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Abstract: Exposure to environmental tobacco smoke (ETS) is a known risk factor for the development
of chronic lung diseases, cancer, and the exacerbation of viral infections. Extracellular vesicles
(EVs) have been identified as novel mediators of cell–cell communication through the release of
biological content. Few studies have investigated the composition/function of EVs derived from
human airway epithelial cells (AECs) exposed to cigarette smoke condensate (CSC), as surrogates for
ETS. Using novel high-throughput technologies, we identified a diverse range of small noncoding
RNAs (sncRNAs), including microRNA (miRNAs), Piwi-interacting RNA (piRNAs), and transfer
RNA (tRNAs) in EVs from control and CSC-treated SAE cells. CSC treatment resulted in significant
changes in the EV content of miRNAs. A total of 289 miRNAs were identified, with five being
significantly upregulated and three downregulated in CSC EVs. A total of 62 piRNAs were also
detected in our EV preparations, with five significantly downregulated and two upregulated in
CSC EVs. We used TargetScan and Gene Ontology (GO) analysis to predict the biological targets of
hsa-miR-3913-5p, the most represented miRNA in CSC EVs. Understanding fingerprint molecules in
EVs will increase our knowledge of the relationship between ETS exposure and lung disease, and
might identify potential molecular targets for future treatments.

Keywords: airway epithelial cells; microvesicles; miRNAs; secondhand smoke; next
generation sequencing

1. Introduction

Environmental tobacco smoke (ETS) exposure is associated with an increased frequency of lower
respiratory tract infections, increased incidence and severity of asthma episodes, overall decreased
pulmonary function, and cancer development.

Extracellular vesicles (EVs) are membrane particles released by virtually all cells, shuttling active
biological molecules such as proteins, lipids, and nucleic acids to neighboring cells, and to distant
sites [1–3]. EVs have been isolated from various biofluids such as blood, breast milk, bronchial lavage,
saliva, urine, amniotic, and cerebrospinal fluids [4–9]. EVs represent a heterogeneous population and
vary in size (30–2000 nm in diameter) and composition, based on the cellular origin and environmental
stimuli [10–12]. According to their diameter, EVs can be classified into two general subgroups: 1) small
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EVs (<200nm), and 2) medium/large EVs (>200 nm) [10]. Recent studies have identified EVs as critical
players in intercellular communication under various physiological and pathological conditions such
as neurodegenerative diseases, cancer, preterm birth, angiogenesis, immune responses, and viral
infections [3,13–20].

Because EVs transfer a complex content of biological information (nucleic acids, lipids, and
proteins), the manipulation of EV cargos represents a potential tool for drug and selective biomolecule
delivery to target cells [21,22]. MicroRNAs (miRNAs) are a type of small noncoding RNA (sncRNA)
which is able to modify the stability of messenger RNAs (mRNAs), usually silencing the gene expression
in various cellular processes as cell apoptosis, angiogenesis, and inflammation [23]. Recent works
have reported the presence of miRNAs in EVs released from human bronchial epithelial (HBE) cells of
patients with asthma [24], and with chronic obstructive pulmonary disease (COPD) [25]. However,
very few studies have analyzed the RNA cargo of EVs generated after ETS. Recently, Stassen and his
group showed that tissue factor procoagulants are released from bronchial epithelial cells in response
to contact with cigarette smoke extract through an EVs mechanism, suggesting a possible function of
EVs after smoke exposure [26,27].

In this study, we analyzed the RNA composition of EVs derived from control and CSC-treated
human small airway epithelial (SAE) cells using next generation sequencing (NGS). We observed that
CSC exposure led to diverse signatures of new RNA molecules in EVs, especially snRNA types, such
as miRNAs. We identified the targets of a novel miRNA, hsa-miR-3913-5p, significantly enriched in
EVs derived in response to CSC treatment. Analysis of hsa-miR-3913-5p potential target genes and
their biological functions suggest that this miRNA plays a role in lipid transport/binding and the
regulation of gene transcription. Our data add novel information about the cargo of EVs released from
AECs in response to ETS, which could be used to develop biomarkers for the diagnosis of cigarette
smoke-related diseases, as well as for the development of future therapeutic approaches.

2. Materials and Methods

2.1. Small Airway Epithelial Cultures and Stimulation with Cigarette Smoke Condensate

SAE cells (Lonza Inc., San Diego, CA, USA), derived from the terminal bronchioli of cadaveric
donors, were grown in culture medium containing 7.5 mg/mL bovine pituitary extract (BPE), 0.5 mg/mL
hydrocortisone, 0.5µg/mL hEGF, 0.5 mg/mL epinephrine, 10 mg/mL transferrin, 5 mg/mL insulin,
0.1µg/mL retinoic acid, 0.5µg/mL triiodothyronine, 50 mg/mL gentamicin, and 50 mg/mL bovine
serum albumin. CSC was prepared by smoking University of Kentucky’s standard research cigarettes
on an Federal Trade Commission smoke machine, as previously described [28]. The total particulate
matter collected was extracted with dimethyl sulfoxide (DMSO) to generate a 4% solution. Cell
monolayers were plated in basal media (no supplemented added) for 4–6 h prior to CSC (1 µg/mL) or
DMSO vehicle (control) exposure for 48 h.

