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Suppression of autophagy by extracellular vesicles
promotes myofibroblast differentiation in

COPD pathogenesis
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Extracellular vesicles (EVs), such as exosomes and microvesicles, encapsulate proteins and microRNAs
(miRNAs) as new modulators of both intercellular crosstalk and disease pathogenesis. The composition of EVs
is modified by various triggers to maintain physiological homeostasis. In response to cigarette smoke exposure,
the lungs develop emphysema, myofibroblast accumulation and airway remodelling, which contribute to
chronic obstructive pulmonary disease (COPD). However, the lung disease pathogenesis through modified EVs
in stress physiology is not understood. Here, we investigated an EV-mediated intercellular communication
mechanism between primary human bronchial epithelial cells (HBECs) and lung fibroblasts (LFs) and
discovered that cigarette smoke extract (CSE)-induced HBEC-derived EVs promote myofibroblast differ-
entiation in LFs. Thorough evaluations of the modified EVs and COPD lung samples showed that cigarette
smoke induced relative upregulation of cellular and EV miR-210 expression of bronchial epithelial cells. Using
co-culture assays, we showed that HBEC-derived EV miR-210 promotes myofibroblast differentiation in LFs.
Surprisingly, we found that miR-210 directly regulates autophagy processes via targeting 4ATG7, and expression
levels of miR-210 are inversely correlated with 4ATG7 expression in LFs. Importantly, autophagy induction was
significantly decreased in LFs from COPD patients, and silencing A7G7 in LFs led to myofi-
broblast differentiation. These findings demonstrate that CSE triggers the modification of EV components
and identify bronchial epithelial cell-derived miR-210 as a paracrine autophagy mediator of myofibroblast
differentiation that has potential as a therapeutic target for COPD. Our findings show that stressor exposure
changes EV compositions as emerging factors, potentially controlling pathological disorders such as airway
remodelling in COPD.
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is characterized by emphysema and progressive

airflow limitation. Airway remodelling, in which
the differentiation of fibroblasts to myofibroblasts plays a
pivotal role, is a direct result of the inflammatory response
due to exposure to inhaled cigarette smoke and leads to
narrowing of the small airways (1,2). Increasing evidence
has demonstrated that the processes of remodelling the
small airways are attributed to excessive production of

Chronic obstructive pulmonary disease (COPD)

various triggers by bronchial epithelial cells (3). Bronchial
epithelial cells act as a source of various cytokines/
chemokines, adhesion molecules and growth factors that
modulate other elements of the airway wall and immune
cells against cigarette smoke (4). Therefore, alterations in
bronchial epithelial cells have the potential to change the
finely balanced reciprocal interaction between the bronchial
epithelial and mesenchymal cell types that influences cel-
lular differentiation, known as the epithelial-mesenchymal
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trophic unit (5,6). Airway remodelling in response to
pathologic stimuli may change normal homeostatic auto-
crine and paracrine interactions between the epithelium
and the surrounding fibroblast sheath; however, the
detailed molecular mechanisms underlying the develop-
ment of airway remodelling are not yet fully understood.
Currently, autophagy, an intracellular degradation system
through an autophagosomal-lysosomal pathway, is in-
creasingly recognized as significant in various human
diseases. Autophagy is a dynamic process that can rapidly
change its status in response to disease activity and envir-
onmental stressors (7). Autophagy-related (Atg) pro-
teins identified in yeast include core Atg proteins that
are required for autophagosome formation and are highly
conserved in mammals (8). Among the core Atg proteins,
the physiological and pathological roles of Atg5 and Atg7
in autophagy machinery have been widely investigated
in murine models (9,10). Remarkably, recent studies have
shown that autophagy regulation plays an important
role as a novel mechanism possibly underlying lung dis-
ease pathogenesis, including cellular senescence and lung
fibrosis (11,12).

Extracellular vesicles (EVs), such as exosomes and micro-
vesicles, are released by a variety of cells into their envir-
onment enclosed by a phospholipid bilayer. EVs have been
recognized as novel modulators of cell-to-cell commu-
nication and orchestrators of health and disease (13,14).
EVs can act as autocrine/paracrine effectors, based on
evidence that they are able to transport a characteristic
composition of proteins and nucleic acids, such as mes-
senger RNA (mRNA) and microRNA (miRNA) (15).
Importantly, exposure to various stressors can modify the
composition of EVs to change the surrounding micro-
environment through EV cell-to-cell communication (16).
In normal cell physiology, EV secretion is a protective
process to eliminate harmful components during adverse
conditions, such as cigarette smoke exposure (17). Cur-
rently, miRNAs, one composition of EVs, are known to
play a regulatory role in the processes of cell differentia-
tion and cell phenotypic alteration. The dysregulated
expression of miRNAs has been linked to lung disease
conditions, such as pulmonary fibrosis and inflammatory
respiratory diseases (18,19). Furthermore, distinct miR-
NA profiles in extracellular spaces have also been related
to disease pathologies, leading to interest in the use of EV
miRNAs as disease biomarkers (20). Such new mechan-
isms of intercellular communication raise the possibility
that the miRNA cargo via EVs might modulate disease
phenotypes and functions of recipient cells. However, the
cell types in the lungs that were related to EV-mediated
crosstalk and their paracrine effects remain unclear.
Therefore, we hypothesized that EVs modified by cigarette
smoke exposure may regulate lung disease phenotypes
as novel paracrine signalling modulators during airway
remodelling in COPD pathology.

