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Exosomes from cancer cells or immune cells, carrying bio-
macromolecules or long non-coding RNAs (lncRNAs), partic-
ipate in tumor pathogenesis and progression by modulating
the microenvironment. This study aims to explore the func-
tion of M2 macrophage-derived exosomes on the invasion
and metastasis of esophageal cancer (EC) with the involve-
ment of the lncRNA AFAP1-AS1/microRNA-26a (miR-26a)/
activating transcription factor 2 (ATF2) axis. We found that
lncRNA AFAP1-AS1 could specifically bind to miR-26a,
thus affecting the expression of miR-26a, and ATF2 was the
direct target of miR-26a. Compared with M1 macrophage-
derived exosomes, M2 macrophage-derived exosomes ex-
hibited higher AFAP1-AS1 and ATF2 expression and lower
miR-26a expression. Moreover, extracellular AFAP1-AS1
could be moved to KYSE410 cells via being incorporated
into M2 macrophage-derived exosomes. M2 macrophage-
derived exosomes could downregulate miR-26a and promote
the expression of ATF2 through high expression of AFAP1-
AS1, thus promoting the migration, invasion, and lung
metastasis of EC cells; M2-exosomes upregulating AFAP1-
AS1 or downregulating miR-26a ameliorated this effect. In
summary, M2 macrophage-derived exosomes transferred
lncRNA AFAP1-AS1 to downregulate miR-26a and upregu-
late ATF2, thus promoting the invasion and metastasis of
EC. Targeting M2 macrophages and the lncRNA AFAP1-
AS1/miR-26a/ATF2 signaling axis represents a potential ther-
apeutic strategy for EC.

INTRODUCTION
Esophageal cancer (EC) ranks eighth inmost common cancers world-
wide and sixth in cancer mortality, and it mainly includes squamous
cell carcinoma and adenocarcinoma.1,2 It has been reported that
China is a country with very high EC incidence, and the Taihang
Mountains region is the highest in the world, where carcinogen expo-
sure andmalnutrition account for the chief risk factors for EC, instead
of cigarettes and alcohol.3 Common cancer therapies including sur-
gery, radiation, and chemotherapy are current treatments for EC,
and tumor markers of EC are expected to contribute to earlier diag-
nosis of this disease.3 In recent years, macrophages have been pro-
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posed to affect cancer development and patients’ prognosis,4 as a
result of which we are inspired to find new treatment of EC from
M2 macrophage-derived exosomes.

Exosomes are membrane vesicles derived from diverse cells with a
diameter of 40 to 100 nm, which contain many substances such
as nucleic acids, proteins, and enzymes.5 The contributory effects
of exosomes on tumor progression have been discovered.6 Evidence
has shown that exosomes derived from T cells may boost the epithe-
lial-to-mesenchymal transition (EMT) in EC cells by upregulating
b-catenin and nuclear factor kB (NF-kB)/snail pathway, thus
contributing to EC metastasis.7 Actin filament associated protein 1
antisense RNA1 (AFAP1-AS1), one long non-coding RNA
(lncRNA), has also been reported to be abnormally expressed in
some cancers and correlated with cancer development.8,9 AFAP1-
AS1 has been suggested to be overexpressed in esophageal squa-
mous cell carcinoma (ESCC), thus boosting its cell proliferation
and restricting its apoptosis.10 Yuan et al.11 have demonstrated
that AFAP1-AS1 is capable of targeting microRNA (miRNA)-320a
(miR-320a) to affect cell stemness and chemoresistance of laryngeal
carcinoma. It has been indicated that microRNA-26a (miR-26a) is a
tumor inhibitor in a variety of cancers.12 Li et al.13 have revealed
that ESCC growth can be circumscribed by miR-26a and miR-
26b. A study has shown that activating transcription factor 2
(ATF2) is directly targeted by miR-26a.14 There has been a study
indicating that ATF2 is in close relation to ESCC patients’ compre-
hensive survival.15 Nevertheless, the role of M2 macrophage-derived
exosomes in EC remains obscure. Therefore, this study aims to
explore the mechanism of lncRNA AFAP1-AS1 derived from M2
macrophage exosomes on EC invasion and metastasis via modu-
lating the miR-26a/ATF2 pathway.
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Figure 1. ATF2 Is a Direct Target Gene of miR-26a and AFAP1-AS1 Absorbs miR-26a to Impact Its Expression

(A) Prediction of AFAP1-AS1 subcellular localization by online analysis site. (B) Verification of AFAP1-AS1 subcellular localization by FISH assay (400�; scale bars, 25 mm). (C)

Prediction of the binding site of AFAP1-AS1 and miR-26a by RNA22 site. (D) Verification of AFAP1-AS1 binding to miR-26a by dual luciferase reporter gene assay. (E)

Detection of miR-26a’s enrichment of AFAP1-AS1 by RNA pull-down assay. (F) Prediction of the targeting site between miR-26a and ATF2 by Targetscan website. (G)

Verification of the targeting site between miR-26a and ATF2 by dual luciferase reporter gene assay. *p < 0.05. N = 3. The data in the figure were all measurement data

expressed as mean ± standard deviation; the t test was used for comparison between two groups, and ANOVA was used for the comparison among multiple groups, after

which pairwise comparison was made by Tukey’s multiple comparisons test.
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RESULTS
ATF2 Is a Direct Target Gene of miR-26a, and AFAP1-AS1

