n=20) P <0.0001

== High (n =20) 6004

400

200+

CSF EV miR-374a-5p

Soo

Noncancer LM

(=)

10

EV isolation

Size-exclusion chromatography was used to isolate exosomes
from serum and CSF. Specifically, 1 mL of the 0.8-um-filtered
samples was diluted with 1.5-fold PBS and purified using Exosupur
columns (Echobiotech). The samples were eluted with 0.1 mol/L
PBS according to the instructions, and 2 mL of the target fraction
was collected. Finally, the collected exosome fraction with a mo-
lecular weight of 100 kDa was concentrated to 200 pL using the
Amicon ultrafiltration tube (Merck).

Nanoparticle tracking analysis

The particle size and concentration of exosome solution with a
particle concentration from 1 x 107/mL to 1 x 10°/mL were de-
tected using ZetaView PMX 110 (Particle Metrix), and the video
duration of 60 seconds was shot with the excited light wave at 405
nm and the frame rate of 30 frames/second. Particle trajectories
were analyzed using nanoparticle tracking analysis (NTA) software
(ZetaView 8.02.28) to obtain the size and concentration of exo-
somes. NanoStandard of 100 nm (Applied Microspheres) was used
for calibration during the NTA.

Transmission electron microscopy

The exosome sample was adjusted to the appropriate concen-
tration, and 15 pL of the sample was absorbed and left for 2 minutes
on the copper mesh. Then, a pipette gun was used to absorb about
15 uL of 2% uranyl acetate dyeing solution at room temperature for
1 minute and dried under an incandescent lamp for 3 minutes. The
shape and size of exosomes were observed by transmission electron
microscopy (TEM; H-7650, Hitachi Ltd.), and their photographs
were taken.
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Western blot analysis

Total proteins were extracted with RIPA lysis buffer (Thermo
Fisher Scientific) and quantified using the Pierce BCA protein de-
tection kit (Thermo Fisher Scientific). Protein concentrations were
determined using the BCA protein assay kit (Thermo Fisher Sci-
entific). Total protein was isolated by SDS-PAGE and transferred to
a polyvinylidene difluoride membrane (Millipore) and then incu-
bated with Abs (TSG101, Abcam; Alix, Abcam; CD63, Abcam;
calnexin, Abcam; ADD3, Abcam; Z0O1, Abcam; and occludin,
Abcam). The membranes were then incubated with a secondary Ab
(GAPDH, Cell Signaling Technology). The protein signal was vi-
sualized using a chemiluminescence system (Bio-Rad).

RNA preparation and gRT-PCR

RNA was extracted from cells using the Ambion PureLink total
RNA kit (Invitrogen). RNA was quantified using a NanoDrop
1000 spectrophotometer (NanoDrop Technologies) and diluted to
the same concentration. RNA was converted to cDNA using the
Mir-X miRNA First-Strand Synthesis kit (Takara). cDNA was
amplified on the CFX96 real-time PCR system (Bio-Rad) using
THUNDERBIRD SYBR qPCR mix (TOYOBO). GAPDH and U6
were used as controls, and the 2 **“" method was used for
calculation.

Droplet digital PCR

The reaction system for droplet digital PCR (ddPCR) was pre-
pared using QX200 ddPCR EvaGreen supermix according to the
manufacturer’s instructions. After PCR amplification, the informa-
tion for samples in the 96-well plate was set and analyzed using
QuantaSoft software.
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5-Ethynyl-2'-deoxyuridine assay

The cells were inoculated on a slide, and 10 umol/L 5-ethynyl-2'-
deoxyuridine (EdU) was added. The experiment was performed
using the BeyoClick EdU cell proliferation kit (Beyotime).
According to the manufacturer’s protocol, the cells were stained
with Alexa Fluor 594 and 4’,6-diamidino-2-phenylindole (DAPI)
and then photographed and recorded using a fluorescence micro-
scope (Nikon). The cell proliferation rate was calculated as EdU-
positive nuclei/total nuclei.

Transwell migration and invasion assays

Both migration and invasion assays were performed with a
Transwell pore polycarbonate membrane insert (Corning), with the
difference that Matrigel was added to the upper chamber of the
invasion assay. The cells were inoculated in the upper chamber and
cultured with the serum-free medium. A medium containing 10%
FBS was added to the lower chamber. After 24 hours, the insertion
was soaked in methanol to fix the cells and then stained with crystal
violet for 20 minutes. The insert was washed with PBS to remove
cells from the upper membrane. Images of stained cells were cap-
tured using a microscope (Nikon).