Here, we demonstrate a novel pathogenic mechanism
of COPD through modified EVs in cigarette stress physi-
ology within the airway microenvironment. We report
EV miR-210-mediated intercellular crosstalk between
human bronchial epithelial cells (HBECs) and lung fibro-
blasts (LFs), which contributes to the development of
myofibroblast differentiation via autophagy suppression,
which may be associated with airway remodelling in
COPD pathogenesis. miR-210 has already been reported
to directly regulate multiple transcripts associated with
diverse cellular functions that are known to influence
normal developmental physiology as well as hypoxia-
dependent disease states (21). We found that miR-210 also
directly targets ATG7 in LFs, which results in the modula-
tion of the autophagy process. Therefore, our findings
showed for the first time that autophagy processes are
regulated by the EV cargo to cause myofibroblast dif-
ferentiation in the lungs.

Methods

Cell culture and clinical samples

Normal airways were collected from 1st through 4th order
bronchi from pneumonectomy and lobectomy specimens.
Informed consent was obtained from all surgical partici-
pants as part of the approved on-going research protocol
by the Ethics Committee of Jikei University School of
Medicine. HBECs were isolated using protease treatment
and characterized as previously described (22). Freshly
isolated HBECs were plated onto Rat Tail and Collagen
type I-coated dishes and incubated overnight; the medium
was then changed to Bronchial Epithelial Growth Medium
(BEGM, Lonza, Tokyo, Japan). HBECs were serially
passaged and used for experiments until passage 4. LFs were
cultured from lung tissues using the explant technique.
Briefly, fibroblasts outgrown from lung fragments were
cultured in Dulbecco’s modified Eagle’s medium with
10% foetal calf serum and an antibiotic—antimycotic
(Invitrogen, Grand Island, NY). LFs were serially pas-
saged and used for experiments until passage 4. Human
lung tissue samples were derived from the resected lungs
of lung cancer patients who had recurrence after pulmon-
ary resection at the National Cancer Center Hospital. The
study protocol was approved by the Institutional Review
Board of the National Cancer Center. All materials were
obtained with written informed consent and were pro-
vided by the National Cancer Center Biobank.

EV purification and analysis

Before collection of the culture medium, the cells (HBECs
or BEAS-2B) were washed with PBS, and the medium
was switched to fresh BEGM (for HBECs) or Advanced
RPMI containing an antibiotic-antimycotic and 2 mM
L-glutamine (for BEAS-2B). After incubation for 48 h,
the conditioned medium was collected and centrifuged
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at 2,000 x g for 10 min at 4°C to thoroughly remove the
cellular debris. The supernatant was filtered through
a 0.22-pm filter (Millipore, Billerica, MA) to expectedly
remove the microvesicles. The conditioned medium was
then used for EV isolation (mainly exosomes). For EV pre-
paration, the conditioned medium was ultracentrifuged
in Beckman SW41Ti rotor at 35,000 rpm for 70 min at 4°C.
The pellets were washed with 11 ml of PBS by ultracen-
trifugation at 35,000 rpm for 70 min at 4°C and resus-
pended in PBS. The putative EV fraction was measured for
its protein content using a Quant-iT™ Protein Assay with
Qubit®2.0 Fluorometer (Invitrogen). Nanoparticle track-
ing analysis was performed using the NanoSight LM10HS
with a blue laser system (NanoSight, Amesbury, UK) on
isolated EVs diluted 500-fold with PBS for analysis.