Sponges miR-26a to Impact Its Expression

Previous studies have shown that some specific lncRNAs may operate
as competing endogenous RNAs (ceRNAs) in carcinogenesis. ceR-
NAs can function as miRNA sponges to modulate miRNAs, which
functionally liberates mRNA transcripts targeted by miRNAs.16,17
780 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
To clarify the functional mechanisms of AFAP1-AS1, we first
analyzed AFAP1-AS1 online at http://lncatlas.crg.eu/ to explore its
mechanism. The results showed that AFAP1-AS1 was mainly distrib-
uted in the cytoplasm (Figure 1A), which was further verified by RNA
fluorescence in situ hybridization (FISH) assay, indicating that
AFAP1-AS1 may function in the cytoplasm (Figure 1B). Through
the RNA22 website (https://cm.jefferson.edu/rna22/Precomputed/),

http://lncatlas.crg.eu/
https://cm.jefferson.edu/rna22/Precomputed/


Figure 2. Identification of M2 Macrophages

(A) Morphology of M1 and M2macrophages was observed under an inverted microscope (400�, scale bars, 50 mm). (B) CD68 and CD206 mRNA expression in M1 and M2

macrophages detected by qRT-PCR. (C) Protein bands of CD68 and CD206 in M1 and M2 macrophages. (D) CD68 and CD206 protein expression in M1 and M2 mac-

rophages detected by western blot analysis. (E) AFAP1-AS1, miR-26a, and ATF2 mRNA expression in M1 and M2 macrophages detected by qRT-PCR. (F) Protein band of

ATF2 inM1 andM2macrophages. (G) ATF2 protein expression inM1 andM2macrophages detected by western blot analysis. *p < 0.05 versusM1macrophages. N = 3. The

data were expressed as mean ± standard deviation and analyzed by t test.
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it was found that AFAP1-AS1 could bind to miR-26a (Figure 1C).
Subsequent verification by dual luciferase reporter gene assay re-
vealed that the luciferase activity of cells co-transfected with
AFAP1-AS1-wild-type (WT) and miR-26a mimic was reduced a lot
(p < 0.05), while no big difference was seen in the activity of cells
co-transfected with AFAP1-AS1-mutant (MUT) and miR-26a mimic
(p > 0.05), showing that miR-26a may specifically bind to AFAP1-
AS1 (Figure 1D). RNA pull-down assay was adopted to verify that
AFAP1-AS1 could be a ceRNA to absorbing miR-26a. The results
indicated that AFAP1-AS1 enrichment elevated greatly in the
biotin-labeled (Bio)-miR-26a-WT group versus the Bio-negative con-
trol (NC) group (p < 0.05), yet no clear difference in the enrichment
was seen in the Bio-miR-26a-MUT group (p > 0.05; Figure 1E). These
results indicated that lncRNA AFAP1-AS1 could sponge miR-26a,
thereby impacting its expression.

We found that the binding sites of miR-26a matched the 30 un-
translated region (UTR) of ATF2 according to Targetscan
(http://www.targetscan.org/vert_72/) (Figure 1F). This suggests
that ATF2 is a potential target of miR-26a. Results from a dual
luciferase reporter gene assay showed that the luciferase activity
of KYSE410 cells declined obviously after ATF2-WT and miR-
26a mimic co-transfection (p < 0.05), while no changes were found
in the luciferase activity after ATF2-MUT and miR-26a mimic co-
transfection (p > 0.05), indicating that ATF2 is a direct target gene
of miR-26a (Figure 1G).
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 781
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Figure 3. AFAP1-AS1 and ATF2 Expression Is Upregulated and miR-26a Is Downregulated in M2 Macrophage-Derived Exosomes

(A) Exosome morphology observation under TEM (20,000�; scale bars, 100 nm). (B) Protein bands of CD63, CD81, TSG101, and GRP94 in M1 and M2 exosomes. (C)

Nanoparticle tracing analysis of size distribution of exosomes. (D) AFAP1-AS1 expression in M1 andM2 exosomes detected by qRT-PCR. (E) miR-26a expression in M1 and

M2 exosomes detected by qRT-PCR. (F) ATF2 mRNA expression in M1 and M2 exosomes detected by qRT-PCR. *p < 0.05 versus M1 exosome. N = 3. The data were

expressed as mean ± standard deviation and analyzed by independent sample t test.

Molecular Therapy: Nucleic Acids
Identification of M2 Macrophages

We separately stimulated human peripheral blood mononuclear cells
(PBMC) with granulo-cyte-macrophage colony-stimulating factor
(GM-CSF) and macrophage colony-stimulatingfactor (M-CSF).
Treatment with GM-CSF induced the M1 phenotype and the shape
was mainly round, whereas M-CSF-activated M2 phenotype was in
spindle (Figure 2A).

CD68 and CD206 expression was detected by quantitative reverse
transcriptase polymerase chain reaction (qRT-PCR) and western
blot analysis to identify M1 andM2macrophages. The results showed
a marked decrease in CD68 expression in M2 macrophages and a
palpable growth in CD206 expression versus in M1 macrophages
(p < 0.05; Figures 2B–2D). AFAP1-AS1, miR-26a, and ATF2 expres-
sion in macrophages was also detected by qRT-PCR and western blot
analysis. The results indicated upregulated AFAP1-AS1 and ATF2
expression and downregulated miR-26a in M2 macrophages versus
M1 macrophages (p < 0.05; Figures 2E–2G).
AFAP1-AS1 and ATF2 Expression Is Upregulated andmiR-26a Is