Endothelial tube formation assay

Matrigel (BD Biosciences) was added to a 24-well plate to form a
flat surface. After the solidification of the gel, vascular endothelial
cells were seeded into the wells and photographed using an inverted
phase-contrast microscope.

Immunofluorescence

Cells seeded on coverslips were fixed with 4% paraformaldehyde,
and FBS was added dropwise for blocking. Then, the cells were
incubated with anti-ZO1 (Abcam) and anti-occludin (Abcam) Abs.
Subsequently, the cells were incubated with a fluorescent secondary
Ab. DAPI was added to stain nuclei. Images were acquired under a
fluorescence microscope.

Dual luciferase reporter assay

The 3'-untranslated region (3’-UTR) of ADD3 was subcloned
and inserted into the psiCHECK-2 vector (Promega). In the mutant
psiCHECK-2 vector, the miR-374a-5p-binding site in the 3’-UTR of
ADD3 was mutated. Cells were transfected with these vectors and
the Renilla expression plasmid using Lipofectamine 2000 ( Thermo
Fisher Scientific catalog number:11668019 ) in a 24-well plate.
Twenty-four hours after transfection, the cells were lysed with
passive lysis buffer (Promega), and reporter expression was evalu-
ated using a dual luciferase reporter assay system (Promega).

In vivo metastasis experiments

In vivo experiments were conducted using female nu/nu mice
ages 6 weeks. First, EVs were injected into the caudal vein once
every other day for a total of seven injections. Lewis lung cancer
cells (LLC) were then injected into the left ventricles of the nude
mice, and bioluminescence was measured periodically. This study
was approved by the Ethics Committee of Chinese PLA General

miR-374a-5p-Harboring NSCLC EVs Promote LM

Hospital. The animal protocol used in this study was approved by
the Ethics Committee of Beijing Institute of Biotechnology.

Statistical analysis

All statistical analyses were performed using GraphPad Crystal
8.0.1 (GraphPad Programming). Data were represented as mean +
SD of three replicate experiments. Analysis of comparisons between
bundles was performed using the Student ¢ test. The statistical sig-
nificance is indicated at P < 0.05.

Data availability
The sequencing data of this study have been submitted to NGDC,
with the accession number HRA007047.

Ethical approval

Studies using human serum and CSF samples were approved by
The Second Hospital of Hebei Medical University and performed in
accordance with the principles of the Declaration of Helsinki. The
animal study was approved by the Animal Ethic Review Committee
of Beijing Institute of Biotechnology. All animal experiments were
strictly implemented in compliance with the NIH Guide for the
Care and Use of Laboratory Animals.

Consent to participate and consent to publish

The patients provided their written informed consent to partic-
ipate in this study. We have obtained consent to publish this article
from all the participants of this study.

Results

Next-generation sequencing of EV miRNA in sera of patients
with NSCLC with LM

EVs were purified from serum or CSF by size-exclusion chro-
matography. TEM and NTA showed that the purified EVs were
oval- or bowl-shaped, with sizes ranging from 30 to 150 nm
(Fig. 1A and B). The detection of EV marker proteins by Western
blotting (WB) showed that CD63, TSG101, and Alix were enriched
in EVs isolated from serum, whereas the EV exclusion marker
calnexin was absent (Fig. 1C; ref. 19). Taken together, these results
confirmed that the main components of the purified microvesicles
were exosomes.

A total of 913 miRNAs were detected by next-generation se-
quencing (NGS) of serum EV RNA in the four groups, 22 of which
were differentially expressed (|log, fold change| > 0.8; P < 0.05;
Fig. 1D). Their target genes were queried in the website, and a total
of 6,510 mRNAs were identified as potential targets of these 22
miRNAs (Supplementary Fig. S1A). The Database for Annotation,
Visualization, and Integrated Discovery tool was used for Kyoto
Encyclopedia of Genes and Genomes enrichment analysis and Gene
Ontology functional annotation of the miRNA target genes. Thirty-
one pathways in the Kyoto Encyclopedia of Genes and Genomes
database were significantly enriched (Supplementary Fig. S1C). The
Gene Ontology functional annotations showed enrichment of mo-
lecular functions related to neural behaviors, endothelial cells, and
positive regulation of endothelial cell migration and cell adhesion
(Suppplementary Fig. S1B). In order to identify NSCLC-LM-specific