Results

HBEC-derived EVs are transported to primary LFs

We first isolated EVs by ultracentrifugation from condi-
tioned medium collected from immortalized bronchial
epithelial cells (BEAS-2B cell line) or primary HBECs and
characterized them extensively. Electron microscopic ana-
lysis revealed typical bilayer membrane vesicles that were
heterogeneous in size, ranging from approximately 50 to
150 nm (Fig. 1a). Western blotting analysis confirmed the
presence of EV marker proteins CD81, CD9, annexin A2
and heat shock 70 kDa protein 4 (HSP70) in the BEAS-
2B- and HBEC-derived EVs (Fig. 1b). In addition,
cytochrome ¢ was detectable in the whole cell lysates, but
it was absent in the BEAS-2B- and HBEC-derived EVs
(Supplementary Fig. 1). When we estimated the isolated
RNAs from HBECs and HBEC-derived EVs, we found
that the RNA profile of HBEC-derived EVs contained
only minute amounts of ribosomal RNA (18S and 28S), as
compared with that of HBECs, but large amounts of small
RNAs, such as miRNAs (Fig. 1¢). These data suggest that
we have successfully isolated EVs from the conditioned
medium. To investigate whether bronchial epithelial cell-
derived EVs are crucially involved in the paracrine actions
of subepithelial fibroblasts, we labelled secreted BEAS-2B-
or HBEC-derived EVs with a green fluorescent marker, that
is, PKH67; labelled EVs were incubated with cultured
primary LFs (Fig. 1d). Analysis of EV uptake performed in
primary LFs by confocal microscopy revealed uptake of
labelled EVs (Fig. 1e). Therefore, we hypothesize that bron-
chial epithelial cell-derived EVs function locally in paracrine
signals during homeostasis and disease progression in lungs.

Cigarette smoke extract-induced HBEC-derived
EVs promote lung myofibroblast differentiation
Bronchial epithelial cells have first-line contact with harmful
substances during cigarette smoke exposure, resulting in
stress-induced phenotypic alterations, which might be in-
volved in the pathogenesis of airway remodelling in COPD.

Exosomes suppress autophagy in airway remodelling

Moreover, EV composition and function are changeable
in response to a variety of physiological stressors (16).
Based on the labelling experiments, we assumed that EVs
modified by cigarette smoke can change the paracrine
interactions between the epithelium and the surrounding
fibroblast. To clarify the EV-mediated interaction between
bronchial epithelial cells and LFs during cigarette smoke
exposure, we analysed the role of cigarette smoke extract
(CSE)-induced HBEC-derived EVs in the microenviron-
ment of the airway. After HBECs were incubated in the
non-FBS-containing medium with or without a low con-
centration of CSE (1.0%) for 2 days, we collected condi-
tioned medium (on days 4 and 6) and isolated EVs by
ultracentrifugation (Fig. 2a). Cell proliferation analysis
showed that a low concentration of CSE did not affect
HBEC growth (Fig. 2b). These data suggest that a low
concentration of CSE did not induce cellular senescence
or apoptosis. Furthermore, the particle sizes and counts of
the EV preparations measured by the NanoSight particle
tracking system showed no significant differences be-
tween CSE-induced HBEC-derived EVs and non-treated
HBEC-derived EVs (Fig. 2c and d). To investigate the
possible paracrine effects of CSE-induced HBEC-derived
EVs, LFs were cultured with the EVs (5 pg/ml). Western
blotting (Fig. 2e and Supplementary Fig. 2) and immuno-
fluorescence staining (Fig. 2f) showed that CSE-induced
HBEC-derived EVs strikingly promoted the expression
of fibrotic markers, that is, collagen type I and a-SMA,
in LFs compared with non-treated HBEC-derived EVs.
Furthermore, we found that CSE-induced HBEC-derived
EVs had no remarkable effect on the expression of
senescent markers, that is, p21VA Pl and p16™K4A in
LFs compared with non-treated HBEC-derived EVs
(Fig. 2e). These data suggest that HBEC-derived EVs
have potential for modulating lung myofibroblast differ-
entiation phenotypes in response to CSE in vitro.

