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Abstract

methods for the treatment of non-small cell lung cancer.

As an efficient drug carrier, exosome has been widely used in the delivery of genetic drugs, chemotherapeutic drugs,
and anti-inflammatory drugs. As a genetic drug carrier, exosomes are beneficial to improve transfection efficiency and
weaken side effects at the same time. Here, we use genetic engineering to prepare engineered exosomes (miR-449a
Exo) that can actively deliver miR-449a. It was verified that miR-449a Exo had good homology targeting capacity and
was specifically taken up by A549 cells. Moreover, miR-449a Exo had high delivery efficiency of miR-449a in vitro and
in vivo. We demonstrated that miR-449a Exo effectively inhibited the proliferation of A549 cells and promoted their
apoptosis. In addition, miR-449a Exo was found to control the progression of mouse tumors and prolong their survival
in vivo. Our research provides new ideas for exosomes to efficiently and actively load gene drugs, and finds promising
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Introduction

Lung cancer is one of the most common malignant
tumors with the highest incidence and fatality rate in the
world [1]. According to the Global Cancer Statistics in
2018 [2], there were approximately 18.1 million new can-
cer cases worldwide, among which more than 2.09 mil-
lion were the new cases of lung cancer, accounting for
11.6%; in addition, 9.6 million patients died of cancer
in 2018, among which patients with lung cancer were
approximately 1.76 million, accounting for 18.4%. Lung
cancer can be divided into two histological types, includ-
ing small cell lung cancer (SCLC) and non-small cell
lung cancer (NSCLC), among which NSCLC accounts
for about 85% of all lung cancer cases. Most NSCLC
patients have developed to advanced stages at the time of
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diagnosis, which brings great challenges to the treatment
of NSCLC [3]. In recent years, although targeted thera-
pies, immunotherapy, and the combination of multiple
methods have brought new treatment hopes for NSCLC
patients, the overall prognosis of NSCLC patients
remains poor [4].

Recently, increasing attention has been attached to
the relationship between miRNA and NSCLC. MiRNA
cleaves mRNA or inhibits translation initiation by impre-
cisely complementary pairing with the 3’-untranslated
region (UTR) of mRNA [5]. It regulates cell differen-
tiation, proliferation, apoptosis, carcinogenesis, hormone
secretion and many other biological processes. Many
studies have found that there are a variety of miRNA
expression disorders in tumor tissues, and these miR-
NAs may participate in the occurrence and development
of tumors by regulating the expression of genes related
to cell malignant phenotype [6]. In NSCLC cells or tis-
sues, miR-21 [7], miR-574-5p [8], miR-26 [9], miR-155
[10], miR-1254 [11], miR-449a [12] and other miRNAs
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affect the progression of NSCLC through cell apoptosis,
escaping, cell cycle regulation, infiltration and metastasis
regulation, inflammation regulation and other aspects.
Therefore, correcting the disordered miRNA in NSCLC
cells during the treatment of conventional chemothera-
peutics increased the sensitivity of traditional chemo-
therapeutics and improved the therapeutic effect of
NSCLC.

However, miRNA was unstable and easily degraded
in vivo, it was a great challenge for choosing efficient and
safe gene carriers to effectively transport miRNA into
tumor cells and exert curative effect. In recent years, the
role of exosomes in cell communication has attracted
more and more attention [13—15]. Exosomes are a sub-
group of extracellular vesicles with a diameter of 30—-150
nm. Exosomes have transmembrane molecules such as
CD9 and CD63 on their surface, and contain important
genetic materials such as receptors, bioactive lipids, pro-
teins and RNAs [16]. Studies have shown that exosomes
transport proteins, functional mRNA, siRNA and
miRNA to target cells to perform long-distance cell com-
munication functions, which is an efficient and economi-
cal communication mechanism for information exchange
between cells [17-20]. Wood et al. [21] have proposed
and conceptually verified the feasibility of exosomes as
drug carriers for the first time by using immature den-
dritic cells as parent cells to carry siRNA. Exosome has
broad application prospects since it has the advantages
of both cell carrier and nano-materials. It can not only
ensure the stability of its contents during the transporta-
tion process, but also easily penetrate the membrane to
achieve intercellular transmission [22, 23]. Nie et al. [24]
have prepared a kind of lung-targeted exosomes and use
them for the delivery of miRNA-126. They found that
the engineered exosome effectively inhibited the prolif-
eration and metastasis of A549 cells, and exhibited anti-
cancer effect in nude mouse models. These indicated that
exosomes were used as highly efficient vectors carrying
specific therapeutic genes for gene therapy of diseases
including NSCLC.

There are usually two ways to load miRNA into
exosomes [25]. One is to use chemical reagents for
transfection to express miRNA in the cell so that the
exosomes secreted by the cell will directly package the
“cargo”. But this method cannot guarantee that all miR-
NAs enter into the exosomes instead of adhering to
the outer surface of the exosomes. Due to the limited
amount of miRNA loaded into the exosomes, the ther-
apy faces inefficiency [26]. Another way is to directly
introduce the “cargo” miRNA into exosomes through
external forces such as electroporation. Although this
method effectively avoids the chemical transfection,
some studies have shown that electroporation is easy to
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cause the aggregation of exosomes and may affect the
integrity of exosomes or the carried drugs [27].