(Continued.) with miR-374a-5p overexpression. Scale bars represent 25 um. € and D, Wound healing and Transwell assay detecting the migration and invasion
of A549 cells with miR-374a-5p overexpression. E, After adding PKH26-labeled EVs derived from 95D cells for 8 hours, PKH26 lipid dye was internalized into
hCMEC/D3, whereas the PKH26 dye was rarely seen in HBVPC and HA1800. Scale bars represent 43 um. F=H, Expression of miR-374a-5p in hCMEC/D3, HBVPC,
and HAT800 incubated with EVs derived from 95D by gRT-PCR. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.001. NC, normal cells; ns, not significant.
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miRNAs, we reclassified the data into NSCLC-LM and non-LM for
analysis. Only three NSCLC-LM-specific miRNAs were found. One
was upregulated (miR-374a-5p), and the other two were down-
regulated (miR-3137-5p and miR-370-3P; Fig. 1E). Studies have
shown that miR-374a-5p is a cancer-promoting factor and that its
high expression is often associated with metastasis and poor prognosis
(20-22). Therefore, miR-374a-5p was chosen as the target of our
research.

The expression of EV miR-374a-5p was detected in serum and
CSF

After selecting EV miR-374a-5p as the research factor, we used
ddPCR to quantitatively analyze serum EV miR-374a-5p in 106 pa-
tients (30 noncancer, 24 early NSCLC, 26 NSCLC, and 26 NSCLC-LM
samples). The result displayed that the serum EV miR-374a-5p level
was higher in patients with NSCLC-LM than that in non-LM (P <
0.05), and there is no significant difference in EV miR-374a-5p
levels in noncancer, early, and advanced NSCLC samples. This
suggested that EV miR-374a-5p levels were specific to NSCLC-LM
(Fig. 2A). The analysis of the survival time of patients with NSCLC-
LM showed that the level of serum EV miR-374a-5p was negatively
correlated with survival time (P < 0.05; Fig. 2B). We also isolated
EVs from the CSF of patients with NSCLC-LM and non-LM
(Supplementary Fig. S2A-S2C) and quantified miR-374a-5p levels
in EVs of CSF. The level of EV miR-374a-5p in CSF of patients with
NSCLC-LM was significantly higher than that in non-LM samples
(P < 0.01; Fig. 2C), and the high level of EV miR-374a-5p in CSF
was also negatively correlated with the survival time of patients with
NSCLC-LM (P < 0.01; Fig. 2D). Moreover, we were surprised to
find that the EV miR-374a-5p levels in CSF were enriched in pa-
tients with NSCLC-LM, and the serum EV miR-374a-5p content of
these patients was also rich. The EV miR-374a-5p levels in serum
were also low in patients with NSCLC-LM with poor CSF EV miR-
374a-5p. These results indicate that EV miR-374a-5p expression was
consistent in EVs of CSF and serum in the same patient. We believe
that detection of serum biomarkers may replace detection of CSF
biomarkers as a diagnostic method for LM (P < 0.0001; Fig. 2E).

In summary, our data indicated that EV miR-374a-5p levels were
specifically abundant in serum and CSF of patients with LM and EV
miR-374a-5p levels in serum and CSF of the same patient were
consistent. EV miR-374a-5p levels were associated with survival time
in patients with NSCLC-LM. We conclude that the detection of serum
EV miR-374a-5p may replace CSF as a blood biomarker for the early
diagnosis and prognosis of NSCLC-LM. At the same time, the role of
miR-374a-5p in the NSCLC-LM process has aroused our interest.

NSCLC-derived EV miR-374a-5p was absorbed by hCMEC/D3
cells

To investigate the role of miR-374a-5p in NSCLC-LM, we first
detected its content in EVs extracted from cells and supernatant.
miR-374a-5p was quantified in NSCLC cell lines (H1299, A549,
95C, and 95D) and BEAS-2B cells. The results confirmed that miR-
374a-5p in lung cancer cells was significantly higher than that in
BEAS-2B cells (Supplementary Fig. S3A). EVs from the cell super-
natant were extracted and identified (Supplementary Fig. S3B-S3D).
The quantitative results showed that the EV miR-374a-5p in NSCLC
was significantly higher than that in BEAS-2B cells. This result
was consistent with the previous conclusion that tumor cells
secrete more EVs than normal cells. Interestingly, miR-374a-5p
was most abundant in EVs of highly metastatic lung cancer cells
(95D; Fig. 3A). We also focused on the function of miR-374a-5p in
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NSCLC cells. Overexpression of miR-374a-5p enhanced the mi-
gration and invasion of lung cancer cells (Fig. 3C and D) but did
not affect cell proliferation (Fig. 3B). We suspected that miR-374a-
5p may be an essential factor in NSCLC metastasis.