HBEC-derived EV miR-210 promotes myofibroblast
differentiation in LFs

EVs can carry several different types of biomolecular infor-
mation and they spread from cell to cell. In the present
study, we focused on EV miRNAs because they have
great potential as disease therapeutics and biomarkers
(23). We hypothesized that miRNAs shuttled by HBEC-
derived EVs might be responsible for myofibroblast dif-
ferentiation in LFs. To identify EV miRNAs that regulate
cigarette smoke-induced lung myofibroblast differentiation,
we conducted a miRNA microarray between CSE-induced
HBEC-derived EVs and non-treated HBEC-derived
EVs. After analysis of variance of miRNA microarray
signal expression from the 2 EV groups, 22 miRNAs
(17 downregulated miRNAs and 5 upregulated miRNAs
in CSE-induced HBEC-derived EVs) exhibited signifi-
cant expression changes (fold change >1.5) (Fig. 3a).
Next, quantitative reverse transcription-PCR (qRT-PCR)
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Fig. 1. Human bronchial epithelial cell-derived EVs are transported to primary lung fibroblasts (LFs). (a) Electron microscopy images
of BEAS-2B- and HBEC-derived EVs, showing a size of approximately 50—150 nm in diameter. (b) Western blot of these cell-derived
EVs for CD81, CD9Y, annexin A2 and HSP70. (¢) HBECs (upper panel) and HBEC-derived EVs (lower panel) were analysed with a
bioanalyser. Gels and electropherograms are shown. The left gel lane is the ladder standard, and the right lane is the total RNA from
HBECs and HBEC-derived EVs. The y-axis of the electropherogram shows the signal intensities in arbitrary fluorescence units (FU),
and the x-axis shows the size of the RNA in nucleotides (nt). (d) Schematic representation of the EV uptake experiment. BEAS-2B- and
HBEC-derived EVs were labelled with PKH67 and incubated with primary LFs. (e) Purified BEAS-2B- and HBEC-derived EVs or
vehicle PBS(-) as a control was labelled with PKH67 (green) and incubated with primary LFs. Nuclei were counterstained with DAPI

(blue). Scale bar: 20 pm.

validation of EV miRNAs from the 2 groups showed that
only 8 miRNAs (let-7a, let-7b, let-7c, let-7f, let-7g, let-7i,
miR-100 and miR-210) exhibited significant expression
changes (Fig. 3b). Moreover, the expression levels of cel-
lular miRNAs from CSE-induced HBECs and non-treated
HBECs showed that the 8 miRNAs also exhibited signi-
ficant changes (Supplementary Fig. 3).

From the putative regulatory miRNAs, we focused on
the upregulated miRNA-miR-210. To further examine
whether miR-210 is a crucial mediator for cigarette smoke-
induced myofibroblast differentiation in lung tissues,
we compared the miR-210 expression level in the non-
smoker group (n=7) with that in the smoker group
(including non-COPD smokers and COPD patients;
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Fig. 2. CSE-induced HBEC-derived EVs promote a lung myofibroblast differentiation phenotype. (a) Schematic representation of
the conditioned medium collected (on days 4 and 6) after HBECs (passage < 4) was incubated with or without a low concentration of
CSE (1.0%) for 2 days. MC: medium change. (b) Cell proliferation assay of HBECs with or without 1.0% CSE (days 0-2). (c and d)
Nanoparticle tracking analyses of the particle size (c) and counts (d) in non-treated HBEC-derived EVs or CSE-induced HBEC-derived
EVs. (e) Western blot of senescent markers and fibrotic markers by CSE-induced HBEC-derived EVs or non-treated HBEC-derived
EVs in primary lung fibroblasts (LFs). (f) Immunofluorescence staining for collagen type I (red) and a-SMA (green) in primary LFs
with CSE-induced HBEC-derived EVs or non-treated HBEC-derived EVs was evaluated by confocal microscopy. DAPI (blue) was used
for nuclear staining. Scale bar: 20 um.
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Fig. 3. HBEC-derived EV miR-210 promotes lung myofibroblast differentiation. (a) A heat map of the EV miRNA microarray analysis
revealed differentially expressed miRNAs (change > 1.5-fold) in CSE-induced HBEC-derived EVs or non-treated HBEC-derived EVs.
(b) qRT-PCR validation of EV miRNAs from the 2 EV groups. miR-16 was used as an internal control. (¢) qRT-PCR analyses of miR-
210 expression levels in non-smoker or smoker lungs (including non-COPD smokers and COPD patients; P =0.049). (d) miR-210-
specific probe, scramble control probe and B-actin were hybridized in situ with normal lung tissue. Original magnification, 200 x . (e) A
transwell co-culture assay with transfected HBECs (top well) and primary lung fibroblasts (LFs) (bottom well). A 0.4-um porous
membrane is between the 2 wells, inhibiting cell—cell contact. (f) A co-culture assay to study the miRNA cargo from HBECs to primary
LFs. HBECs were transfected with a Cy3-labelled miRNA (red) or a control precursor miRNA (non-labelled). Nuclei were
counterstained with DAPI (blue). Scale bar: 50 pm. (g) miR-210 expression in LFs after 72 h co-culturing with HBECs transfected with
miR-210 mimic (pre-miR-210) or miR-NC. RNU6B was used as an internal control. (h) Western blot of fibrotic markers in primary
LFs (the bottom well) in the co-culture assay. HBECs were transfected with a precursor of miR-210 (pre-miR-210) or a control
precursor miRNA (pre-miR-NC) and co-cultured with primary LFs for 72 h. *P <0.05. NC: negative control.
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n =17) (Supplementary Table I). We also observed in-
creased expression of miR-210 in the lung tissues of the
smoker group compared with that in the non-smoker
group (Fig. 3c; P =0.049). In agreement with the qRT-
PCR analysis, in situ hybridization with a miR-210-locked
nucleic acid probe revealed increased miR-210 expression
in the bronchial epithelial cells of smoker lungs (COPD
patients) compared with that of non-smoker lungs.
In contrast, miR-210 expression was not detectable in
the parenchymal and alveolar structures in lung tissues
(Fig. 3d and Supplementary Fig. 4).

