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a b s t r a c t

Objective: Bone marrow mesenchymal stem cell-derived exosomes (BMSC-Exos) could mediate the
malignancy of tumor cells by transmitting targeted cargo. Therein, this study intends to explore the
function of BMSC-Exos transmitting microRNA-425 (miR-425)/cytoplasmic polyadenylation binding
protein 1 (CPEB1) in lung cancer growth.
Methods: miR-425 and CPEB1 levels in cancer tissues and cells were measured. BMSCs and their exo-
somes were collected and identified. After intervention with BMSC-Exos, miR-425 or CPEB1, invasion and
migration of A549 and NCI-H1299 cells in vitro, and lung metastasis of A549 cells in vivo were observed.
The relationship between miR-425 and CPEB1 was verified.
Results: miR-425 was highly expressed while CPEB1 was lowly expressed in lung cancer tissues of pa-
tients. CPEB1 was the direct target of miR-425. Down-regulating miR-425 or up-regulating CPEB1
decreased cell invasion and migration ability of A549 and NCI-H1299 cells, as well as decreased the
number of lung metastasis lesions in vivo. After co-culture with BMSC-Exos, A549 and NCI-H1299 cells
showed promoted migration and invasion in vitro and A549 cells demonstrated increased lung metas-
tasis in vivo. Down-regulated miR-425 or up-regulated CPEB1 reversed the promotion of BMSC-Exos on
lung cancer cell invasion, migration and lung metastasis.
Conclusion: BMSC-Exos could deliver miR-425 to inhibit CPEB1 expression in lung cancer cells, thereby
promoting the malignant biological properties of lung cancer cells and their metastasis in vivo.
© 2022, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Lung cancer is the leading devastating cancer all over the world
[1]. Smoking has been proposed to be the overwhelming cause of
lung cancer, yet there are also other risk factors, including air
pollution, radon, occupational exposure, genetic susceptibility, ra-
diation and diet [2]. It is reported that in China, lung cancer has
become the first cause of cancer death in place of liver cancer, and it
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is estimated by the World Health Organization that by 2025, the
annual mortality rate of lung cancer in China is likely to reach 1
million [3]. Evidence has also shown that the overall five-year
survival rate of lung cancer is only 12% in men and 7% in women
[4]. In the light of the astonishing mortality and unfavorable
prognosis, it is very necessary to seek for new ways of lung cancer
treatment.

Exosomes refer to extracellular signalosomes which boost
eukaryotic intercellular communication under various normal
physiological contexts [5]. Evidence has shown that bone marrow
mesenchymal stem cell (BMSC)-derived exosomes promote mul-
tiple myeloma cell growth and induce drug resistance [6]. MiRNAs
are endogenous non-coding small RNAs with 18e25 nucleotides
and function in the regulation of specific target gene [7]. As a part of
miRNAs, miR-425 has been found to positively function in lung
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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adenocarcinoma progression through A disintegrin and metal-
loproteinases 9 modulation [8]. There has also been a study sug-
gesting that in gastric cancer, miR-425-5p modulates
cylindromatosis to affect tumor progression [9]. An early report by
Fang F et al. has revealed that in hepatocellular carcinoma, miR-
425-5p contributes to cell invasion and metastasis via SCAI-
mediated dysregulation of various signaling pathways [10]. In
fact, human BMSC-derived exosomal miRNAs have been discovered
to promotemetastasis of lung cancer cells in the hypoxic niche [11].
Cytoplasmic polyadenylation element-binding protein 1 (CPEB1)
refers to a kind of sequence-specific RNA-binding protein which
can function in the regulation of mRNA polyadenylation and
translation and tumor tumorigenesis [12]. A report has shown that
decreased CPEB1 results in lung metastasis of breast cancer cells
in vivo [13]. It is also indicated that in endometrial cancer, CPEB1
elevation constrains cell development and tumor growth while
CPEB1 diminution boosts epithelial-mesenchymal transition
(EMT), migration and invasion of cancer cells [14]. This study in-
tends to find out the mechanism of BMSC-Exos on lung cancer by
modulating miR-425 and CPEB1.

2. Materials and methods

2.1. Ethics statement

The study was approved by the Ethics Committee of School of
Medicine, Cheeloo College of Medicine, Shandong University
(ethical approval number: KY2014-080) and informed written
consents were obtained from all patients. All animal experiments
were approved by the Guide for the Care and Use of Laboratory
Animal by International Committees (ethical approval number:
KY2014-112).

2.2. Experimental subjects

A total of 93 non-small cell lung cancer tissue specimens and
corresponding adjacent normal lung tissue specimens were surgi-
cally resected in Cheeloo College of Medicine, Shandong University.
None of patients had received chemotherapy or radiotherapy
before operation. Specimens were confirmed by pathological
diagnosis after operation. Among the 93 patients, there were 64
males and 29 females including 56 cases aged�60 years old and 37
cases aged <60 years old, with an average age of 55.58 ± 8.93 years
old; and 71 cases of squamous cell carcinoma and 22 cases of
adenocarcinoma. According to the staging criteria established by
Union for International Cancer Control in 1997, 41 cases were in
stage I and II and 52 cases in stage III and IV. Based on the degree of
histological differentiation, there were 44 cases with low differ-
entiation and 49 cases with moderate and high differentiation,
including 58 cases with lymph node metastasis while the other 35
cases without.

