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Abstract
Background: Lung cancer (LC) is a fatal malignancy and often accompanied with
converting normal fibroblasts to cancer-associated fibroblasts (CAFs). Exosomal
lncRNA AGAP2-AS1 has been elucidated to be a potent prognostic factor for LC,
while its role in activating CAFs is largely unknown.
Methods: We first extracted exosomes from LC patients and co-cultured them with
MRC5 cells to observe the state of MRC5 cells, detect AGAP2-AS1 using real-time
quantitative polymerase chain reaction, and then analyze the interaction between
EIF4A3 and AGAP2-AS1 using RNA pull down experiments. CCK-8 assay was used
to detect cell proliferation. Transwell experiments demonstrated the regulation of
MRC5 cells and, finally, the role of MyD88/NF-κB in the downstream mechanism of
EIF4A3/AGAP2-AS1 was explored by RNA interference technology and pyrrolidine-
dithiocarbamic acid inhibition.
Results: We demonstrated that exosomes from the LC patients (cancer-exo) notably
increased the metastatic ability of MRC-5 cells, promoting the expressions of the CAF
biomarkers and lncRNA AGAP2-AS1. Overexpression of lncRNA AGAP2-AS1 prom-
inently activated MRC-5 cells. Moreover, EIF4A3 was upregulated in the cancer-exo-
treated MRC-5 cells, and EIF4A3 was verified to bind with lncRNA AGAP2-AS1 to
improve its stability. The MyD88/NF-κB signaling pathway was subsequently proved
to be positively regulated by lncRNA AGAP2-AS1, and the promotive role of lncRNA
AGAP2-AS1 in LC and activating CAFs was confirmed in vivo.
Conclusions: The positive feedback of EIF4A3/AGAP2-AS1/MyD88/NF-κB signaling
pathway contributed to the activation of CAFs and exacerbated LC in turn, revealing a
novel regulatory axis underlying LC.
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INTRODUCTION

According to the latest data from the China Cancer Registry in
2015, the incidence and mortality of lung cancer (LC) still rank
first in China among malignancies, and the incidence shows a
continuous upward trend.1 Although surgery is the optimal
treatment for improving the prognosis of the patients with
early LC, many patients are diagnosed in the advanced stage.2

Studies in recent decades have shown that tumor progression
is not only caused by the dysregulation of oncogenes or tumor

suppressor genes, but that the tumor microenvironment also
exhibits great importance.3 Cancer-associated fibroblasts
(CAFs) are the most vital stromal cells in the tumor microenvi-
ronment and are activated by fibroblasts in the tumor extracel-
lular matrix.4 CAFs can directly contact tumor cells or secrete
a variety of cytokines and metabolites in a paracrine manner to
exacerbate tumors via promoting tumor growth, metastasis,
and drug resistance, and the proliferation and migration ability
of CAFs is stronger than that of resting fibroblasts.5 The activa-
tion biomarkers of CAFs are significantly increased fibroblast
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activation protein (FAP) and α-smooth muscle actin
(α-SMA).6 CAFs can also produce a variety of growth factors
and pro-inflammatory cytokines, especially transforming
growth factor β (TGF-β), interleukin 6 (IL-6), IL-18, collagens,
and CXC chemokine ligand 12 (CXCL12) to promote tumor
angiogenesis, recruiting immunosuppressive cells into the
tumor microenvironment to induce tumor immune evasion.7,8

Exosomes are cellular microvesicles with a diameter of
30–150 nm formed by lipid bilayer endosomal membranes.9

They are widely presented in body fluids, transferring pro-
teins, nucleic acids, lipids, and their derivatives.10 The exoso-
mal surface proteins include intraluminal proteins and
transmembrane proteins such as heat shock proteins and tet-
raspanins. Among them, cluster of differentiation 63 (CD63)
and heat shock protein 70 (HSP70) are common specific
markers for exosomes.10 The ribonucleic acids contained in
exosomes include messenger RNA (mRNA), microRNA
(miRNA), and long non-coding RNA (lncRNA).11 Exosomes
fuse with the plasma membrane to transfer active biological
components into target cells and regulate gene transcription
and translation, thereby changing the phenotype of recipient
cells.12 Moreover, studies have found that exosomes are
closely related to the progression of LC and CAFs.13

lncRNAs are a class of noncoding RNA transcripts con-
sist of more than 200 nucleotides that participate in various
biological processes.14 According to the positional relation-
ship between lncRNA and protein-coding genes, lncRNAs
can be divided into antisense lncRNA, intronic lncRNA,
divergent lncRNA, intergenic lncRNA and enhancer
lncRNA; according to the function of lncRNAs, they can be
divided into signal, decoy, guide, and scaffold molecules.15