Based on these fundamental data, we hypothesized
that EV miR-210 might functionally regulate myofibro-
blast differentiation through cell-to-cell communication.
We conducted a co-culture assay to investigate the miRNA
crosstalk between HBECs and LFs through EV cargo-
mediated delivery (Fig. 3e). To visualize whether miRNAs
released from HBECs are transported to LFs, we trans-
fected HBECs with a Cy3-labelled pre-miR-NC and co-
cultured the transfected HBECs with LFs for 36 h. In
confocal microscopic findings, we detected Cy3-labelled
miRNA in separated LFs (Fig. 3f). HBECs are unable
to migrate through a 0.4-um pore membrane, indicating
that Cy3-labelled miRNA in HBECs has been transported
and taken up into LFs via EVs. Next, after 72 h co-culture
with HBECs transfected with miR-210 mimic or miR-NC,
we measured miR-210 expression in LFs and evaluated the
myofibroblast differentiation in the LFs. Indeed, HBEC-
derived miR-210 was enriched in the LFs after co-culture
(Fig. 3g). Notably, western blotting (Fig. 3h and Supple-
mentary Fig. 5) and immunofluorescence staining (Supple-
mentary Fig. 6) showed that HBEC-derived miR-210
increased the levels of collagen type I and a-SMA expression
in LFs. These findings suggest that HBEC-derived EV
miR-210 can promote myofibroblast differentiation
through the horizontal transfer of EV cargo.

miR-210 directly targets ATG?7 in LFs, leading to a
modulating autophagy process

In general, miRNAs regulate various gene expressions by
repressing the translation or promoting the degradation
of their target genes (24). To strategically identify direct
miR-210 target genes, we first performed mRNA micro-
array analyses of normal foetal LF cells (MRCS5 cell line)
and primary LFs that were transiently transfected with
the miR-210 mimic and the control together with in silico
predictions (Supplementary Fig. 7). We detected 552 genes
that were downregulated at least 1.5-fold in both MRC5
cells and primary LFs (Supplementary Table II). Sub-
sequently, we selected highly predicted target genes using
2 computational algorithms, that is, TargetScanHuman 6.2
(www.targetscan.org) and miRanda (www.microrna.org).
Overall, we identified 8 candidates: iron—sulphur cluster
assembly enzyme (ISCU); nuclear receptor subfamily 1,
group D, member 2 (NRID2); NADH dehydrogenase
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(ubiquinone) 1 alpha subcomplex, 4, 9 kDa (NDUFA4);
brain-derived neurotrophic factor (BDNF); glycerol-3-
phosphate dehydrogenase 1-like (GPDIL); MID1 inter-
acting protein 1(MIDIIP1); SMGS5 non-sense-mediated
mRNA decay factor (SMG5) and autophagy-related
7 (ATG7).

Among the 8 predicted genes, we focused on the critical
autophagy-related factor, ATG7, in this study. We chose
this gene because there is growing evidence that alleviation
of autophagy-mediated cellular stress plays a key role in
the pathogenesis of a variety of pulmonary diseases (11,12).
To elucidate the function of ATG7 in lung tissue, we first
evaluated the expression levels of ATG7 in LF homoge-
nates from non-COPD (non-smokers/light smokers; n =5)
and COPD patients (n=4) (Supplementary Table III).
Western blotting showed that relatively low accumula-
tions of ATG7 were detected in LF homogenates from
COPD npatients as compared with those detected in LF
homogenates from non-smokers/light smokers (Fig. 4a).
To investigate the autophagy status in LF from COPD
patients, western blotting for the conversion of LC3 from
LC3-I to LC3-II was performed. Although only LC3-II
expression was detected in LFs, LFs homogenates from
COPD patients demonstrated a decrease in LC3-II ex-
pression (Fig. 4b). Remarkably, the ATG7 expression
levels correlated significantly with the percentage of forced
expiratory volume in 1 s/forced vital capacity (FEV1/
FVC) (Fig. 4c) and inversely correlated with miR-210
expression (Fig. 4d). Based on the clinical relevance of
these LF findings, we conducted small interfering RNA
(siRNA)-based silencing of ATG7 and assessed cells for
myofibroblast differentiation. Remarkably, we observed
that siRNA-mediated knockdown of ATG7 resulted in
increased levels of collagen type I and a-SMA expression
in LFs (Fig. 4e).