Downregulated in M2 Macrophage-Derived Exosomes

Transmission electron microscopy (TEM) results showed the
morphology of M1-exosome and M2-exosome as round or round-
like vesicles with a diameter of 30–100 nm and a bilayer lipid mem-
782 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
brane. The surrounding area was densely stained, with clear edges
versus the central area, and distinctive manifestations of exosomes
were observed (Figure 3A). Western blot analysis showed that, M1-
exosome and M2-exosome expressed exosome marker proteins
CD63, CD81, and TSG101 yet nearly did not express GRP94 protein
(Figure 3B). Nanoparticle tracking analysis (NTA) results indicated
that the exosome diameter mainly distributed at 30–100 nm (Fig-
ure 3C). qRT-PCR showed that, versus M1-exosome, AFAP1-AS1
and ATF2 were overexpressed, while miR-26a was downregulated
in M2-exosome (p < 0.05; Figures 3D–3F).
M2-Exosome Promotes Cell Migration and Invasion as well as

In Vitro Lung Tumor Metastasis in EC

Studieshave indicated thatM2macrophagesorM2-exosomespromoted
the progression of pancreatic and gastric cancers.18–21However, the role
ofM2macrophages inECdevelopment remains largely unknown.Thus,
we investigated the effect of M2macrophages on malignant phenotypes
of EC cells. It has been reported that macrophages can promote EC
metastasis by secreting some factors; hence,we studiedwhetherM2-exo-
somes have impact on the biological functions of EC cells.

Uptake assay showed that there appeared red fluorescence-labeled
M2-exosome around the KYSE410 cells (4’,6-diamidino-2-phenylin-
dole, dihydrochloride [DAPI]) after the cells were co-incubated with
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Figure 4. M2-Exosome Promotes Cell Migration and Invasion as well as In Vitro Lung Tumor Metastasis in EC

(A) Observation of uptake of M2-exosome by KYSE410 cells using confocal microscopy (400�; scale bars, 50 mm). (B) Expression of AFAP1-AS1, miR-26a, and ATF2 in

KYSE410 cells after co-culture with M2 macrophages. (C) Protein band of ATF2 in KYSE410 cells after co-culture with M2 macrophages. (D) Protein expression of ATF2 in

KYSE410 cells after co-culture with M2 macrophages. (E) Wound healing distance in the control and M2-exosome groups. (F) Effect of M2-exosome on wound healing

distance of KYSE410 cells. (G) Representative figure for cell migration and invasion by Transwell assay. (H) Effects of M2-exosome on the number of migration and invasion

KYSE410 cells. (I) Observation of lung metastasis in nude mice tumor tissue by H&E staining (200�; scale bars, 100 mm). (J) Number of lung metastasis nodules in the control

and M2-exosome groups. *p < 0.05 versus control group; #p < 0.05 versus M2-exosome group. N = 3. The data are expressed as mean ± standard deviation, and ANOVA

was used for the comparison among multiple groups, after which pairwise comparison was made by Tukey’s multiple comparisons test.
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Dil-labeled M2-exosome, while the red fluorescence was not found in
the NC group (Figure 4A).

Results of qRT-PCR and western blot analysis reflected that cells in
the M2-exosome group had increased AFAP1-AS1 and ATF2 expres-
sion and decreased miR-26a expression versus the control group (all
ps < 0.05); treatment of GW4869 reduced AFAP1-AS1 and ATF2
expression and promoted miR-26a expression in KYSE410 cells (all
ps < 0.05); expression of AFAP1-AS1, miR-26a, and ATF2 showed
no significant difference in cells between the control and M2-
exosome + GW4869 groups (all ps > 0.05; Figures 4B–4D).

A scratch test revealed that cell migration distance after 24- and 48-
h scratching in the M2-exosome group was noticeably longer than
that in the control group; treatment of GW4869 suppressed the
migration distance (p < 0.05); no difference in cell migration dis-
tance could be found between the control and M2-exosome +
GW4869 groups (p > 0.05; Figures 4E and 4F). Transwell migration
and invasion assay indicated higher migration and invasion ability
in the M2-exosome group than in the control group; while migra-
tion and invasion ability were inhibited by GW4869 (p < 0.05),
no evident difference in migration and invasion ability was found
between the control and M2-exosome + GW4869 groups (p >
0.05; Figures 4G and 4H).

Hematoxylin and eosin (H&E) staining showed that the lung tissue in
the control and M2-exosome + GW4869 groups gradually grew like a
nest, and the tumor cells were arranged closely and orderly. However,
the lung metastasis focus of the nude mice in the M2-exosome group
rose substantially relative to the control group (p < 0.05), and the
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 783
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tumor cells were diffusely distributed with large size, deeply stained
nuclei, and obvious nucleoli (Figures 4I–4J).