Hence, in this research we intended to adopt a
method for actively introducing the miRNA “cargo”
into exosomes. This method is first proposed by Sutaria
et al. [28], using the characteristic of specific binding
between transcriptional transactivator protein (TAT)
and the trans-activating response (TAR) element to
enable the “cargo” miRNA to be efficiently enriched in
exosomes. Inspired by this, we constructed an expres-
sion plasmid to fuse the TAT peptide with the C-ter-
minus of the membrane protein ADC, and another
expression plasmid was constructed to fuse the TAR
element with the 5'end of the “cargo” miRNA-449a.
After transfection of A549 cells, ADC-TAT and TAR-
miR-449a were expressed in A549 cells. During the
formation of exosomes in A549 cells, ADC-TAT was
inserted into the exosomal membrane and recruited
miR-449a that linked to the TAR element through its
TAT peptide located on the inner side of the mem-
brane, so that the miR-449a could be efficiently
enriched in exosomes. We characterized the collected
engineered exosomes secreted by A549 cells, and used
A549 cells to verify their high-efficiency uptake ability
of self-sourced exosomes. Through a series of experi-
ments, we found that the prepared miR-449a exosomes
(miR-449a exo) had strong anti-tumor ability in vitro
and in vivo. Our research provided new solutions to the
treatment of lung cancer and other cancers with genetic
drugs such as miRNA.

Materials and methods

Plasmid construction

For the construction of ADC-TAT plasmid, the amplified
DNA sequence of ADC was first inserted in pcDNA3.1
expression vector (Miaolingbio, China) between the
EcoRI and Xhol sites, and then the TAT peptide syn-
thesized by Sangon Biotech (Shanghai) was inserted
to the C-terminus of ADC to obtain pcDNA3.1-ADC-
TAT expression plasmid. For the construction of the
TAR-miR-449a plasmid, we first obtained the sequence
of the miR-449a precursor (pre-miR-449a) from the
miRBase database, the primers of pre-miR-449a were
designed according to the restriction site (BgllI/HindIII)
of the pSuper plasmid to be inserted. The sequence of
the designed primers was as followed: Forward: 5'-CTA
GAGTCAATACAGCTAAC-3/, Reverse: 5-TCGAAC
TTGACAGCCATCGA-3'. After PCR amplification,
the digested pSuper plasmid (Miaolingbio, China) was
ligated with the amplification product that containing
pre-miR-449a. The DNA sequence of TAR was synthe-
sized by Sangon Biotech (Shanghai) and then inserted
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into the 5’end of the pre-miR-449a fragment in pSuper-
miR-449a to construct the TAR-miR-449a expression
plasmid.

Cell culture and transfection

The cells used in this research were purchased from
the Shanghai Cell Bank of the Chinese Academy of Sci-
ences, and the cells were cultured in RPMI-1640/DMEM
medium (Gibco, USA) containing 10% FBS (Gibco, USA)
and antibodies (penicillin and streptomycin) (Gibco,
USA) and incubated in a 37 'C, 5% CO, incubator. Cells
were collected until the confluency of cells up to 90%,
then centrifuged the cells at 1000g for 5 min and dis-
carded the supernatant. The cells were finally transferred
to the new medium at a ratio of 1:5.

Before cell transfection, the A549 cells in logarithmic
growth phase were inoculated in culture plates. When the
cells grew to a confluency of more than 95%, pcDNA3.1-
ADC-TAT and pSuper-TAR-miR-449a recombinant plas-
mids (1 pg, respectively) were transfected into A549 cells
using the transfection reagent Lipofectamine 3000 (Inv-
itrogen, USA). The transfection reagent and the plasmids
were diluted with Opti-MEM medium (Invitrogen, USA).

Isolation and characterization of the engineered exosomes
Similar methods were applied to isolate and character-
ize exosomes [29-31]. After cell transfection for 48 h, the
supernatant was collected and centrifuged at 4 °C, 500g
for 5 min to remove the remaining cells. Then centrifuga-
tion was performed at 2000g for 10 min at 4 °C to remove
the residual cell debris from the supernatant. Next, the
microvesicles were obtained by centrifugation at 10,000g
for 30 min. Finally, the supernatant was centrifuged at
10,000g for 120 min to obtain exosome precipitation. The
supernatant was discarded and the pellet was washed
with PBS and centrifuged again to obtain relatively pure
exosomes.

After the exosomes were diluted to a lower concentra-
tion, the solution was dropped onto the 300 mesh copper
net, then the excess liquid was absorbed with filter paper
after incubation for 10 min at room temperature. Then,
the copper net was stained with 10 uL of 4% uranyl ace-
tate at room temperature for 1 min, dried, and observed
the morphology of exosomes by the transmission elec-
tron microscope (TEM) (FEL, USA). At the same time,
Malvern Dynamic Light Scattering (DLS) analyzer was
used to measure the particle size of exosomes.

Cell uptake of exosomes

In order to evaluate the specific uptake ability of A549 for
self-sourced exosomes, we first used the fluorescent dye
PKH26 (Umibio, China) to label the extracted engineered
exosomes according to the instructions. Then the stained
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exosomes were co-incubated with A549 cells, Hela cells
and HepG2 cells. After 24-h incubation, the nuclei of
each group of cells were stained with DAPI. Finally, the
laser scanning confocal microscope (Nikon, Japan) was
used to observe and record the green fluorescence of
PKH26 in each group of cells.

