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Abstract Cigarette smoke (CS), a complex chemical
indoor air pollutant, induces degradation of elastin,
resulting in emphysema. Aberrant cross-talk between
macrophages and bronchial epithelial cells is essential
for the degradation of elastin that contributes to emphy-
sema, in which extracellular vesicles (EVs) play a crit-
ical role. The formation of N6-methyladenosine (m6A)
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is a modification in miRNA processing, but its role in
the development of emphysema remains unclear. Here,
we established that production of excess mature
microRNA-93 (miR-93) in bronchial epithelial cells
via enhanced m6A modification was mediated by
overexpressed methyltransferase-like 3 (METTL3) in-
duced by CS. Mature miR-93 was transferred from
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bronchial epithelial cells into macrophages by EVs. In
macrophages, miR-93 activated the JNK pathway by
targeting dual-specificity phosphatase 2 (DUSP2),
which elevated the levels of matrix metalloproteinase 9
(MMP9) and matrix metalloproteinase 12 (MMP12)
and induced elastin degradation, leading to emphysema.
These results demonstrate that METTL3-mediated for-
mation of EV miR-93, facilitated by m6A, is implicated
in the aberrant cross-talk of epithelium—macrophages,
indicating that this process is involved in the smoking-
related emphysema. EV miR-93 may use as a novel risk
biomarker for CS-induced emphysema.

Keywords Emphysema - Cigarette smoke - N6-
methyladenosine - Extracellular vesicles - MicroRNAs

Introduction

Cigarette smoke (CS), an indoor air pollutant, has strong
oxidizing, pro-inflammatory, and carcinogenic proper-
ties (Miao et al. 2019). In developed countries, smoking
is the main risk factor for COPD (Seimetz et al. 2011).
For lung tissues, CS increases the recruitment of leuko-
cytes, which release mediators of inflammation, protein-
ases that promote inflammation and injury (De Smet
et al. 2019). The extracellular matrix (ECM) of alveoli
serves as a scaffold supporting the respiratory function.
Permanent airspace enlargement occurs through the de-
struction of alveolar wall matrix structures, which is
accomplished by macrophage production of matrix me-
talloproteinases (MMPs) (Jeon et al. 2019). Thus,
MMPs participate in destruction of the alveolar extra-
cellular matrix and promote the pathogenesis of emphy-
sema. The mechanism involved warrants further
investigation.

Macrophage-derived MMPs promote emphysema
(Selman et al. 2003). MMPs, proteolytic enzymes, play
roles in ECM remodeling, cell migration, and tissue
defense; however, excess MMPs leads to tissue destruc-
tion (Brinckerhoff and Matrisian 2002). Several MMPs
are elevated in emphysema. In particular, MMP-9 and
MMP-12 are relevant to development of emphysema
(Elkington and Friedland 2006; Gueders et al. 2006).
MMP-9 degrades elastin and is implicated in the lung
destruction that is characteristic of COPD (Sng et al.
2017). MMP12 is responsible for degradation of base-
ment membrane structures by macrophages (Shipley
et al. 1996). As much as 50% of the elastolytic activity
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in bronchoalveolar lavage fluid (BALF) from smokers
is attributable to MMPs (Janoff et al. 1983).

Extracellular vesicles (EVs) are secreted by various
cells, including epithelial cells and dendritic cells
(Wahlgren et al. 2012). Aberrant cross-talk of
epithelium—macrophages play an critical role in the
pathogenesis of emphysema (He et al. 2019). EVs exert
their effects by delivering their cargo, nucleic acids and
protein, to various cells (O’Farrell and Yang 2019). As a
cargo in EVs, microRNAs (miRNAs) participate in the
pathogenesis of inflammatory lung diseases (Oglesby
et al. 2010). Thus, miRNAs transported by EVs could
influence the development of such diseases.

CS causes the aberrant expression of miRNAs, and
such expression could lead to emphysema (Dang et al.
2017). METTL3, the main enzyme for production of
N6-methyladenosine (m6A), perturbs miRNA matura-
tion via modifying primary miRNAs; this process par-
ticipates in various pathophysiological processes
(Cheng et al. 2019). CS condensate induces hypome-
thylation of CpG island in the METTL3, resulting in
abnormal elevation of METTL3 (Zhang et al. 2019).
METTL3 promotes the maturation of miR-93 by
interacting with the microprocessor protein, DGCRS,
via the m6A modification on primary- (pri-)miRNAs
(Alarcon et al. 2015). Although miR-93 is involved in
various respiratory diseases (Yang et al. 2018), its role
in the pathogenesis of emphysema is undefined.

Here, we report that the upregulation of EV miR-93 in
bronchial epithelium exposed to CS disturbs the cross-talk
between these cells and macrophages and elevates the
expression of MMPs by macrophages. Specifically, CS
induces METTL3 increasing, which elevates m6A mod-
ification in pri-miR-93 and promotes the maturation of
miR-93. EVs carry excess miR-93 from bronchial epithe-
lial cells to macrophages, which target and suppress the
expression of dual-specificity phosphatase 2 (DUSP2)
mRNA. In macrophages, reduced DUSP2 expression
induces JNK/c-Jun signaling and promotes the expression
of MMPs, destruction of alveolar wall matrix structures,
and the initiation and progression of emphysema.

Methods
Patients and Samples

This study was approved by the Ethics Committee of
Wauxi People’s Hospital. Each patient participating in the
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study signed (and/or their families signed) a written in-
formed consent. According to the GOLD guidelines
(Vogelmesier et al. 2017), COPD patients were defined as
those who had dyspnea and a history of exposure to risk
factors for the disease along with a FEV1/FVC ratio of <
70% as determined at Wuxi People’s Hospital. In addition,
normal lung tissues were acquired during resection surger-
ies for benign lung nodules. Based on the smoking history
and diagnosis, samples were divided into a non-smoker
group, a smoker group, and a COPD smoker group.
Characteristics of subjects are presented in Table 1.