M2-Exosomes Upregulate miR-26a or Downregulate AFAP1-

AS1 to Reverse the Contributory Impacts of M2-Exosomes on

Cell Migration and Invasion as well as In Vitro Lung Tumor

Metastasis in EC

The aforementioned results revealed that AFAP1-AS1 was differen-
tially expressed when M2-exosomes acted on EC cells. To identify
the impact of M2-exosomes transferring AFAP1-AS1 on invasion
andmigration of EC cells, we established co-culture models to explore
the role of M2-exosomes shuttling in EC cells. M2 macrophages
transfected with silenced AFAP1-AS1 plasmid, overexpressed
AFAP1-AS1 plasmid, or miR-26a mimic were co-cultured with EC
cells to detect their effect on the migration and invasion ability of
EC cells. The lung metastasis of EC in a mouse model was performed
to assess the role of M2-exosomes on EC cell migration in vivo. qRT-
PCR and western blot analysis were used to assess expression of
AFAP1-AS1, miR-26a, and ATF2 in M2 macrophages after relative
transfection (oligonucleotides or plasmids related to AFAP1-AS1 or
miR-26a). The results showed that AFAP1-AS1 and ATF2 expression
in the AFAP1-AS1-small interfering RNA (siRNA) group dropped a
lot versus that in the siRNA-NC group, while miR-26a expression
grew markedly (all ps < 0.05). Compared with expression in the
mimic-NC group, ATF2 expression in the miR-26a mimic group
diminished noticeably, which was contrary to the difference in
miR-26a expression (both ps < 0.05), and AFAP1-AS1 expression
was hardly changed (p > 0.05). We further explored the reversal effect
of miR-26a on the impacts of AFAP1-AS1 overexpression on AFAP1-
AS1, miR-26a, and ATF2 expression in KYSE410 cells and found that,
versus the pcDNA-AFAP1-AS1 + mimic-NC group, ATF2
expression in the pcDNA-AFAP1-AS1 + miR-26a mimic group fell
dramatically, while miR-26a expression showed an opposite trend
(both ps < 0.05), and AFAP1-AS1 expression was not markedly
changed (p > 0.05; Figures 5A–5C).

AFAP1-AS1, ATF2, and miR-26a expression in KYSE410 receptor
cells after co-culture with M2 macrophages after relative transfection
(oligonucleotides or plasmids related to AFAP1-AS1 or miR-26a) was
determined using qRT-PCR and western blot analysis. It was found
that the AFAP1-AS1-siRNA-Exosome (Exo) group had decreased
AFAP1-AS1 and ATF2 expression and increased miR-26a expression
versus the siRNA-NC-Exo group (p < 0.05); in relation to the mimic-
Figure 5. M2-Exosomes Upregulate miR-26a or Downregulate AFAP1-AS1 to R

Invasion, as well as In Vitro Lung Tumor Metastasis in EC

(A) AFAP1-AS1, miR-26a, and ATF2 mRNA expression in M2 macrophages of each g

group. (C) ATF2 protein expression in M2macrophages in each group detected by weste

cells of each group detected by qRT-PCR. (E) Protein band of ATF2 in KYSE410 cells

Representative figure for cell migration by scratch test. (H) Wound healing distance in ea

(J) Effects of lncRNA AFAP1-AS1 andmiR-26a on the migration and invasion of KYSE41

bars, 100 mm). (L) Number of lung metastases in each group. ap < 0.05 versus the siRN

AFAP1-AS1 + mimic-NC group; *p < 0.05 versus the siRNA-NC-Exo group; #p < 0.05 v

NC-Exo group. N = 3. The data are expressed as mean ± standard deviation, and A

comparison was made by Tukey’s multiple comparisons test.
NC-Exo group, ATF2 expression was reduced, miR-26a expression
was enhanced (both ps < 0.05), and AFAP1-AS1 expression was
not altered (p > 0.05) in the miR-26a mimic-Exo group. Versus the
pcDNA-AFAP1-AS1 + mimic-NC-Exo group, ATF2 expression
was decreased, miR-26a expression was elevated (both ps < 0.05)
and AFAP1-AS1 did not change (p > 0.05) in the pcDNA-AFAP1-
AS1 + miR-26a mimic-Exo group (Figures 5D–5F).

After co-culture of allM2macrophages that had been transfected with
oligonucleotides or plasmids related to AFAP1-AS1 or miR-26a with
EC KYSE410 cells, the scratch test was applied for detecting the effect
of M2 macrophage-derived exosomal lncRNA AFAP1-AS1 and miR-
26a on KYSE410 cell migration. The results showed that, after 24- and
48-h scratching, the cell migration distance in the AFAP1-AS1-
siRNA-Exo group was far shorter than that of the siRNA-NC-Exo
group (p < 0.05); the same parameter in themiR-26amimic-Exo group
was greatly shortened (p < 0.05) versus that in the mimic-NC-Exo
group. We further observed the reversal effect of miR-26a on the im-
pacts of AFAP1-AS1 overexpression on KYSE410 cell migration dis-
tance in co-culture system and found that the cell migration distance
in the pcDNA-AFAP1-AS1 + miR-26a mimic-Exo group decreased
noticeably versus that in the pcDNA-AFAP1-AS1+ mimic-NC-Exo
group (p < 0.05; Figures 5G and 5H).

After co-culture of all M2 macrophages that had been transfected
with oligonucleotides or plasmids related to AFAP1-AS1 or miR-
26a with KYSE410 cells, Transwell assay was adopted for the
determination of the effect of M2 macrophage-derived exosomal
lncRNA AFAP1-AS1 and miR-26a on KYSE410 cell migration and
invasion. It was found that the invasion and migration ability in the
AFAP1-AS1-siRNA-Exo group reduced palpably versus that in the
siRNA-NC-Exo group (p < 0.05). Compared with that in the
mimic-NC-Exo group, the same parameter in the miR-26a mimic-
Exo group dropped clearly (p < 0.05). We further observed the
reversal effect of miR-26a on the impacts of AFAP1-AS1 overexpres-
sion on KYSE410 cell invasion and migration in co-culture system
and found that cell invasion and migration ability in the pcDNA-
AFAP1-AS1 + miR-26a mimic-Exo group fell substantially versus
that in the pcDNA-AFAP1-AS1 + mimic-NC-Exo group (p < 0.05;
Figures 5I and 5J).