Recent studies on lncRNAs at the molecular level elucidate
that the transcription of lncRNAs is time-specific and
tissue-specific, and the transcripts act as signal molecules to
further regulate the expression of other genes. lncRNAs can
interact with DNA, RNA or proteins to epigenetically affect
gene expression and serve as cellular regulators.16 lncRNAs
located in the nucleus commonly exert their functions at the
transcriptional level by recruiting RNA binding proteins.17

Numerous lncRNAs have been identified as carcinogenic
factors in LC. For example, exosomal lncRNA AGAP2-AS1
exhibited higher levels in non-small-cell lung cancer
(NSCLC) patients than in healthy people, and the expression
levels of lncRNA AGAP2-AS1 were positively correlated
with tumor size, lymph node metastasis, and TNM stage.18

In the present study, we hypothesized that the exosomal
lncRNA AGAP2-AS1 extracted from serum of the LC
patients might activate CAFs to deteriorate tumor progres-
sion, and the specific regulatory mechanism was researched.

MATERIALS AND METHODS

Isolation of exosomes

The serum samples of LC patients and healthy people were pre-
pared to obtain the exosomes using the Exosome Isolation Kit

(UR52136; Umibio Science and Technology Group) according
to the manual. Briefly, 1 ml of the serum was centrifuged for
10 min at 3000g to remove the cell debris. Then, 3 ml of PBS
was used to dilute the serum and 5 ml of the Blood PureExo
Solution was added to the serum and incubated for 2 h at 4�C.
After that, the mixture was centrifuged at 10 000g for 60 min,
and the precipitate was resuspended in 0.5 ml of PBS. The
resuspended suspension was centrifuged at 12 000g for 2 min
to obtain the exosome-rich supernatant. Finally, the superna-
tant was loaded into the upper chamber of the Exosomes Puri-
fication Filter and centrifuged to obtain the purified exosomes.

Cell culture and treatments

Human embryonic lung fibroblasts (MRC-5; CL1359-1) and
A549 cell line (CL1354) were purchased from Newgain Bio-
tech Co., Ltd. After the cells were thawed, they were respec-
tively cultured in standard DMEM (319-005-CL) containing
10% FBS and 100 U/ml penicillin–streptomycin (all obtained
from Wisent Biotech Co., Ltd.) at 37�C with 5% CO2.

After cell confluence reached 70%–80%, MRC-5 cells
were incubated with exosomes for 48 h or transfected with
pcDNA3.1/lncAGAP2-AS1, pcDNA3.1/EIF4A3, sh-EIF4A3,
sh-MyD88, or their negative controls (designed and synthe-
sized by Beijing Rui Biotech Ltd.) for 48 h. Pyrrolidine-
dithiocarbamic acid (PDTC; S1809; Beyotime Biotech) was
used to inhibit the NF-κb signaling pathway. A549 cells were
transfected with pcDNA3.1/lncAGAP2-AS1 or control for
48 h before injected into the mice to induce xenografts.
Transfections were carried out using Lipofectamine 2000
reagent (Invitrogen).

RNA degradation assay

MRC-5 cells in the logarithmic phase were collected and
incubated with 0.5 μM actinomycin D (Act D) for 0, 2, 4, 6,
and 8 h. After incubation, the cells were collected and lysed
to measure the RNA expression levels of lncRNA
AGAP2-AS1 by real-time quantitative polymerase chain
reaction (RT-qPCR).

Transmission electron microscopy assay

First, 10 μl of the exosomal suspension was dropped onto a
formvar-copper mesh and dried at room temperature. Next,
2% uranyl acetate was added onto the mesh and the mor-
phology of exosomes was observed using a Cressington
108 transmission electron microscope at 80 kV after drying.

PKH67 staining assay

The exosome intake assay was conducted using a PKH67
Green Fluorescent Cell Linker Kit (PKH67GL-1KT; Sigma
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Aldrich). Briefly, exosomes were stained by PKH67 solution
for 10 min at 4�C. Then, the PKH67-labeled exosomes were
incubated with MRC-5 cells. A fluorescence microscope
(SZX7; Olympus) was used to observe the exosomes con-
tained in MRC-5 cells after incubation for 24 h.

CCK-8 assay

MRC-5 cells were plated in 96-well plates for 24, 48, 72, and
96 h. Then, MRC-5 cells were incubated with 10 μl CCK-8
solution (Beyotime) for 2 h. The optical density was deter-
mined at 490 nm using a microplate reader (Bio-Rad).