In vivo and in vitro experiments
Supplementary methods
Statistical analyses

All experiments were performed in triplicate. Derived
values are presented as means + SEM or means + SD.
Comparison of means between two groups was con-
ducted by using Student’s ¢ test. Data in abnormal
distribution were analyzed by nonparametric test.
Spearman’s correlations were calculated between miR-
93 levels and FEV|/FVC (%) of COPD patients.
Correlations were considered significant and positive
when P < 0.05 and R* > 0.30. All statistical analyses
were performed with SPSS 17.0. P values < 0.05 were
considered statistically significant.

Results

CS induces inflammation, increases of METTLS3,
miR-93, and MMPs, and emphysema in lung tissues
of mice

To identify factors regulating emphysema, comparisons
were made for mice exposed either to air or to various
concentrations (100, 200, or 300 mg/m3 TPM) of CS for
0, 8, or 16 weeks. The various concentrations of CS
caused different degrees of emphysema, in which there
were dose—effect and time—effect relationships, includ-
ing irregular enlargement of airspaces throughout the
parenchyma (Fig. 1a, b). For mice exposed to the high
concentrations of CS, there were higher numbers of total
cells, monocytes, and neutrophils in the BALF (Fig.
I¢, e), indicating that CS induces inflammation in their
lungs.

METTL3 perturbs miRNA maturation via modifying
primary miRNAs (Cheng etal. 2019). Since METTL3 is
involved in miRNA processing, we selected five
miRNAs (miR-335, miR-93, miR-221, miR-222, and
miR-25) with the most significant changes upon
METTL3 downregulation and overexpression
(Alarcon et al. 2015). METTL3 promotes the matura-
tion of miR-93 by interacting with the microprocessor
protein, DGCRS, via the m6A modification on primary-
(pri-)miRNAs (Alarcon et al. 2015). To elucidate the
effects CS on RNA mo6A levels and its mechanisms, we
analyzed, in lung tissues of mice, the RNA mo6A levels
in total RNA and the mRNA levels of m6A
modification-related enzymes (Mettl3, Mettl14, Wtap,
Fto, and Alkbh5). CS induced increases of Mettl3,
Mettl14, and Alkbh5 mRNA and decreases of levels
of Fto mRNA (Table 2). The mRNA levels of Mettl3
were increased, with a CS concentration-dependent
manner (Fig. S1).

In determining the effects of CS on miR-335, miR-
93, miR-221, miR-222, and miR-25 in lung tissues of
mice, we found that the most significantly increased
miRNA was miR-93, with a CS concentration depen-
dence; the other four miRNAs had no appreciable
changes (Figs. S2 and 1f). With higher CS concentra-
tions, the levels of METTL3, p-JNK, p-c-Jun, MMP9,
and MMP12 were elevated, but the levels of DUSP2
and elastin were low in lung tissues of mice (Fig. 1g, h).
These results reveal that, for mice, CS induces lung
inflammation; increased levels of METTL3, miR-93,
and MMPs; and emphysema.

CSE promotes miR-93 maturation via
METTL3-mediated m6A modification

CS causes hypomethylation of METTL3, which induces
its overexpression (Zhang et al. 2019). METTL3-
mediated m6A modifications label pri-miRNAs and
recognize DGCR8 molecules, promoting maturation of
miRNAs and leading to their differential expression in
various biological processes (Wang et al. 2019). Thus,
METTL3 was overexpressed in lung tissues of mice
with emphysema induced by CS exposure (Fig. 1g, h).
Therefore, METTLS3 levels and the levels of pri-miR-93,
pre-miR-93, and miR-93 were measured to identify
which was responsible for the CSE-induced damage to
HBE cells. HBE cells were exposed to different concen-
trations of CSE for 48 h. With increasing CSE concen-
trations, there were elevated METLL3 levels as
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determined by Western blot and immunofluorescence
assays (Fig. 2a—c). Also, with increasing concentrations
of CSE, pri-miR-93 levels decreased, but pre-miR-93
and miR-93 levels increased (Fig. 2d).

METTL3-mediated m6A is a post-transcriptional
modification that promotes miRNA biogenesis
(Alarcon et al. 2015). To revel the mechanism of CSE
induces METTL3-induced miR-93 maturation, a
METTL3 siRNA was transfected into CSE-treated
HBE cells (CHBE cells), which lowered the levels of
METTLS3 (Fig. 2e, f). Moreover, compared with CHBE
cells, these cells transfected with METTL3 siRNA
showed relatively high levels of pri-miR-93, but with
low levels of pre-miR-93 and miR-93 (Fig. 2g). Next,
we identified the m6A modification site on pri-
miR-93 by SRAMP (Fig. 2h). RNA immunopre-
cipitation (RIP) with METTL3 and m6A antibod-
ies followed by qRT-PCR revealed recruitment of
pri-miR-93 in HBE cells; however, cells
transfected with METTL3 siRNA showed relative-
ly low levels of pri-miR-93 in immunoprecipitated
RNA (Fig. 2i, k). Moreover, compared with CHBE
cells, these cells transfected with METTL3 siRNA
showed relatively low levels of m6A in total RNA
(Fig. 2j). These results demonstrate that, for HBE
cells, the higher miR-93 levels caused by CS ex-
posure could be the consequence of promoted
maturation of miR-3 via m6A modification by
increased, CS-induced METTL3.

