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miR-224-5p-enriched exosomes promote
tumorigenesis by directly targeting androgen
receptor in non-small cell lung cancer
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Non-small cell lung cancer (NSCLC) is themost common formof
cancer, resulting in cancer-related deaths worldwide. Exosomes,
a subclass of extracellular vesicles, are produced and secreted
fromvarious types of cells, including cancer cells.Cancer-derived
exosomes can deliver nucleic acids, proteins, and lipids to pro-
vide a favorable microenvironment that supports tumor growth
through enhancing cell proliferation andmetastasis. Our results
showed that miR-224-5p was upregulated in NSCLC patient tis-
sues and cell lines, with a tumor-promoting phenotype. Mean-
while, exosome-derived miR-224-5p induced cell proliferation
and metastasis in NSCLC and human lung cells. Moreover, we
characterized the androgen receptor (AR) as a direct target of
miR-224-5p. Tumor xenograft assay experiments revealed that
overexpression of miR-224-5p drove NSCLC tumor growth via
the suppression of AR and the mediation of epithelial-mesen-
chymal transition (EMT). Collectively, our results suggest that
miR-224-5p-enriched exosomes promote tumorigenesis by
directly targetingAR inNSCLC,whichmayprovide novel poten-
tial therapeutic and preventive targets for NSCLC.
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INTRODUCTION
Lung cancer is the most common malignant cancer and the leading
causeof cancer-related deathsworldwide.1,2More than 85%of lung can-
cer cases are classified as non-small cell lung cancer (NSCLC), with the
predicted 5-year survival rate remaining below 15%.2,3 There are many
factors associatedwith the high incidence andmortality ofNSCLC, such
as late diagnosis, smoking history,4 age differences,5 and sex.6

Exosomes are extracellular vesicles with a size range of 30–150 nm in
diameter that are secreted from almost all types of cells, including
cancer cells.7 Cancer-derived exosomes can deliver nucleic acids,8

proteins,9 and lipids10 to neighboring or distant cells and subse-
quently modulate recipient cells. Recently, high levels of microRNAs
(miRNAs) have been identified in cancer-derived exosomes, which
provide a favorable microenvironment that contribute to tumorigen-
esis,11 tumor metastasis,8,9 angiogenesis,12 chemoresistance,13 and
immune escape.14 Among miRNAs, miR-224-5p has been reported
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to participate in promoting NSCLC progression and enhance tumor
invasion and metastasis.15,16 Meanwhile, the high expression of exo-
somal miR-224-5p can promote the proliferation and invasion of liver
cancer cells, which may serve as a promising non-invasive diagnostic
biomarker and therapy monitor of hepatocellular carcinoma.17 How-
ever, how cancer-derived exosomal miR-224-5p is involved in
NSCLC tumorigenesis has not been elucidated clearly.

Steroid hormones and their receptors are linked to the survival rate of
lung cancer patients.18–20 The androgen receptor (AR) belongs to the
steroid hormone receptor family as a nuclear transcription factor.
Upon the binding of its androgen ligand, AR protein translocates to
the nucleus where it stimulates or suppresses transcription of
androgen-responsive genes.21,22 Therefore, the status of AR signaling
has become increasingly important, for it is used as both a prognostic
marker and potential therapeutic target in prostate cancer,23 bladder
cancer,24 and breast cancer.22,25 However, the role of AR signals in the
progression of sex-unrelated cancers presents a complex situation and
evidence remains contradictory. Male NSCLC patients exposed to
androgen pathway manipulation (APM) were significantly associated
with a better survival rate.26 Alternatively, the overall survival rate of
female NSCLC patients with higher levels of AR was significantly bet-
ter than that in NSCLC patients with no AR exprsssion.27 Whether
AR participates in the adverse outcomes and progression of NSCLC
needs to be further investigated.

In this study our results showed that miR-224-5p-enriched exosomes
can be transmitted to adjacent and remote cells, promoting human
lung cells or NSCLC cell proliferation and migration by targeting AR.
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Figure 1. miR-224-5p is upregulated in NSCLC tissues and cell lines

(A) qRT-PCR analysis of miR-224-5p expression in tumor and corresponding para-carcinoma tissues from 83 NSCLC patients. (B–D) qRT-PCR analysis of miR-224-5p

expression related to tumors based on sex (B), size (C), and pathological stage (D). (E) qRT-PCR analysis ofmiR-224-5p expression in human lung epithelial cell line BEAS-2B,

and NSCLC cell lines 95-D, PC-9, H1975, H1299, and A549. U6 was used as an internal control. Error bars represent the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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RESULTS
miR-224-5p is upregulated in NSCLC

In order to investigate whether miR-224-5p plays a crucial role in the
progression of NSCLC, 83 pairs of NSCLC patient tissues were
collected for detecting the expression of miR-224-5p. Compared
with corresponding para-carcinoma tissues, the results indicated that
miR-224-5p was upregulated in NSCLC tissues (Figure 1A). However,
the levels of miR-224-5p were not related to sex, tumor size, and path-
ological stage in these patient tissues (Figures 1B–1D). Meanwhile,
miR-224-5p was observably much higher in H1975, H1299, and
A549 cells, and it is lower in PC-9 and 95-D cells, with BEAS-2B cells
as a control (Figure 1E). Collectively, these results indicated that
elevated miR-224-5p might be relevant to the development of NSCLC.
miR-224-5p promotes cell proliferation and migration of NSCLC