H&E staining showed that, compared with the siRNA-NC-Exo group,
the AFAP1-AS1-siRNA-Exo group showed a clear reduction in lung
everse the Contributory Impacts of M2-Exosomes on Cell Migration and

roup detected by qRT-PCR. (B) Protein band of ATF2 in M2 macrophages in each

rn blot analysis. (D) AFAP1-AS1, miR-26a, and ATF2mRNA expression in KYSE410

of each group. (F) Protein expression of ATF2 in KYSE410 cells of each group. (G)

ch group. (I) Representative figure for cell migration and invasion by Transwell assay.

0 cells. (K) Observation of lung metastasis in nude mice by H&E staining (100�; scale

A-NC group; bp < 0.05 versus the mimic-NC group; cp < 0.05 versus the pcDNA-

ersus the mimic-NC-Exo group; &p < 0.05 versus the pcDNA-AFAP1-AS1 + mimic-

NOVA was used for the comparison among multiple groups, after which pairwise
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tissue metastasis focus (p < 0.05), closely and orderly arranged tumor
cells that were diffusely distributed, and not so deeply stained nuclei;
compared with the mimic-NC-Exo group, the miR-26a mimic-Exo
group indicated a similar result as described earlier (p < 0.05).
Then we further examined the reversal effect of miR-26a on the im-
pacts of AFAP1-AS1 overexpression on lung metastasis in tumor tis-
sues and discovered that, in the pcDNA-AFAP1-AS1 + miR-26a
mimic-Exo group, lung metastasis focus decreased substantially
(both ps < 0.05), and closely and orderly arranged cells along with
alleviated diffuse distribution of tumor cells and nuclear staining
were observed relative to the pcDNA-AFAP1-AS1 + mimic-NC-
Exo group (Figures 5K and 5L).

DISCUSSION
ES is a non-negligible disease with an extremely high morbidity and
mortality.22 Nowadays, salvage esophagectomy is deemed as the only
therapy likely to supply long-term survival for EC patients receiving
definitive chemoradiotherapy, yet high morbidity and mortality are
still ineluctable.23 Recently, associations between M2 macrophages
and gastric cancer development have been found.21 Nevertheless,
the role of M2 macrophage-derived exosomes in EC remains to be
examined. Thus, this study is intended for the exploration of the
mechanism of M2 macrophage exosome-derived lncRNA AFAP1-
AS1 on EC invasion and metastasis via modulating the miR-26a/
ATF2 pathway. To conclude, our study revealed that M2 exosomes
promoted the growth of EC cells and that upregulation of miR-26a
reversed the contributory impacts of overexpressed AFAP1-AS1 in
M2 macrophage-derived exosomes on cell migration and invasion
as well as in vitro lung tumor metastasis in EC.

Based on the assays, our initial findings were that ATF2 was a direct
target gene of miR-26a and that AFAP1-AS1 sponged miR-26a to
impact its expression. In compliance with our study, a previous
study has proved that ATF2 is a direct target gene of miR-26a.14

A similar study by Arora et al.24 has also revealed that ATF2 is
miR-26b’s target gene. There has been a study showing that, in oste-
oarthritis (OA), lncRNA SNHG5 works as a sponge to competitively
bind to miR-26a, thus functioning in OA development.25 Tian
et al.26 have also demonstrated that lncRNA UCA1 modulates
vascular smooth muscle cell progression by negatively targeting
miR-26a. Another key finding of our study was that AFAP1-AS1
and ATF2 expression was upregulated and that miR-26a was down-
regulated in M2 macrophages and M2 macrophage-derived exo-
somes. It has been verified by Gezer et al.27 that lncRNAs such as
lncRNA TUG1 and lncRNA GAS5 are differently abundant in exo-
somes. An early report has shown that ATF2 is actively expressed in
M1 macrophages in obese adipose tissue.28 Also, reduction of miR-
26a expression has been reported in mycobacterium tuberculosis-in-
fected macrophages.29

Moreover, we found that M2 macrophage-derived exosomes pro-
moted cell migration and invasion as well as in vitro lung tumor
metastasis in EC. In accordance with our study, an early study has
illustrated that irradiated EC-infiltrating, T cell-derived exosomes
786 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
boost EC metastasis through EMT induction.7 It has been indicated
that exosomes are capable of boosting the signal transduction be-
tween cancer cells and their recipient cells through the release of
various biological molecules, thus influencing the communication
of distant cancer cells in the tumor microenvironment with the
progress of breast cancer.5 Further assays in our study suggested
that upregulated miR-26a reversed the contributory impacts of over-
expressed AFAP1-AS1 in M2 macrophage exosomes on cell migra-
tion and invasion of EC. Evidence has revealed that, in breast cancer,
elevated miR-26b functions biologically in trastuzumab-induced cell
growth restriction through the modulation of cyclin E2.30 Also, there
is a report showing that miR-26a and miR-26b exert negative effects
on ESCC multiplication via restriction of c-MYC pathway.13 A study
by Luo et al.10 has demonstrated that overexpressed AFAP1-AS1 in
ESCC contributes to its cell proliferation and depresses apoptosis.
Furthermore, upregulated AFAP1-AS1 in ESCC has been proposed
to be in close relation to shorter progression-free survival and unfa-
vorable overall survival.31
MATERIALS AND METHODS
Ethics Statement

Animals were treated humanely using approved procedures in
compliance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health.
The protocol was approved by the Institutional Animal Care and
Use Committee of Quanzhou First Hospital Affiliated to Fujian Med-
ical University (ethical number: 201801013).
Cell Culture