The BBB cannot be circumvented in malignant tumors with LM.
Previous experiments have analyzed that miR-374a-5p may be re-
lated to endothelial cell function. Therefore, we suspect that miR-
374a-5p may affect the BBB. hCMEC/D3, HA1800, and HBVPC
cells were selected as potential target cells for the experiment. We
cocultured PKH26-labeled EVs (from 95D cells) with cells to find
the receptor cells for EVs. It can be clearly observed that all PKH26-
labeled EVs are absorbed by hCMEC/D3 cells. However, the fluo-
rescence of PKH26 was almost absent in HA1800 and HBVPC cells
(Fig. 3E). We extracted RNA from cells which were coincubated
with 95D EVs and detected the level of miR-374a-5p. The result
displayed that the miR-374a-5p level was significantly increased in
hCMEC/D3 cells after incubation with 95D EVs but did not change
in HBVPC and HA1800 cells (Fig. 3F-H).

These results suggested that miR-374a-5p was enriched in EVs
secreted by highly metastatic NSCLC cells and was absorbed by
cerebral microvascular endothelial cells through EV transport. We
identified cerebral microvascular endothelial cells as the target cells
of NSCLC-derived EVs. However, the function of miR-374a-5p after
entering cerebral microvascular endothelial cells was unknown,
which requires further validation through cell experiments.

miR-374a-5p increased BBB model permeability

Previous experiments have confirmed that cerebral microvascular
endothelial cells were the target cells of EV miR-374a-5p released by
NSCLC cells. We observed functional changes by overexpression of
miR-374a-5p in cerebral microvascular endothelial cells. It was found
that overexpression of miR-374a-5p had no significant effects on the
proliferation (Fig. 4A) and migration (Fig. 4B and C) of hCMEC/D3
cells. Tube formation assays showed that the cell junction was sig-
nificantly reduced with miR-374a-5p overexpression in hCMEC/D3
cells (Fig. 4D; Supplementary Fig. S4A and S$4B). We added the miR-
374a-5p inhibitor in the hCMEC/D3 cell tube formation assay. The
results showed that hCMEC/D3 cell junctions seemed to increase but
were not statistically significant (Supplementary Fig. S4C). We con-
sidered that this result may be caused by the low basic miRNA-374a-
5p contents in hCMEC/D3 cells, and the effect of reinhibition may
not be obvious. In addition, immunofluorescence experiments con-
firmed that hCMEC/D3 cells have an abnormal distribution of ZO1
and occludin after miRNA-374a-5p overexpression. ZO1 and occlu-
din failed to cluster at the apical interface of cell contacts and lost their
zonular distribution (Fig. 4E; Supplementary Fig. S4C). The results of
WB analysis indicated that miR-374a-5p did not affect ZO1 or
occludin expression (Supplementary Fig. S4D).

We used hCMEC/D3 cells and HA1800 cells to construct the BBB
model in a 0.4-pm Transwell chamber (Supplementary Fig. S4E).
The barrier resistance in the BBB model was 34 to 36 (), which was
basically consistent with previous experiments (23). The experi-
mental results showed that the overexpression of miR-374a-5p in
hCMEC/D3 cells significantly reduced the resistance of the BBB
model (P < 0.0001; Fig. 4F). In vitro permeability measurements of
rhodamine-labeled dextran (relative molecular weight: 70,000)
added to the BBB model showed that hCMEC/D3 cells treated with
miR-374a-5p induced more dextran particles from top to bottom of
the BBB model (P < 0.001; Fig. 4G). The 0.8-pum Transwell chamber
was used to construct the hCMEC/D3 cell monolayer barrier for
tumor cell migration across the endothelial barrier. We found that
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Figure 4.