We first constructed stable overexpression of miR-224-5p by lentivirus
infection with pLenti-miR-224 or pLenti in H1299 and A549 cells. As
shown by qRT-PCR analysis, miR-224-5p increased in these two stably
transfected cell lines (Figure 2A). Meanwhile, an inhibitor was transfected
intoH1299andA549cells to inhibit the expressionofmiR-224-5p, and the
results validated that transfection of the miR-224-5p inhibitor did reduce
its level compared with a negative control (NC) inhibitor (Figure 2B).

To investigate the effect of miR-224-5p on NSCLC cell growth, Cell
Counting Kit-8 (CCK-8) and colony formation assays were utilized.
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Overexpression of miR-224-5p exhibited a significant facilitation of
cell proliferation (Figures 2C, 2E, and 2F). The same trend was also
found in 95-D cells with lower expression of miR-224-5p (Figures
S1A–S1C). Similarly, inhibition of miR-224-5p dramatically
decreased cell proliferative ability in H1299 and A549 cells (Figures
2D, 2G, and 2H). In addition, we examined the effect of miR-224-
5p on NSCLC migration ability by a wound-healing assay. As
predicted, miR-224-5p overexpression led to an increase and miR-
224-5p inhibition led to a reduction in the migration rate of NSCLC
cells (Figures 2I–2K). Cells that had migrated from the serum-free
medium in the top chamber to the lower chamber in 24 h were
imaged and analyzed by a transwell assay (Figures S2A and S2B).
These results indicate that miR-224-5p contributes to NSCLC cell
proliferation and migration ability in vitro.

miR-224-5p accelerates cell-cycle progression and inhibits

apoptosis

To investigate the effect of miR-224-5p on cell-cycle progression and
apoptosis, we performed flow cytometry analysis after miR-224-5p
overexpression or inhibition in NSCLC cells. With regard to cell-cycle
progression, miR-224-5p overexpression or miR-224-5p inhibition in
NSCLC cells could significantly facilitate or arrest the conversion
from the G0/G1 phase to the S phase (Figures 3A–3E). Furthermore,
we used flow cytometry to evaluate the apoptosis rate in NSCLC cells.
The results showed that upregulation of miR-224-5p decreased
NSCLC cell apoptosis (Figures 3F and 3H; Figures S3A and S3B).



Figure 2. miR-224-5p promotes cell proliferation and migration of NSCLC

(A and B) qRT-PCR analysis of miR-224-5p expression in H1299 and A549 cells, stably transfected with pLenti/pLenti-miR-224 by lentivirus infection (A) or transiently

transfected with NC/miR-224-5p inhibitor. U6 was used as an internal control. (C and D) Cell proliferation ability of H1299 and A549 cells stably transfected with pLenti/

pLenti-miR-224 (C), and transiently transfected with NC/miR-224-5p inhibitor (D), as measured by a Cell Counting Kit-8 (CCK-8) assay. (E–H) Representative images (E and

G) and quantification of colony formation in H1299 and A549 cells transfected with pLenti/pLenti-miR-224 (F), and transiently transfected with NC/miR-224-5p inhibitor (H).

(I–K) Representative images (I) and quantification of cell migration in H1299 and A549 cells stably transfected with pLenti/pLenti-miR-224. Scale bars, 100 mm. (J), and

transiently transfected with NC/miR-224-5p inhibitor (K), as measured by wound-healing assays. Error bars represent the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Meanwhile, an increased apoptosis rate was found in the group trans-
fected with miR-224-5p inhibitor as compared with NC inhibitor
(Figures 3G and 3I). Taken together, our results demonstrated that
miR-224-5p could accelerate cell-cycle progression and inhibit
apoptosis of NSCLC cells.

miR-224-5p-enriched exosomes facilitate tumorigenesis of

NSCLC cells in vitro

Recent studies have suggested that miRNAs can be packaged into tu-
mor-derived exosomes and delivered to neighboring or distal cells,
which functionally modulate the level of target mRNAs to alter target
cell fate.8,28,29 Herein, we isolated and purified extracellular exosomes
from the culture medium of H1299 and A549 cells stably transfected
with pLenti-miR-224 or pLenti (EXO-pLenti-miR-224/pLenti).
Then, we observed a canonical cup-shaped morphology of the iso-
lated exosomes by transmission electron microscopy (TEM) (Fig-
ure 4A). Simultaneously, NanoSight particle tracking analysis
(NTA) further confirmed the concentration and size of the exosomes
(Figure 4B). The specific exosomal markers CD63 and Tsg101 were
only identified in the exosomes by western blot assay compared
with cell lysates (Figure 4C; Figure S4A).