Human peripheral blood mononuclear cells (PBMCs) supplied by
Shanghai Huzhen Biotechnology (Shanghai, China), and KYSE410
cells supplied by Shanghai Meixuan Biological Science and Technol-
ogy (Shanghai, China) were cultured in RPMI 1640medium (GIBCO,
Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS) in an
incubator (37�C, 5% CO2, saturated humidity). When the cell conflu-
ence achieved 80% to 90%, the cells were detached with 0.25% trypsin
before passage. The liquid was changed once every 2–3 days, and the
cells in the logarithmic growth phase were taken for experiments.
Induction and Identification of M1 and M2 Macrophages

For the induction of M1 macrophages, human PBMCs were isolated
for adherence overnight with the upper suspended cells removed and
the adherent ones left. Then, PBMCs were stimulated by 800 U/mL
GM-CSF (PeproTech, Rocky Hill, NJ, USA) for 7 days and cultured
in a CO2 cell-culture incubator at 37�C for differentiation into M1
macrophages. For the induction of M2 macrophages, after being
treated as described earlier, the PBMCs were stimulated by 100 ng/
mL M-CSF (PeproTech, Rocky Hill, NJ, USA) for 7 days to differen-
tiate into M2 macrophages.

M1 and M2 macrophages were identified via detection of CD68 and
CD206 expression by qRT-PCR and western blot analysis.



Table 1. Primer Sequence

Gene Primer Sequence

miR-26a

forward: 50-GGATCCGCAGAAACTCCAGAGA-
30

reverse: 50-TTGGAGGAAAGACGATTTCCGT-
30

U6

forward: 50-
CTCGCTTCGGCAGCACATATACT-30

reverse: 50�ACGCTTCACGAATTTGCGTGTC-
30

AFAP1-AS1
forward: 50-TCGCTCAATGGAGTGACGGCA-30

reverse: 50-CGGCTGAGACCGCTGAGAACTT-
30

ATF2
forward: 50-TGCCTGTTGCTATTCCTGC-30

reverse: 50-GCTCTTCTCCGACGACCACT-30

CD68

forward: 50-GCTACATGGCGGTGGAGTACAA-
30

reverse: 50-ATGATGAGAGGCAGCAAGATGG-
30

CD206
forward: 50-TTCGGACACCCATCGGAATTT-30

reverse: 50-CACAAGCGCTGCGTGGAT-30

GAPDH

forward: 50-ACGGCAAGTTCAACGGCACAG-
30

reverse: 50-GACGCCAGTAGACTCCACGACA-
30

miR-26a, microRNA-26a; ATF2, activating transcription factor 2; GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase.
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Extraction, Identification, and Labeling of Exosomes

For the extraction of exosomes: M1 andM2 macrophages in logarith-
mic growth phase were detached and routinely cultured for 48 h with
exosome-free RPMI 1640 medium (GIBCO, Carlsbad, CA, USA)
containing 10% FBS. The supernatant was collected; centrifuged at
4�C at 500 � g for 10 min and 12,000 � g for 20 min, respectively;
and filtered through a 0.22-mm-pore filter, followed by centrifugation
at ultra-high speed (100,000 � g for 2 h). Then, the precipitates were
resuspended in phosphate-buffered saline (PBS) after the supernatant
was removed and ultracentrifuged again for 2 h, followed by resus-
pension in PBS and storage at �80�C.

In the identification of exosomes: first, exosomes (30 mL) resuspended
in 1� PBS were dropped on a copper mesh with a diameter of 2 mm
and supplemented with 1% uranium acetate solution for 10-min nega-
tive staining, followed by drying with filter paper and air drying. Then,
the copper mesh was placed under a transmission electron microscope
(Hitachi High-Technologies, Tokyo, Japan) for morphology observa-
tion. Second, western blot analysis was used to identify the exosome
surface markers. The exosome suspension was concentrated, and the
protein content was determined by bicinchoninic acid (BCA) kits
(23227, Thermo Fisher Scientific, Waltham, MA, USA). After sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and denaturation,
the proteins were transferred onto membranes, and expression of exo-
some-specific marker proteins CD63, CD81, tumor susceptibility gene
101 (TSG101), and GRP94 was assessed. Third, Nanoparticle tracking
analysis (NTA) was used to analyse the extracted exosomeusing the
the Nano-Sight LM10 (Malvern Instruments, Inc., Malvern, UK).
Diluted exosome samples performed Brownian movement for 60 s,
and then the concentration and size distribution of the nanoparticles
were calculated.

For detection of the uptake ofM2 exosomes by KYSE410 cells by fluo-
rescent labeling: M2-exosomes were obtained through resuspension
in 500 mL 1� PBS in 1.5 mL Eppendorf (EP) tubes. The exosomes
were stained with Dil dye solution (Beyotime, Shanghai, China) for
20 min with light avoidance, and the redundant dye solution was
removed using an exosome staining filter column (Thermo Fisher Sci-
entific). The treated exosomes were cultured with KYSE410 cells at
37�C for 24 h and fixed with 4% formalin, and the nuclei were stained
with DAPI; then, the exomes were observed under a fluorescence mi-
croscope (Olympus, Tokyo, Japan).