miR-374a-5p increased BBB model permeability. A, EdU assay detecting hCMEC/D3 viability with miR-374a-5p overexpression. Scale bars represent 25 um. B and C,
Wound healing and Transwell assay detecting the migration of hCMEC/D3 with miR-374a-5p overexpression. D, In vitro tube forming assay detecting junctions of
hCMEC/D3 cells with miR-374a-5p overexpression. E, Immunofluorescence staining analysis of ZO1 and occludin expression in hCMEC/D3 with miR-374a-5p
overexpression. Scale bars represent 30 um. F, Trans-epithelial electrical resistance ( TEER ) analysis was performed in the BBB model with miR-374a-5p over-
expression. The calculated unit area resistance in triplicate wells was normalized to that in control-treated wells. G, Effects of miR-374a-5p overexpression on the
permeability of the BBB model after the addition of rhodamine-labeled dextran measured using the in vitro permeability assay. H, Number of GFP + A549 cells
invaded through the hCMEC/D3 monolayers pretreated with miR-374a-5p overexpression. *, P < 0.05; **, P < 0.01; ***, P < 0.001. NC, normal cells; ns, not significant;

OD, optical denisty.

miR-374a-5p overexpression in hCMEC/D3 cells caused a sub-  experiments showed that BBB model dysfunction and permeability
stantial increase in the number of A549 cells migrating across the  changes resulted from miR-374a-5p influence on tight junction
endothelial barrier compared with the control group (Fig. 4H). Our  protein distribution in cerebral microvascular endothelial cells. The
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mechanism of miR-374a-5p leading to these functional changes had
aroused our consideration.

ADD3 was the functional target of miR-374a-5p in hCMEC/D3
cells

miRNAs interacted with the 3'-UTR of target mRNA to induce
mRNA degradation and translational repression and regulated gene
expression and cell function (24). To further determine the target
genes of miR-374a-5p, we used miRDB to predict four candidate
genes. QRT-PCR assays found that ADD3 was negatively related to the
expression of miR-374a-5p (Fig. 5A). The database predicted three
potential binding sites between miR-374a-5p and ADD3 3'-UTR
(Fig. 5B). We synthesized a luciferase reporter gene plasmid in which
the sequence or the mutated sequence containing the putative binding
site of miR-374a-5p with the ADD3 3’-UTR was fused to the 3'-
end of the luciferase sequence. The experiment confirmed the

direct binding of ADD3 to miR-374a-5p in HEK-293 T cells
(Fig. 5C and D). qRT-PCR and WB analyses showed that the
expression of ADD3 was significantly decreased in hCMEC/D3
cells transfected with miR-374a-5p mimics both at mRNA and
protein levels, whereas ADD3 expression was obviously increased
in hCMEC/D3 cells transfected with miR-374a-5p inhibitors
(Fig. 5E and F). The immunofluorescence assay showed that
ADD3 and tight junction protein were co-located at the apical
interface of cell junctions (Supplementary Fig. S5A).

Rescue experiments were performed by analyzing the over-
expression of miR-374a-5p and ADD3 in hCMEC/D3 cells to confirm
their interactions and changes in cellular function. In hCMEC/D3
cells, the tube forming assay showed that ADD3 could reverse the
reduction of hCMEC/D3 cell junctions caused by miR-374a-5p
(Fig. 6A; Supplementary S6A and S6B). Immunofluorescence staining
showed that ADD3 could resist miR-374a-5p to restore the normal
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Rescue experiments. A, In vitro tube forming assay detecting junctions of h\CMEC/D3 cells with ADD3 or miR-374a-5p and cotransfected with ADD3 and miR-
374a-5p. B, Immunofluorescence staining analysis of ZO1 and occludin expression in h\CMEC/D3 cells with ADD3 or miR-374a-5p and cotransfected with ADD3
and miR-374a-5p. Scale bars represent 30 um. C, Effects of ADD3 or miR-374a-5p and cotransfection with ADD3 and miR-374a-5p on the permeability of the
BBB model after the addition of rhodamine-labeled dextran measured using the in vitro permeability assay. D, Trans-epithelial electrical resistance ( TEER )
analysis was performed in the BBB model with ADD3 or miR-374a-5p and cotransfected with ADD3 and miR-374a-5p. E, Number of GFP + A549 cells invaded
through the hCMEC/D3 monolayers pretreated with ADD3 or miR-374a-5p and cotransfected with ADD3 and miR-374a-5p. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

NC, normal cells; ns, not significant; OD, optical density.

distribution of ZO1 and occludin in hCMEC/D3 cells (Fig. 6B). In the
BBB model, ADD3 eliminated the decreased barrier function caused
by miR-374a-5p (Fig. 6D) and reduced permeability (Fig. 6C). After
pretreating the hCMEC/D3 monolayer with ADD3 and miR-374a-5p,
the number of GFP-labeled A549 cells invaded through the barrier
was significantly reduced compared with miR-374a-5p (Fig. 6E). The
above results suggested that ADD3 was the functional target of miR-
374a-5p in hCMEC/D3 cells.