Since miR-224-5p facilitates NSCLC cell growth and migration, we
further investigatedwhethermiR-224-5pmight contribute to this effect
through tumor-derived exosomes. First, we detected that miR-224-5p
was obviously enriched in EXO-pLenti-miR-224 derived from H1299
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Figure 3. miR-224-5p accelerates cell-cycle progression and inhibits apoptosis

(A–E) Representative results (A) and quantification of the cell-cycle distributions in H1299 and A549 cells stably transfected with pLenti/pLenti-miR-224 (B and C), and

transiently transfectedwith NC/miR-224-5p inhibitor (D and E). Green, yellow, and blue represent the populations of cells in the G0/G1, S, andG2/M phases, respectively. (F–I)

Representative results (F and G) and quantification of the rate of apoptosis in H1299 and A549 cells, stably transfected with pLenti/pLenti-miR-224 (H), and transiently

transfected with NC/miR-224-5p inhibitor (I). Cell-cycle distribution and rate of apoptosis were detected by flow cytometry. Error bars represent the mean ± SEM. *p < 0.05,

**p < 0.01, ***p < 0.001.
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and A549 cells, compared to EXO-pLenti (Figure 4D). Then, exosome
feeding assays found that pure BEAS-2B, H1299, and A549 cells had
elevated miR-224-5p levels following incubation with A549-EXO-
pLenti-miR-224 (Figure 4E), suggesting that miR-224-5p-enriched
exosomes could increase the level of miR-224-5p in receptive cells.
A549-EXO-pLenti-miR-224 remarkably promoted the proliferation
and migration ability of pure BEAS-2B, H1299, and A549 cells
compared to those fed with A549-EXO-pLenti (Figures 4F–4H).

Taken together, these data suggest that miR-224-5p can be enriched in
tumor-derived exosomes and then delivered to neighboring cells, func-
tionally facilitating recipient cell proliferation and migration in vitro.

AR is a direct target of miR-224-5p

To explore the molecular mechanism of miR-224-5p’s contribution
to the tumorigenesis of NSCLC, we identified AR as a potential
1220 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
target for miR-224-5p with two different binding sites by TargetS-
can and miRWalk 2.0. The wild-type (WT) and corresponding
mutant (Mut) binding sites of miR-224-5p with the AR 30 untrans-
lated region (UTR) are shown in Figure 5A. Then, a dual-luciferase
reporter assay was performed to prove whether AR is a direct target
of miR-224-5p. In brief, pGL3-AR-WT-30 UTR-1/2 or pGL3-AR-
Mut-30 UTR-1/2, along with pRL and miR-224-5p mimic or NC
mimic, were co-transfected into HEK293T cells. The results showed
that compared to transfection with pGL3-AR-Mut-30 UTR-1/2, the
relative luciferase activity was strikingly reduced by about 50% in
the cells transfected with pGL3-AR-WT-30 UTR-1/2, suggesting
that the two-stage binding sites of AR 30 UTR are specifically in-
hibited by miR-224-5p mimic (Figures 5B and 5C). qRT-PCR and
western blot analysis of AR indicated that the level of AR mRNA
and protein was strikingly decreased in miR-224-5p-overexpression
cells and increased in miR-224-5p-inhibition cells (Figures 5D–5F).



Figure 4. miR-224-5p-enriched exosomes facilitate tumorigenesis of NSCLC cells in vitro

(A and B) Transmission electron microscopy (TEM) (A) and NanoSight particle tracking analysis (NTA) (B) identified the morphology, size distributions, and concentration of

isolated exosomes collected from A549 cell culture medium. Scale bar, 100 nm. (C) Western blot analysis of exosomal marker CD63 in A549-EXO-pLenti/pLenti-miR-224 or

A549 cell lysates. GAPDHwas used for as an internal control. (D) qRT-PCR analysis of miR-224-5p expression in EXO-pLenti or EXO-pLenti-miR-224 isolated frommiR-224-

5p-overexpressing H1299 and A549 cells. (E and F) qRT-PCR analysis of miR-224-5p expression (E) and cell proliferation ability (F) in BEAS-2B, H1299, and A549 cells fed

with EXO-pLenti or EXO-pLenti-miR-224. U6was used as an internal control. (G andH) Representative images (G) and quantification (H) of cell migration in BEAS-2B, H1299,

and A549 cells fed with EXO-pLenti or EXO-pLenti-miR-224, as measured by wound-healing assays. Scale bars, 100 mm. Error bars represent the mean ± SEM. *p < 0.05,

**p < 0.01, ***p < 0.001.
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Moreover, following being fed with A549-EXO-pLenti-miR-224, the
expressions of AR mRNA were reduced in BEAS-2B, H1299, and
A549 cells (Figure 5G). Western blot detected the changes in the
level of AR protein (Figure S5A). These results support that AR is
a direct target of miR-224-5p, and exosome-enriched miR-224-5p
can directly target AR after exosomes were taken up by adjacent
cells.