We used flow cytometry to detect the surface marker
CD63 of exosomes in each group of cells. In brief, the
incubated A549, Hela and HepG2 cells were washed
twice with PBS, then added with CD63-FITC monoclonal
antibody (Abcam, UK) and incubated at room tempera-
ture for 30 min. The fluorescence intensity of CD63 was
analyzed by flow cytometry (BD, USA).

Reverse transcription-quantitative PCR (RT-qPCR)
RT-qPCR was used to evaluate the relative levels of miR-
449a in A549 cells and solid tumor tissues after the treat-
ment of exosomes, and to detect the levels of Bcl-2 in
cells and tumor tissues to evaluate the inhibition of apop-
tosis. In brief, we used TRIzol reagent (Invitrogen, USA)
to extract total RNA in cells, and then Prime-Script"" RT
reagent Kit (Takara, China) was used for RNA reverse
transcription, finally the SYBR Premix Ex Taq was
applied to perform PCR according to the following pro-
gram: denaturation at 95 °C for 5 min, 95 °C, 10 s; 60 °C,
20's; 72 °C, 20 s; 78 °C, 20 s (collecting fluorescence), 40
cycles in total. The primers used in PCR amplification
were as followed: miR-449a forward: 5'-TACCATTGA
CAATAGCCGATCG-3' and reverse: 5'-GACCTAACA
TTGACTGGAACGATT-3; U6 snRNA forward: 5'-GAC
AATCCTAGACTAGCTTACGA-3' and reverse: 5'-CAT
GGCACAAGTCATAAGCA-3'. U6 snRNA was used as
an internal reference. All primers were synthesized by
Sangon Biotech (Shanghai).The relative expression analy-
sis of genes used the 2~ AALC method.

Western blot analysis

Firstly, a certain amount of RIPA lysis buffer (Biyun-
tian, China) was added to the collected exosome pellets
or cells or tumor tissues to extract the total protein, and
then the total protein of protein concentration was quan-
titatively analyzed using the BCA kit (Solarbio, China).
Subsequently, the loading buffer was added to the sample
and boiled for 5 min. After the protein was denatured, it
was added to a 12% polyacrylamide gel for electrophore-
sis separation (constant voltage for 200 V). After that, the
separated protein was transferred to PVDF membrane
(Millipore, USA) using an electro-membrane transfer
instrument. Then, the PVDF membrane was immersed
in 5% skimmed milk for 2 h at room temperature, and
then incubated with the diluted primary antibody and
enzyme-labeled secondary antibody (Abcam, UK) in
sequence. Finally, ECL luminescent solution (BBI, China)
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was added, and the gel imaging analysis system was used
to image the protein.

Dilution ratio of the antibodies used in this experi-
ment was as followed: Primary antibodies: anti-CD63
(ab193349), 1:1000; anti-CD9 (ab58989), 1:2000; anti-
Bcl-2 (ab117115), 1:5000; anti-Calnexin (ab241154).
1:1000; Secondary antibody: goat anti-mouse (ab182017),
1:2000.

Cell proliferation detection
The CCK-8 experiment was applied to detect the changes
in cell proliferation ability of A549, Hela and HepG2 cells
after ingesting the exosomes [32]. Specifically, after being
incubated with exosomes, the CCK-8 reagent was added
to the cell medium and incubated for 2 h at 37 °C. Then
microplate reader (Bioteke, China) was applied to detect
the absorbance value of OD 5, at 0 h, 24 h, 48 and 72 h.
In addition, the EdU experiment was carried out to
observe the DNA replication in A549 cells more intui-
tively. The A549 cells incubated with exosomes were
stained according to the instruction of EAU Cell Prolif-
eration Kit (Sangon, China), and then the fluorescence
intensity in the cells was observed and analyzed with a
laser scanning confocal microscope.

Cell apoptosis detection

Flow cytometry was used to evaluate the apoptosis of
A549 cells after ingesting exosomes [33]. Briefly, the
incubated A549 cells were first washed with pre-cooled
PBS, added with 1 mL binding buffer, centrifuged and
removed the supernatant, added 200 uL binding buffer
to resuspend the cells. Before stained with PI, cells were
filtered once or twice with a 400 mesh screen. Next, we
injected 10 pL PI reagents to the cell suspension and
mixed them gently, and incubated at 25 °C in dark for
30 min. Finally, we calculated the apoptosis rate of each
group via flow cytometry.

Detection of cell migration and invasion ability

Firstly, we used the scratch test to evaluate the changes in
migration ability of A549 cells after ingesting exosomes.
For this purpose, after the cells were incubated and
ingested the exosomes, a sterile pipette was used to make
a scratch in each well of the plate and continued to incu-
bate for 48 h. Then we observed and recorded the healing
of the scratches in each hole under an optical microscope
(Nikon, Japan).