2.2. Extracellular Vesicles Purification

After CSC exposure, 100 mL of cell supernatant was centrifuged at 3000 g for 15 min at 4 ◦C for
debris removal. The clear media was subjected to further cleaning by filtration through 0.22µm sterile
filter (Millipore, MA, USA) to remove any remaining debris. The filtered media was transferred to
Amicon® Ultra-15 centrifugation filters (Millipore, Billerica, MA, USA) and centrifuged at 2500 g for
35 min. ExoQuick-TC™ (System Biosciences, USA) reagent was added to the media, mixed thoroughly,
and incubated overnight at 4 ◦C to precipitate the EVs. The following morning, the mixture was
subjected to centrifugation at 1500 g for 30 min, and the EV pellet was washed and resuspended
in filtered PBS. The resuspended EVs were passed through the Exo-spin™ columns (Cell Guidance
Systems, St. Louis, MO, USA), and 300 µL of purified EVs were eluted from the column and used
for experimental procedures. Protein concentration was determined using a protein assay kit from
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Bio-Rad, USA. The purified EVs were further characterized using nanoparticle size tracking and the
determination of protein markers by Western blot analysis (Figure 1).Cells 2019, 8, x FOR PEER REVIEW  3  of  13 
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Figure 1. Diagram of EV isolation and characterization. EVs were isolated as described and characterized
for size by ZetaView® analysis and specific markers by Western blot analysis.

2.3. Nanoparticle Tracking Analysis with ZetaView®

EVs size distribution and number of particles were analyzed using the ZetaView PMX 110 (Particle
Metrix GmbH, Meerbusch, Germany) and its corresponding software (Zeta-View® 8.04.02, Particle
Metrix GmbH). Samples of control or CSC EVs solution were run according to the manufacturer’s
instructions and measured three times to ensure reproducibility. The machine was cleaned between
samples using filtered water.

2.4. Western Blot Analysis for EVs Markers

EVs samples were lysed in a buffer (50mM TrisNaCl, 0.5% Triton, 300 mM NaCl) supplemented
with protease and phosphatase inhibitor cocktail. Equal amount of proteins, 15 µg in total, were
processed as described previously [20]. The primary antibodies for Western blot were rabbit anti-human
CD63 (1:1000; System Biosciences), mouse anti-human Alix (1:800; Santa Cruz), mouse anti-human
EpCAM (1:500; Santa Cruz), mouse anti-human Flotillin-1 (1:500; Santa Cruz), and mouse anti-human
GM130 cis –Golgi (1:800; Santa Cruz). A densitometric analysis of band intensities was calculated
using the UVP VisionWorks® Life Science Software 8.0 RC 1.2 (UVP, Upland, CA, USA), verifying for
nonsaturation and subtracting background.

2.5. Extraction of EVs RNA and Next Generation Sequencing (NGS)

RNA was extracted from control or CSC EVs by the phenol/chloroform method using all
RNA-grade reagents and according to our published protocol [20]. Small RNA libraries were made
using the QIAseq® miRNA Library Kit (QIAGEN) following the manufacturer’s protocol. After
Agilent Bioanalyzer analysis, the sample libraries were pooled and sequenced by the UTMB Next
Generation Sequencing Core on an Illumina NextSeq550 (single end 75 base) using TruSeq SBS kit
v3 (Illumina) and protocols defined by the manufacturer. The miRDeep2 software package, version
2.0.0.8, was used to trim adapter sequences from the reads and quantify miRNA read counts using
the miRBase database, release 22. piRNAs were counted by mapping the trimmed reads to piRNA
sequences downloaded from the DASHR database [29] using Bowtie version 1.2.2 with parameters -v2
-l18 -a -M10 -best -strata. For other small RNAs and protein coding genes, the reads were mapped to
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the hg38 reference with the same Bowtie parameters. Reads per gene were counted using the feature
counts function of the subread programs [30] and the GENCODE release 29 annotation file.

2.6. Reverse Transcription (RT)-PCR

To validate the up- and down- regulated miRNA and piRNA expressions, 1 microgram of isolated
RNA was converted into cDNA using miScript II for miRNAs or the miScript Plant cDNA synthesis
reagents (QIAGEN) for piRNAs species, following the manufacturer’s instructions. Since piRNAs
have 2′-O-Me modifications on the 3′ terminal base and are refractory to polyadenylation, a ligation
reaction was performed to overcome the polyadenylation step. Reverse transcription was performed
following ligation. First, 1 µl cDNA served as a template for the PCR analysis using the miScript SYBR
green PCR kit (QIAGEN) and custom miRNAs and piRNAs primers (QIAGEN).

2.7. Predicted Targets of Hsa-miR-3913-5p and Functional Analysis

TargetScanHuman version 7.2, with a context ++ score, was used to predict the biological targets
of hsa-miR-3913-5p identified in EVs; 19475 unique genes, 28353 transcripts, were scanned. Candidate
target genes for hsa-miR-3913-5p were called whenever the gene was paired with the miRNA or its
variant in the default predictions table of TargetScan. We used Panther interface to the Gene Ontology
(GO) database to identify the most prevalent functions of the significant predicted target genes for
hsa-miR-3913-5p. We chose three GO categories: biological process, cellular component, and molecular
function. Relative frequencies were calculated against the entire human genome as background.
p value < 0.05 was designated to be statistically significant.

2.8. Statistical Analysis

EV size and concentration (n = 3), western blot (n = 4), NGS (n = 3), and RT-PCR (n = 4) are
representative of independent experiments. The raw read counts of NGS analysis were normalized
across all samples and then used for pairwise differential expression analysis using the R package
DeSeq. Significant differentially-expressed RNAs were determined by p value with a threshold of 0.05.
Log2 fold changes between samples were hierarchically clustered using Pearson correlation. Some
miRNAs and piRNAs exhibited a large fold change on average, but the variance among samples was
too high to call the difference significant. The fold change of RT-PCR experiments was calculated by
the 2-∆∆CT method and represented mean ± SEM using GraphPad Prism v4 (GraphPad Software). A
p value < 0.05 was considered statistically significant using the student t-test statistics.