To examine the expression of AR in NSCLC tumors, we evaluated the
mRNA expression of AR in the 83 pairs of primary NSCLC tumors
and corresponding para-carcinoma tissues, which were identical to
that of miR-224-5p detection. The level of AR mRNA was downregu-
lated in tumor tissues. However, there was no significant relationship
between the level of AR mRNA and tumor size, sex, or pathological
stage in these patient tissues (Figure 5H). Additionally, compared
with BEAS-2B cells, the levels of AR mRNA in H1299, A549, PC-9,
and H1975 cells were much lower. The level of AR was higher in
95-D cells, which was contrary to the expression of miR-224-5p (Fig-
ure 5I). Based on the Kaplan-Meier plotter online database, we gener-
ated a Kaplan-Meier overall survival curve of NSCLC patients. Ka-
plan-Meier analysis revealed that AR overexpression was correlated
with longer overall survival in 1,145 NSCLC cases (Figure 5J).
Furthermore, the Pearson correlation coefficient indicated a negative
correlation between relative AR expression and miR-224-5p in 83
pairs of NSCLC patient samples (Figure 5K). Collectively, these re-
sults suggest that AR is downregulated in NSCLC tissues and cell
lines, and it might be a novel potential diagnostic biomarker for
NSCLC.
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Figure 5. AR is a direct target of miR-224-5p

(A) The two-stage predicted wild-type (WT) and corresponding mutant (Mut) binding sites of the AR 30 UTR with miR-224-5p. The vertical lines data indicate the binding sites

between miR-224-5p and the AR WT 30 UTR, and arrows indicate mutagenic nucleotides of the AR Mut 30 UTR. (B and C) Relative firefly luciferase expression in HEK293T

cells co-transfected with pGL3-AR-WT-30 UTR-1/Mut-30 UTR-1 (B) or pGL3-AR-WT-30 UTR-2/Mut-30 UTR-2 (C), including pRL and NC/miR-224-5p mimic. Renilla lucif-

erase expression was used for as an internal control. (D–F) qRT-PCR analysis (D), western blot analysis (E), and quantification (F) of ARmRNA or protein expression in H1299

and A549 cells stably transfected with pLenti/pLenti-miR-224 or transiently transfected with NC/miR-224-5p inhibitor. (G) qRT-PCR analysis of AR mRNA expression in

BEAS-2B, H1299, and A549 cells fed with EXO-pLenti or EXO-pLenti-miR-224. (H) qRT-PCR analysis of AR mRNA expression and relationship with tumor size, sex, and

pathological stage in 83 pairs of NSCLC patient tumor and corresponding para-carcinoma tissues. (I) qRT-PCR analysis of ARmRNA expression in human lung epithelial cell

line BEAS-2B, and in NSCLC cell lines 95-D, PC-9, H1975, H1299, and A549. 18S rRNA and GAPDH were used as internal controls for qRT-PCR and western blot analysis,

respectively. (J) Kaplan-Meier curve of overall survival of 1,926 lung cancer patients from a Kaplan-Meier plotter online database. (K) The negative correlation between miR-

224-5p and AR, according to the Pearson correlation coefficient. Error bars represent the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6. AR functions to suppress NSCLC

(A and B) qRT-PCR (A) and western blot analysis (B) of AR mRNA and protein expression in H1299 and A549 cells transiently transfected with siNC or siAR. 18S rRNA and

GAPDH were used as internal controls for qRT-PCR and western blot analysis, respectively. (C–E) Representative images and quantification of cell proliferation (C), colony

formation (D), andmigration ability (E) of H1299 and A549 cells transiently transfected with siAR. Scale bars, 100 mm. (F and G) Representative results and quantification of the

cell-cycle distributions (F) and rate of apoptosis (G) in H1299 and A549 cells transiently transfected with siNC or siAR. Green, yellow, and blue represent the populations of

cells in the G0/G1, S, andG2/M phases, respectively. Cell-cycle distribution and rate of apoptosis were detected by flow cytometry. Error bars represent themean ± SEM. *p <

0.05, **p < 0.01, ***p < 0.001.
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AR functions to suppress NSCLC

To investigate the biological function of AR in NSCLC cells, AR was
inhibited by transfecting with AR small interfering RNA (siRNA)
(siAR). The downregulated levels of ARmRNA and protein were sub-
sequently detected in transfected H1299 and A549 cells, suggesting
efficient knockdown of AR (Figures 6A and 6B). CCK-8, colony for-
mation, and wound-healing assays demonstrated that siAR signifi-
cantly promoted H1299 and A549 cell proliferation, colony forma-
tion, and migration ability, compared to siRNA NC (siNC) (Figures
6C–6E). Next, we further analyzed the effects of siAR on cell-cycle
progression and apoptosis. The results of flow cytometry analysis
showed that siAR significantly facilitated the conversion of cell cycle
from the G0/G1 phase to the S phase and decreased the rate of
apoptosis in H1299 and A549 cells (Figures 6F and 6G). Taken
together, these data demonstrated that AR knockdown exhibits a
similar phenotype as miR-224-5p overexpression in NSCLC cells. It
also showed that miR-224-5p promotes tumorigenesis of NSCLC
by directly downregulating AR.
miR-224-5p drives tumor growth and metastases in vivo