Decreases of METTL3 in CHBE cells blocks
the increased miR-93 and MMPs levels in THP-M cells
co-cultured with CHBE cells

To determine whether METTL3-induced miR-93 mat-
uration via the m6A modification plays a critical role in

Table 1 Characteristics of subjects

the dysfunctional cross-talk of the bronchial epithelial
and THP-M, macrophage-like cells, differentiated from
THP-1 monocytes, were co-cultured for 48 h with con-
trol HBE cells or CHBE cells (Fig. 3a). miR-93 levels
were high in THP-M cells co-cultured with CHBE cells,
but not in THP-M cells co-cultured with HBE cells (Fig.
3b). Also, the levels of MMP9 and MMP12 were higher
in THP-M cells co-cultured with CHBE cells than in
those co-cultured with HBE cells (Fig. 3¢, d). Moreover,
we explored, with HBE cells, the effects of METTL3-
induced miR-93 maturation via m6A modification on
expression of MMPs by THP-M cells. The low
levels of miR-93 in THP-M cells co-cultured with
CHBE cells transfected with METTL3 siRNA
(Fig. 3e). In THP-M cells co-cultured with
METTL3 downregulated CHBE cells, the levels
of MMP9 and MMPI12 expression were lower
(Fig. 3f, g). These results demonstrate that
METTL3-mediated miR-93 derived from CHBE
cells regulates the expression of MMPs by THP-
M cells.

EVs derived from CHBE cells transfer miR-93
to THP-M cells to promote the expression of MMPs

EVs, as carriers of miRNAs, participate in the patho-
genesis of inflammatory pulmonary diseases (Oglesby
et al. 2010). Therefore, we hypothesized that EVs, from
HBE cells, deliver miR-93 into THP-M cells. EVs from
HBE and CHBE cells, named as HBE-EV and CHBE-
EV, were isolated, characterized, and quantified. The
surface markers (CD9, CD63, and CD81) of HBE-EV
or CHBE-EV were evident; HSP90B1, a marker for
endoplasmic reticulum, was minimal expression in these
preparations (Fig. 4a). Moreover, TEM showed that the
diameters of HBE-EV and CHBE-EV are less than 200

Non-smokers Smokers COPD smokers
Number 26 25 26
Males, n (%) 19 (73.1%) 25 (100%) 26 (100%)
Age, years 56+7 55+ 12 67.7+7.3+*
Smoking history, pack-years 0 224+17.5 37.9 + 22"
FEV/FVC (%) 54.83 +10.63

Data are presented as means + SD, unless otherwise stated

#P < 0.01 versus normal group, ¥ P < 0.01 versus smoker group
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nm; these EVs had cup- or sphere-shaped morphology
(Fig. 4b). NTA analysis proved that particle sizes and
counts with no significant differences between HBE-EV
and CHBE-EV (Fig. 4c). HBE-EV or CHBE-EV treated
with PKH67, a green fluorescent linker for membrane
labeling, was added to THP-M cells. After 3 h, THP-M
cells exhibited green fluorescent, indicating they had
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internalized the EVs (Fig. 4d). miR-93 levels were
elevated in CHBE-EV (Fig. 4e) and were higher in
THP-M cells treated with CHBE-EV than in those treat-
ed with HBE-EV (Fig. 4f). There were greater eleva-
tions of MMP9 and MMP12 in these cells exposed to
CHBE-EV than in those exposed to HBE-EV (Fig.
4g, h). To assess the contributions of MMPs to elastin
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Fig. 1 CS induces emphysema, inflammation, increases of
METTL3 and miR-93 levels, and activation of DUSP2/JNK/c-
Jun in lung tissues of mice. Densities of bands were quantified by
the ImagelJ software. GAPDH levels, measured in parallel, served
as controls. Male BALB/c mice at 6-8 weeks of age were exposed
to 0, 100, 200, or 300 mg/m3 TPM CS for 0, 8, or 16 weeks. a
Representative images of lung sections after H&E staining (bars:
left = 1000 pum, right = 200 um) and b mean chord length (Lm) in
lung tissues of mice. Counts of total cells (¢), mononuclear cells

(d), and neutrophils (e) in the BALF of mice. Male BALB/c mice
at 6-8 weeks of age were exposed to 0, 100, 200, or 300 mg/m3
TPM CS for 16 weeks. f The levels of miR-93 in lung tissues of
mice were determined by qRT-PCR. g Western blots were per-
formed, and h relative protein levels of METTL3, DUSP2, p-JNK,
p-c-Jun, MMP9, MMP12, and elastin in lung tissues of mice were
determined. All bars are presented as means = SEM (n = 6). *P <
0.05, **P < 0.01, and ***P < 0.001, different from the 0 mg/m3
CS group
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degradation, activity against an FITC-tagged elastin
substrate was assessed. Elastin is a substrate for
MMPs. THP-M cells exposed to CHBE-EV showed
greater elastin degradation (Fig. 4i). These results indi-
cate that EVs derived from CHBE cells transfer miR-93
to THP-M cells, which elevates expression of MMPs in
these cells.

EV miR-93 derived from CHBE cells promotes
the expression of MMPs by THP-M cells

To confirm that EV miR-93, derived from CHBE cells
and transferred into THP-M cells, is involved in the
expression of MMPs by THP-M cells, THP-M cells
were co-culture with CHBE cells pretreated with
GW4869, an inhibitor of EV biogenesis (Xu et al.
2018). The counts of EVs, released from CHBE cells,
were decreased by GW4869 (Fig. 5a). The increased
levels of miR-93 in THP-M cells co-cultured with
CHBE cells were blocked by GW4869 (Fig. 5b).
Further, the elevated levels of MMP9 and MMP12 in
THP-M cells co-cultured with CHBE cells were
attenuated by GW4869 (Fig. 5c, d). Knocking
down miR-93 reduced the miR-93 levels in EVs
of CHBE cells (Fig. 5e), which induced lower
levels of miR-93 in THP-M cells (Fig. 5f). In
addition, downregulation of EV miR-93 blocked
the EV-induced MMP9 and MMP12 elevations in
THP-M cells (Fig. 5g, h). Compared to exposure
to EVs released from CHBE cells, THP-M cells

treated with EVs released from miR-93 knock-
down CHBE cells showed lower activity of elastin
degradation (Fig. 5i). Thus, these experiments
demonstrate that miR-93 is transferred from
CHBE cells into THP-M cells via EVs and that
it is involved in degrading elastin in a manner that
is largely dependent on MMPs.