3. Results

3.1. Characteristics of EVs Released by SAE Cells under Control and CSC Conditions

We first investigated the generation and release of EVs from control and CSC-treated SAE cells. EVs
were obtained using a two-step enrichment procedure: the first step was a reagent-specific precipitation,
followed by size-exclusion chromatography, as described previously with modifications [20]. Following
enrichment, EVs were characterized using two methods: particle sizing (size and concentration) and
Western blot for the EV markers. We found that the average size of EVs from the control and CSC-treated
cells were 109.5 nm and 114 nm, respectively. SAE cells of the control group produced an average
of 9.2 × 107 particles/mL, and SAE cells in the CSC-treated group produced an average of 8.0 × 107

particles/mL (Figure 2A), indicating a similar particle release between control and treated cells. We
confirmed the presence of EV markers, such as the tetraspanin CD63, and the programmed cell death 6
interacting protein Alix by Western blot analysis. The cis-Golgi matrix protein GM130, a control marker
to monitor cellular contaminations in the preparations, was not detected as expected (Figure 2B).
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Figure 2. Characterization of EVs released from SAE cells under standard (control) or CSC treatment.
(A) Absolute size determination (left panel) and concentration (right panel) of control and CSC- EVs by
ZetaView® PMX-110 analysis. The particles were tracked and sized based on Brownian motion. The
absolute count of EVs was determined and expressed as particles/mL. (B) Western blot analysis of equal
amounts of purified EVs (25µg) for CD63, Alix and GM130. Graph shows densitometric analysis of
Alix in EVs as mean ± SEM. * indicates a statistical difference comparing CSC EVs versus control-EVs
(p value < 0.05). EVs size and concentration, and western blot analysis are representative of three and
four experiments, respectively.

Of interest, there was a significant increase in Alix levels in CSC versus control EVs, while CD63
protein levels did not change for both conditions. EpCAM and Flotillin-1, other EV markers, were not
detected in our samples (data not shown).

3.2. EVs from Control and CSC-Treated SAE Cells Contain Small RNAs

We next determined the small RNA composition in EVs isolated from untreated or CSC-exposed
SAE cells using NGS. The total reads for EVs isolated from control and CSC-treated cells were 35561353
and 3403131789, respectively. Unannotated represent the sequences that did not map to any known
region of the human genome. We identified a broad range of RNA types in the EVs of both groups,
such as ribosomal RNA (rRNA), protein coding, processed transcript and small noncoding RNAs
(snRNAs), including transfer RNAs (tRNAs) small nucleolar RNAs (snoRNAs), microRNAs (miRNAs),
Piwi-interacting RNA (piRNA), and miscellaneous RNAs (miscRNAs), as shown in Table 1. The
percentage of RNA types in EVs was obtained by dividing the RNA type specific reads by total number
of mapped reads.
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Table 1. Percentage of RNA types in EVs from control and CSC-treated SAE cells. Data represent the
mean ± SEM of three independent experiments.

RNA Type % Control EVs % CSC EVs p Value

protein coding 2.9 ± 1.3 3 ± 1.4 0.4

processed transcript 1.5 ± 0.7 1.3 ± 0.7 0.4

miRNA 5.0 ± 0.7 7.5 ± 0.8 0.04

tRNA 9.1 ± 4.0 12.5 ± 6.2 0.3

piRNA 0.4 ± 0.01 0.38 ± 0.02 0.3

snoRNA 6.1± 3.0 5.3 ± 2.9 0.4

rRNA 8.1 ± 0.3 8.4 ± 0.9 0.4

miscRNA 1.4 ± 0.6 2.3 ± 1.0 0.2

snRNA 0.8 ± 0.4 0.9 ± 0.4 0.4

unannotated 63.6 ± 9.3 57 ± 11.3 0.3

CSC treatment resulted in changes in the EV content of tRNAs, miRNAs, and miscRNAs, although
only miRNA reached statistical significant difference, while levels of rRNAs, protein coding transcripts,
and piRNAs did not change. Among the RNAs showing a difference in EV-derived from CSC-treated
cells, tRNAs were the largest component of identified RNA species in EVs from control (9.1%) and
CSC-treated cells (12.5%), followed by miRNAs (5.3% in EVs control and 7.7% in CSC EVs), miscRNAs
(2.2% in EVs control and 3.52% in CSC EVs).

3.3. CSC Induces Changes in miRNAs Expression Profile in EVs from CSC-Treated SAE Cells

miRNAs are a diverse class of snRNA, about 22 nucleotides long, and are able to regulate gene
expression [31,32]. Looking at their expression profiles, a total of 289 miRNAs were identified in EVs
derived from control and CSC-treated cells (Table S1). Eight miRNAs demonstrated significant changes
(p value < 0.05) in EVs derived from CSC-treated cells compared to control. The top upregulated (log2
fold change > 5) and downregulated (log2 fold change < 1) miRNAs are listed in Table 2.