To further examine the effect of miR-224-5p on NSCLC tumor growth
and metastases in vivo, we established a subcutaneous xenograft and
metastatic model. Nude mice were injected subcutaneously and intra-
venously with miR-224-5p-overexpression (pLenti-miR-224) or con-
trol (pLenti) A549 cells, then randomly divided into two groups (n =
10). Xenograft tumors in the above nude mice were measured every
week and were subsequently excised and weighed. The xenograft tu-
mors in the pLenti-miR-224 group significantly facilitated tumor
growth and were of heavier weight and larger size at 8 weeks after
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1223
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Figure 7. miR-224-5p drives tumor growth in vivo

(A and B) Representative images (A) and weights (B) of subcutaneous xenograft tumors from nude mice 8 weeks after injection with pLenti or pLenti-miR-224 A549 cells. (C)

Tumor growth curves with volume were measured weekly after injection. (D and E) qRT-PCR analysis of miR-224-5p (D) and AR mRNA expression (E) in subcutaneous

xenograft tumors. (F) Histopathology of metastases in the lungs of two groups of nude mice stained with hematoxylin and eosin (original magnification, �100). (G)

Representative images of tumor tissues stained with hematoxylin and eosin solution and representative images of immunohistochemistry staining for Ki67, E-cadherin, N-

cadherin, and AR expression in tumor tissues (original magnification, �100). Error bars represent the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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implantation compared with the pLenti group (Figures 7A–7C). Then,
there were significant upregulations of miR-224-5p and downregula-
tions of AR mRNA levels in xenograft tumors from the pLenti-miR-
224 group compared with pLenti group (Figures 7D and 7E).

Subsequently, the bilateral lungs and xenograft tumors of these two
groups were fabricated into sections to observe corresponding path-
ological changes. Hematoxylin and eosin staining in the bilateral
lungs of the pLenti-miR-224 group showed larger and more destruc-
tive or necrotic regions compared with pLenti group, which suggested
that miR-224-5p promoted the lung colonization of A549 cells (Fig-
ure 7F). Moreover, immunohistochemistry in xenograft tumors of the
pLenti-miR-224 group showed higher levels of the cell proliferation
marker Ki67 and epithelial-mesenchymal transition (EMT) marker
N-cadherin, along with lower levels of E-cadherin and AR, compared
with the pLenti group (Figure 7G). Taken together, these results indi-
cate that miR-224-5p can drive tumor growth and lung colonization
in vivo via the suppression of AR and the mediation of EMT.
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DISCUSSION
Our results demonstrated that miR-224-5p was upregulated in
NSCLC patient tissues and cell lines. AR was confirmed to be a direct
target of miR-224-5p. Furthermore, we have identified that miR-224-
5p can be enriched in tumor-derived exosomes, then transmitted to
adjacent cells, promoting cell proliferation and metastasis through
directly inhibiting AR in vitro. Meanwhile, our results also indicated
that miR-224-5p could drive tumor growth in vivo.

Numerous epidemiological studies suggested that the steroid hor-
mones and their receptors are associated with the incidence and
clinical outcomes of lung cancer.18,30 Estrogen receptor (ER) has
been reported to be likely to modulate epidermal growth factor re-
ceptor (EGFR), Notch1, and GSK3b/b-catenin signaling pathways
to promote NSCLC progression.30 In addition, ERb was sensitive
to chemotherapy by regulating DNA damage response31 and corre-
lated with resistance of EGFR tyrosine kinase inhibitors (EGFR-
TKIs) in NSCLC,32 supporting the potential predictive and
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therapeutic value of the steroid hormones receptor in clinical man-
agement of NSCLC.

AR signaling has a crucial role in the progression of multiple hor-
mone-related cancers. However, the expression patterns and underly-
ing molecular mechanism of AR in NSCLC are poorly understood
and remain controversial.26,27 In our study, we found that AR was
downregulated in NSCLC tissues but there were no significant differ-
ence between tumor size, sex, and staging. Meanwhile, NSCLC pa-
tients with a high level of AR had a good survival rate. Further exper-
iments indicated that AR could restrain cell proliferation and
migration ability, arrest cell-cycle progression, and increase cell
apoptosis in NSCLC cells.

Usually, AR works as an oncogene in sex-related tumors by stimu-
lating or suppressing transcription of androgen-responsive genes,
upon binding of its androgen ligand.21 Moreover, the AR is also regu-
lated through non-ligand-dependent pathways. In breast cancer, AR
activity can be activated by signal transduction in an extracellular
signal-regulated kinase (ERK)-dependent or -independent manner.33

In prostate cancer, AR interacts with Src kinase and phosphatidylino-
sitol 3-kinase (PI3K) and then activates mitogen-activated protein ki-
nase (MAPK) and Akt pathways.34 Nevertheless, after being inhibited
by upregulated miR-224-5p, how AR participates in regulation of cell
phenotype needs further exploration, which will offer perspective into
the implications for therapies targeting the AR in NSCLC.