To determine whether miR-210 plays a role in lung
myofibroblast differentiation through the direct regulation
of ATG7, we performed experimental validation. The
specific regulation of ATG7 expression by miR-210 was
validated by qRT-PCR analysis, demonstrating a signi-
ficant inhibitory effect of the miR-210 mimic on ATG7
expression in LFs (Supplementary Fig. 8). Western blot-
ting detected the inhibition of ATG7 expression and
increased levels of collagen type I and a-SMA expression
treated by the miR-210 mimic as compared with that of the
negative control cells (Fig. 4f). Next, the 3’ untranslated
region (UTR) of the ATG7 gene was conjugated with lucif-
erase for reporter assays. Particularly, the 3 UTR of the
ATG7 mRNA harboured sequences complementary to the
miR-210 seed sequence (Fig. 4g). To verify whether ATG7isa
direct target of miR-210, we cloned the 3 UTR into the
vector downstream of the luciferase open-reading frame.
In addition, to validate target specificity, we conducted
site-directed mutagenesis of the 3 UTR. When we co-
transfected MRCS5 cells with the cloned UTRs and the
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Fig. 4. miR-210 directly targets ATG7 in lung fibroblasts (LFs), leading to a modulating autophagy process. (a) Western blot of ATG7 in
LF homogenates from non-COPD (n =5) and COPD patients (n =4). The right panel shows the average taken from 3 independent
experiments shown as the relative expression of ATG7 as compared with that of B-actin. (b) Western blot of LC3 in LF homogenates
from non-COPD (n =5) and COPD patients (n =4) in the presence of protease inhibitors (E64d and pepstatin A). The right panel shows
the average taken from 3 independent experiments shown as the relative expression of LC3-II as compared with that of B-actin. (c) The
relationship between relative ATG7 expression normalized to B-actin and the percentages of FEVI/FVC (n =9). (d) The relationship
between relative ATG7 expression normalized to B-actin and miR-210 expression normalized to RNU6B (n =9). () Western blotting of
ATG?7 and fibrotic markers in primary LFs transfected with 47G7-siRNA or siRNA-NC. (f) Western blot of ATG7 and fibrotic markers
in primary LFs transfected with pre-miR-210 or pre-miR-NC. (g) Schematic miR-210 putative target sites in the 3" UTRs of ATG7 and
the sequence of mutant UTRs. (h) The effect of co-transfection of pre-miR-210 with wild-type (Wt) and mutant (Mut) psiCHECK2
vectors with each gene construct in MRCS cells was measured using luciferase reporter assays. (i) LC3 western blotting of primary LFs
transfected with pre-miR-210 or pre-miR-NC in the presence or absence of protease inhibitors (E64d and pepstatin A). (j) Fluorescence
microscopic detection of pPEGFP-LC3 dot formation in primary LFs. The right panel is the percentage of positive cells with more than 5
dot formations. (k) LC3 western blotting of primary LFs cultured with CSE-induced HBEC-derived EVs or non-treated HBEC-derived
EVs in the presence or absence of protease inhibitors (E64d and pepstatin A). *P <0.05. **P <0.01. NC: negative control.
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Fig. 5. Proposed novel airway remodelling model for bronchial epithelial cells and fibroblast crosstalk in COPD.

miR-210 mimic, we observed a consistent reduction in
the luciferase activity of the 3" UTR of ATG7. By contrast,
co-transfection of the miR-210 mimic with the mutated
forms of the 3" UTRs resulted in no significant change in
luciferase activity (Fig. 4h).

These data demonstrate that ATG7 is a potential direct
target gene for miR-210, and this miRNA could negatively
regulate ATG7 expression, resulting in modulation of the
autophagy process in LFs. To investigate the regulatory
role of autophagy by miR-210, western blotting for
LC3 and the detection of EGFP-LC3 dot formation by
fluorescence microscopy were performed. Remarkably,
LFs transfected with pre-miR-210 demonstrated a de-
crease in LC3-II expression (Fig. 41). To directly visualize
this observation, we detected EGFP-LC3 dot formation
in LFs using confocal microscopy. The miR-210 mimic
significantly inhibited EGFP-LC3 dot formation in

cells as compared with miR-NC (Fig. 4j). Our results
show that miR-210 regulates autophagy through autop-
hagosome formation, as shown by the decrease in LC3 and
ATGT7 protein expression and by the analysis of EGFP-
LC3-positive autophagosome vesicles in LFs. Finally,
to elucidate the regulatory role of autophagy by the
EV cargo, LFs were cultured with CSE-induced HBEC-
derived EVs or non-treated HBEC-derived EVs (5 pg/ml).
Remarkably, LFs cultured with CSE-induced HBEC-
derived EVs also demonstrated a decrease in LC3-II
expression (Fig. 4k).