Then transwell experiments were performed to evalu-
ate the migration and invasion capabilities of cells. The
A549 cells incubated with exosomes were rinsed and
then digested into single cells. They were seeded in a
transwell chamber (Corning, USA; 8 um pore size) with-
out Matrigel on the upper side. After being cultured at
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37 °C for 24 h, the cells in the lower chamber were col-
lected and fixed with a fixative for 30 min, and then
stained with 0.1% Crystal Violet for 20 min. The migra-
tion ability of the cells was evaluated under an optical
microscope (Nikon, Japan). The procedure of the tran-
swell invasion experiment was the same as that of the
migration experiment, except that the upper side of tran-
swell chamber was precoated with 20 pg/well Matrigel
(BD Biosciences, USA; Matrigel: DMEM =1:4) for 1 h at
37 C. Cell numbers were counted in five randomly fields
in each Transwell chamber under a light microscope at
x 200 magnification.

In vivo anti-tumor experiment

The Balb/c nude mice were purchased from Laboratory
Animal Center of Hangzhou Medical College License
No.: SCXK (Zhejiang) 2019-0002, and the animal experi-
ment was approved by the ethics committee of Hang-
zhou Medical College. A total of 20 Balb/c nude mice
were randomly divided into four groups: PBS group,
unload Exo group, NC Exo group and miR-449a Exo
group. About 1 x 107 A549 cells were injected subcutane-
ously into the axilla of each mouse for xenograft. After
tumor formation, the engineered exosomes were injected
through the tail vein of the mouse (2 mg/kg), once every
3 days. Mice were sacrificed via overdose pentobarbital
(Sigma, USA; 200 mg per kg body weight (mg/kg); i.p.),
and the tumor size of the mice was measured every day
for a total of 16 days. In addition, the survival of mice in
each group within 40 days was recorded, and the survival
period was counted.

Statistical analysis

RT-qPCR, CCK-8, scratch healing, transwell, flow cytom-
etry and other experiments were repeated for 3 times. All
data were analyzed by SPSS 24.0 statistical software. Nor-
mally distributed measurement data was expressed as
X £ s, the comparison between the two groups adopts ¢
test, and the comparison among multiple groups adopts
single-factor analysis of variance. P<0.05 or P<0.01 indi-
cated that the difference was statistically significant.

Results

Preparation and characterization of engineered exosomes
In order to prepare engineered exosomes that efficiently
loaded the gene drug miR-449a, we took advantage of
the specific binding between TAT peptide and the TAR
element containing a stem-loop structure. In brief, we
constructed and expressed two plasmids in the A549
cell. One plasmid contained the membrane localization
protein ADC linked to the TAT peptide, and the other
contained the miR-449a precursor linked to the TAR ele-
ment. During the formation of exosomes, ADC-TAT was
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inserted into the exosomal membrane and recruited miR-
449a-TAR through its TAT peptide located on the inner
side of the membrane. In this way, miR-449a was effi-
ciently enriched to obtain engineered exosomes.

Next, we characterized the prepared engineered
exosomes. According to the 2018 proposal of the Interna-
tional Extracellular Vesicle Association (ISEV), exosomes
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identification methods include transmission electron
microscopy (TEM), nanoparticle analyzer (NTA) and
protein marker detection. First, we applied TEM and DLS
to characterize the morphology and size of exosomes. We
observed through TEM that the prepared miR-449a Exo
has a spherical vesicle-like structure with a diameter of
90 nm (Fig. 1A). The DLS results showed that the particle
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Fig. 1

Preparation and characteristic of engineered exosomes. A TEM images of the prepared miR-449a Exo and the control Exo. B Size
distribution of the prepared miR-449a Exo and the control Exo assessed by DLS. C Western blot analysis of exosomal surface markers CD63 and CD9




Zhou et al. Cancer Cell Int (2021) 21:485

size of exosomes was relatively uniform, the average
diameter of the unload Exo was 96 nm, while the aver-
age diameter of the miR-449a Exo was 104 nm (Fig. 1B).
Then, we tested the surface marker proteins CD63 and
CD9 of exosomes. The results showed that the surfaces
of unload Exo and miR-449a Exo both highly expressed
CD63 and CD9, while CD63 and CD9 on the surface of
A549 cell membrane showed low expression (Fig. 1C).
The above results confirmed that we successfully pre-
pared the engineered miR-449a Exo.

Specific uptake of self-derived exosomes by A549 cells

We hypothesized that A549 cells had specific uptake
capacity for self-derived exosomes. To prove this conjec-
ture, we labeled miR-449a Exo with the fluorescent dye
PKH26, and then incubated the PKH26-miR-449a Exo
with A549, Hela and HepG2 cells. After ingestion, we
used the laser confocal microscope to evaluate the uptake
ability of three kinds of cells to miR-449a Exo based on
the fluorescence intensity of PKH26. The results showed
that the red fluorescence in A549 cells was the strongest
(Fig. 2A). At the same time, we conducted flow cytome-
try to analyze the content of the exosomal surface marker
protein CD63 in each group of cells, and indirectly eval-
uated the uptake ability of miR-449a Exo by different
cells. As shown in Fig. 2B, CD63 content was the high-
est in A549 cells. These results demonstrated that A549
cells had the capacity of specific uptake their self-derived
exosomes.