AACRJournals.org

NSCLC-derived EV miR-374a-5p promotes LM in vitro and in vivo

To demonstrate the role of NSCLC-derived EV miR-374a-5p,
we constructed 95D cells that overexpressed miR-374a-5p, and the
EVs overexpressed miR-374a-5p were isolated from the cell su-
pernatant which was named 95D EV miR-374a-5p (Supplemen-
tary Fig. S7A). The qRT-PCR assays showed that the level of miR-
374a-5p in hCMEC/D3 cells was significantly increased after ab-
sorption of 95D EV miR-374a-5p (Supplementary Fig. S7B). WB
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confirmed that 95D EV miR-374a-5p decreased ADD3 protein levels  Supplementary Fig. S7D and S7E). The changes in resistance (Fig. 7B)
in hCMEC/D3 cells (Supplementary Fig. S7C). Similar to the induc-  and permeability (Fig. 7C) of 95D EV miR-374a-5p in the BBB model
tion effect of miR-374a-5p in hCMEC/D3 cells, 95D EV miR-374a-5p  were more serious than those in 95D EVs. Compared with the control
also resulted in decreased cell junctions in hCMEC/D3 cells (Fig. 7A;  groups, the number of GFP + A549 cells invaded through the
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EV miR-374a-5p promotes NSCLC cell metastasis in vitro and in vivo. A, In vitro tube forming assay detecting junctions of hCMEC/D3 cells with PBS, BEAS-2B
EVs, 95D EVs, and 95D EV miR-374a-5p. B, Trans-epithelial electrical resistance ( TEER ) analysis was performed in the BBB model with PBS, BEAS-2B EVs, 95D
EVs, and 95D EV miR-374a-5p. C, Effects of PBS, BEAS-2B EVs, 95D EVs, and 95D EV miR-374a-5p on the permeability of the BBB model after the addition of
rhodamine-labeled dextran measured using the in vitro permeability assay. D, Number of GFP + A549 cells invaded through the hCMEC/D3 monolayers
pretreated with PBS, BEAS-2B EVs, 95D EVs, and 95D EV miR-374a-5p. E, An in vivo model was established. EVs were injected into nude mice through the tail
vein for pretreatment for 2 weeks, and LLC was injected into the left ventricle of mice to simulate circulating tumor cells. F, In vivo imaging for LM in nude mice
injected with PBS, BEAS-2B EVs, 95D EVs, and 95D EV miR-374a-5p. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant; OD, optical density.
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hCMEC/D3 monolayer was significantly increased because of the
addition of 95D EV miR-374a-5p (Fig. 7D).

In in vivo, 95D EV miR-374a-5p was injected into nu/nu nude mice
via the tail vein, and BEAS-2B EVs and unmodified 95D EVs were
used as controls. Two weeks after EV injection, LLCs were injected
into the left ventricle of mice (Fig. 7E). Head images of nude mice
were observed using in vivo imaging techniques. The results showed
that 3 days after LLC injection, in vivo imaging of the head of mice
injected with 95D EV miR-374a-5p revealed LM, whereas no LM was
observed in the control groups. Seven days after injection, the in vivo
imaging of the head of mice injected with 95D EV miR-374a-5p
showed the occurrence of more obvious LM than that observed pre-
viously, whereas no LM was observed in the control groups (Fig. 7F).

These results indicate that NSCLC-derived EV's carry miR-374a-
5p into cerebral microvascular endothelial cells to regulate ADD3,
which caused cell junction reduction and BBB dysfunction and
contributed to the progression of NSCLC to LM in vivo.