Transwell assays

MRC-5 cells in the logarithmic growth phase were collected
and starved in serum-free DMEM for 24 h. For the migra-
tion assay, transwell chambers (3422; Corning) were previ-
ously inserted into a 24-well plate. The cells were
trypsinized in the serum-free DMEM and 200 μl of the cell
suspension was added to the upper chambers. The bottom
chambers contained 600 μl of DMEM with 2.5% FBS. After
24 h, the cells in the upper chambers were wiped off using a
wet cotton swab, while the cells on the lower surface were
fixed with pre-chilled methanol and stained with 0.1% crys-
tal violet (G1064; Solarbio Technology Co., Ltd.) for 20 min.
For the invasion assay, 50 μl of the Matrigel was used to coat
the transwell chambers and the concentration of FBS in the
bottom chamber was changed to 20%. The stained cells were
observed and counted under an Olympus BX43 light micro-
scope at a magnification of 200. Five visual fields of each
well were randomly chosen.

Wound healing assay

First, 5 � 105 MRC-5 cells were seeded into a six-well plate and
cultured until cell confluence reached 90%. Then, a line was
scraped in the cell monolayer using the tip of a sterile micropi-
pette. Next, the cells were rinsed with PBS to remove the cell
debris and cultured in serum-free DMEM for 24 h. Images were
observed and photographed under a microscope. The gaps in
the wounds were measured at three random locations.

Isolation of nuclear/cytoplasmic RNA

The nucleus and cytoplasm of MRC-5 cells were isolated
using a Nuclear/Cytoplasmic Separation Kit (HR0241; Balb
Biotech Co., Ltd.) according to the manufacturer’s instruc-
tion. Then, 5 � 105 MRC-5 cells were rinsed with PBS twice
and 200 μl of Extracting Solution A was added to the cells
and incubated for 30 min. After that, the cells were centri-
fuged and the supernatant and precipitate were separately
collected. The expression levels of lncRNA AGAP2-AS1

were measured by RT-qPCR. U6 was used as the internal
reference of nuclear RNA expression and GAPDH was used
for cytoplasmic RNA.

Real-time quantitative polymerase chain
reaction

The total RNA from MRC-5 cells was extracted using TRI-
zol buffer (Invitrogen). Reverse transcription and PCR
amplification were carried out using a Universal RT-PCR
Kit (M-MLV) (RP1100; Solarbio) on a Bio-Rad T100 Ther-
mal Cycler. All primers were designed and synthesized by
Yilaibo Biotech Co., Ltd. and GAPDH was used as internal
reference. The fold changes of the RNAs were calculated
according to the 2�ΔΔCt approaches. The sequences of the
primers were as follows: IL-1β forward 50-ATGATGGCT-
TATTACAGTGGCAA-30 and reverse 50-GTCGGAGATTC
GTAGCTGGA-30; IL-6 forward 50-ATGAACTCCTTCTC-
CACAAGCGC-30 and reverse 50-GAAGAGCCCTCAGGCT
GGACTG-30; IL-18 forward 50-TCTTCATTGACCAAGGA
AATCGG-30 and reverse 50-TCCGGGGTGCATTATCTC-
TAC-30; α-SMA forward 50-GTGCTGTCCCTCTATGCC
TCTGG-30 and reverse 50-GGCACGTTGTGAGTCACAC-
CATC-30; TGF-β forward 50-CTTTGGTATCGTGGAAG-
GACTC-30 and reverse 50-AGCTGTACCAGAAATACAGC
AACA-30; CXCL12 forward 50-GTCAGCCTGAGCTACA-
GATGC-30 and reverse 50-CTTTAGCTTCGGGTCAATGC-
30; COL1A1 forward 50-GAGGGCCAAGACGAAGACATC-30

and reverse 50-CAGATCACGTCATCGCACAAC-30; COL3A1
forward 50-CCCACTATTATTTTGGCACAACAG-30 and
reverse 50-AACGGATCCTGAGTCACAGACA-30; COL4A1
forward 50-CTCCACGAGGAGCACAGC-30 and reverse 50-
CCTTTTGTCCCTTCACTCCA-30; lncRNA AGAP2-AS1
forward 50-TACCTTGACCTTGCTGCTCTC-30 and reverse
50-TGTCCCTTAATGACCCCATCC-30; EIF4A3 forward 50-
CTCTTCCGCGGACTCTGAAT-30 and reverse 50-CGCTGG
TCTCGAATTCCACT-30; GAPDH forward 50-ACCCACTC
CTCCACCTTTGAC-30 and reverse 50-TGTTGCTGTAGCC
AAATTCGTT-30.