The above data show that transferred EV-mediated
autophagy suppression promoted myofibroblast differen-
tiation in response to smoke exposure. We concluded that
this novel mechanism by the EV miRNA cargo might be
involved in airway remodelling in COPD pathogenesis
(Fig. 5).

Citation: Journal of Extracellular Vesicles 2015, 4: 28388 - http://dx.doi.org/10.3402/jev.v4.28388

(page number not for citation purpose)


http://www.journalofextracellularvesicles.net/index.php/jev/article/view/28388
http://dx.doi.org/10.3402/jev.v4.28388

Yu Fuijita et al.

Discussion

Our present study revealed a miRNA/EV-mediated cellular
communication mechanism between bronchial epithelial
cells and LFs that promotes the development of smoke-
induced myofibroblast differentiation. Remarkably, we
elucidated that the novel mechanism of myofibroblast differ-
entiation in LFs is attributed to the CSE-induced HBEC-
derived EV miR-210 regulating autophagy machinery.

Cigarette smoke contains a variety of harmful toxic com-
ponents, such as carcinogenic and mutagenic chemicals,
free radicals and reactive oxygen species (ROS), which
drive the phenotypic alterations, including dysregulated
expressions of miRNAs in bronchial epithelial cells,
and may be involved in the regulation of various smoke-
induced gene expression as a part of COPD pathogenesis
(25). To investigate this smoke-induced phenotypic altera-
tion of miRNAs, we speculate that in vitro CSE exposure
of HBECs appears to closely resemble that of human
smokers (26). To date, CSE-mediated miRNA alterations
can be explained as an outcome of epigenetic disruption,
such as DNA methylation and genetic alterations (27).
It has been reported that cigarette smoke exposure in the
lungs of both mice and rats resulted in evident dysregula-
tion of cellular miRNA expression profiles, mainly in the
sense of downregulation such as with the let-7 family (28).
In this study, we found that 8 miRNAs (6 members of the
let-7 family, miR-100 and miR-210) exhibited significant
expression changes between CSE-induced HBEC-derived
EVs and non-treated HBEC-derived EVs. Among these
miRNAs, we focused on the function of EV miR-210
because the expression levels of miR-210 in CSE-induced
HBECs and COPD lung samples (QRT-PCR and in situ
hybridization) were higher than those of each control
(Fig. 3c and d, Supplementary Figs. 3 and 4). In general,
miR-210 has been known as a hypoxia-associated miRNA
and appears to control a signalling network of multiple
processes during hypoxic responses (21). In addition to
hypoxia, recent data have demonstrated that miR-210
induction is associated with various sources of ROS gen-
eration, such as mitochondrial ROS donors and platelet-
derived growth factor-BB (29). Indeed, we have already
reported that CSE induces mitochondrial ROS production
in HBECs (30). Therefore, our data indicate that CSE-
induced ROS production might influence cellular and EV
miR-210 expression derived from HBECs, independent of
hypoxia.

Trophic interactions between epithelium and the sur-
rounding fibroblast are crucial in lung diseases. Changes
in bronchial epithelial cells contribute to myofibroblast
differentiation through paracrine interactions, resulting in
airway wall thickening in COPD. In this study, we found
that HBEC-derived EV miR-210 caused a marked in-
crease in collagen type I and a-SMA expression in LFs,
which are established features of myofibroblast differen-
tiation via EVs. Additionally, we first found that miR-210

regulates autophagy via targeting a critical autophagy-
related factor, ATG7. By analysing EGFP-LC3-positive
autophagosome vesicles in LFs, we have demonstrated
that miR-210 regulates autophagy through autophago-
some formation, resulting in a decrease in ATG7 protein
expression. Among more than 35 autophagy-related (Atg)
genes that have been identified in yeast, there are im-
portant Atg proteins required for autophagosome forma-
tion that are highly conserved in mammals (31). ATG7 is
one of the key regulators of the autophagy process and is
responsible for 2 major reactions involved in autophago-
some formation and in vesicle progression (32). However,
we recognize that it is possible that miR-210 regulates
other target genes that are responsible for myofibroblast
differentiation or autophagy. Further investigations are
needed to clarify the detailed pathogenesis of airway re-
modelling regulated by miRNA networks.