Table 2. Top five miRNAs upregulated and three miRNAs downregulated in CSC EVs. Data represent
the average of three independent experiments.

miRNAs Log2 Fold Change p Value Read Count (Avg)

CSC EVs Control EVs

hsa-miR-3913-5p 10.28 0.0003 356.00 1.62

hsa-miR-574-5p 10.25 0.0006 183.57 0

hsa-miR-656-5p 9.76 0.0014 126.40 0

hsa-miR-3180-5p 9.21 0.0022 39.98 0

hsa-miR-500a-5p 8.91 0.0033 84.5 0

hsa-miR-618 −9.25 0.00241 0 76.053

hsa-miR-222-5p −8.78 0.00472 0 55.44

hsa-miR-130b-5p −8.20 0.005 0 38.35

Out of those eight miRNAs, we confirmed the expression of three upregulated miRNAs
(miR-3913-5p, miR-574-5p, miR-500a-5p) and one downregulated miRNA (miR-618) by RT-PCR
in both control and CSC-exposed cells, as well as in EV derived from both conditions. Levels of
miR-3913-5p, miR-574-5p, miR-500a-5p, and miR-618 were similar in CSC-treated cells compared to
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control cells (Figure 3, left panel), while miR-3913-5p, miR-574-5p, and miR-500a-5p levels were higher
and miR-618 lower in EVs derived from CSC-treated cells compared to control (Figure 3, right panel),
confirming the results obtained from NGS. miR-3913-5p was the top upregulated miRNA in CSC EVs,
with the highest fold change. These results indicate an enrichment of these miRNAs in EVs compared
to levels present in SAE cells.
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Figure 3. Validation of miRNAs expression in SAE cells and EVs. RNA extracted from SAE cells control
and CSC-treated (left panel) and from control and CSC EVs (right panel) was subjected to miRNAs
analysis by RT-PCR. Fold changes in miRNA expression were determined by 2-∆∆CT method and
represent mean ± SEM normalized to small nucleolar RNA C/D box 61 (SNORD61). * and ** indicates a
statistical difference comparing CSC EVs versus control-EVs (* p value < 0.05; ** p value < 0.01). Data is
representative of four independent experiments.

piRNAs are a class of snRNAs (24–35 nucleotide long) also involved in epigenetic and
post-transcriptional gene silencing mechanisms [33]. A total of 62 piRNAs were detected in our
EV preparations (Table S2); we found that five were significantly downregulated and two upregulated
in EVs isolated from CSC-treated cells, compared to control. The top downregulated piRNAs (<1.5 log2
fold change) and the top piRNAs upregulated (>5 fold change) are shown in Table 3.

Table 3. Top five piRNAs downregulated and two piRNAs upregulated in CSC EVs. Data represent
the average of three independent experiments.

piRNAs Log2 Fold Change p Value Read Count (Avg)

CSC EVs Control EVs

piR-36705 −10.19 0.002 0 191.02

piR-37183 −10.19 0.002 0 191.02

piR-59260 −10.19 0.002 0 191.02

piR-36924 −10.24 0.002 0.32 358.4

piR-52900 −10.28 0.004 0 211.63

piR-31985 10.52 0.004 498.48 0

piR-50603 9.78 0.001 276.51 0

To validate the NGS results, we selected two downregulated piRNAs, i.e., piR-52900 and piR-36924,
and the upregulated piR-50603, and confirmed their level of expression by RT-PCR in EVs control
and CSC EVs, as well as in control and CSC-treated cells. We found that piR-50603 was upregulated
in CSC-treated cells with a similar profile of expression in EVs derived from CSC-treated cells. The
piR-52900 level was lower both in CSC-treated cells and CSC EV, while the piR-36924 level was lower
only in CSC EVs but not in cells, compared to control, as shown in Figure 4.
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Figure 4. Validation of piRNAs expression in SAE cells and EVs. RNA extracted from control and
CSC-treated (left panel) SAE cells and from control and CSC EVs (right panel) was subjected to piRNAs
analysis by RT-PCR. Fold changes in piRNA expression were determined by 2-∆∆CT method and
represent mean ± SEM normalized to small nucleolar RNA C/D box 61 (SNORD61). * and ** indicates a
statistical difference comparing CSC EVs versus control-EVs (* p value < 0.05; ** p value < 0.01). Data is
representative of four independent experiments.

3.4. Potential Targets and Gene Ontology Prediction of the Upregulated Hsa-miR-3913-5p in CSC EVs

Since hsa-miR-3913-5p was significantly enriched in EVs derived from CSC-treated SAE cells,
we next characterized the predicted targets of hsa-miR-3913-5p using the human targets database of
the TargetScan software package, v. 7.2 (TargetScan is being developed at the Whitehead Institute
for Biomedical Research, Massachusetts Institute of Technology, Cambridge, MA, USA) [34,35]. We
identified 5297 potential targets for the selected miRNA. Then, we selected 31 targets with a cumulative
weighted context ++ score < −0.5, shown in Table 4.

Table 4. Predicted target genes of hsa-miR-3913-5p.

Target Gene Cumulative Weighted
Context ++ Score Target Gene Cumulative Weighted

Context ++ Score

PLEKHS1 −1.39 AC005477.1 −0.58

GCSAM −1 FCGR2A −0.58

BLNK −0.75 ETNK1 −0.55

ACMSD −0.74 MYF5 −0.55

AP000708.1 −0.72 NME4 −0.54

KCNAB2 −0.7 APOA4 −0.54

IQCK −0.7 KRTAP4-6 −0.53

RHAG −0.65 AL049747.1 −0.53

S100A10 −0.65 ZNF740 −0.53

NHLH1 −0.61 SEPT3 −0.53

OR51F2 −0.61 ITGAE −0.53

VSNL1 −0.6 PRKCDBP −0.52

ERGIC1 −0.6 TPMT −0.52

PYY −0.59 C21ORF33 −0.5

YWHAZ −0.59 RP11-321F6.1 −0.5

PSMC4 −0.59
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The Pleckstrin homology domain containing S1 (PLEKHS1) was the potential target with the
highest score (−1.39). PLEKHS1 protein is highly expressed in bronchial epithelial cells and plays a role
in intracellular signaling or as constituents of the cytoskeleton. Other high-scoring targets included the
germinal center-associated signaling and motility protein (GCSAM) and B-cell linker protein (BLNK).
GCSAM has been involved in the negative regulation of lymphocyte motility [36]. BLNK, highly
expressed in the mouth mucosa, functions as central linker protein for the B cell receptor and the
activation of nuclear factor kappa-B [37,38].