Western blotting assay

Total proteins were extracted from MRC-5 cells and xeno-
grafts using RIPA buffer (WB020; MultiSciences Biotech
Co., Ltd.). The concentrations of the proteins were measured
by a BCA Kit (70-EK1105-48; MultiSciences). In brief, the
protein was loaded on 10% SDS-PAGE (S1051-500; Solar-
bio) and separated for 30 min. Next, the proteins were
transferred onto PVDF membranes (10 600 021; Cytiva) for
90 min and blocked with 5% skim milk for 1 h. The primary
antibodies were then incubated with the PVDF membranes,
including anti-HSP70 (1:1000; 70R-34 918; Fitzgerald), anti-
CD63 (1:1000; 70R-10 168; Fitzgerald), anti-FAP (1:1000;
20R-FR012; Fitzgerald), anti-α-SMA (1:1000; ab244177;
Abcam), anti-EIF4A3 (1:500; ab32485; Abcam), anti-p-NF-κB
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(1:1000; BS4737; Bioworld), anti-NF-κB (1:1000; ab283716;
Abcam), anti-GAPDH (1:1000; ab8245; Abcam), and anti-
β-actin (1:1000; ab8226; Abcam). GAPDH and β-actin were
used to normalize protein expression levels. After incubation
with the primary antibodies, the membranes were incubated
with the anti-IgG secondary antibody (1:2000; ab248512;
Abcam) at room temperature for 2 h. Finally, the protein bands
were developed using ECL Kit (AS16-ECL-SN; Agrisera).

RNA pull-down

RNA pull-down assay was performed by an RNA pull-down
kit (KT103-01; Guangzhou Saicheng Biotech Co., Ltd.) fol-
lowing the manual. In brief, 4 � 107 MRC-5 cells were lysed
and centrifuged to collect the supernatant. The magnetic
beads (50 μl) were conjugated with biotinylated lncRNA
AGAP2-AS1 probes and incubated with the supernatant
(100 μl) at 4�C overnight. Next, the beads were eluted from
the RNA-protein complex. The proteins were resolved in
SDS-PAGE and detected by western blotting assay.

RNA binding protein immunoprecipitation
assay

RNA Binding Protein Immunoprecipitation Assay Kit
(KT102-01; Guangzhou Saicheng Biotech Co., Ltd.) was
applied to carry out an RNA binding protein immunopre-
cipitation (RIP) assay following the instructions. Briefly,
4 � 107 MRC-5 cells were lysed and centrifuged, after which
100 μl of supernatant was collected to incubate with the
magnetic beads. The magnetic beads were previously conju-
gated with anti-EIF4A3 antibodies (1:1000; ab32485;
Abcam) and control anti-IgG antibodies. The magnetic
beads were eluted and the RNA complex was purified to
obtain the RNA for RT-qPCR analysis.

Tumorigenicity assay

Fifteen BLAB/c 6-week-old male nude mice (21 � 2 g) were
obtained from Jiangsu ALF Biotechnology Co., Ltd. The
mice were housed in pathogen-free conditions, with the
temperature maintained at 22 � 2�C, 50%–60% humidity,
12 h dark/light cycle, and freely available food and water.
Then, 1 � 106 recombinant A549 cells were subcutaneously
injected into the flanks of the mice to induce the xenografts.
The tumor volumes were measured every 3 days following
the formula V = LS2/2, where L is the long diameter and
S is the short diameter. After 4 weeks of induction, the mice
were sacrificed by 150 mg/kg pentobarbital i.v., and the
xenografts were resected and weighed. All the experiments
were approved by the Ethics Committee of Nanjing Medical
University (approval no. IACUC-2206046).

Immunofluorescence

The tumors were embedded in paraffin and sliced. After
dewaxed, rehydrated and antigen retrieval, the sections
were permeated by 0.2% Triton X-100 blocked by 5%
BSA for 1 h. Next, the sections were incubated with the
primary anti-FAP (1:1000; 20R-FR012; Fitzgerald) and
anti-α-SMA (1:1000; ab244177; Abcam) antibodies at 4�C
overnight. Then, the sections were incubated with sec-
ondary goat anti-rat IgG-iFluor 488 antibodies
(CM008-10A2F; Chamot Biotech Co., Ltd.) at 37�C for
1 h and counter-stained with DAPI for 15 min. A ZEISS
LSM 9 laser confocal microscope was used to observe the
fluorescently-labeled sections.

Statistical analysis

Every assay was repeated for three independent experi-
ments. GraphPad Prism (v9.0.0.121; GraphPad Software,
Inc.) was used to analyze the data. All data were presented
as the mean � SD. Student t-test was used to calculate the
statistical differences between the two groups. Duncan’s
test’ was used for post-hoc test. ANOVA was applied for
multiple groups. The value of p < 0.05 was deemed statis-
tically significant.