Effects of miR-449a Exo on the proliferation and apoptosis
of tumor cells

We intended to study whether the prepared miR-449a
Exo inhibited tumor development after being taken up
by lung cancer cells. To this end, we studied the effect of
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miR-449a Exo on tumor cell proliferation through CCK-8
and EdU assay. It was seen in Fig. 3A that after the 72-h
co-incubation with miR-449a Exo, the cell viability of
A549 cells was significantly reduced, while the cell viabil-
ity of Hela and HepG2 cells did not decrease significantly.
In addition, unload Exo and NC Exo had almost no effect
on the cell viability of A549 cells, which were the same as
the PBS group, indicating that miR-449a was successfully
released into the cells and played an anti-tumor effect.
The results of EAU staining were the same as above. The
proportion of EdU positive cells in the miR-449a Exo-
treated group was significantly lower than that of other
controls (Fig. 3B). After that, we studied the effect of
miR-449a Exo on tumor cell apoptosis. First, flow cytom-
etry was used to detect the apoptosis of the cells in each
group. The results showed that the apoptosis ratio of the
miR-449a Exo-treated group was significantly higher
than that of the other three control groups (Fig. 3C). In
addition, we performed RT-qPCR to analyze the relative
expression levels of miR-449a and apoptosis inhibitor
Bcl-2 in A549 cells. As shown in Fig. 3D, the expression
of miR-449a in A549 cells of the miR-449a Exo-treated
group was the highest, significantly different from other
groups. At the same time, the expression of Bcl-2 in A549
cells of the miR-449a Exo group was significantly lower
than that in other groups. Western blot analysis also con-
firmed the low expression of Bcl-2 in the miR-449a Exo-
treated group cells (Fig. 3E). These results indicated that
miR-449a promoted the apoptosis of A549 cells.

Effects of miR-449a Exo on the migration and invasion

of tumor cells

We further studied the effect of miR-449a Exo on
the migration and invasion of lung cancer cells. The
scratch experiment results showed that the miR-449a

Fig.2 Specific uptake of self-derived exosomes by A549 cells. A The uptake of PKH26-labeled miR-449a Exo by A549, Hela and HepG2 cells. Scale
bar =100 nm. B Flow cytometric analysis of the content of FITC-CD63, a surface marker of exosomes in A549, Hela and HepG2 cells
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Fig.3 Effects of miR-449a Exo on tumor cell proliferation and apoptosis. A The changes in cell viability of A549, Hela and HepG2 cells incubated
with miR-449a Exo for 0, 24, 48, and 72 h was evaluated by CCK-8 assay. *P < 0.05, **P <0.01. B EdU staining results of the incubation of A549 cells
with exosomes. Scale bar = 100nm. ***P<0.001. C Flow cytometric detection of apoptosis. **P <0.01. D RT-gPCR detection of the relative expression
levels of miR-449a and Bcl-2 in A549 cells. ***P < 0.001. E The protein expression level of Bcl-2 was evaluated by Western blot. ***P < 0.001

Exo-treated group had the worst scratch healing effect
(Fig. 4A), indicating that miR-449a inhibited the migra-
tion ability of A549 cells. In addition, we conducted
the Transwell experiment, and the results were shown
in Fig. 4B. The migration and invasion ability of the
miR-449a Exo-treated group was the worst among four
groups, indicating that the migration and invasion abil-
ity of A549 cells were greatly inhibited by miR-449a Exo
treatment.

Anti-tumor effect of miR-449a Exo in vivo

We investigated the anti-tumor effect of miR-449a Exo
in vivo by xenograft of A549 cells in a mouse model. By
monitoring the tumor volume of mice (Fig. 5A), it was
found that the tumor volume of mice in the miR-449a
Exo group increased the slowest within 16 days, and
there was a significant difference compared with the PBS
unload Exo and NC Exo groups (P<0.05). In addition,
by statistical analysis of the survival time of mice in each
group, it was found that all mice in the PBS, unload Exo
and NC Exo groups died about 20 days after the experi-
ment, while mice in the miR-449a Exo group survived

nearly 40 days. The above animal experimental results
indicated that miR-449a exhibited anti-tumor effect

in vivo and significantly prolonged the survival time of
mice.

Delivery efficiency of miR-449a Exo in vivo

In previous experiments, we confirmed that miR-449a
Exo had anti-tumor effects in vivo, but we still needed to
explore the delivery efficiency of miR-449a Exo in vivo.
To this end, we removed and lysed the tumor tissues of
each group of mice, and analyzed the expression level of
miR-449a in the tumor tissues of the PBS, unload Exo,
NC Exo, and miR-449a Exo groups by RT-qPCR. The
results showed that the expression of miR-449a in the
tumor tissues of mice in the miR-449a Exo group was the
highest (Fig. 6A, left), indicating that the delivery effi-
ciency of miR-449a in vivo by miR-449a Exo was higher.
In addition, we used RT-qPCR (Fig. 6A, right) and West-
ern blot (Fig. 6B) to analyze the expression level of the
apoptosis inhibitor protein Bcl-2 in the tumor tissues of
each group of mice. The results showed that the expres-
sion of Bcl-2 in tumor tissues of miR-449a Exo group
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mice was significantly lower than that of the other three
groups, P<0.01. These results indicated that the anti-
tumor effect of miR-449a Exo in vivo might be achieved
by inhibiting the function of Bcl-2.