Cell Co-culture Modeling

The synthesized siRNA-NC, AFAP1-AS1-siRNA, mimic-NC, miR-
26a mimic, pcDNA-AFAP1-AS1 + mimic-NC, and pcDNA-
AFAP1-AS1 + miR-26a mimic (Shanghai GenePharma, Shanghai,
China) were transfected into mature M2 macrophages, which were
co-cultured with KYSE410 cells 24 h later. Transwell chambers
with 0.4-mm aperture were placed in a six-well plate, and 1 � 105

M2 macrophages were seeded into the upper chambers, while 3 �
105 KYSE410 cells were seeded into the lower chambers. Moreover,
M2 macrophages without any transfection (oligonucleotides or plas-
mids) were co-cultured with KYSE410 cells as the M2-exosome
group; M2 macrophages that were co-cultured with KYSE410 cells
and treated with 5 mM exosome inhibitor GW4896 (HY-19363,
MCE,Monmouth Junction, NJ, USA) were used as theM2-exosome +
GW4869 group; KYSE410 cells co-cultured with RPMI 1640 medium
were used as a control group.

qRT-PCR

Total RNA was extracted with an RNA extraction kit (Invitrogen,
Carlsbad, CA, USA). AFAP1-AS1, miR-26a, ATF2, CD68, CD206,
U6, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
primers were designed by Takara (Dalian, China) (Table 1). Then
cDNA was obtained by reverse transcription of RNA with the Prime-
Script RT Reagent Kit (Takara) based on its instructions (10 mL
reverse transcription system). qRT-PCR was performed based on
the SYBR Premix Ex Taq II Kit instructions (Takara). The data
were analyzed by the 2�DDCt method to calculate the relative tran-
scription levels of target genes (AFAP1-AS1, miR-26a, ATF2,
CD68, CD206, U6, and GAPDH). The experiment was repeated three
times, and the final data were averaged.

Western Blot Analysis

Total proteins of cells and exosomes were extracted, and protein con-
centration was determined using a BCA kit (AmyJet Scientific, Wu-
han, Hubei, China). The extracted proteins were mixed with the
loading buffer, boiled at 95�C for 10 min, centrifuged, electrophor-
esed with 10% polyacrylamide gel, and transferred to the membrane,
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followed by 1-h blocking with 5% skim milk in Tris-buffered saline
with Tween 20 (TBST). Then, ATF2 primary antibody (1:1,000,
Cell Signaling Technology, Beverly, MA, USA) was added, along
with CD68 primary antibody (1:200, Abcam, Cambridge, MA,
USA), CD206 primary antibody (1:200, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), CD63 primary antibody (1:200, Santa Cruz
Biotechnology), CD81 primary antibody (1:200, Santa Cruz Biotech-
nology), TSG101 primary antibody (1:1,000, Abcam), GRP49 pri-
mary antibody (1:1,000, Abcam), and GAPDH primary antibody
(1:1,000, Cell Signaling Technology) for overnight incubation at
4�C. Then, the membranes were developed using enhanced chemilu-
minescent reagent (Thermo Fisher Scientific). Quantification of sig-
nals on western blots was conducted using National Institutes of
Health ImageJ imaging and processing analysis software with
signaling intensity normalized to GAPDH. The experiment was
repeated three times with the data averaged.

Scratch Test

KYSE410 cells (1 � 105) were added to a 24-well plate and scratched
with a middle spearhead when they spread over the whole plate. PBS
was used to wash off the detached cells and cell debris, and co-
cultured KYSE410 cells in each group were seeded into 24-well plates,
respectively, followed by the same treatment as described earlier. The
cells migrating into the wound were pictured at 0, 24, and 48 h using a
microscope (Olympus, Tokyo, Japan). The relative distance between
the gaps was captured and measured using an inverted microscope
(Olympus).

Invasion and Migration Assay

For themigration assay: serum-free RPMI 1640medium (100 mL) was
added to the apical Transwell chamber and placed in a 37�C, 5% CO2

incubator for 1 h to activate the polycarbonate membrane. The
trypsin was adopted to detach the co-cultured KYSE410 cells, and
the medium was removed by centrifugation at the end of detachment.
After PBS washing and centrifugation, the cells were resuspended in
serum-free RPMI 1640 medium. After counting separately, the cells
were then diluted to 2 � 105 cells/mL, and 100 mL co-cultured
KYSE410 cell suspension in each group was added to the apical cham-
ber, and 600 mL RPMI 1640 medium containing 20% exosome-free
FBS was added to the basolateral chamber for 24-h incubation in a
37�C, 5% CO2 incubator, followed by 10-min methanol fixation
and 10-min 1% crystal violet staining. Eight random fields of view
were chosen and photographed under an upright microscope.

For the invasion assay, all steps were the same as for the migration
assay described earlier, except that 100 mL serum-free RPMI 1640me-
dium was replaced with 100 mL 50 mg/LMatrigel dilution (1:40) (per-
formed on ice).