Exosomes are extracellular vesicles that can deliver nucleic acids, pro-
teins, and lipids to neighboring or distant cells. They originate from
the endosomal pathway by the formation of intracellular multivesic-
ular bodies.35 Exosomes have recently become the focus of intensive
scientific research as novel mediators of intercellular communication.
Several studies have recently established that miRNAs or long non-
coding RNAs (lncRNAs) secreted by tumor cells through exosomes
are involved in the communication between the tumor and its sur-
rounding microenvironment. Fang et al.8 found that tumor-derived
exosomal miR-1247-3p controls lung metastasis of high-metastatic
hepatocellular carcinoma, demonstrating an intercellular crosstalk
between tumor cells and fibroblasts. Exosomes also selectively pack-
age an amount of lncRNAs, which are known to regulate the tumor
microenvironment or modulate gene expression by acting as compet-
itive endogenous RNA.34,36

Previous studies from our laboratory have confirmed that miR-18a-
5p,37 miR-183-5p,38 miR-199a-5p,39 andmiR-146a-5p40 have a diver-
sity effect on the progression of NSCLC. These findings revealed that
the dysregulation of miRNAs might be associated with the tumori-
genesis of lung cancer. Herein, our data indicate that miR-224-5p
was packed into exosomes and transmitted intercellular signals.
Then, tumor-derived exosomal miR-224-5p was absorbed into adja-
cent cells, facilitating cell proliferation and migration ability of
NSCLC or normal human lung epithelial cells. In fact, exosomes
are currently being evaluated as possible methods to target drug de-
livery, owing to their ability to shield miRNAs, lncRNAs, peptides,
and synthetic drugs from degradation. In addition, miR-224-5p could
evade recognition by the immune system and be accurately delivered
to recipient cells or tissues.41 Further exploration on the detailed mo-
lecular mechanism between exosomes and tumorigenesis will make it
possible to utilize exosome-derived miR-224-5p as a diagnostic and
therapy target for precision medicine.

Overall, our study shows that miR-224-5p-enriched exosomes pro-
mote tumorigenesis of NSCLC by directly targeting AR, perhaps
providing novel potential targets for prevention and treatment of
NSCLC.

MATERIALS AND METHODS
Clinical tissue samples and cell lines

The Shanghai Chest Hospital affiliated with Shanghai Jiao Tong Uni-
versity provided us with 83 pairs (carcinoma and corresponding para-
carcinoma) of human NSCLC samples. The study was approved by
the Ethics Committee of Shanghai Chest Hospital. Details of all sam-
ples used in this study are presented in Table S1.

The human NSCLC cell lines 95-D, PC-9, H1975, H1299, and A549
were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The BEAS-2B (human lung epithelial cells)
and HEK293T (human embryonic kidney 293T) cell lines were ob-
tained from the Cell Bank, China Academy of Sciences (Shanghai,
China).

Cell culture

95-D, PC-9, A549, BEAS-2B, and HEK293T cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Corning Cellgro,
Manassas, VA, USA). H1975 and H1299 cells were cultured in
RPMI 1640medium (Corning Cellgro). All media were supplemented
with 10% fetal bovine serum (FBS, Gibco, Gaithersburg, MD, USA)
and the antibiotic mixture of 100 mg/mL streptomycin and 100 U/
mL penicillin (HyClone, Logan, UT, USA) at 37�C in a 5% CO2 hu-
midified atmosphere.

Total RNA extraction, reverse transcription, and qRT-PCR

Clinical tissue samples were ground with liquid nitrogen before total
RNA was extracted. Total RNA was isolated with TRIzol Up reagent
(TransGen Biotech, Beijing, China). The PrimeScript RT reagent kit
and QuantiMir cDNA kit (Takara, Dalian, China) were used to
construct reverse transcription of mRNAs and miRNAs. 18S rRNA
and U6 snRNA were used as the endogenous controls for mRNAs
and miRNAs. Then, qRT-PCR was performed with SYBR Premix
Ex Taq (Takara). Results were processed by the relative quantification
(2�DDCt) method for relative quantification of mRNAs and miRNAs.
All primer sequences are shown in Table S2.

Lentivirus construction and infection

In short, the primary (pri-)miR-224 sequence was cloned into the
pLenti lentiviral vector (Invitrogen, Carlsbad, CA, USA) with BamHI
and XhoI (Takara), named pLenti-miR-224. pSPAX2 and pMD2G as
auxiliary vectors for lentiviral assembly were co-transfected with
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1225
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pLenti-miR-224 or pLenti into HEK293T cells. The virus particles
were collected after incubation for 48 and 72 h. Subsequently, they
were centrifuged together at 4,000 rpm for 5 min at 4�C and filtered
with a 0.45-mm filter (Millipore, Billerica, MA, USA). The viral parti-
cles of pLenti-miR-224 or pLenti infected H1299 and A549 cells.
Then, the infected cells were sorted for green fluorescence intensity
via a flow cytometer (Beckman Coulter, CA, USA) to generate the
miR-224-5p overexpression cell lines.