2.3. Cell culture

Isolation and culture of human BMSCs: Bone marrow fluid was
extracted from healthy donors by bone marrow puncture and
anticoagulated by sodium heparin. BMSCs were extracted by den-
sity gradient centrifugation combined with whole bone marrow
culture method. The bone marrow fluid was diluted with high
glucose Dulbecco modified Eagle medium (DMEM) containing 10%
fresh fetal bovine serum (FBS) at 1:1, added with 20 mL Ficoll
separation medium and centrifuged at 2000 rpm/min for 20 min.
After that, the cells with white membrane in the second layer were
rinsed with phosphate buffered saline (PBS) and centrifuged at
1000 rpm/min for 10 min (twice). Then, the cells were incubated in
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5 mL a-MEMmedium containing 10% fresh FBS for 24 h. After that,
the medium was replaced with a-MEM with 10% fresh FBS. BMSCs
were observed under a microscope (Olympus, Tokyo, Japan) after 3
repeated medium replacement.

Normal human embryonic lung fibroblast HFL1 and A549 lung
cancer cells were purchased from Cell Resource Center of Shanghai
Institutes for Biological Sciences, Chinese Academy of Sciences
(Shanghai, China) while human lung cancer cells (NCI-H1299, NCI-
H292) were from ATCC (VA, USA). NCI-H1299 and NCI-H292 cells
were cultured in Roswell Park Memorial Institute (RPMI)-1640
complete medium containing 10% FBS, and 1% penicillin/strepto-
mycin while HFL1 cells and A549 cells in Ham's F-12K (Kaighn's)
medium containing 10% FBS and 1% penicillin/streptomycin. The
cells were passaged every 3 days, and the cells in the logarithmic
growth phase were taken for experiments.
2.4. Cell transfection

NCI-H1299 and A549 cells were divided into 6 groups: inhibitor-
negative control (NC) group (transfected with miR-425 inhibitor
NC), miR-425 inhibitor group (transfected with miR-425 inhibitor),
pcDNA-NC group (transfected with pcDNA-empty-vector), pcDNA-
CPEB1 group (transfected with pcDNA CPEB1 vector), miR-425
mimic þ pcDNA-NC group (transfected with miR-425 mimic and
pcDNA-empty-vector) and miR-425 mimic þ pcDNA-CPEB1 group
(transfected with miR-425 mimic and pcDNA CPEB1).

NCI-H1299 and A549 cells were seeded in 6-well plates and
transfected with the oligonucleotides and plasmids (GenePharma,
Shanghai, China) by Lipofectamine™ 2000 transfection reagent
(Invitrogen, CA, USA). Cells were collected 48 h after transfection
for subsequent cell experiments.
2.5. Identification of BMSCs

Immunophenotypes of BMSCs: BMSCs were made into cell
suspension (1 � 106 cells/mL), and the cell suspension (100 mL) was
incubated with 10 mL CD29-phycoerythrin (PE), CD44-PE, CD90-
fluorescein isothiocyanate (FITC), CD34-FITC and CD45-FITC,
respectively. A blank control was set. Next, the cells were resus-
pended in PBS after 5-min centrifugation at 1000 g and detected in
a flow cytometer (Miltenyi Biotec, North Rhine-Westphalia, Co-
logne, Germany).

Adipogenic induction of BMSCs: BMSCs were cultured to full
confluence, and treated with adipogenic induction solution (high
glucose DMEM,10% fresh FBS, 20 mg/mL bovine insulin, 1 mmol/L 1-
methyl-3-isobutylxanthine, 1 mmol/L dexamethasone and 25 mmol/
L indometacin) for 14 d, during which the solution was renewed
every 2 d. Ultrapure water was added to the isopropanol to adjust
the concentration to 60%, and the oil red O dye was added until it
was no longer dissolved. After removing the adipogenic induction
solution, BMSCs were fixed in paraformaldehyde for 15 min, and
strained with the oil red O dye solution for 10 min, followed by
decolorization with isopropyl alcohol and observation under an
inverted microscope.