Discussion

With the constant development of nanotechnology,
nanomaterials had been used in a variety of fields,
including the treatment of cancer. As a kind of nano-
scale vesicles, exosomes had been widely used as
delivery vehicles for various drugs. The specific lipid
composition of exosomes provided good stability, thus
improving the half-life of the drug in the blood circu-
lation process. At the same time, the lipid composi-
tion characteristics of exosomes further stimulated the
fusion of exosomes and target cells. In addition, autog-
enous exosomes reduced the activation of the immune
system. Many studies had adopted exosomes to deliver
miRNA, siRNA and other gene drugs for the treat-
ment of tumors. Nasari et al. [34] have used exosomes
derived from bone marrow mesenchymal stem cells to
deliver anti-miR-142-3p to inhibit the expression of
miR-142-3p and miR-150 in breast cancer cells, thereby

reducing the proliferation ability of breast cancer
in vivo and in vitro. Liang et al. [35] have expressed the
membrane proteins CD63 and Apo-A1l in 293T cells, so
that the collected exosomes own the function of tumor
cell targeting. Then, they introduce miR-26a through
electroporation to obtain engineered exosomes target-
ing HepG2 cells, significantly reducing the proliferation
and migration rate of HepG2 cells. However, the actual
loading efficiency of miRNA loading methods used in
these studies is not high, and it is difficult to ensure the
integrity of exosomes. In this study, to overcome these
problems and actively load miRNA, we used the spe-
cific binding between the TAT peptide and the TAR
nucleic acid sequence. In brief, through genetic engi-
neering, the membrane protein ADC linked to the TAT
peptide and miR-449a linked to the TAR element were
expressed in the cells, respectively, so that the exosomes
secreted by the cells were “actively” loaded with miR-
449a by virtue of the TAT-TAR interaction. MiR-449a
is a member of the miR-449 family and has been proven
to act as a tumor suppressor by regulating cell prolifer-
ation, apoptosis, cell migration and invasion in a variety
of cancers [36]. Here, we found that miR-449a inhibited
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the expression of apoptosis inhibitor protein Bcl-2 in
A549 cells, thus promoting cell apoptosis. In addition,
the cell proliferation, migration and invasion were pro-
moted by the miR-449a.

As a drug carrier, in addition to effectively loading
drugs, targeted delivery is also the key to efficient drug
delivery [37]. Many studies have designed specific mole-
cules to be modified on the surface to achieve specific tar-
geting of drug carriers. For example, studies by Hoshino
et al. [38] have shown that exosomes derived from tumor
cells target different tissues and organs based on the
expression of integrins. Among them, the expression of
a6p4 and a6p1 on exosomes is related to lung metastasis,
and the expression of avp5 is related to liver metastasis.
Therefore, the expression of integrin on exosomes can be
used to predict tumor metastasis. In addition, modifica-
tion of aptamers or peptides on isolated exosomes can
achieve specific targeting of exosomes to cells [39, 40].
In this article, we used homologous tumor cells for the
preparation of engineered exosomes to achieve the tar-
geting of exosomes in a more convenient and effective
way. Our purpose was to apply exosomes loaded with
miR-449a for the treatment of NSCLC, so we used A549
cells for the preparation of engineered exosomes. Homol-
ogous targeting experiments proved that the uptake rate
of miR-449a Exo prepared by A549 cells was much higher
than that of Hela and HepG2 cells. In heterogeneous
cancer cells, the targeting capacity of miR-449a Exo was
obviously weakened.

In general, we have prepared targeted and engineered
exosomes carrying miR-449a, which can be specifically
taken up by A549 cells and released miR-449a within
the cells to inhibit the proliferation, migration and inva-
sion of lung cancer cells. In addition, we found that miR-
449a significantly inhibited the expression of apoptosis
inhibitor protein Bcl-2 in A549 cells, thereby promoting
cell apoptosis. Animal experiment results showed that
miR-449a Exo efficiently delivered miR-449a to mice,
which remarkably suppressed the growth of tumor in
mice while significantly improved the survival time of
xenograft tumor mice. Our research provided new ideas
for the application of exosomes in the treatment of lung
cancer and other tumors. However, some disadvantages
still existed in this research. For example, the engineered
miR-449a Exo may have off-target effects in vivo, i.e.
attacks on normal organs and tissues, which have not
been systematically studied. In addition, there is still a
lack of experiments to verify which molecules miR-449a
Exo targets to inhibit the proliferation of cancer cells and
induce apoptosis. We will gradually improve these prob-
lems in the following research.

Acknowledgements
Not applicable.

Page 10 of 11

Authors’ contributions

WZ, MY drafted the manuscript, conceived and designed the study, and
accomplished the revision of manuscript for important intellectual content.
MX performed the acquisition of data. ZW performed the analysis and inter-
pretation of data. All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
All data generated or analysed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
The authors consent for publication in the Journal.

Competing interests
The authors declare that they have no conflicts of interest.

Author details

'Department of Cardiothoracic Surgery, Affiliated Hospital of Nantong
University, No. 20, Xisi Road, Nantong 226021, Jiangsu, China. *Department
of Thoracic Surgery, Haimen People’s Hospital, No. 253 Renmin West Road,
Nantong, Jiangsu, China.