EV miR-93 regulates JNK pathway activation
by DUSP2, which is involved in expression of MMPs
in THP-M cells

Activation of the JNK pathway is a factor in the promotion
of MMP overexpression by macrophages (Lv et al. 2019;
Wu et al. 2001). To prove whether the INK pathway
regulates the expression of MMPs in macrophages,
Western blots were performed. The protein levels
of p-JNK and p-c-Jun were upregulated in THP-M
cells treated with EVs released from CHBE cells
(Fig. 6a, b). By using online databases miRmap
(mirmap.ezlab.org), Targetscan (targetscan.org),
and Miranda (microrna.org), we predicted the
targets of miR-93, DUSP2, a factor contributed
to JNK dephosphorylation (Jeffrey et al. 20006).
Meanwhile, DUSP2 levels were decreased in
THP-M cells treated with CHBE-EV (Fig. 6a—c).
We thus performed the predicted binding site of miR-
93 on DUSP2 3'-UTR sequences (Fig. 6d). There was
lower luciferase activity for the vector containing wild-
type DUSP2 3'-UTR, relative to that for the mutant

Table 2 Primer sequences used
pri-miR-93

-GGGGICTGTTTCACTCCATGT-3'

F:5
R: 5-CACGAACAGCACTTTGGAGC-3'

pre-miR-93

miR-93-RT

U6-RT
miR-93

ue

GAPDH

mmu-Gapdh

F: 5'-CTCCAAAGTGCTGTTCGTGC-3'

R: 5'-GGGGCTCGGGAAGTGCTA-3'
5-GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGC
ACTGGATACGACCTACCT-3
5"-AAAATATGGAACGCTTCACG-3'

F: 5-GGGGATGGACGTGCTTGTCG-3'

R: 5'-CAGTGCGTGTCGTGGAGT-3'

F: 5-CGCTTTCGGCAGCACATATACTAAAATTGGAAC-3'
R: 5'-GCTTCACGAATTTGCGTGTCATCCTTGC-3'

F: 5-GGAGCGAGATCCCTCCAAAAT-3'

R: 5'-GGCTGTTGTCATACTTCTCATGG-3'

F: 5'-GTCTTCACTACCATGGAGAAGG-3'

R: 5'-TCATGGATGACCTTGGCCAG-3'
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DUSP2 3'-UTR, in the overexpression of miR-93 (in-
duced by an miR-93 mimic) in THP-M cells (Fig. 6e).
Moreover, CHBE-EV repressed the luciferase activity
of the DUSP2 3'-UTR, compared to mutant DUSP2 3'-
UTR (Fig. 6f). Additional experiments showed that
DUSP?2 levels were low in THP-M cells with miR-93
elevation but high with miR-93 downregulation (Fig.
6g, h). Further, inhibition of miR-93 prevented the
elevation of p-JNK, p-c-Jun, and MMP9 and MMP12
levels caused by CHBE-EV (Fig. 6g, h). These results
show that the miR-93-DUSP2-JNK regulatory axis is
present in THP-M cells and that it participates in ex-
pression of MMPs by these cells.
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Fig. 2 CSE promotes miR-93 maturation via METTL3-mediated
m6A modification in HBE cells. Densities of bands were quanti-
fied by the ImageJ software. GAPDH levels, measured in parallel,
served as controls. HBE cells were treated with 0, 1, 2, or 4% CSE
for 48 h. a Western blots were performed, and b relative protein
levels of METTL3 were determined. ¢ Immunofluorescence stain-
ing of METTL3 (green) and nuclei (blue) (bar: 50 pm). d The
levels of pri-miR-93, pre-miR-93, and miR-93 determined by
qRT-PCR. After HBE cells were transfected with 20 nM
METTL3 siRNA or con siRNA, cells were treated with 0 or 4%
CSE for 48 h. e Western blots were performed, and (f) relative
protein levels of METTL3 were determined. g The levels of pri-

METTL3-mediated EV miR-93, via DUSP2, is
involved in c-Jun/JNK activation and expression
of MMPs by THP-M cells

Consistent with Western blots results (Fig. 7a, b),
knockdown of METTL3 alleviated the decrease of
DUSP2 levels induced by CHBE-EV (Fig. 7c).
Further, knocking down METTL3 in HBE cells blocked
activation of the JNK pathway and the elevates of
MMP9 and MMP12 levels that were caused by EVs
derived from CHBE cells (Fig. 7a, b). Compared with
THP-M cells treated with CHBE-EV, cultures of these
cells treated with EVs derived from METTL3-
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AGCUAGCACUUCCCGAGCCCCCGGGACACGUUCUCUCUGCCAAUUG
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miR-93, pre-miR-93, and miR-93 were determined by qRT-PCR.
h The sequences of pri-miR-93, pre-miR-93, and miR-93 are
highlighted by different colors; the m6A motif (GGACA) is locat-
ed at the putative splicing site. i The levels of pri-miR-93 binding
to METTL3 as determined by qRT-PCR after METTL3 Ab-
treated RIP assays. j The levels of overall m6A in mRNA mea-
sured colorimetrically. k The levels of pri-miR-93 binding to
m6A, measured by qRT-PCR, after m6A Ab-treated RIP assays.
All bars are presented as means + SD (n = 3). *P < 0.05, **P <
0.01, and ***P < 0.001, different from non-treated HBE cells, *P
<0.05, P <0.01, and P < 0.001, different from CHBE cells
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knockdown CHBE cells showed less activity of elastin
degradation (Fig. 7d).