Autophagy is an orchestrated homeostatic process that
involves the degradation and digestion of intracellular
components by lysosomes (33). Although the detailed
cellular and molecular mechanisms underlying the devel-
opment of COPD are complex and poorly understood,
recent studies have showed that autophagy regulation is
crucially involved in COPD pathogenesis (34—36). We have
already reported that insufficient autophagy is involved
in accelerated CSE-induced HBEC senescence (30,34,35).
In LFs, it has been reported that autophagy inhibition
by knockdown of LC3 and ATGS induced increased o-
SMA and type I collagen expression levels (36). Addition-
ally, another study has proposed that TGF-B-mediated
autophagy inhibition in LFs is responsible for myofibro-
blast differentiation (37). Differentiation of resident
fibroblasts into myofibroblasts is a part of the sequence
of events that follows insults to tissue repair. However, the
sustained and extensive accumulation of myofibroblasts
has been implicated in the mechanisms of the aberrant
wound-healing process of fibrosis. Accordingly, the au-
tophagic regulation of myofibroblast differentiation can
be a critical determinant of airway fibrotic remodelling in
COPD pathogenesis. Intriguingly, both the inhibition and
activation of autophagy have been associated with myofi-
broblast differentiation during fibrosis development in
various organs (39-40). Furthermore, a recent paper showed
that long-term autophagy activation via starvation in-
duces myofibroblast differentiation through mTOR?2 acti-
vation and downstream upregulation of CTGF in foetal
lung-derived fibroblasts (41). In the present study, lower
levels of ATG7 and LC3 were shown to have accumulated
in LFs from COPD patients than in LFs from non-COPD
patients. Furthermore, we demonstrated that knockdown
of ATG?7 resulted in increased levels of collagen type I
and a-SMA expression in LFs, which in turn resulted in
the promotion of myofibroblast differentiation and sug-
gested that autophagy may have a tissue-specific and stress-
dependent role in regulating myofibroblast differentiation.
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Accordingly, we speculate that epithelial cell-derived EV
miR-210-mediated autophagy inhibition via ATG7 sup-
pression may play a crucial role in the pathogenesis of
small airway remodelling in COPD through myofibroblast
accumulation.

Several recent studies have demonstrated that EVs can
act as mediators of cell-to-cell communications affecting
various physiological processes and pathological disor-
ders, which often lead to alterations of gene expression
in the recipient cells (14). With respect to the autophagy
regulation by EVs, there is only one report that breast
cancer cell-derived EVs induce autophagy through ROS
generation in mammary epithelial cells (42). In this study,
we found that CSE-induced HBEC-derived EVs regulated
autophagy through miRNA transfer to LFs. In normal
cellular physiology, EV secretion is a protective process
due to its ability to remove harmful components during
adverse conditions including smoking exposure (17). Fur-
thermore, exposure to various stressors can modify the
proteomic and miRNA compositions of EVs to change
the surrounding microenvironment for escaping from cell
damage through EV cell-to-cell communication (16). In
human body, we speculate that routine smoking may
secrete miR-210-enriched EVs for maintaining their own
autophagy function in HBECs, thereby chronic transfer of
the EVs results in airway fibrosis for repairing damaged
lung microenvironment. Although here we focused on EV
miRNA from among the various components packaged
in EVs, it is important for analysing the details of other
components such as harmful proteins in the CSE-induced
HBEC-derived EVs, which may affect cellular phenotypes
in LFs. In any event, our present study showed that EV
miRNA released by bronchial epithelial cells are major
components triggering myofibroblast differentiation.

In summary, we have proposed a novel mechanism of
airway remodelling through autophagy regulation by the
EV miRNA cargo in response to cigarette smoke exposure
in COPD pathogenesis. Our findings suggest that stressor
exposure modifies EV components as emerging factors,
potentially controlling pathological lung disorders. In the
present study, we understand the limitations of using large
airway bronchial epithelial cells as an in vitro culture
model to elucidate the pathogenesis of small airway dis-
ease; therefore, more relevant cell-culturing models using
small airway epithelial cells or alveolar epithelial cells are
needed in future studies to further confirm the physiological
relevance of our results. In addition, we have to closely
examine in vivo COPD models to test the mechanism
found in vitro. Furthermore, EVs are released from several
cells including various immune cells in human lungs (43).
Therefore, we have to carefully investigate their multiple
EV crosstalking among a wide variety of cells during tri-
gger exposure within the lung microenvironment. How-
ever, our data provide a compelling proof of concept for
airway remodelling by EV miRNA cargo based on the

Exosomes suppress autophagy in airway remodelling

clinical relevance of the full mechanism found in vitro.
These findings demonstrate that smoke exposure modi-
fies EV components and identify bronchial epithelial
cell-derived miR-210 as a paracrine autophagy mediator
of myofibroblast differentiation that has potential as a
therapeutic target for COPD.
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