RESULTS

Exosomes isolated from LC patients observably
activated MRC-5 cells

To explore whether exosomes isolated from the LC patients
were capable of activating CAFs, we incubated the exosomes
with MRC-5 cells and determined the cellular functions. As
Figure 1a shows, the exosomes ioslated from both LC
patients (cancer-exo) and healthy participants (control-exo)
exhibited round shapes under transmission electron micros-
copy. Furthermore, control-exo and cancer-exo were
HSP70- and CD63-positive (Figure 1b), authenticating the
nature of the exosomes. After 24 h of incubation,
PKH67-labeled exosomes (green fluorescence) could enter
MRC-5 cells (Figure 1c). CCK-8 assay showed that cancer-
exo promoted MRC-5 cell proliferation (Figure 1d). In addi-
tion, compared with control-exo, cancer-exo significantly
promoted the migration and invasion of MRC-5 cells
(Figure 1e,f). The wound-healing rate of the cancer-exo
group was consistently increased (Figure 1g,h). Moreover,
the levels of CAF biomarkers IL-1β, IL-6, IL-18, α-SMA,
TGF-β, CXCL12, and collagens (COL1A1, COL3A1,
COL4A1) were all notably elevated by cancer-exo
(Figure 1i,j). Similarly, the protein levels of FAP and α-SMA
were increased (Figure 1k). These results demonstrate that
cancer-exo could activate MRC-5 cells.
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Overexpression of AGAP2-AS1 contributed to
MRC-5 activation

According to the previous finding, lncRNA AGAP2-AS1
was promising biomarkers for LC in the serumal exo-
somes.18 RT-qPCR was used to assess lncRNA AGAP2-AS1

in control-exo and cancer-exo. The results showed that
compared to the control-exo group, the level of
AGAP2-AS1 was significantly increased in cancer-exo
(Figure 2a). Hence, we hypothesized that lncRNA
AGAP2-AS1 might play promotive roles in activating CAFs.
After co-culturing the exosomes with MRC-5 cells, we

F I G U R E 1 Exosomes isolated from lung cancer (LC) patients activated MRC-5 cells. (a) transmission electron microscopy images of the exosomes
isolated from the serum of LC patients and healthy participants. (b) The protein bands of HSP70 and CD63 in control-exo and cancer-exo. (c) Fluorescence
images of MRC-5 cells. The exosomes were labeled with PKH-67 and co-cultured with MRC-5 cells for 24 h. (d) CCK-8 assay was used to assess the viability
of MRC-5 cells after co-culture with control-exo or cancer-exo. (e) and (f) After the transwell assay was performed, the migrated and invaded MRC-5 cells
were captured and counted after co-culture with control-exo or cancer-exo. (g) and (h) Wound healing assay was carried out in the exosome-treated MRC-5
cells. (i) The mRNA expression levels of IL-1β, IL-6, and IL-18 in MRC-5 cells after treatment with the exosomes. (j) The mRNA expression levels of
α-smooth muscle actin (α-SMA), TGF-β, CXCL12, COL1A1, COL3A1, and COL4A1 in MRC-5 cells after treatment with the exosomes. (k) The protein
levels of fibroblast activating protein and α-SMA in MRC-5 cells were determined by western blotting assay. Three independent experiments were performed
for each assay. *p < 0.05, **p < 0.01
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observed that cancer-exo markedly enhanced the level of
AGAP2-AS1 in MRC-5 cells (Figure 2b). In addition,
AGAP2-AS1 was mainly located in the nucleus of MRC-5
cells (Figure 2c). Transfection of AGAP2-AS1 overexpres-
sion plasmids (AGAP2-AS1 OE) into MRC-5 cells promi-
nently increased the expression level of AGAP2-AS1
(Figure 2d). AGAP2-AS1 OE also contributed to MRC-5 cell
proliferation (Figure 2e). In addition, AGAP2-AS1 OE

notably promoted the metastatic ability of MRC-5 cells,
which was proved by the increased number of migrated/
invaded cells and the wound healing rate (Figure 2f–i). The
mRNA expression levels of CAF biomarkers and the protein
levels of FAP and α-SMA were also enhanced after
AGAP2-AS1 was transfected into MRC-5 cells (Figure 2j–l).
Altogether, these findings demonstrate that AGAP2-AS1 is
an efficient activator of MRC-5 cells.

F I G U R E 2 AGAP2-AS1 contributed to MRC-5 activation. (a) The expression level of AGAP2-AS1 in control-exo and cancer-exo was measured by RT-
qPCR. (b) The expression level of AGAP2-AS1 in the exosome-treated MRC-5 cells was measured by RT-qPCR. (c) The proportions of nuclear and
cytoplasmic AGAP2-AS1 were determined in MRC-5 cells. (d) The expression levels of AGAP2-AS1 in MRC-5 cells after transfection with AGAP2-AS1
overexpression plasmids. (e) CCK-8 assay was used to assess the viability of MRC-5 cells after transfection with AGAP2-AS1 overexpression plasmids. (f)
and (g) The migrated and invaded cells were captured and counted after AGAP2-AS1 was overexpressed in MRC-5 cells. (h) and (i) Wound healing rates of
MRC-5 cells were calculated after AGAP2-AS1 was overexpressed. (j) and (k) mRNA expression levels of the referred cytokines were detected in the
AGAP2-AS1-overexpressed MRC-5 cells. (l) The protein levels of fibroblast activating protein and α-smooth muscle actin in the AGAP2-AS1-overexpressed
MRC-5 cells. Three independent experiments were performed for each assay. *p < 0.05, **p < 0.01, ***p < 0.001
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EIF4A3 bound to AGAP2-AS1 to inhibit its
degradation