To determine if EV miR-93 derived from CHBE
cells mediates expression of MMPs through regulation
of DUSP2 in THP-M cells, control or DUSP2 siRNA-
transduced THP-M cells were treated with CHBE-EV
cells with or without transfection of an miR-93 inhibitor,
and the levels of DUSP2, p-JNK, p-c-Jun, MMP9, and
MMP12 were determined. Furthermore, ChIP assays
proved that c-Jun bound to the promoter of the MMP9
and MMP12 gene after THP-M cells were treated with
CHBE-EV (Fig. 7e). As shown by Western blotting,
inhibition of miR-93 blocked the changes of DUSP2,
p-INK, p-c-Jun, MMP9, and MMP12 expression in
THP-M cells caused by CHBE-EV, but downregulation
of DUSP2 reversed the effects of the miR-93 inhibitor

(Fig. 71, g). Moreover, fluorescent elastin degradation
assays proved that inhibition of miR-93 blocked the
changes in elastin degradation of THP-M cells caused
by CHBE-EV, but downregulation of DUSP2 reduced
the effects of the miR-93 inhibitor (Fig. 7h). These
results show that METTL3-mediated EV miR-93, via
DUSP2, is involved in c-Jun/JNK activation and expres-
sion of MMPs by THP-M cells.

Inhibition of METTL3 prevents CS-induced
emphysema in mice through blocking miR-93
regulation of the DUSP2/JNK signaling pathway

The effect of knockdown of METTL3 on CS-induced
emphysema in the lung tissues of mice was evaluated.
Adeno-associated virus (AAV) METTL3 shRNA or a
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Fig. 3 Decreases of METTL3 in CHBE cells block the increases
of miR-93 and MMPs levels in THP-M cells co-cultured with
CHBE cells. Abbreviations: HBE, normal HBE cells; CHBE,
HBE cells treated with CSE; METTL3-CHBE, HBE cells
transfected with a METTL3 siRNA and then treated with CSE;
Con siRNA-CHBE, HBE cells transfected with a control siRNA-
CHBE and then treated with CSE. Densities of bands were quan-
tified by the ImagelJ software. GAPDH levels, measured in paral-
lel, served as controls. After HBE cells were treated with 0 or 4%
CSE for 48 h, THP-M cells were co-cultured with HBE cells or
CHBE cells for 48 h. a Schematic representation of THP-M cells
co-cultured with HBE cells or CHBE cells. b The levels of miR-93
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in THP-M cells were determined by qRT-PCR. ¢ Western blots
were performed, and d relative protein levels of MM9 and
MMP12 in THP-M cells were determined. THP-M cells were
co-cultured with CHBE cells transfected with 20 nM of
METTL3 siRNA or Con siRNA for 48 h. e The levels of miR-
93 in THP-M cells were determined by qRT-PCR. f Western blots
were performed, and g relative protein levels of MMP9 and
MMP12 in THP-M cells were determined. Bars are presented as
means + SD (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001,
different from control THP-M cells. *P < 0.05, #p < 0.01, and
##p < 0.001, different from THP-M cells co-cultured with CHBE
cells in the absence of METTL3 siRNA
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negative control was injected via the nose at the fourth
week of CS exposure. At 16 weeks later, mice were
killed, and lung tissues were assayed (Fig. 8a). Lungs of
mice receiving METTL3 shRNA had lower METTL3
levels, demonstrating that METTL3 was downregulated
(Fig. 8e, f). H&E staining showed that, for CS-exposed
mice, knockdown of METTL3 blocked changes in ex-
panded airspaces (Fig. 8b, c). Further, CS-exposed mice
treated with AAV METTL3 shRNA revealing lower
expression of miR-93 (Fig. 8d). Moreover, the expres-
sions of DUSP2 and elastin were restored for mice
treated with METTL3 shRNA, whereas JNK pathway

activation and MMP9 and MMP12 levels were de-
creased (Fig. 8e, f). Thus, METTL3 shRNA reverses
the CS-induced effects associated with emphysema in
mice, which are related to blocking miR-93 regulation
of the DUSP2/JNK signaling pathway.

CS induces increases of EV miR-93 and the activation
of the NK/c-Jun signaling pathway in human COPD

To elucidate the involvement of METTL3-mediated EV
miR-93 in COPD pathogenesis, we isolated EVs from
serum of non-smokers (n = 26), smokers (n = 25), and

a HBE cHBE D HBE-EV CHBE-EV CHBE-EV
Con -EV -EV : :
CD9 [ s H
¥ 20608
CD63 | 1’
CD81 S —— :::
HSPIOB1 [ L e
Piiiay !—M|200 nm F——200 nm f
d DAPI erge  300- 200,
S g "
K 5
HBE-EV 9 % 1501
3 2001 3
(3] (3]
2 2
THP-M e g 100
E E
¢ 100 @
CHBE-EV £ £ 5]
[) Q
o o
D.
——50 um A 4 ¥
9 T h i CHBE-EV Con HBE E¥HP ;HBE EV
HBE CHBE 80051 MMP12 . I 60004 - Con )
Con -EV -EV 3 = -+ HBE-EV
g —I—T 0 -+ CHBE-EV /I***
mwes [T € oo g
3 £ 4000 /
Q =
£ 4001 8
(] 14
2 2001 g L —
= i
Q
4
0_ T T T 1

HBE-EV

Fig. 4 EVs derived from CHBE cells transfer miR-93 to THP-M
cells, which promotes the expression of MMPs in THP-M cells.
Densities of bands were quantified by the Imagel] software.
GAPDH levels, measured in parallel, served as controls. After
HBE cells were treated with 0 or 4% CSE for 48 h, EVs from
HBE and CHBE cells were fractionated by sequential ultracentri-
fugation as described previously. a Western blots of CD9, CD63,
and CD81 in HBE-Exo or CHBE-Exo. b Electron microscopic
images of HBE-EV and CHBE-EV (bars: 200 nm). ¢ Particle
number and size analysis of HBE-EV or CHBE-EV were deter-
mined by dynamic light scattering using a ZetaView® nanoparti-
cle tracker (ParticleMetrix, Germany). d Microscopic images of
THP-M cells after incubation with PKH67-labeled (green) HBE-