Received: 6 April 2021 Accepted: 17 August 2021
Published online: 14 September 2021

References

1. Romaszko AM, Doboszyriska A. Multiple primary lung cancer: a literature
review. Adv Clin Exp Med. 2018;27(5):725-30.

2. BrayF, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. Cancer J Clin.
2018;68(6):394-424.

3. Bade BC, Dela Cruz CS. Lung cancer 2020: epidemiology, etiology, and
prevention. Clin Chest Med. 2020;41(1):1-24.

4. Jones GS, Baldwin DR. Recent advances in the management of lung
cancer. Clin Med. 2018;18(Suppl 2):s41-6.

5. Tiwari A, Mukherjee B, Dixit M. MicroRNA key to angiogenesis regulation:
MIRNA biology and therapy. Curr Cancer Drug Targets. 2018;18(3):266-77.

6. Correia de Sousa M, Gjorgjieva M, Dolicka D, Sobolewski C, Foti M.
Deciphering miRNAs'action through miRNA editing. Int J Mol Sci.
2019;20(24):6249.

7. Bica-Pop C, Cojocneanu-Petric R, Magdo L, Raduly L, Gulei D, Berindan-
Neagoe I. Overview upon miR-21 in lung cancer: focus on NSCLC. Cell
Mol Life Sci. 2018;75(19):3539-51.

8. ZhouR, Zhou X, Yin Z, Guo J, HuT, Jiang S, Liu L, Dong X, Zhang S, Wu G.
MicroRNA-574-5p promotes metastasis of non-small cell lung cancer by
targeting PTPRU. Sci Rep. 2016;6:35714.

9. HeY,LiuH,Jiang L, Rui B, Mei J, Xiao H. miR-26 induces apoptosis and
inhibits autophagy in non-small cell lung cancer cells by suppressing
TGF-B1-JNK signaling pathway. Front Pharmacol. 2018;9:1509.

10. Xu'S, Shi L. High expression of miR-155 and miR-21 in the recurrence or
metastasis of non-small cell lung cancer. Oncol Lett. 2019;18(1):758-63.

11. PuM, LiC Qi X, ChenJ,WangY, Gao L, Miao L, Ren J. MiR-1254 suppresses
HO-1 expression through seed region-dependent silencing and non-
seed interaction with TFAP2A transcript to attenuate NSCLC growth. PLoS
Genet. 2017;13(7):21006896.

12. Meng H, Huang Q, Zhang X, Huang J, Shen R, Zhang B. MiR-449a
regulates the cell migration and invasion of human non-small cell lung
carcinoma by targeting ADAM10. OncoTargets Ther. 2019;12:3829-38.



Zhou et al. Cancer Cell Int (2021) 21:485

20.

21

22.

23.

24.

25.

26.

27.

28.

Akbari A, Rezaie J. Potential therapeutic application of mesenchymal
stem cell-derived exosomes in SARS-CoV-2 pneumonia. Stem Cell Res
Ther. 2020;11(1):356.

Nikfarjam S, Rezaie J, Zolbanin NM, Jafari R. Mesenchymal stem cell
derived-exosomes: a modern approach in translational medicine. J Trans!
Med. 2020;18(1):449.

Rezaie J, Mehranjani MS, Rahbarghazi R, Shariatzadeh MA. Angiogenic
and restorative abilities of human mesenchymal stem cells were reduced
following treatment with serum from diabetes mellitus type 2 patients. J
Cell Biochem. 2018;119(1):524-35.

Salimi L, Akbari A, Jabbari N, Mojarad B, Vahhabi A, Szafert S, Kalashani
SA, Soraya H, Nawaz M, Rezaie J. Synergies in exosomes and autophagy
pathways for cellular homeostasis and metastasis of tumor cells. Cell
Biosci. 2020;10:64.

Barile L, Vassalli G. Exosomes: therapy delivery tools and biomarkers of
diseases. Pharmacol Ther. 2017;174:63-78.

Li C, Guo F,Wang X, Liu D, Wu B, Wang F, Chen W. Exosome-based tar-
geted RNA delivery for immune tolerance induction in skin transplanta-
tion. J Biomed Mater Res Part A. 2020;108(7):1493-500.

Lu M, Xing H, Xun Z,Yang T, Ding P, Cai C, Wang D, Zhao X. Exosome-
based small RNA delivery: progress and prospects. Asian J Pharm Sci.
2018;13(1):1-11.

Zhou'Y, Zhou G, Tian C, Jiang W, Jin L, Zhang C, Chen X. Exosome-
mediated small RNA delivery for gene therapy. Wiley Interdiscip Rev RNA.
2016;7(6):758-71.

Mager SELA, Breakefield I, Wood XO. Extracellular vesicles: biol-

ogy and emerging therapeutic opportunities. Nat Rev Drug Discov.
2013;12(5):347-57.

Hessvik NP, Llorente A. Current knowledge on exosome biogenesis and
release. Cell Mol Life Sci. 2018:75(2):193-208.

Yamashita T, Takahashi Y, Takakura Y. Possibility of exosome-based
therapeutics and challenges in production of exosomes eligible for
therapeutic application. Biol Pharm Bull. 2018;41(6):835-42.

Nie H, Xie X, Zhang D, Zhou Y, Li B, Li F, Li F, Cheng Y, Mei H, Meng H, et al.
Use of lung-specific exosomes for miRNA-126 delivery in non-small cell
lung cancer. Nanoscale. 2020;12(2):877-87.