To ulteriorly investigate the mechanism underlying the pro-
motive role of AGAP2-AS1 on activating MRC-5 cells, the
RNA binding proteins of AGAP2-AS1 were predicted using
Starbase (http://starbase.sysu.edu.cn/rbpClipRNA.php?
source=lncRNA), and the mRNA level of EIF4A3 was sig-
nificantly increased in the cancer-exo-treated MRC-5 cells
(Figure 3a). Hence, we subsequently examined the interaction
between AGAP2-AS1 and EIF4A3. RIP results showed that
anti-EIF4A3 antibodies enriched a prominent higher level
of AGAP2-AS1 (Figure 3b) and AGAP2-AS1 notably
enriched EIF4A3 proteins (Figure 3c). AGAP2-AS1 OE
markedly elevated the mRNA level of EIF4A3, while

knockdown of AGAP2-AS1 showed the reverse result
(Figure 3d). Furthermore, EIF4A3 enhanced the stability of
AGAP2-AS1 (Figure 3e), but inhibition of EIF4A3 decreased
the stability (Figure 3f). Altogether, the results indicate that
AGAP2-AS1 is positively correlated with EIF4A3.

AGAP2-AS1 is functionally related to EIF4A3 in
activating MRC-5 cells

The functional relationship between AGAP2-AS1 and
EIF4A3 was subsequently examined. Depletion of EIF4A3
reversed the increased number of proliferative, migrated, and
invaded cells induced by AGAP2-AS1; however, overexpres-
sion of EIF4A3 enhanced the promotive function of

F I G U R E 3 EIF4A3 was the binding protein of AGAP2-AS1. (a) The mRNA expression levels of EIF4A3 in the exosome-treated MRC-5 cells. (b) RNA
binding protein immunoprecipitation and (c) RNA pull-down assays were conducted to confirm the interaction between EIF4A3 and AGAP2-AS1. (d) The
mRNA expression levels of EIF4A3 in MRC-5 cells transfected with AGAP2-AS1 overexpression or sh-lncRNA AGAP2-AS1. The stability of AGAP2-AS1 in
MRC-5 cells was determined after actinomycin treatment. (e) EIF4A3 overexpression or (f) sh-EIF4A3 was used to treat MRC-5 cells. Three independent
experiments were performed for each assay. **p < 0.01
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AGAP2-AS1 on cell proliferation and metastasis (Figure 4a–c).
The results of the wound healing assay exhibited the similar
trend with the transwell assay (Figure 4d,e). Moreover, the
mRNA levels of the indicated cytokines and collagens were
reduced after EIF4A3 was downregulated, but increased when
EIF4A3 was overexpressed (Figure 4f). Similar changes were
observed in the protein levels of FAP and α-SMA (Figure 4g).

MyD88/NF-κB is the target signaling pathway
of AGAP2-AS1 in MRC-5 cells

As a previous study demonstrated, MyD88 was the down-
stream target of AGAP2-AS1 in breast cancer cells, and the
NF-κB signaling pathway was further activated by MyD88.19

Hence, we intended to verify the regulatory axis in MRC-5
cells. The mRNA expression of MyD88 in MRC-5 cells was
prominently elevated after cancer-exo treatment (Figure 5a).
Additionally, AGAP2-AS1 positively regulated the mRNA
level of MyD88 (Figure 5b). The phosphorylated-NF-κB
signaling pathway was markedly enhanced by AGAP2-AS1,
while knockdown of MyD88 inhibited the activation of
NF-κB and neither AGAP2-AS1 nor sh-MyD88 had a sig-
nificant influence on the total NF-κB signaling pathway
(Figure 5c). Likewise, sh-MyD88 reversed the effects of
AGAP2-AS1 on cell proliferation, migration, invasion, and
wound healing. PDTC, an inhibitor of the NF-κB signaling
pathway, showed a similar function with sh-MyD88
(Figure 5d–h). sh-MyD88 prominently reduced the mRNA
levels of the indicated cytokines that were enhanced by