We next used the Gene Ontology (GO) functional classification tool [39,40] in order to determine
the cell component, biological processes, and molecular function of the top predict targets of
hsa-miR-3913-5p (Table 5). The most enriched biological process included lipid transport and
the regulation of mRNA stability, with lipid binding being the molecular function group with the
highest enrichment.

Table 5. GO term enrichment functional analysis. Top gene targets categorized in three
biologically-relevant categories.

Term Genes Enrichment

Biological process

lipid transport NME4, APOA4 19.21

regulation of mRNA stability YWHAZ, PSMC4 14.17

extracellular matrix organization ITGAE, MYF5 7.44

RNA polymerase II promoter MYF5, NHLH1 2.84

Cellular component

cytosol APOA4, YWHAZ, KCNAB2, PSMC4, VSNL1,
ACMSD, ETNK1, TPMT, BLNK 2.06

membrane KCNAB2, PSMC4, VSNL1, ETNK1, RHAG, ERGIC1 2.07

blood microparticle APOA4, YWHAZ 9.99

plasma membrane KCNAB2, ITGAE, OR51F2, ETNK1, GCSAM,
FCGR2A, RHAG, BLNK 1.47

extracellular exosome APOA4, YWHAZ, ACMSD, S100A10, FCGR2A,
TPMT 1.62

cytoskeleton SEPT3, KCNAB2 4.09

cell junction SEPT3, KCNAB2 3.3

integral component of membrane KCNAB2, ACMSD, OR51F2, ETNK1, S100A10,
FCGR2A, RHAG, ERGIC1 1.17

Molecular function

lipid binding NME4, APOA4, S100A10 13.97

protein binding
YWHAZ, SEPT3, MYF5, ACMSD, GCSAM, S100A10,
PRKCDBP, ERGIC1, APOA4, NME4, PSMC4, VSNL1,
ETNK1, FCGR2A, PYY, PLEKHS1, BLNK

1.36

transcriptional activation only MYF5, NHLH1 14.80

hydrolase activity PSMC4, ACMSD 7.36

protein kinase binding YWHAZ, GCSAM 3.74
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4. Discussion

The aim of this study was to characterize snRNA content using high-throughput technologies in
EVs derived from normal AECs after exposure to CSC, as a proxy for ETS [28,41], since the role of
EVs and exosomes in the pathogenesis of cigarette smoke-related diseases is still mostly unknown. A
recent in vitro study reported that HBE cells exposed to cigarette smoke extract (CSE) released EVs,
and EVs from both normal and CSE-treated cell conditions displayed the expression of CD63, the EV
marker. Also, the size and number of EVs derived from control and CSE-treated HBE cells did not vary
significantly between the two groups [25]. The presence of the CD63 marker was also confirmed in EVs
isolated from untreated and CSE-treated immortalized HBE cells (BEAS 2B), and while no significant
differences of EVs size were detected in both conditions, CSE exposure increased the amount of EVs
released from BEAS 2B cells [42]. Similar to the published finding of Xu’s team, our data suggested
that human SAE cells are able to secrete EVs under control and cigarette smoke exposure conditions
in an in vitro model. Although the differential centrifugation technique is widely used for the EV
purification, we opted for the two-step procedure, i.e., precipitation reagent solution and size exclusion
chromatography (SEC), as it is associated with a higher purity of EVs than differential centrifugation
alone [43]. We found that CSC exposure did not cause significant differences in the concentration and
size of SAE-derived EVs. CD63 and Alix, EVs markers, were present in both groups, with EVs isolated
from CSC-SAE cells showing increased Alix content. A similar result was reported for the EV isolated
from CSC-exposed human monocytes [44].

Our RNA sequencing analysis revealed that EVs isolated from CSC-treated SAE cells displayed
a different amount of various small noncoding RNAs (sncRNA) compared to the control EVs. We
decided to explore two snRNA classes associated with the gene regulation processes: miRNAs and
piRNAs. miRNAs are 22 nucleotides long. miRNAs usually functions in gene silencing via translational
repression or target degradation [45]. NGS analysis showed that five miRNAs were upregulated
(e.g., miR-3913-5p, miR-574-5p, miR-656-5p, and miR-3180-5p), and three downregulated (miR-618,
miR-222-5p, and miR-130b-5p) in EVs derived from CSC-exposed cells, compared to control cells.
Real-time PCR confirmed that CSC treatment led to the upregulation and enrichment of novel miRNAs
in EVs, namely miR-3913-5p, miR-574-5p, and miR-500a-5p, whose function is still unexplored. Of the
downregulated miRNAs, it has been previously reported that miR-222 was downregulated in the lungs
of rats exposed to cigarette smoke [46]. Changes in small RNA (including miRNA) composition have
been reported in EVs derived from HBE cells after CSE treatment. Recent studies demonstrated that two
miRNAs, miR-210 and miR-21, were upregulated in EVs after cell exposure to CSE [25,47]. When using
BEAS 2B cells, He and colleagues found that a low percentage of CSE reduced the amount of miR-21
while a higher CSE percentage increased the miR-21 content of EVs [48]. In our experiments, miR-21
was detectable in both CSC and control EVs, with a marginal increase in the CSC ones, which, however,
was not statistically significant. The different type of airway epithelia cells and cigarette smoke sources
could be responsible for the differences in our results. For example, Baskoro demonstrated that SAE
cells exhibit a different proinflammatory response to cigarette smoke exposure compared to HBEs [49].