Osteogenic induction of BMSCs: When cells were fully adhered,
they were cultured with osteogenic induction solution (high
glucose DMEM, 10% fresh FBS, 10-7 mol/L dexamethasone, 50 mg/
mL vitamin C and 10 mmol/L b-glycerophosphate) for 21 d with the
solution replaced every 2 d. Then 2 g alizarin red was dissolved in
100 mL ultrapure water to adjust the pH to 4.2. After osteogenic
induction solution removal, the alizarin red staining solution was
added to stain BMSCs for 5 min and BMSCs were observed under an
inverted microscope.
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2.6. Extraction, identification and labeling of exosomes

Extraction of BMSC-Exo: When cells reached 70e80% conflu-
ence, the culture mediumwas renewed with FBS-free medium, and
BMSCs were incubated for another 48 h. Subsequently, the media
were collected. After centrifugation at 4 �C (500 g � 10 min,
12000 g � 20 min), the supernatant was filtered with a 0.22 mm
filter and ultracentrifuged (100,000 g) for 2 h. Then the precipitates
were resuspended in PBS and ultracentrifuged for 2 h again. The
final pellet was resuspended in PBS and stored at �80 �C.

Identification of BMSC-Exo: 1. BMSC-Exo suspension was
diluted with 10 mL PBS, added to the loaded copper mesh for 1 min,
stained with 3% (w/v) sodium phosphotungstate solution for 5 min,
washed with ddH2O and observed with a transmission electron
microscope (TEM, Hitachi High-Technologies Corporation, Tokyo,
Japan); 2. Western blot was adopted to detect the surface antigen of
BMSC-Exo (CD9, CD81, TSG101 and GRP94). 3. Nanoparticle
tracking analysis (NTA): BMSC-Exo were diluted with PBS to 3-
5 � 107 particles/mL and tested by ZetaView PMX 110. ZetaView
8.04.02 SP2. software was adopted for data analysis.

Observation of the uptake of BMSC-Exo by lung cancer cells via
PKH26 staining: Freshly extracted BMSC-Exo were supplemented
with 1 mL Diluent C. PKH26 dye (1 mM, 4 mL; Sigma Aldrich, MO,
USA) was added to 1 mL Diluent C. Next, exosomes were labeled
with red fluorescent PKH26 as described previously [15]. After that,
the cells were stained by 40,6-diamidino-2-phenylindole for 10min,
quenched by anti-fluorescence quenching solution and photo-
graphed under a fluorescence microscope.

2.7. Cell co-culture

Synthetic inhibitor-NC, miR-425 inhibitor, pcDNA-NC, pcDNA-
CPEB1, miR-425 mimic þ pcDNA-NC, miR-425 mimic þ pcDNA-
CPEB1 were transfected into BMSCs. BMSCs after 24-h transfection
were co-cultured with lung cancer cells. BMSCs (1 � 105) were
seeded into the upper side while lung cancer cells (3� 105) into the
lower chamber (Transwell chamber with the aperture of 0.4 mm). In
addition, the BMSC-Exo group was set with untransfected BMSCs
co-culturedwith lung cancer cells. The BMSC-ExoþGW4869 group
was set with untransfected BMSCs co-cultured with lung cancer
cells and added with 5 mM exosome inhibitor GW4869 (HY-19363,
MCE, Monmouth Junction, NJ, USA). A control group was set with
medium co-cultured with lung cancer cells. Transfected BMSCs
were co-cultured with lung cancer cells for 24 h, and then used in
subsequent experiments.

2.8. Reverse transcription quantitative polymerase chain reaction
(RT-qPCR)

RNA was extracted by Trizol reagent (Invitrogen). Reverse
transcription of the extracted RNA was carried out on the Prime-
Script RT kit (Promega, Madison, USA). Genes were quantitatively
analyzed via SYBR Green Master Mix (Life Technologies, CA, USA).
miR-425 expression was quantified by Mir-X™ miRNA TB Green
qPCR kit (Takara, Tokyo, Japan). The primer sequences were shown
in Supplementary Table 1. Using glyceraldehyde phosphate dehy-
drogenase (GAPDH) and U6 as internal controls, gene expression
was calculated via 2�DDCt method [16].

2.9. Western blot analysis

Total protein was extracted and protein concentration was
determined by bicinchoninic acid kit (AmyJet Scientific, Wuhan,
Hubei, China). The extracted protein was mixed with the loading
buffer, boiled at 95 �C for 10 min and centrifuged, followed by
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electrophoresis with 10% polyacrylamide gel. Then, the protein
sample was transferred into a membrane and blocked in tris-
buffered saline with Tween 20 with 5% skim milk for 1 h. Next,
primary antibodies CPEB1 (1:1000, Novus Biologicals, Colorado,
USA), CD9 (1:100, BD Pharmingen, New Jersey, USA), CD81 (1:200,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), TSG101 (1:1000),
GRP94 (1:1000, Abcam, MA, USA), and GAPDH (1:1000, Cell
Signaling Technology, Beverly, MA, USA) were combined with the
protein membrane overnight. Subsequently, the corresponding
secondary antibody (1:2000, Abcam) was added into the protein
sample, followed by development with chemiluminescent reagent
and protein band analysis with ImageJ2x software.
2.10. Scratch test

After 48 h of transfection or 24 h of co-culture, lung cancer cells
(1 � 105) were added to 24-well plates. After the cells spread over
the whole plate, scratches were drawn, and detached cells and cell
debris were washed off by sterile PBS. The scratch width was
measured at 0 h, and 48 h respectively to calculate the average
migration distance.
2.11. Transwell assay