Lung Metastasis Experiment

Twenty-four 5- to 6-week-oldmale BABL/c nudemice (the Center for
Animal Experiments of Fujian Medical University, Fujian, China)
were divided into 8 groups (3 for each group). Cells in all aforemen-
tioned groups were cultured to logarithmic growth phase, detached
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and counted, and then made into a cell suspension. Then, the sin-
gle-cell suspension was adjusted to 5 � 106 cells/mL with serum-
free medium, which (100 mL) was subsequently injected into each
nude mouse through the tail vein. All experimental animals in each
group were observed and recorded, and 45 days later, the mice
were euthanized. The rats’ lung tissues, including the trachea and
bronchus, were taken out for lung metastasis focus observation, fol-
lowed by counting the number of lung surface metastases. The lung
tissue was fixed in 4% paraformaldehyde solution, dehydrated with
gradient ethanol solution, permeabilized with xylene, immersed in
wax, embedded in paraffin, and sliced, followed by drying and H&E
staining for lung metastasis observation.
RNA FISH

The subcellular localization of lncRNA AFAP1-AS1 in cells was
examined by FISH, which was performed based on the instructions
of Ribo lncRNA FISH Probe Mix. The coverslip was placed in a 24-
well culture plate, and cells were seeded at 6 � 104 cells per well to
achieve about 80% cell confluence. After taking out the coverslip,
the cells were rinsed with PBS, followed by fixation by 1 mL 4%
paraformaldehyde and treatment with proteinase K, glycine, and
acetamidine reagent. Then, 250 mL pre-hybrid solution was added
for 1-h incubation at 42�C. Next, the pre-hybrid solution was re-
placed by 250 mL lncRNA AFAP1-AS1 hybridization solution
(300 ng/mL) with probe for overnight hybridization at 42�C. After
3 PBS/Tween 20 (PBST) washes, DAPI (ab104139, 1:100, Abcam,
Shanghai, China) diluted with PBST was added for 5-min nucleus
staining in a 24-well culture plate, followed by PBST washing (3
times � 3 min). Finally, the cells were observed under a fluores-
cence microscope (Olympus) and photographed after blocked
with an anti-fluorescence quencher.
Dual Luciferase Reporter Gene Assay

The binding sites of AFAP1-AS1 and miR-26a were predicted and
analyzed at the bioinformatics website (https://cm.jefferson.edu/
rna22/Precomputed/), and the binding relation was then confirmed
by dual luciferase reporter gene assay. The target site sequence
(WT) of AFAP1-AS1 and the sequence of site-directed mutagenesis
of WT target site (MUT) were synthesized. The pmiR-RB-REPORT
vector (Guangzhou RiboBio, Guangzhou, China) was digested with
restriction endonuclease, and the synthesized WT and MUT were in-
serted into the pmiR-RB-REPORT vector (RiboBio) with empty vec-
tor simultaneously transfected as a control group. The WT and MUT
with correct sequence were used for subsequent transfection. The vec-
tors of MUT and WT were co-transfected with mimic NC and miR-
26a mimic, respectively, into KYSE410 cells. After 48 h, the cells were
lysed before 5-min centrifugation and supernatant collection. The
luciferase assay kit (RG005, Beyotime Institute of Biotechnology,
Shanghai, China) was applied to relative light unit (RLU) value deter-
mination with firefly luciferase as an internal reference. The ratio of
RLU value from Renilla luciferase measurement to that from firefly
luciferase detection was the relative fluorescence value. Three repeats
were performed in this experiment.

https://cm.jefferson.edu/rna22/Precomputed/
https://cm.jefferson.edu/rna22/Precomputed/


Figure 6. Molecular Mechanism of M2 Macrophage-

derived Exosomal lncRNA AFAP1-AS1 in EC

The mechanistic diagram indicates that M2 macrophage-

derived exosomes transferred lncRNA AFAP1-AS1 to

downregulate miR-26a and upregulate ATF2, thus pro-

moting cell invasion, migration, and lung tumor metastasis

of EC.
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The targeting relationship of miR-26a and ATF2 and the binding site
of miR-26a and the ATF2 30 UTR were predicted with bioinformatics
software (http://www.targetscan.org). Artificially synthesized seg-
ments of ATF2-WT 30 UTR and ATF2 MUT 30 UTR were separately
introduced to construct the ATF2 dual-luciferase reporter gene vec-
tors (pmiR-RB-ATF2-30UTR). The identified ATF2-WT and ATF2-
MUT vectors were cotransfected into KYSE410 cells with mimic
NC and miR-26a mimic. Cells were lysed, and luciferase activity
was detected with a luciferase assay kit. Three repeats were performed
in this experiment.
RNA Pull-Down Assay

Biotin-labeled miR-26a oligos (Bio-miR-26a-WT) or mutated oligos
(Bio-miR-26a-MUT) or biotinylated NC (Bio-NC) were synthesized
by GenePharma (Shanghai, China) and were transfected into
KYSE410 cells using Lipofectamine 2000. The final concentration
of each biotinylated miRNA was 20 nM. After 48 h, the cell lysates
were incubated with M-280 streptavidin magnetic beads (Invitrogen,
Waltham, MA, USA) as described previously.32 The bound RNAs
were purified using TRIzol; qRT-PCR was used to detect the
AFAP1-AS1 levels.
Statistical Analysis

All data were processed with the SPSS v.21.0 software package (IBM,
Armonk, NY, USA). The measurement data were expressed as
mean ± standard deviation. The comparison between two groups
was made by independent sample t test, and that among multiple
groups was made by one-way analysis of variance (ANOVA), after
which pairwise comparison was made by Tukey’s multiple compari-
sons test. p < 0.05 indicated statistically significant difference.
Conclusions

To sum up, our study indicated that M2-exosomes boosted the inva-
sion andmigration of EC cells and that miR-26a overexpression could
reverse the contributory impacts of overexpressed AFAP1-AS1 in M2
macrophage-derived exosomes on cell migration and invasion as well
as in vitro lung tumormetastasis in EC (Figure 6). Also, our work pro-
vides novel insights for the role of AFAP1-AS1 inM2-exosomes in EC
progression and fresh clues for EC treatment to a certain degree.
Nevertheless, further research is still needed for better investigation
of the relative mechanism.
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