Since hsa-miR-3913-5p was the highest upregulated miRNA in CSC EVs, we focused on the
identification of potential genes regulated by this miRNA using the TargetScan software, and classified
them into functional groups. PLEKHS1 was the potential target with the highest score, and lipid
transport, lipid binding, and regulation of mRNA stability were the most enriched biological and
molecular function groups. Lipids are critical components of airway mucosa, and cigarette smoke
exposure has been shown to alter lipid homeostasis in mouse alveolar macrophages [50]. It is known
that PLEKH domains have a specific affinity for binding lipids product as phospholipid molecules [51].
APOA4, NME4, and S100-A10 protein (S100A10) represented the most significant groups of targets of
hsa-miR-3913-5p involved in lipid binding (p <0.05). Although ApoA4 has not been investigated in
the context of smoke exposure, ApoA-I, another apopoliprotein, exhibits multiple protective features
in normal and pathological lung conditions (asthma, emphysema, influenza, and lung cancer). In
particular, ApoA-I displayed anti-inflammatory and antioxidant properties in a mouse model of
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cigarette smoke-induced emphysema [52]. Future studies will focus on identifying the actual targets
regulated by hsa-miR-3913-5p and their biological function.

In conclusion, a better understanding of EV generation and composition in response to ETS
exposure, as well as the identification of the biological targets of their cargo, could lead to their potential
utilization as diagnostic biomarkers, and to the identification of novel therapeutic targets of smoke and
ETS-dependent diseases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/12/1652/s1,
Table S1: Complete list of miRNAs expressed in EVs control and upon CSC exposure, Table S2: Complete list of
piRNAs expressed in EVs control and upon CSC exposure.

Author Contributions: T.C. performed experiments, literature review, and drafting of the manuscript; A.S.K.
contributed to data analysis and drafting of the manuscript; A.C. and R.P.G. contributed to the conception of the
manuscript, literature review, and final manuscript editing.

Funding: This work was partially supported by NIH grant AI142570 and ES026782. Tiziana Corsello was
supported by the NIEHS Institute of Environmental Toxicology Training Program T32ES007254.

Acknowledgments: The authors would like to thank Cynthia Tribble for assistance with submission of
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Margolis, L.; Sadovsky, Y. The biology of extracellular vesicles: The known unknowns. PLoS Biol. 2019, 17,
e3000363. [CrossRef] [PubMed]

2. Chiang, C.-Y.; Chen, C. Toward characterizing extracellular vesicles at a single-particle level. J. Biomed. Sci.
2019, 26, 9. [CrossRef] [PubMed]

3. Tkach, M.; Thery, C. Communication by Extracellular Vesicles: Where We Are and Where We Need to Go.
Cell 2016, 164, 1226–1232. [CrossRef] [PubMed]

4. Skalnikova, H.K.; Bohuslavova, B.; Turnovcova, K.; Juhasova, J.; Juhas, S.; Rodinova, M.; Vodicka, P. Isolation
and Characterization of Small Extracellular Vesicles from Porcine Blood Plasma, Cerebrospinal Fluid, and
Seminal Plasma. Proteomes 2019, 7, 17. [CrossRef] [PubMed]

5. Wang, X. Isolation of Extracellular Vesicles from Breast Milk. Methods Mol. Biol. 2017, 1660, 351–353.
[CrossRef] [PubMed]

6. Parimon, T.; Garrett Iii, N.E.; Chen, P.; Antes, T.J. Isolation of Extracellular Vesicles from Murine
Bronchoalveolar Lavage Fluid Using an Ultrafiltration Centrifugation Technique. JoVE 2018. [CrossRef]

7. Iwai, K.; Yamamoto, S.; Yoshida, M.; Shiba, K. Isolation of Extracellular Vesicles in Saliva Using Density
Gradient Ultracentrifugation. Methods Mol. Biol. 2017, 1660, 343–350. [CrossRef]

8. Markowska, A.; Pendergrast, R.S.; Pendergrast, J.S.; Pendergrast, P.S. A novel method for the isolation of
extracellular vesicles and RNA from urine. J. Circ. Biomark. 2017, 6. [CrossRef]

9. Kosanovic, M.; Milutinovic, B.; Goc, S.; Mitic, N.; Jankovic, M. Ion-exchange chromatography purification of
extracellular vesicles. Biotechniques 2017, 63, 65–71. [CrossRef]

10. Thery, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.;
Arab, T.; Archer, F.; Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018
(MISEV2018): A position statement of the International Society for Extracellular Vesicles and update of the
MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750. [CrossRef]

11. Lotvall, J.; Hill, A.F.; Hochberg, F.; Buzas, E.I.; Di Vizio, D.; Gardiner, C.; Gho, Y.S.; Kurochkin, I.V.;
Mathivanan, S.; Quesenberry, P.; et al. Minimal experimental requirements for definition of extracellular
vesicles and their functions: A position statement from the International Society for Extracellular Vesicles. J.
Extracell. Vesicles 2014, 3, 26913. [CrossRef] [PubMed]