After 48 h of transfection or 24 h of co-culture, Matrigel (100 mL,
50 mg/L) was diluted at 1:40, and added to the upper chamber.
Lung cancer cells were resuspended in serum-free medium and the
cell suspension (2 � 105 cells/mL, 100 mL) was added in the upper
chamber while 600 mLmedium containing 20% exosome-free FBS in
the lower chamber. Incubated for 24 h, the cells were fixed by
methanol for 10 min, stained by 1% crystal violet solution and
photographed in 8 fields of view under a microscope.
2.12. Lung metastasis assay

Forty five male BABL/c nude mice, 6 weeks old, were acquired
from Beijing Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China) and divided into 15 groups with 3 in each group.
Cells (stably transfected A549 cells or A549 cells after 24-h co-
culture with transfected or untransfected BMSCs) were prepared
into cell suspension. The cell suspension was supplemented with
serum-medium to 5� 106 cells/mL and injected to the nudemice at
100 mL through the tail vein. After 4 weeks, the mice were eutha-
nized to take out complete lung tissues, including the trachea and
bronchus, and lung metastasis was observed. The lung tissues were
fixed in 4% paraformaldehyde and prepared to paraffin slices for
hematoxylin-eosin (HE) staining.
2.13. Dual luciferase reporter gene assay

The binding site of miR-425 to CPEB1 30-untranslated regions
(30-UTR) was predicted in the bioinformatics software (http://
www.targetscan.org). Luciferase reporter gene assay was per-
formed using the dual luciferase analysis system kit (Promega). The
wild type (WT) and mutant (MUT) pmirGLO-CPEB1-30UTR vector
(Guangzhou Yingxin Co., Ltd., Guangzhou, China) contained the
miRNA binding sites. Lung cancer cells were co-transfected with
the vector with miRNA mimic. After 48 h, passive lysis buffer
sample (20 mL) and Luciferase Assay Reagent II (100 mL) were added
to cells and absorbance was measured at 580 nm on a microplate
reader. Also, Stop&Glo reagent (100 mL) was added into cells and
absorbance was read at 460 nm [17].

http://www.targetscan.org
http://www.targetscan.org
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2.14. Statistical analysis

All data were processed with SPSS 21.0 software (IBM, NY, USA).
The measurement data were expressed as mean ± standard devi-
ation. The comparison between the two groups was made by t-test
while that among multiple groups by one-way analysis of variance
(ANOVA), after which pairwise comparison was performed by
Tukey's post-hoc test. Pearson correlation analysis was performed.
P < 0.05 suggested statistically significant difference.

3. Results

3.1. MiR-425 is up-regulated and CPEB1 is down-regulated in lung
cancer tissues of patients

MiR-425 and CPEB1 expression in lung cancer tissues and cor-
responding adjacent normal tissues was detected by RT-qPCR and
Western blot analysis. MiR-425 expressionwas higher while CPEB1
expression was lower in lung cancer tissues than in adjacent
normal tissues (both P < 0.05) (Fig. 1AeD).

Pearson correlation analysis between miR-425 and CPEB1
mRNA expression in lung cancer tissues of patients found that miR-
425 was negatively correlated with CPEB1 mRNA expression (P <
Fig. 1. MiR-425 is up-regulated and CPEB1 is down-regulated in lung cancer tissues; miR-
(n ¼ 93) and adjacent normal tissues (n ¼ 93); B. RT-qPCR detection of CPEB1 mRNA expres
bands and protein expression of CPEB1 by Western blot analysis (n ¼ 93); E. Pearson correla
in lung cancer patients; F. miR-425 and CPEB1 mRNA expression in HFL1 and lung cancer
relationship between miR-425 and CPEB1; H. Dual luciferase reporter gene assay validatio
expressed by mean ± standard deviation; Comparison between two groups was analyzed b
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0.05) (Fig. 1E). miR-425 and CPEB1 mRNA in different lung cancer
cell lines was alsomeasured, and the results showed that compared
with HFL1 cells, miR-425 expressionwas up-regulatedwhile CPEB1
mRNA expression was down-regulated in lung cancer cells (A549,
NCI-H1299 and NCI-H292) (Fig. 1F). A549 and NCI-H1299 cells had
the most significant differences in miR-425 and CPEB1 expression
from HFL1 cells, thus the two cell lines were used for follow-up
studies.

Online prediction found that there was a miR-425 binding site
on the 30UTR of CPEB1 (Fig. 1G). To confirm that, dual luciferase
reporter gene assay was conducted and found that co-transfection
of miR-425mimic and CPEB1-WT suppressed the luciferase activity
of lung cancer cells (Fig.1H), while that of CPEB1-MUTandmiR-425
mimic had no influence on luciferase activity of lung cancer cells,
indicating that CPEB1 was a direct target of miR-425.