0
CHBE-EV 0 10 20 30 40
THP-M

EV or CHBE-EV; nuclei were stained with DAPI (blue) (bar: 50
pum). e The levels of miR-93 in HBE-EV or CHBE-EV were
determined by qRT-PCR. *P < 0.05, **P < 0.01, and ***P <
0.001, different from HBE-EV. THP-M cells were treated with 50
png/mL HBE-EV or CHBE-EV for 48 h. f The levels of miR-93 in
THP-M cells were determined by qRT-PCR. g Western blots were
performed, and h relative protein levels of MMP9 and MMP12
were determined in THP-M cells. i The production of fluorescein
isothiocyanate (FITC) of THP-M cell culture medium was mea-
sured by BODIPY® FL-labeled elastin as described previously.
Bars are presented as means = SD (n = 3). *P < 0.05, **P < 0.01,
and ***P < 0.001, different from control THP-M cells
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COPD smokers (n = 26). Western blotting proved the
existence of EVs markers (Fig. 9a). qRT-PCR revealed
higher miR-93 levels in EVs from COPD smokers than
in EVs from non-smokers and smokers (Fig. 9b).

Furthermore, miR-93 levels negatively correlated with
the percentages of FEV1/FVC in COPD patients (n =
26) (Fig. 9¢). Moreover, expressions of DUPS2 and
elastin in COPD lungs were lower than those in the
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Fig. 5 EV miR-93 derived from CHBE cells promotes the ex-
pression of MMPs in THP-M cells. Densities of bands were
quantified by the ImageJ software. GAPDH levels, measured in
parallel, served as controls. After CHBE cells were treated with
DMSO or GW4869 (an inhibitor of EVs generation) for 12 h, they
were co-cultured with THP-M cells for 48 h. a Tracking analysis
of nanoparticles from CHBE cells was accomplished for EVs
isolated by sequential ultracentrifugation. b The levels of miR-93
in THP-M cells were determined by qRT-PCR. ¢ Western blots
were performed, and d protein levels of MMP9 and MMP12 in
THP-M cells were determined. *P < 0.05, **P < 0.01, and ***P <
0.001, different from control THP-M cells. *P < 0.05, #P < 0.01,
and *™P < 0.001, different from THP-M cells co-cultured with
CHBE cells treated with DMSO. After HBE cells were transfected
with 50 nM of miR-93 inhibitor or Con inhibitor for 6 h, HBE cells
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were treated with 0 or 4% CSE for 48 h. e The levels of EV miR-
93 derived from CHBE cells and HBE cells were determined by
qRT-PCR. THP-M cells were treated with HBE-EV, CHBE-EV,
anti-miR-93-CHBE-EV, or anti-miR-NC-CHBE-EV for 48 h. f
The levels of miR-93 in THP-M cells were determined by qRT-
PCR. g Western blots were performed, and h protein levels of
MMP9 and MMP12 were determined. i The production of FITC
of THP-M cell culture medium was measured by BODIPY® FL-
labeled elastin as described previously. BODIPY® FL-labeled
elastin as described previously. Bars are presented as means =+
SD (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001, different
from THP-M cells treated with HBE-EV. *P < 0.05, #P < 0.01,
and ##P < 0.001, different from THP-M cells treated with CHBE-
EV in the absence of miR-93 inhibitor
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lungs of smokers and COPD patients, whereas JNK
pathway activation and MMP9 and MMP12 levels
were increased (Fig. 9d, e). These results indicate
that METTL3-mediated aberrant EV miR-93 is
linked to activation of the JNK/MMPs axis in
response to CS, resulting in induction of elastin
degradation.

Discussion

CS, an important source of air pollutants in indoor
environments, contains more than 6000 identified
chemical constituents, some of which have strong oxi-
dizing, pro-inflammatory, and carcinogenic properties
(Rawlinson et al. 2017). Meanwhile, epidemiological
evidence confirms that cigarette smoking is an risk

factor of COPD (Hou et al. 2018). A causative role for
MMPs is involved in the pathogenesis of CS-induced
COPD and its serious sequelae, emphysema (Gharib
et al. 2018). Excessive protease activity is associated
with the pathophysiology of COPD (Nyunoya et al.
2014). Macrophages are thought to produce essentially
all of these proteinases, which are associated with deg-
radation of elastin in the walls of alveoli, resulting in the
functional destruction of lung tissue (Lee et al. 2014).
As the first-line of defense against inhaled environmen-
tal particles, the injured airway epithelium secretes in-
flammatory mediators to activate immune cell, such as
macrophages (Moon et al. 2014). The present work
reveals a mechanism for EVs-mediated intercellular
cross-talk of epithelium—macrophages that implicated
in the development and progression of CS-induced
emphysema.
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Fig. 6 EV miR-93 regulates JNK/c-Jun pathway activation by
targeting DUSP2, which is involved in expression of MMPs in
THP-M cells. THP-M cells were treated with 50 pg/mL HBE-EV
or CHBE-EV for 48 h. a Western blots were performed, and b
protein levels of DUSP2, p-JNK, and p-c-Jun in THP-M cells were
determined. ¢ Immunofluorescence staining of DUSP2 (green) in
THP-M cells. Nuclei were stained with DAPI (blue) (bar: 50 pum).
d Schematic of miR-93 putative target sites in the 3'UTR of
DUSP2 and the sequences of mutant UTRs. THP-M cells co-
transfected with 100 nM of miR-93 mimic or miR-NC mimic
and 1 pg of DUSP2-wt plasmid or DUSP2-mut plasmid. e
Luciferase reporter assays were performed on THP-M cells. f