Transient transfection

According to the manufacturer’s instructions for Invitrogen Lipofect-
amine 2000 (Thermo Fisher Scientific, Life Technologies, New York,
NY, USA), H1299 and A549 cells were transiently transfected with
50 nM miR-224-5p mimic/inhibitor, 100 nM siAR, or the corre-
sponding NC (NC mimic/inhibitor and siNC) (RiboBio, Guangzhou,
China). The level of RNA or protein was measured using qRT-PCR or
western blot at 48 h after transfection, and the subsequent experi-
ments were completed within 72 h.

Cell proliferation assay

Briefly, the cells were plated into a 96-well plate (Corning Life Sci-
ences) at a density of 2,000 cells per well. After cultivating every 24
h, to each well was added 5 mL of CCK-8 kit solution (Dojindo, Tokyo,
Japan) with 95 mL of serum-free medium, then incubated in the dark
for 1.5–2 h. Finally, the absorbance of every well was measured at
450 nm using a multi-function enzyme-linked analyzer (BioTek, Wi-
nooski, VT, USA).

Colony formation assay

The cells were plated into a six-well plate (Corning Life Sciences) at a
density of 500 cells per well and continuously cultured for about
2 weeks. After that, the colonies were successively fixed with absolute
ethanol for 15 min and stained with crystal violet (0.5% w/v) for
30 min. Finally, the colonies per well were counted and imaged.

Cell migration assay

The cells were plated into a 12-well plate (Corning Life Sciences) at a
density of 2� 105 cells per well and continuously cultured until 100%
density. Then, by using a sterile pipette tip, single-scratch wounds
were made in the center of each well. Cell debris was washed clearly
with phosphate-buffered saline (PBS). After incubating with serum-
free medium for 24 or 48 h, the cell migration distance was measured
and imaged.

A cell transwell assay was performed using 24-well transwells (6.5-
mm pore size, Corning Life Sciences, Manassas, VA, USA). 8,000 cells
were added to the upper chamber of each well in 100 mL of FBS-free
medium, and 500 mL of mediumwith 10% FBS was added to the lower
part of the chamber. Cells were fixed, stained, and imaged 24 h after
incubation, and then the cell numbers were recorded.

Apoptosis analysis

An annexin V-fluorescein isothiocyanate (FITC) apoptosis detection
kit (BD Pharmingen, San Diego, CA, USA) and an annexin V-allophy-
1226 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
cocyanin (APC)/7-aminoactinomycin D (7-AAD) apoptosis detection
kit (KeyGEN, Nanjing, China) were used to measure the level of cell
apoptosis, according to the manufacturers’ instructions. Apoptotic
cells were analyzed using flow cytometer (Beckman Coulter).

Cell-cycle analysis

In brief, 2� 105 cells were collected to fix in 75% ethanol overnight at
�20�C. Then, the cells were collected by centrifugation, washed once
with PBS, resuspended with 250 mL of RNase A (100 ng/mL; Sigma-
Aldrich) for 20 min, and stained with propidium iodide (PI) (50 ng/
mL; Sigma-Aldrich) for 15 min in the dark. Next, the processing cells
were measured for cell-cycle distribution via a flow cytometer (Beck-
man Coulter).

Protein extraction and western blot

Total protein was extracted from the cells or exosome using Radioim-
munoprecipitation (RIPA) lysis buffer (CWBIO, Beijing, China) and
normalized with a Protein BCA Assay Kit (Bio-Rad). Equal amounts
of protein were separated by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a polyvinylidene difluoride mem-
brane (PVDF; Millipore). Then, the PVDF was blocked in 5% non-
fat powdered milk for 1.5 h at room temperature, followed incubated
with antibodies against AR (rabbit monoclonal antibody; 5153S; Cell
Signaling Technology, Danvers, MA, USA), CD63 (rabbit mono-
clonal antibody; ab134045; Abcam, California, USA), Tsg101 (mouse
monoclonal antibody; sc-7964; Santa Cruz Biotechnology, USA) and
GAPDH (rabbit monoclonal antibody; 5174; Cell Signaling Technol-
ogy, Danvers, MA, USA) overnight at 4�C, respectively.

Next, after washing with Tris-buffered saline Tween 20 (TBST) 3-4
times, the PVDF were incubated with a goat-anti-rabbit secondary
antibody (1:10000, Cell Signaling Technology) conjugated to horse-
radish peroxidase (HRP) for 1.5 h at room temperature, followed be-
ing washed with TBST 3-4 times. Finally, protein bands were detected
with a chemiluminescent horseradish peroxidase substrate (Milli-
pore) and exposed using an E-Gel Imager (Tanon, Shanghai, China).