12. Yanez-Mo, M.; Siljander, P.R.; Andreu, Z.; Zavec, A.B.; Borras, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.;
Carvalho, J.; et al. Biological properties of extracellular vesicles and their physiological functions. J. Extracell.
Vesicles 2015, 4, 27066. [CrossRef] [PubMed]

http://www.mdpi.com/2073-4409/8/12/1652/s1
http://dx.doi.org/10.1371/journal.pbio.3000363
http://www.ncbi.nlm.nih.gov/pubmed/31318874
http://dx.doi.org/10.1186/s12929-019-0502-4
http://www.ncbi.nlm.nih.gov/pubmed/30646920
http://dx.doi.org/10.1016/j.cell.2016.01.043
http://www.ncbi.nlm.nih.gov/pubmed/26967288
http://dx.doi.org/10.3390/proteomes7020017
http://www.ncbi.nlm.nih.gov/pubmed/31027284
http://dx.doi.org/10.1007/978-1-4939-7253-1_28
http://www.ncbi.nlm.nih.gov/pubmed/28828670
http://dx.doi.org/10.3791/58310
http://dx.doi.org/10.1007/978-1-4939-7253-1_27
http://dx.doi.org/10.1177/1849454417712666
http://dx.doi.org/10.2144/000114575
http://dx.doi.org/10.1080/20013078.2018.1535750
http://dx.doi.org/10.3402/jev.v3.26913
http://www.ncbi.nlm.nih.gov/pubmed/25536934
http://dx.doi.org/10.3402/jev.v4.27066
http://www.ncbi.nlm.nih.gov/pubmed/25979354


Cells 2019, 8, 1652 12 of 13

13. Pitt, J.M.; Kroemer, G.; Zitvogel, L. Extracellular vesicles: Masters of intercellular communication and
potential clinical interventions. J. Clin. Investig. 2016, 126, 1139–1143. [CrossRef] [PubMed]

14. Paolicelli, R.C.; Bergamini, G.; Rajendran, L. Cell-to-cell Communication by Extracellular Vesicles: Focus on
Microglia. Neuroscience 2019, 405, 148–157. [CrossRef]

15. Candelario, K.M.; Steindler, D.A. The role of extracellular vesicles in the progression of neurodegenerative
disease and cancer. Trends Mol. Med. 2014, 20, 368–374. [CrossRef]

16. Han, L.; Lam, E.W.; Sun, Y. Extracellular vesicles in the tumor microenvironment: Old stories, but new tales.
Mol. Cancer 2019, 18, 59. [CrossRef]

17. Hadley, E.E.; Sheller-Miller, S.; Saade, G.; Salomon, C.; Mesiano, S.; Taylor, R.N.; Taylor, B.D.; Menon, R.
Amnion epithelial cell-derived exosomes induce inflammatory changes in uterine cells. Am. J. Obstet.
Gynecol. 2018, 219, 478.e1–478.e21. [CrossRef]

18. Thery, C.; Ostrowski, M.; Segura, E. Membrane vesicles as conveyors of immune responses. Nat. Rev.
Immunol. 2009, 9, 581–593. [CrossRef]

19. Todorova, D.; Simoncini, S.; Lacroix, R.; Sabatier, F.; Dignat-George, F. Extracellular Vesicles in Angiogenesis.
Circ. Res. 2017, 120, 1658–1673. [CrossRef]

20. Chahar, H.S.; Corsello, T.; Kudlicki, A.S.; Komaravelli, N.; Casola, A. Respiratory Syncytial Virus Infection
Changes Cargo Composition of Exosome Released from Airway Epithelial Cells. Sci. Rep. 2018, 8, 387.
[CrossRef]

21. Vader, P.; Mol, E.A.; Pasterkamp, G.; Schiffelers, R.M. Extracellular vesicles for drug delivery. Adv. Drug
Deliv. Rev. 2016, 106, 148–156. [CrossRef] [PubMed]

22. Kim, S.M.; Kim, H.S. Engineering of extracellular vesicles as drug delivery vehicles. Stem. Cell Investig. 2017,
4, 74. [CrossRef] [PubMed]

23. Di Leva, G.; Garofalo, M.; Croce, C.M. MicroRNAs in cancer. Annu. Rev. Pathol. 2014, 9, 287–314. [CrossRef]
[PubMed]

24. Bartel, S.; La Grutta, S.; Cilluffo, G.; Perconti, G.; Bongiovanni, A.; Giallongo, A.; Behrends, J.; Kruppa, J.;
Hermann, S.; Chiang, D.; et al. Human airway epithelial extracellular vesicle miRNA signature is altered
upon asthma development. Allergy 2019. [CrossRef] [PubMed]

25. Xu, H.; Ling, M.; Xue, J.; Dai, X.; Sun, Q.; Chen, C.; Liu, Y.; Zhou, L.; Liu, J.; Luo, F.; et al. Exosomal
microRNA-21 derived from bronchial epithelial cells is involved in aberrant epithelium-fibroblast cross-talk
in COPD induced by cigarette smoking. Theranostics 2018, 8, 5419–5433. [CrossRef] [PubMed]

26. Stassen, F.R.M.; van Eijck, P.H.; Savelkoul, P.H.M.; Wouters, E.F.M.; Rohde, G.G.U.; Briede, J.J.; Reynaert, N.L.;
de Kok, T.M.; Benedikter, B.J. Cell Type- and Exposure-Specific Modulation of CD63/CD81-Positive and
Tissue Factor-Positive Extracellular Vesicle Release in response to Respiratory Toxicants. Oxid. Med. Cell
Longev. 2019, 2019, 5204218. [CrossRef]

27. Benedikter, B.J.; Bouwman, F.G.; Heinzmann, A.C.A.; Vajen, T.; Mariman, E.C.; Wouters, E.F.M.;
Savelkoul, P.H.M.; Koenen, R.R.; Rohde, G.G.U.; van Oerle, R.; et al. Proteomic analysis reveals procoagulant
properties of cigarette smoke-induced extracellular vesicles. J. Extracell. Vesicles 2019, 8, 1585163. [CrossRef]

28. Castro, S.M.; Kolli, D.; Guerrero-Plata, A.; Garofalo, R.P.; Casola, A. Cigarette smoke condensate enhances
respiratory syncytial virus-induced chemokine release by modulating NF-kappa B and interferon regulatory
factor activation. Toxicol. Sci. 2008, 106, 509–518. [CrossRef]