F I G U R E 4 AGAP2-AS1 was functionally related to EIF4A3 in activating MRC-5 cells. (a) CCK-8 assay was used to assess the viability of MRC-5 cells.
(b) and (c) Migrated and invaded MRC-5 cells analyzed by transwell assay were counted after the indicated treatments. (d) and (e) Wound healing rates were
calculated after 24 h of culture. MRC-5 cells were transfected with the referred vectors. (f) mRNA expression levels of the listed cytokines in MRC-5 cells
underwent the indicated transfections. (g) The protein expression levels of fibroblast activating protein and α-smooth muscle actin in MRC-5 cells transfected
with the indicated vectors. Three independent experiments were performed for each assay. *p < 0.05, **p < 0.01
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AGAP2-AS1 (Figure 5i). Similar results were observed in
the protein levels of FAP and α-SMA (Figure 5j). Taken
together, the results prove the AGAP2-AS1/MyD88/NF-κB
positive feedback in activating MRC-5 cells.

AGAP2-AS1 played a promotive role in LC and
activating CAFs in vivo

The oncogenic role of AGAP2-AS1 was examined in nude
mice (Figure 6a). Tumor growth was observably facilitated
by AGAP2-AS1, as evident by the increased tumor volume

(Figure 6b) and weight (Figure 6c). The immunofluores-
cence images show that AGAP2-AS1 promoted the produc-
tion of α-SMA (Figure 6d) and FAP (Figure 6e) in the
xenografts. Consistently, the protein expression levels of
α-SMA and FAP were elevated by AGAP2-AS1 (Figure 6f).

DISCUSSION

CAFs are an important part of the tumor microenvironment
and play an important role in the genesis and development
of tumors.8 Studies have shown that CAFs are mainly

F I G U R E 5 MyD88/NF-κB was the target signaling pathway of AGAP2-AS1 in MRC-5 cells. (a) The mRNA expression levels of MyD88 in MRC-5 cells
underwent control-exo or cancer-exo. (b) The mRNA expression levels of MyD88 in MRC-5 cells underwent AGAP2-AS1 overexpression (OE) or sh-
lncRNA AGAP2-AS1. (c) The protein expressions of phosphorylated NF-κB and total NF-κB signaling in MRC-5 cells underwent AGAP2-AS1 and sh-
MyD88. (d) CCK-8 assay was used to assess the viability of MRC-5 cells transfected with AGAP2-AS1 OE, sh-MyD88 or pyrrolidinedithiocarbamic acid
(PDTC). (e) and (f) Migrated and invaded MRC-5 cells were counted after MRC-5 cells were transfected with AGAP2-AS1 OE, sh-MyD88 or PDTC. (g) and
(h) Wound healing rates were calculated after 24 h of culture. MRC-5 cells were transfected with the indicated vectors. (i) mRNA expression levels of the
listed cytokines in MRC-5 cells underwent the indicated transfections. (j) The protein expression levels of fibroblast activating protein and α-smooth muscle
actin in MRC-5 cells transfected with the indicated vectors. Three independent experiments were performed for each assay. *p < 0.05, **p < 0.01,
***p < 0.001
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transformed from local tissue native fibroblasts.20,21 The
transformation of CAFs is regulated by the tumor microen-
vironment. Exosomes play vital roles in intercellular com-
munication through transmitting bioactive compounds.10 In
recent years, the communication of exosomes between
tumor cells and fibroblasts has become a focus of research.
Several studies have reported that tumor-derived exosomes
promote tumor growth and metastasis by inducing the for-
mation of CAFs.22 For instance, exosomes from breast can-
cer cells induced the activation of CAFs through the transfer
of miR-146a, thus promoting tumor invasion and metasta-
sis.22,23 In the present study, we also found that exosomes
from LC patients observably activated CAFs.

In LC, exosomes have been proven to exert various func-
tions rely on the lncRNAs they carred. AGAP2-AS1 was first
identified in NSCLC as an onco-lncRNA.24 To date, the
oncogenic role of AGAP2-AS1 has been verified in numer-
ous malignancies. For example, AGAP2-AS1 was upregu-
lated in hepatocellular carcinoma (HCC) tissues and cell
lines, and it promoted the expression of ANXA11 through
sponging miR-16-5p to exacerbate the malignant behaviors of
HCC cells.25 In glioma, AGAP2-AS1 targeted for miR-15a/b-
5p to increase the level of HDGF, and the Wnt/beta-catenin

signaling pathway was further activated to accelerate the pro-
liferation of glioma cells.26 AGAP2-AS1 sponged for
miR-497 in colorectal cancer (CRC) cells, upregulating
FGFR1, and thereby promoted the progression of CRC.27

Furthermore, M2 macrophage-derived exosomal AGAP2-AS1
enhances radiotherapy immunity in LC.28 Exosomal lncRNA
AGAP2-AS1 is one of the promising biomarkers for LC,
although whether or not it possesses promotive function on
activating CAFs is not clearly defined. Hence, we investigated
the impact of exosomal AGAP2-AS1 on MRC-5 cells and
uncovered the regulatory mechanism of AGAP2-AS1. Our
original data demonstrated that AGAP2-AS1 was upregulated
in MRC-5 cells after co-culture with exosomes isolated from
LC patients.