THP-M

Luciferase readout from wild-type or mutant DUSP2 3'UTR re-
porter transfected into THP-M cells, which were then incubated
with EVs (50 ug/mL) derived from normal or CHBE cells. THP-
M cells were transfected with 50 nM of miR-93 inhibitor or miR-
NC inhibitor and then incubated with 50 pg/mL CHBE-EV. g
Western blots were performed, and h protein levels of DUSP2, p-
INK, p-c-Jun, MMP9, and MMp12 in THP-M cells were deter-
mined. All bars are presented as means = SD (n = 3). *P < 0.05,
*#*P < (.01, and ***P < 0.001, different from control THP-M
cells. P <0.05, P < 0.01, and **P < 0.001, different from THP-
M cells treated with CHBE-EV in the absence of miR-93 inhibitor
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Emphysema has a complicated pathogenesis, related
to various types of cellular dysfunction; destruction of
the alveolar ECM is thought to be a causative event
(Heinz 2020). MMPs, in particular those produced by
macrophages, are involved in the pathogenesis of em-
physema (Lee et al. 2014). MMP9 and MMP12 are
involved in the degradation of alveolar ECM, specifi-
cally elastin, a causative event in development of em-
physema (Shibata et al. 2018). In mice, overexpression
MMP-9 in macrophages results in spontaneous
emphysema (Foronjy et al. 2008). Further,
Mmp12—/— mice are resistant to CS-related emphy-
sema (Hautamaki et al. 1997; Houghton et al.
2009). These observations are in agreement with
our findings that, with smoking, the levels of
MMP-9 and MMP12 were increased in the lungs,
but elastin levels were decreased. These changes
were more pronounced in the lungs of smokers
with emphysema. These findings indicate a role

THP-M
CHBEEV - + B b
METTL3SIRNA-CHBE-EV - - + -
Con SIRNA-CHBE-EV - - _ 800
DUSP2 |am o e E,
PrINK | %"0“
INK | —— £
5 400
pedun|= — —— —| £
o
cun|————| 2 200
s
L —
MMP1Z | — o METTL3SiRNA  Con SIRNA
-CHBE-EV -CHBE-EV
GAPDH THoM
Input  cun g6 CHBEEV - + =+ + + + g I DUSP2
o CHBE. o CHBE G CHBE. .. p-JNK
on oo Con £y°Con £PF Anti-miR-93 - - - - M p-c-Jun
romoter| o -
THe-M| TUNES AntimiRNG - - - -+ -3 P12
Promoter ConsiRNA - - - s
B ©
DUsP2 H
p-INK [ NS S W W T :400
W
-
poun [EEme e | 5
|, 200
o [m————— 2
]
MMP [ ———— G
©
[y —— ——— — 0
CHBE-EV - +
GAPDH Anti-miR-93 -

DUSP2siRNA -
Anti-miR-NC -
ConsiRNA -

of MMP-9 and MMP12 in the development and
progression of emphysema related to CS exposure.
CS 1is the main risk factor for COPD, and COPD
patients who smoke have worse lung function; however,
the mechanisms of the effects of CS remain to be
established (Agusti and Hogg 2019). Epigenetic chang-
es contribute to smoking-related COPD (Morrow et al.
2018). miRNAs, which regulate the expression of pro-
teins related to oxidative stress and inflammatory re-
sponses, are involved in the development of emphysema
(Rosas-Alonso et al. 2019). In the present study, we
demonstrated that CSE elevated METTL3 expression
in bronchial epithelial cells. The overexpression of
METTL3 promoted miR-93 maturation via enhanced
mo6A modifications of pri-miR-93. In addition, miR-93
was elevated in the EVs of COPD smoker, and there
was a negative correlation between miR-93 levels and
FEV1/FVC. These results indicate that EV miR-93
serves as a biomarker for risk assessment of COPD.
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Fig. 7 METTL3-mediated EV miR-93, via DUSP2, is involved
in JNK/c-Jun activation and expression of MMPs in THP-M cells.
Densities of bands were quantified by the Imagel] software.
GAPDH levels, measured in parallel, served as controls. THP-M
cells were treated with 50 pg/mL CHBE-EV, METTL3 siRNA-
CHBE-EV, or Con siRNA-CHBE-EV for 48 h. a Western blots
were performed, and b relative protein levels of METTL3,
DUSP2, p-JNK, p-c-Jun, MMP9, and MMP12 in THP-M cells
were determined. ¢ Immunofluorescence staining of DUSP2
(green) and nuclei stained with DAPI (blue) in THP-M cells
(bar: 50 um). d The FITC of THP-M cell culture medium was
measured by BODIPY® FL-labeled elastin as described previous-
ly. *P < 0.05 different from control THP-M cells. *P < 0.05
different from THP-M cells treated CHBE-EV. THP-M cells were
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THP-M