3.2. Inhibitory effects of down-regulating miR-425 or up-regulating
CPEB1 on lung cancer cell invasion and migration properties in vitro
and lung metastasis in vivo

To further explore the effects of miR-425 and CPEB1 on lung
cancer cells, A549 and NCI-H1299 cells were transfected with
miR-425 inhibitor/mimic, pcDNA-CPEB1 or the relative NC. The
425 targets CPEB1. A. RT-qPCR detection of miR-425 expression in lung cancer tissues
sion in lung cancer tissues (n ¼ 93) and adjacent normal tissues (n ¼ 93); C-D. Protein
tion analysis of the relation between miR-425 expression and CPEB1 mRNA expression
cell lines (A549, NCI-H1299 and NCI-H292); G. Targetscan prediction of the targeting
n of the targeting relationship between miR-425 and CPEB1. Data in the figure were
y t-test.
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results of RT-qPCR and Western blot analysis showed that versus
the inhibitor-NC group, the miR-425 inhibitor group demon-
strated reduced miR-425 and increased CPEB1 expression (both P
< 0.05). Relative to the pcDNA-NC group and the miR-425 mimic
þ pcDNA-NC group, respectively, CPEB1 expression was elevated
in the pcDNA-CPEB1 group and the miR-425 mimic þ pcDNA-
CPEB1 group (both P < 0.05) (Fig. 2A and B; Supplementary Figs.
1A and B).

Scratch test and Transwell assay revealed that versus the
inhibitor-NC group and the pcDNA-NC group, respectively,
Fig. 2. Down-regulation of miR-425 or up-relation of CPEB1 inhibits A549 cell invasion and
in A549 cells after transfection detected by RT-qPCR; B. CPEB1 protein expression in A549
transfection detected by scratch test; E-F. Cell invasion abilities of A549 cells after transfectio
to construct a lung metastasis model, and HE staining observed lung metastasis in tumors of
cadherin mRNA expression in tumors of nude mice. *P < 0.05 compared with the inhibitor-N
miR-425 mimic þ pcDNA-NC group. Data in the figure were expressed by mean ± standard
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suppressed migration and invasion abilities of lung cancer cells
were seen in the miR-425 inhibitor group and the pcDNA-CPEB1
group. With respect to the miR-425 mimic þ pcDNA-NC group,
the miR-425 mimic þ pcDNA-CPEB1 group showed decreased cell
migration and invasion abilities (all P < 0.05) (Fig. 2CeF;
Supplementary Figs. 1CeF).

Further exploration of the effects of miR-425 and CPEB1 on lung
metastasis in vivo was performed by injecting stably transfected
A549 into nudemice through the tail vein. HE staining pictured that
nuclear aberration, nuclear pyogenic infection, karyokinesis,
metastasis and lung metastasis in nude mice. A. MiR-425 and CPEB1 mRNA expression
cells after transfection detected by Western blot; C-D. Migration of A549 cells after

n detected by Transwell assay; G. Stably transfected A549 were injected into nude mice
nude mice; H. Number of lung nodules in each group; I. RT-qPCR of N-cadherin and E-
C group; #P < 0.05 compared with the pcDNA-NC group; & P < 0.05 compared with the
deviation.
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abnormal ratio of nuclear and plasma, proliferated nuclei and
reduced voids were found in the tumor site in the inhibitor-NC
group, pcDNA-NC group, miR-425 mimic þ pcDNA-CPEB1 group
and miR-425 mimic þ pcDNA-NC group. The miR-425 mimic þ
pcDNA-NC group had the most lung tissue metastatic lesions. The
miR-425 inhibitor group and the pcDNA-CPEB1 group were char-
acterized by less lung tissue metastatic lesions in comparison with
the inhibitor-NC and the pcDNA-NC groups, respectively (both P <
0.05) (Fig. 2G and H).

RT-qPCR was used to detect interstitial marker (N-cadherin) and
epithelial mediator (E-cadherin) related to tumor invasion and
metastasis in lung tissues of nude mice. It was demonstrated that
versus the inhibitor-NC group, pcDNA-NC group, and miR-425
mimic þ pcDNA-NC group, respectively, decreased N-cadherin
mRNA and increased E-cadherinmRNA expressionwas found in the
miR-425 inhibitor group, pcDNA-CPEB1 group and miR-425 mimic
þ pcDNA-CPEB1 group (all P < 0.05) (Fig. 2I). It was confirmed that
suppressing miR-425 or elevating CPEB1 limited invasion and
migration of lung cancer cells in vitro and lung metastasis in vivo.
3.3. BMSCs immunophenotype, and identification of adipogenic and
osteogenic induction of BMSCs

After separation of BMSCs, flow cytometry was applied to detect
surface antigens of BMSCs. The results showed that CD29 (97.56%),
CD44 (92.78%) and CD90 (92.53%) were all positively expressed,
Fig. 3. BMSCs immunophenotype, and identification of adipogenic and osteogenic induct
antigens CD34 and CD45 detected by flow cytometry; B. BMSCs morphology observed und
staining; D. BMSCs osteogenic differentiation observed by Alizarin Red Staining.