As well as serving as a ceRNA for miRNAs, AGAP2-AS1
could also bind to RNA binding proteins (RBPs) to regulate
gene expression at the transcriptional level. For instance,
overexpression of AGAP2-AS1 promoted cell growth and
invasion of gastric cancer cells. This carcinogenic function
was achieved by binding to LSD1 and EZH2, the complex
suppressed CDKN1A and E-cadherin transcription.29

AGAP2-AS1 bound to CREB-binding protein and the com-
plex enriched H3K27ac at the promoter region of MyD88,

F I G U R E 6 AGAP2-AS1 played a promotive role in lung cancer and activating cancer-associated fibroblasts in vivo. (a) The xenografts were resected
from the mice after 4 weeks of induction. A549 cells transfected with AGAP2-AS1 overexpression (OE) or OE-control were injected into the mice to generate
the xenografts. (b) Tumor volumes and (c) weights were measured in the different groups of mice. The accumulation of (d) α-smooth muscle actin (α-SMA)
(red fluorescence) and (e) fibroblast activating protein (FAP) (green fluorescence) were observed via immunofluorescence assay. (f) The protein expression
levels of α-SMA and FAP were determined in the xenografts. **p < 0.01, ***p < 0.001
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thus increasing the production of MyD88; increased MyD88
further activated NF-κB signaling and aggravated breast can-
cer.19 Moreover, AGAP2-AS1 suppressed the transcription of
ANKRD1 and ANGPTL4 through recruiting EZH2, thereby
deteriorating pancreatic cancer,30 whereas AGAP2-AS1 was
poorly discussed in activating CAFs. In the current study, we
found that exosomes from LC patients could activate MRC-5
cells and significantly upregulate AGAP2-AS1 in MRC-5
cells. Our data first demonstrated the activating function of
AGAP2-AS1 on LC-derived CAFs and the underlying mecha-
nism, supplementing the biological role of this oncogenic
lncRNA.

EIF4A3 protein belongs to the DEAD box protein family
and is a nuclear matrix protein.31 Commonly, EIF4A3 is
researched as a RBP for lncRNA in oncology. On one hand,
EIF4A3 binds to lncRNA to further stabilize the mRNA of
the downstream target gene. Song et al.32 elucidated that
lncRNA CASC11 recruited EIF4A3 to stabilize the mRNA
of E2F1, and the increased level of E2F1 further activated
the NF-κB signaling and PI3K/AKT/mTOR pathway to
aggravate hepatocellular carcinoma. In addition, LINC01232
was found to recruit EIF4A3 to increase the mRNA stability
of TM9SF2, and this LINC01232/EIF4A3/TM9SF2 axis pro-
moted pancreatic adenocarcinoma.33 Furthermore,
LINC00667 was revealed to be a tumor promotor through
recruiting EIF4A3 to stabilize VEGFA mRNA.34 On the
other hand, EIF4A3 manifests oncogenic characteristic via
directly stabilizing the onco-lncRNAs. For example, EIF4A3
inhibited the degradation of LINC00680 and TTN-AS1 by
binding to these lncRNAs, which were upregulated in glio-
blastoma cells. Ultimately, excess amount of LINC00680
and TTN-AS1 targeted miR-320b/EGR3/PKP2 axis to pro-
mote the development of glioblastoma.35 In the present
study, we proved that EIF4A3 bound to AGAP2-AS1 to pro-
long the half-life period of AGAP2-AS1, hence promoting
the activation of MRC-5 cells. MyD88/NF-κB signaling has
not been investigated activating CAFs, but in organ fibrosis,
including myocardial fibrosis,36 liver fibrosis,37,38 kidney
fibrosis,39 and pulmonary fibrosis40 the pro-fibrotic role is
widely proved. In particular, the AGAP2-AS1/MyD88/NF-
κB axis was previously demonstrated in breast cancer,19 and
EIF4A3/AGAP2-AS1/MyD88/NF-κB signaling was proved
to activate MRC-5 cells in the current study. Our findings
are similar to the previous results and fill the knowledge gap
of EIF4A3 functions in regulating the tumor
microenvironment.

To sum up, our present results reveal the promotive role
of AGAP2-AS1 in activating CAFs and confirm the EIF4A3/
AGAP2-AS1/MyD88/NF-κB axis, providing a novel strategy
for LC therapy.
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