transfected with 50 nM of miR-93 inhibitor or co-transfected with
20 nM of DUSP2 siRNA and then incubated with EV's (50 pg/mL)
derived from CHBE cells. e The levels of MMP9 and MMP12
were measured by RT-PCR after the chromatin was
immunoprecipitated with c-Jun Ab by ChIP assay. f Western blots
were performed, and g relative protein levels of METTL3,
DUSP2, p-JNK, p-c-Jun, MMP9, and MMP12 in THP-M cells
were determined. h The FITC of THP-M cell culture medium was
measured by BODIPY® FL-labeled elastin as described previous-
ly. All bars are presented as means + SD (n = 3). *P < 0.05, **P <
0.01, and ***#P < 0.001, different from control THP-M cells. *P <
0.05, P < 0.01, and **P < 0.001, different from THP-M cells
treated with CHBE-EV and anti-miR-93
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INK pathway mediates eukaryotic cell responses to a
wide range of abiotic and biotic stresses (Zeke et al.
2016). In immune cells, DUSP2 and related proteins,
which regulate JNK activity through dephosphoryla-
tion, are negative regulators (Jeffrey et al. 2006). The
JNK pathway is activated in lipopolysaccharide-injured
lungs (Schuh and Pahl 2009). In addition, MMPs, which
are associated with lung injury, are regulated by the JNK
pathway as well as by signal transducers (Son and Lee
2019). Our results showed that EV miR-93 triggers the
INK pathway via suppressing DUSP2. Phosphorylated
c-Jun bound to the promoter of the MMP9 and MMP12
gene, facilitating its transcription. Furthermore,
along with activation of the JNK pathway, there
was elevation of MMP9 and MMP12 in the lungs
of COPD patients.

The m6A modification in RNAs is a epigenetic
change implicated in maturation of miRNAs (Gregory

a b

Con Ccs

CS+METTL3 CS+NC
ShRNA

et al. 2004). m6A modifications label pri-miRNAs and
recruit DGCR8 by METTL3-mediated m6A, thus pro-
moting the maturation of miRNAs (Ma et al. 2017).
Based on the present observations, overexpression
METTL3 enhances the miR-93 levels in epithelial cells,
and overproduced miR-93 is transported to macro-
phages via EVs, thus accelerating elastin degradation
via activation of the JNK/MMPs axis, which leads to
emphysema. Thus, we have demonstrated a role for
METTLS3 in CS-induced emphysema. Consistent with
the results of in vitro experiments, METTL3 was
overexpressed in the lungs of mice exposed to CS,
and, for these mice, miR-93 upregulation and an JNK
pathway activation. In mice, downregulation of
METTLS3 alleviated CS-induced elastin degradation
and emphysema. Since m6A modifications are also
present in other primary miRNAs, clarification of how
these modifications affect processing of other miRNAs
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Fig. 8 Inhibition of METTL3 prevents CS-induced emphysema,
the increases of METTL3 and miR-93 levels, the activation of
DUSP2/JNK/c-Jun in lung tissues of mice. Densities of bands
were quantified by the Image] software. GAPDH levels, measured
in parallel, served as controls. Male BALB/c mice (age 68 weeks)
were divided into four groups: normal control, CS, CS plus
METTL3 shRNA, and CS plus NC shRNA. METTL3 shRNA
and an shRNA negative control were administered by nose instil-
lations. The mice were exposed to air or to CS (300 mg/m* TPM)
every 5 days/week for 16 weeks. a A schematic diagram illustrat-
ing the experimental design. b Representative images of lung

sections stained by H&E (bars: top = 1000 um, bottom = 200
pum). ¢ Quantification of mean chord length (Lm) in lung tissues of
mice. d The levels of miR-93 in lung tissues of mice were deter-
mined by qRT-PCR. e Western blots were performed, and f
relative protein levels of METTL3, DUSP2, p-JNK, p-c-Jun,
MMP9, MMP12, and elastin in lung tissues of mice were deter-
mined. Bars are presented as means = SEM (n = 6). *P < 0.05, **P
<0.01, and ***P < 0.001, different from control mice, *P < 0.05,
#p <0.01, and P < 0.001, different from CS-exposed mice in
the absence of METTL3 shRNA
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Fig. 9 CS induces increases of EV miR-93 in serum and the
activation of JNK/c-Jun in lung tissues of people. EVs from serum
of non-smokers (7 = 26), smokers (7 = 25), or COPD smokers (n =
26) were isolated. Densities of bands were quantified by the
Image] software. GAPDH levels, measured in parallel, served as
controls. a Western blots of CD9, CD63, and CD81 in serum EVs.
b The levels of EV miR-93 in serum were determined by qRT-

would expand our knowledge about the development of
emphysema.

EV miR-93, secreted from injured epithelial cells and
taken up by macrophages, activated the JNK/MMPs
axis via downregulation of DUSP2. DUSP2 expression,
which is restricted to immune cells, was initially identi-
fied as a negative regulator of JNK signaling in macro-
phages (Jeffrey et al. 2006). We have provided evidence
that miR-93 activates the JNK/MMPs axis via down-
regulation DUSP2, and we confirmed that DUSP2
downregulation and activated JNK signaling were evi-
dent in the lungs of COPD patients. In diabetic retinop-
athy, glucocorticoids attenuate IL-13-induced galectin-
1/LGALS1 via DUSP1 (Hirose et al. 2019). It would be
interesting to examine the possible link between the
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PCR. ¢ The relationship between the levels of EV miR-93 in
serum and FEV;/FVC (%) in COPD smokers (n = 26). d
Western blots were performed, and e relative protein levels of
METTL3, DUSP2, p-JNK, p-c-Jun, MMP9, MMP12, and elastin
in lung tissues of people (n = 4) were determined. Bars are
presented as means = SEM. *P < 0.05, **P < 0.01, and ***P <
0.001, different from normal lung tissue

glucocorticoid inducibility of DUSP2 and the lack of
steroid sensitivity in smoking-related COPD.

In conclusion, for bronchial epithelial cells, CS ex-
posure induces elevation of METTL3-promoted miR-
93 maturation, and miR-93 is transferred from bronchial
epithelial cells into macrophages by EVs. In macro-
phages, miR-93 activates the JNK pathway by targeting
DUSP2, which increases the levels of MMP9 and
MMP12, inducing elastin degradation. Therefore,
CS induces emphysema by a mechanism in which
METTL3-mediated EV miR-93 via m6A is in-
volved in aberrant cross-talk of lung epithelial
cells and macrophages. Our results show that ab-
errant m6A is involved in the pathogenesis of
smoking-related emphysema.
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