Fig. 4. Identification of BMSC-Exo. A. TEM observation of BMSC-Exo, the red arrow indicated
C. Particle size and concentration of BMSC-Exo by ZateView detection.
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while CD34 (1.67%) and CD45 (3.82%) were negatively expressed in
BMSCs (Fig. 3A).

Microscopic observation indicated that the morphology of
BMSCs cultured to P3 was relatively consistent, showing fibroblast-
like shape and adherent growth. There were few impurities around
and no cells in other forms (Fig. 3B).

Adipogenic induction of BMSCs suggested that large and round
lipid droplets appeared in some cells and these lipid droplets
were stained red after oil red O staining (Fig. 3C). Osteogenic
induction of BMSCs indicated that some cells showed a shape
change from spindle to polygon, and the cell body was enlarged,
followed by continuous cell proliferation and overlap. Addition-
ally, there were many nodules stained red by alizarin red solution
(Fig. 3D). Osteogenic and adipogenic differentiation of BMSCs
reached more than 95%, indicating that BMSCs were successfully
isolated.

3.4. Identification of BMSC-Exo

After extraction and purification, BMSC-Exos were identified.
Themorphology of BMSC-Exowas observed by TEM, which showed
that the exosomes were concave oblong or round in shape, with a
diameter of 40e100 nm and complete phospholipid bilayer mem-
brane structure (Fig. 4A). Western blot analysis indicated that CD9,
CD81 and TSG101 were positively expressed while GRP94 was not
expressed in BMSC-Exo (Fig. 4B). The peak size of exosomes
detected by ZateView was 76 nmwith the particle concentration of
ion of BMSCs. A. BMSCs surface antigens CD29, CD44, CD90 and non-BMSCs surface
er an inverted microscope; C. BMSCs adipogenic differentiation observed by oil O red

exosomes; B. Protein bands of CD9, CD81, TSG101 and GRP94 detected byWestern blot;
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6.6 � 1012 L�1 (Fig. 4C). The findings confirmed that BMSC-Exos
were successfully isolated.

3.5. BMSC-Exos promote invasion and migration of lung cancer
cells and lung metastasis in nude mice

To further explore the effect of BMSC-Exos on lung cancer,
BMSCs-Exos were co-cultured with lung cancer cells A549 or NCI-
H1299. After co-culture, a large number of red fluorescence-
labeled BMSC-Exo were observed to be taken by lung cancer cells
under the confocal microscope (Fig. 5A).

RT-qPCR and Western blot analysis showed that relative to the
control group, CPEB1 expression decreased and miR-425 expres-
sion elevated in the BMSC-Exo group (all P < 0.05) (Fig. 5B and C).

Scratch test indicated that the BMSC-Exo group after 48-h
scratching presented an increased distance versus the control
group; by comparisonwith the BMSC-Exos group, the BMSC-Exosþ
GW4869 showed reduced scratchwidth (both P < 0.05) (Fig. 5D and
E). Transwell assay exhibited that cell invasion ability was
enhanced in the BMSC-Exo group versus the control group, while
that was suppressed in the BMSC-Exo þ GW4869 group versus the
BMSC-Exos group (both P < 0.05) (Fig. 5F and G).

Lung metastasis model in vivo was established. HE staining
suggested versus the control group, lung tissue metastasis was
increased in the BMSC-Exos group (P < 0.05); with respect to the
BMSC-Exos group, the BMSC-Exos þ GW4869 group had reduced
lung tissue metastatic lesions (P < 0.05) (Fig. 5H and I).

Analysis of N-cadherin and E-cadherin mRNA expression in lung
tissues of nude mice presented that in comparisonwith the control
Fig. 5. BMSC-Exos promote migration and invasion of A549 cells and lung metastasis in n
microscope; B. MiR-425 and CPEB1 mRNA expression in A549 cells after 24-h co-culture wi
culture with BMSCs detected by Western blot analysis; D-E. Migration of A549 cells after 24-
co-culture with BMSCs detected by Transwell assay; H. Observation of lung metastasis in nu
mRNA expression in lung tissues of nude mice. *P < 0.05 compared with the control group; #
deviation.
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group, N-cadherin mRNA expression increased and E-cadherin
mRNA expression reduced in the BMSC-Exo group; versus the
BMSC-Exos group, repressed N-cadherin and elevated E-cadherin
mRNA expression was found in the BMSC-Exos þ GW4869 group
(all P < 0.05) (Fig. 5J).