Pegtel DM, Cosmopoulos K, Thorley-Lawson DA, van Eijndhoven MA,
Hopmans ES, Lindenberg JL, de Gruijl TD, Wurdinger T, Middeldorp JM.

Functional delivery of viral miRNAs via exosomes. Proc Natl Acad Sci USA.

2010;107(14):6328-33.

Vaksman O, Tropé C, Davidson B, Reich R. Exosome-derived miRNAs and
ovarian carcinoma progression. Carcinogenesis. 2014;35(9):2113-20.
Orefice NS. Development of new strategies using extracellular vesicles
loaded with exogenous nucleic acid. Pharmaceutics. 2020;12(8):708.
Sutaria DS, Jiang J, Elgamal OA, Pomeroy SM, Badawi M, Zhu X, Pavlovicz
R, Azevedo-Pouly ACP, Chalmers J, Li C, et al. Low active loading of cargo

Page 11 of 11

into engineered extracellular vesicles results in inefficient miRNA mimic
delivery. J Extracell Vesicles. 2017;6(1):1333882.

29. Ahmadi M, Rezaie J. Ageing and mesenchymal stem cells derived
exosomes: molecular insight and challenges. Cell Biochem Funct.
2021;39(1):60-6.

30. Babaei M, Rezaie J. Application of stem cell-derived exosomes in ischemic
diseases: opportunity and limitations. J Transl Med. 2021;19(1):196.

31. Rahbarghazi R, Jabbari N, Sani NA, Asghari R, Salimi L, Kalashani SA,
Feghhi M, Etemadi T, Akbariazar E, Mahmoudi M, et al. Tumor-derived
extracellular vesicles: reliable tools for Cancer diagnosis and clinical
applications. Cell Commun Signal CCS. 2019;17(1):73.

32. Abdyazdani N, Nourazarian A, Nozad Charoudeh H, Kazemi M, Feizy
N, Akbarzade M, Mehdizadeh A, Rezaie J, Rahbarghazi R. The role of
morphine on rat neural stem cells viability, neuro-angiogenesis and
neuro-steroidgenesis properties. Neurosci Lett. 2017,636:205-12.

33. Tukmechi A, Rezaee J, Nejati V, Sheikhzadeh N. Effect of acute and
chronic toxicity of paraquat on immune system and growth performance
in rainbow trout Oncorhynchus mykiss. Aquac Res. 2014;45(11):1737-43.

34. Naseri Z, Oskuee RK, Jaafari MR, Forouzandeh Moghadam M. Exosome-
mediated delivery of functionally active miRNA-142-3p inhibitor reduces
tumorigenicity of breast cancer in vitro and in vivo. Int J Nanomed.
2018;13:7727-47.

35. Liang G,Kan S, ZhuY, Feng S, Feng W, Gao S. Engineered exosome-medi-
ated delivery of functionally active miR-26a and its enhanced suppres-
sion effect in HepG2 cells. Int J Nanomed. 2018;13:585-99.

36. Yong-Ming H, Ai-Jun J, Xiao-Yue X, Jian-Wei L, Chen'Y, Ye C. miR-
449a: a potential therapeutic agent for cancer. Anti-cancer Drugs.
2017,28(10):1067-78.

37. Antimisiaris SG, Mourtas S, Marazioti A. Exosomes and exosome-inspired
vesicles for targeted drug delivery. Pharmaceutics. 2018;10(4):218.

38. Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A, Tesic
Mark M, Molina H, Kohsaka S, Di Giannatale A, Ceder S, et al. Tumour
exosome integrins determine organotropic metastasis. Nature.
2015;527(7578):329-35.

39. TianT, Zhang HX, He CP, Fan S, Zhu YL, Qi C, Huang NP, Xiao ZD, Lu
ZH, Tannous BA, et al. Surface functionalized exosomes as targeted
drug delivery vehicles for cerebral ischemia therapy. Biomaterials.
2018;150:137-49.

40. WanY,Wang L, Zhu C, Zheng Q Wang G, Tong J, Fang Y, Xia Y, Cheng G,
He X, et al. Aptamer-conjugated extracellular nanovesicles for targeted
drug delivery. Cancer Res. 2018;78(3):798-808.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Engineered exosomes loaded with miR-449a selectively inhibit the growth of homologous non-small cell lung cancer
	Abstract 
	Introduction
	Materials and methods
	Plasmid construction
	Cell culture and transfection
	Isolation and characterization of the engineered exosomes
	Cell uptake of exosomes
	Reverse transcription-quantitative PCR (RT-qPCR)
	Western blot analysis
	Cell proliferation detection
	Cell apoptosis detection
	Detection of cell migration and invasion ability
	In vivo anti-tumor experiment
	Statistical analysis

	Results
	Preparation and characterization of engineered exosomes
	Specific uptake of self-derived exosomes by A549 cells
	Effects of miR-449a Exo on the proliferation and apoptosis of tumor cells
	Effects of miR-449a Exo on the migration and invasion of tumor cells
	Anti-tumor effect of miR-449a Exo in vivo
	Delivery efficiency of miR-449a Exo in vivo

	Discussion
	Acknowledgements
	References