Exosome isolation and characterization

Briefly, we first planted equivalent cells into 10-cm plates (Corning
Life Sciences) to ensure that the cell density reached about 80%.
We changed the culture medium without FBS after repeated rinsing
twice with PBS. After 48 h, cell culture media were collected and
centrifuged at 2,000 � g for 20 min to remove cellular debris. Subse-
quently, supernatants were successively centrifuged at 5,000 � g for
15 min and at 12,000 � g for 30 min. Thereafter, supernatants were
filtered using 0.22-mm filters (Millipore) and then centrifuged at
5,000 � g for 10 min with an ultrafiltration tube (Ultracel-100 regen-
erated cellulose membrane, 15-mL sample volume; UFC910024;
Millipore). The superficial fluid of the ultrafiltration tube contained
exosomes. All centrifugation steps were performed at 4�C, and iso-
lated exosomes were stored at �80�C. The representative marker of
exosomes, CD63, was assayed by western blot assay. Furthermore,
the morphology, concentration, and size distribution of exosomes
were detected by TEM or NTA, respectively.
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Effect of miR-224-5p-enriched exosomes on NSCLC

The exosomes (100 mg/mL) and serum-free medium were incubated
with NSCLC and seeded onto 7-cm plates for 24 h until the cells were
grown to an appropriate density.

The expression of miR-224-5p in NSCLC after co-incubation was
measured by qRT-PCR. The influence of exosomes on proliferation
and migration of NSCLC was analyzed as before.

Dual-luciferase reporter assay

The 30 UTR of AR containing two-stage binding sites of miR-224-5p
was cloned downstream of the firefly luciferase reporter gene in the
pGL3 miReport vector (Promega, Madison, WI, USA) and defined as
pGL3-AR-WT-30 UTR-1/2. Then, the pGL3-AR-Mut-30 UTR-1/2 vec-
torswere also constructed by interval site-directedmutagenesiswith the
corresponding mutated primer pairs. All of the above-mentioned re-
combinant vectors were confirmed by DNA sequencing (Sangon
Biotech, Shanghai, China). Primer sequences are listed in Table S2.

HEK293T cells were plated in 24-well plates (CorningLife Sciences) un-
til the cell density reached about 50%. Subsequently, the cells were tran-
siently co-transfected with a final concentration of 50 nMmiR-224-5p
mimic or NC mimic (RiboBio), 200 ng of luciferase reporter vectors
pGL3-AR-WT-30 UTR-1/2 or pGL3-AR-Mut-30 UTR-1/2, and 15 ng
of the Renilla luciferase expression vector (pRL; Promega, Madison,
WI, USA) as the control for checking co-transfection efficiency.
Following themanufacturer’s instructions for anOrion IImicroplate il-
luminometer (Titertek-Berthold, South San Francisco, CA, USA), the
luciferase activities of the cellsweredetected after 48hpost-transfection.
The relative firefly luciferase activities were normalized to Renilla lucif-
erase activities and expressed as the fold change in luciferase activity.

Subcutaneous tumor xenograft assay and metastatic assay

The 6-week-old female nudemice were purchased from the SLRC Lab-
oratory Animal Center (Shanghai, China) and maintained in a specific
pathogen-free condition. Ten nude mice were randomly assigned into
two groups (five mice per group). 5� 106 A549 cells stably transfected
with pLenti or pLenti-miR-224 (resuspended in 100 mL of pureDMEM
medium) were injected subcutaneously into the right flank of two
groups nude mice. To investigate the metastatic ability, two groups
were simultaneously injected with 2.5 � 106 A549 cells (resuspended
in 200 mL of pure DMEM medium) via the tail vein. Tumor sizes
were measured weekly with a Vernier caliper, and tumor volumes
were calculated using the following formula: volume = (length�width
� width)/2. Mice were sacrificed until 8 weeks post-injection, and then
the xenograft tumors and bilateral lung tissues were excised. Ten tumor
tissues and bilateral lung tissues were subjected to serial sectioning, he-
matoxylin and eosin staining, or immunohistochemistry. All experi-
mental protocols were approved by the Institutional Animal Care
and Use Committee of Shanghai University (Shanghai, China).

Immunohistochemistry

Primary tumor tissues were fixed with 10% formalin, embedded in
paraffin, and cut into slices of about 4-mm thickness. Following depar-
affinization and dehydration by xylene and graded alcohols, the slices
were subsequently rehydrated with demineralized water. Then, the
slices were placed in boiled antigen retrieval buffer for 5 min and
incubated in 3% H2O2 solution for 25 min at room temperature in
the dark. Next, the slices were treated with primary antibodies against
Ki67 (1:200; Servicebio, Wuhan, China), E-cadherin, N-cadherin, and
AR (1:500 to 1:200, Cell Signaling Technology), followed by applica-
tion of goat anti-rabbit horseradish peroxidase (HRP)-conjugated an-
tibodies, staining with a 3,30-diaminobenzidine reaction solution, and
imaging using a digitalized microscope camera.

Statistical analysis

Data are expressed as the mean ± SEM. Differences between two
experimental groups were evaluated using a double-sided t test with
statistical significance set as p < 0.05. GraphPad Prism 5 software
was used to make graph presentations. Flow cytometry data were
analyzed using FlowJo 7.6.2. Every experiment was performed at least
three times with independent biological replicates.
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