3.6. Inhibitory effects of BMSC-Exos carrying down-regulated miR-
425 or up-regulated CPEB1 on migration and invasion of lung
cancer cells and lung metastasis in nude mice

To further explore whether BMSC-Exos can transmit miR-425
or CPEB1 to influence the invasion and metastasis of lung cancer
cells and lung metastasis. The transfected BMSCs were co-cultured
with A549 or NCI-H1299 cells. RT-qPCR and Western blot analysis
suggested that miR-425 expression was decreased in the Exo-
miR-425 inhibitor group, while CPEB1 expression had the opposite
trend in relation to the Exo inhibitor-NC group (P < 0.05). Versus
the Exo–pcDNA-NC group, the Exo-pcDNA-CPEB1 group showed
no change in miR-425 expression (P > 0.05) and an increase in
CPEB1 expression (P < 0.05). Versus the Exo-miR-425 mimic þ
pcDNA-NC group, there was no great change in miR-425 expres-
sion (P > 0.05), and a significant elevation in CPEB1 (P < 0.05) in
the Exo-miR-425 mimic þ pcDNA-CPEB1 group (Fig. 6A and B).

Scratch test and Transwell assay indicated that in relation to the
Exo-inhibitor-NC group, Exo-pcDNA-NC group and Exo-miR-425
mimic þ pcDNA-NC group, respectively, the Exo-miR-425 inhibitor
group, Exo-pcDNA-CPEB1 group and Exo-miR-425 mimic þ
pcDNA-CPEB1 group manifested shortened wound healing dis-
tance and decreased migration ability (all P < 0.05) (Fig. 6CeF).
ude mice. A. Observation of the uptake of BMSC-Exo by A549 cells with the confocal
th BMSCs detected by RT-qPCR; C. CPEB protein expression in A549 cells after 24-h co-
h co-culture with BMSCs detected by scratch test; F-G. Invasion of A549 cells after 24-h
de mice by HE staining; I. The number of tumor nodules; J. N-cadherin and E-cadherin
P < 0.05 compared with the BMSC-Exo group. Data were expressed as mean ± standard



Fig. 6. Inhibitory effects of BMSC-Exos carrying down-regulated miR-425 or up-regulated CPEB1 on migration and invasion of A549 cells and lung metastasis in nude mice. A. MiR-
425 and CPEB1 mRNA expression in A549 cells after 24-h co-culture with transfected BMSCs detected by RT-qPCR; B. CPEB1 protein expression in A549 cells after 24-h co-culture
with transfected BMSCs detected by Western blot analysis; C-D. Migration of A549 cells after 24-h co-culture with transfected BMSCs detected by scratch test; E-F. Invasion of A549
cells after 24-h co-culture with transfected BMSCs detected Transwell assay; G. Observation of lung metastasis in nude mice by HE staining; H. The number of tumor nodules; I. N-
cadherin and E-cadherin mRNA expression detected by RT-qPCR. *P < 0.05 compared with the Exo-inhibitor-NC group; #P < 0.05 compared with the Exo-pcDNA-NC group; & P <
0.05 compared with the Exo-miR-425 mimic þ pcDNA-NC group. Data were expressed as mean ± standard deviation.
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An in vivo lung metastasis model was constructed using A549
cells co-cultured with BMSCs after transfection. HE staining
revealed nuclear distortion, nuclear pyogenic infection, nuclear
fission and abnormal nuclear-cytoplasmic ratio in cells of lung
tissues, and dense nuclear proliferation and void reduction on the
tumor site in the Exo- inhibitor-NC group, Exo-pcDNA-NC group,
Exo-miR-425 mimic þ pcDNA-CPEB1 group and Exo-miR-425
mimic þ pcDNA-NC group. The most tumor nodules were found in
the Exo-miR-425 mimic þ pcDNA-NC group. However, the tumor
nodules in lung tissues reduced in the Exo-miR-425 inhibitor group
and the Exo-pcDNA-CPEB1 group versus the Exo- inhibitor-NC
group and the Exo-pcDNA-NC group (all P < 0.05) (Fig. 6G and H).

RT-qPCR highlighted that relative to the Exo-inhibitor-NC group,
Exo-pcDNA-NC group and Exo-miR-425 mimicþ pcDNA-NC group,
N-cadherin mRNA expression reduced while E-cadherin mRNA
expression elevated in the Exo-miR-425 inhibitor group, Exo-
pcDNA-CPEB1 group and Exo-miR-425 mimic þ pcDNA-CPEB1
group, respectively (all P < 0.05) (Fig. 6I).

4. Discussion

In recent years, although incidence and mortality rates of lung
cancer have diminished as a result of a fall in cigarette use, it
remains a malignancy at later stages with extremely poor survival
[18]. Lately, evidence has shown that exosomes impact on the
drug resistance of lung cancer cells [19]. Thus, our study was
meant to explore how BMSC-Exos affect lung cancer cell
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progression by modulating miR-425 and CPEB1. Collectively, our
study revealed that BMSC-Exos could deliver miR-425 to inhibit
CPEB1 expression in lung cancer cells, thereby promoting the
malignant biological properties of lung cancer cells and their
metastasis in vivo.