Discussion

Currently, lung cancer still ranks highly among cancers in terms
of global morbidity and mortality. Despite the prolonged survival of
patients with lung cancer, the incidence of LM has been increasing
in recent years (25). Recently, studies on LM have received more
attention. For example, Boire and colleagues found that cancer-
derived complement component 3 disrupts the blood-CSF barrier,
allowing nutrients to enter the CSF and promoting cancer cell
growth (26). The rare cell capture technique can be used to detect
LM. LM diagnosis by counting circulating tumor cells in CSF is
more specific and sensitive than routine CSF cytology and radiologic
studies (27, 28). However, the diagnosis of LM was still not unsat-
isfactory, and there is an urgent need for better molecular markers.

Accumulating evidence has revealed that EV-associated miRNAs
extracted from the body fluids of patients with cancer can be rec-
ognized as new diagnostic and prognostic biomarkers and as ther-
apeutic targets (29). In the LM studies, the related EV miRNAs have
received attention. Lee obtained a comprehensive RNA expression
profile using 472 CSF samples derived from patients with LM and
found that the elevated concentration of EV miRNA-21 in CSF of
patients with LM may be a predictive marker for survival duration
(30). Three highly expressed miRNAs (miR-183-5p, miR-96-5p, and
miR-182-5p) in CSF EVs can be used as biomarkers for diagnosing
or monitoring the progression of NSCLC-LM (31). Our experiment
proved that EV miR-374a-5p was not only highly expressed in sera
of patients with NSCLC-LM but also enriched in the CSF of same
patients, and even the EV miR-374a-5p level was correlated with the
survival time. We believed that EV miR-374a-5p may be a bio-
marker for the diagnosis and prognosis of NSCLC-LM.

Brain microvascular endothelial cells and the surrounding ac-
companying cells constitute the BBB. The endothelial cells and
pericytes are surrounded by a basement membrane, and the astro-
cyte endfeet ensheathe at the abluminal side of the capillaries with a
coverage estimated at 99%. Both pericytes and astrocytes regulate
the phenotype of the endothelium and play a supporting role in the
BBB. The brain microvascular endothelial cells constitute the cap-
illary wall and thus act as the actual barrier (32). The tight junctions
are present at the sites of fusion of adjacent endothelial cells. The
observed barrier dysfunction was mainly due to changes in BBB
permeability (resulting from tight junction opening; ref. 33).

Exosome-mediated transfer of miRNAs between cancer cells and
stromal cells is essential for cancer progression (34). Exosomal
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miRNAs can promote cancer metastasis by regulating the function
of vascular endothelial cells (35). It was recently reported that
exosome-mediated transfer of cancer cell-derived miR-105 into
vascular endothelial cells promotes cancer progression by targeting
ZO1 and effectively disrupting tight junctions and the integrity of
the related natural barriers (36). Colorectal cancer-derived exosome
miR-25-3p is involved in premetastatic niche formation (37). Our
results showed that miR-374a-5p in EVs secreted by NSCLC
transferred to brain microvascular endothelial cells promoted the
internalization of tight junction proteins (ZO1 and occludin) by
targeting ADD3, which resulted in decreased permeability of BBB
and ultimately promoted NSCLC-LM.

Studies have revealed that tumor-derived exosomes frequently
transfer miRNAs to recipient cells to induce repression of target
genes (38). Our study confirmed that ADD3 was the direct target of
miR-374a-5p in brain microvascular endothelial cells. Adducin was
an assembly factor participating in the formation of the spectrin—
actin membrane skeleton and is involved in cytoskeletal network
formation, cellular signal transduction, ion transport, cell motility,
and cell proliferation (39, 40). It has long been recognized that
ADDI and ADD3 are enriched at intercellular junctions in vivo
(41).The phosphorylated form of adducin plays important roles in
localizing junctions (42). Studies have shown that in ADD-deficient
cells, large amounts of E-cadherin and B-catenin remain in the
cytoplasm and do not reach the cell contact, forming only short
defective tight junctions (43). Our study showed that NSCLC-
derived EV miR-374a-5p regulates the distribution of ZO1 and
occludin in brain microvascular endothelial cells by directly tar-
geting ADD3. Downregulation of ADD3 results in abnormal dis-
tribution of ZO1 and occludin in hCMEC/D3 cells, leading to
increased BBB permeability and promoting NSCLC-LM.

In summary, our study elucidates that NSCLC-derived EV miR-
374a-5p can be transferred to brain microvascular endothelial cells
and thereby promoted BBB permeability by directly regulating ADD3.
Finally, our data suggested that serum EV miR-374a-5p may be a
blood biomarker for early diagnosis and prognosis of NSCLC-LM.
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