As an essential part of cell-cell communication, exosomes could
protect miRs from degradation and also deliver specific miRNAs
from the supplier cells to the receiver cells [20]. A series of assays
suggested that BMSC-Exos carrying up-regulated miR-425 or
downregulated CPEB1 suppressed migration and invasion of lung
cancer cells (A549 and NCI-H1299 cells) and lung metastasis
(A549 cells) in nude mice. Similar to our study, a report has shown
that 5T33 BMSC-Exos facilitate multiple myeloma cell progression
and enhance drug resistance [6]. It is demonstrated that BMSC-Exos
activate myeloid-derived suppressor cells in the bone marrow,
resulting in boosted immunosuppression to assist multiple
myeloma progression [21]. There has been a study proving that
MSC-derived adipocyte exosomes can facilitate breast cancer cell
growth [22]. According to a former paper, BMSC-Exos are found to
promote colon cancer stem cell-like traits via miR-142-3p [23].
Besides, an update article has confirmed that BMSC-Exos could
exert tumor promoter in the progression of osteosarcoma by
transmitting miR-208a [23]. In addition to that, Xina Z et al. have
proved that hypoxic BMSC-Exos could accelerate invasion of lung
cancer cells through transfer of pro-tumor miRNAs, such as miR-
193a-3p [24]. The aforesaid references imply that BMSC-Exos
could deliver miRNA to exert functions in human diseases. As



G. Wang, X. Ji, P. Li et al. Regenerative Therapy 20 (2022) 107e116
reported, knockout of miR-425 in patients with acute respiratory
distress syndrome serves as amaster inducer of pulmonary fibrosis,
which in return exacerbates lung injury [24]. Also, a latest study has
implied the therapeutic effects of BMSC-Exos in acute myeloid
leukemia through delivering miR-425-5p. Detailedly, inhibition of
miR-425 in BMSCs delivered into the lung cells could reverse the
protective role of BMSCs-Exos with the elevation of apoptosis rate,
increase of Bax expression and reduction of Bcl-2 expression [25].
Therefore, miR-425 in BMSCs-Exos is conducive in attenuating lung
cancer progression.

Other assays also indicated that CPEB1was a direct target ofmiR-
425, and miR-425 diminution elevated CPEB1 expression. The tar-
geting relationship between CPEB1 and miR-425 has not been
verified in the literature before. In addition, we found that under-
expressed miR-425 or overexpressed CPEB1 restrained migration
and invasion of lung cancer cells, and overexpressed CPEB1 reversed
the contributory impacts of up-regulated miR-425 onmigration and
invasion of lung cancer cells. Consistent with the results, a previous
study by Zhang X et al. has revealed that the elevation of miR-425
boosts breast cancer cell development while DICER1 silencing in
thewake of the diminution of eithermiRNAs restrains the oncogenic
behaviors [26]. Liu P et al. have demonstrated that miR-425 modu-
lates IGF-1 to limits PI3K-Akt pathway, which further exerts negative
impacts on melanoma metastasis [27]. There has been a research
suggesting that miR-425-5p knockdown targets AIFM1 to restrict
cervical cancer tumorigenesis [28]. It has been proposed that CPEB1
exerts suppressive impacts on cell stemness in hepatocellular car-
cinoma cancer [12]. There is also a report indicating that a drop in
CPEB1 expression exerts contributory impacts on the lung metas-
tasis of breast cancer cells in vivo [13]. A similar study illustrates that
in endometrial cancer, elevated CPEB1 restrains cell development
and tumor growth, and in return, a fall in CPEB1 expression induced
by miR-183 facilitates EMT as well as migration and invasion of
cancer cells [14]. These findings are in consistent with what we have
obtained from a wide range of assays.

Taken together, our study reveals that human BMSC-Exos could
deliver miR-425 to inhibit CPEB1 expression in lung cancer cells,
thereby promoting the malignant biological properties of lung
cancer cells and their metastasis in vivo. Our work offers new clues
for the role of BMSC-Exos in lung cancer development and offers a
new direction for clinical treatment of this disease through miR-
425/CPEB1 axis. However, according to some prior studies,
cancer-derived exosomes can promote breast cancer lung metas-
tasis by delivering miRNA [29,30]. Also, cancer-derived exosomes
can increase the metastatic ability of recipient cells, and promote
lung cancer metastasis by delivering miRNA [31,32]. Furthermore,
cancer-associated fibroblast-derived exosomes can affect cancer
lung metastasis [33]. Therefore, whether other cell-type-derived
Exos have similar effects on lung metastasis through miR-425
need in-depth exploration.
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Supplementary Figure 1Down-regulation of miR-425 or up-
relation of CPEB1 inhibits NCI-H1299 cell invasion and migration.
A. MiR-425 and CPEB1 mRNA expression in NCI-H1299 cells after
transfection detected by RT-qPCR; B. CPEB1 protein expression in
NCI-H1299 cells after transfection detected by Western blot; C-D.
Migration of NCI-H1299 cells after transfection detected by scratch
test; E-F. Invasion of NCI-H1299 cells after transfection detected by
Transwell assay; P < 0.05 compared with the inhibitor-NC group;
#P< 0.05 comparedwith the pcDNA-NC group;& P< 0.05 compared
with themiR-425mimicþ pcDNA-NC group. Data in the figurewere
expressed by mean ± standard deviation.
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