29. Kuksa, P.P.; Amlie-Wolf, A.; Katanic, Z.; Valladares, O.; Wang, L.S.; Leung, Y.Y. DASHR 2.0: Integrated
database of human small non-coding RNA genes and mature products. Bioinformatics 2019, 35, 1033–1039.
[CrossRef]

30. Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence
reads to genomic features. Bioinformatics 2014, 30, 923–930. [CrossRef]

31. Shivdasani, R.A. MicroRNAs: Regulators of gene expression and cell differentiation. Blood 2006, 108,
3646–3653. [CrossRef] [PubMed]

32. Catalanotto, C.; Cogoni, C.; Zardo, G. MicroRNA in Control of Gene Expression: An Overview of Nuclear
Functions. Int. J. Mol. Sci. 2016, 17, 1712. [CrossRef] [PubMed]

33. Rojas-Rios, P.; Simonelig, M. piRNAs and PIWI proteins: Regulators of gene expression in development and
stem cells. Development 2018, 145. [CrossRef] [PubMed]

34. Agarwal, V.; Bell, G.W.; Nam, J.W.; Bartel, D.P. Predicting effective microRNA target sites in mammalian
mRNAs. Elife 2015, 4. [CrossRef] [PubMed]

http://dx.doi.org/10.1172/JCI87316
http://www.ncbi.nlm.nih.gov/pubmed/27035805
http://dx.doi.org/10.1016/j.neuroscience.2018.04.003
http://dx.doi.org/10.1016/j.molmed.2014.04.003
http://dx.doi.org/10.1186/s12943-019-0980-8
http://dx.doi.org/10.1016/j.ajog.2018.08.021
http://dx.doi.org/10.1038/nri2567
http://dx.doi.org/10.1161/CIRCRESAHA.117.309681
http://dx.doi.org/10.1038/s41598-017-18672-5
http://dx.doi.org/10.1016/j.addr.2016.02.006
http://www.ncbi.nlm.nih.gov/pubmed/26928656
http://dx.doi.org/10.21037/sci.2017.08.07
http://www.ncbi.nlm.nih.gov/pubmed/29057246
http://dx.doi.org/10.1146/annurev-pathol-012513-104715
http://www.ncbi.nlm.nih.gov/pubmed/24079833
http://dx.doi.org/10.1111/all.14008
http://www.ncbi.nlm.nih.gov/pubmed/31386204
http://dx.doi.org/10.7150/thno.27876
http://www.ncbi.nlm.nih.gov/pubmed/30555555
http://dx.doi.org/10.1155/2019/5204218
http://dx.doi.org/10.1080/20013078.2019.1585163
http://dx.doi.org/10.1093/toxsci/kfn175
http://dx.doi.org/10.1093/bioinformatics/bty709
http://dx.doi.org/10.1093/bioinformatics/btt656
http://dx.doi.org/10.1182/blood-2006-01-030015
http://www.ncbi.nlm.nih.gov/pubmed/16882713
http://dx.doi.org/10.3390/ijms17101712
http://www.ncbi.nlm.nih.gov/pubmed/27754357
http://dx.doi.org/10.1242/dev.161786
http://www.ncbi.nlm.nih.gov/pubmed/30194260
http://dx.doi.org/10.7554/eLife.05005
http://www.ncbi.nlm.nih.gov/pubmed/26267216


Cells 2019, 8, 1652 13 of 13

35. Available online: www.targetscan.org (accessed on 1 December 2019).
36. Lu, X.; Kazmierczak, K.; Jiang, X.; Jones, M.; Watt, J.; Helfman, D.M.; Moore, J.R.; Szczesna-Cordary, D.;

Lossos, I.S. Germinal center-specific protein human germinal center associated lymphoma directly interacts
with both myosin and actin and increases the binding of myosin to actin. FEBS J. 2011, 278, 1922–1931.
[CrossRef] [PubMed]

37. Fu, C.; Turck, C.W.; Kurosaki, T.; Chan, A.C. BLNK: A central linker protein in B cell activation. Immunity
1998, 9, 93–103. [CrossRef]

38. Moscat, J.; Diaz-Meco, M.T.; Rennert, P. NF-kappaB activation by protein kinase C isoforms and B-cell
function. EMBO Rep. 2003, 4, 31–36. [CrossRef]

39. Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Bioinformatics enrichment tools: Paths toward the
comprehensive functional analysis of large gene lists. Nucleic Acids Res. 2009, 37, 1–13. [CrossRef]

40. Mi, H.; Muruganujan, A.; Ebert, D.; Huang, X.; Thomas, P.D. PANTHER version 14: More genomes, a new
PANTHER GO-slim and improvements in enrichment analysis tools. Nucleic Acids Res. 2019, 47, D419–D426.
[CrossRef]

41. Luppi, F.; Aarbiou, J.; van Wetering, S.; Rahman, I.; de Boer, W.I.; Rabe, K.F.; Hiemstra, P.S. Effects of
cigarette smoke condensate on proliferation and wound closure of bronchial epithelial cells in vitro: Role of
glutathione. Respir. Res. 2005, 6, 140. [CrossRef]

42. Benedikter, B.J.; Volgers, C.; van Eijck, P.H.; Wouters, E.F.M.; Savelkoul, P.H.M.; Reynaert, N.L.; Haenen, G.;
Rohde, G.G.U.; Weseler, A.R.; Stassen, F.R.M. Cigarette smoke extract induced exosome release is mediated
by depletion of exofacial thiols and can be inhibited by thiol-antioxidants. Free Radic. Biol. Med. 2017, 108,
334–344. [CrossRef] [PubMed]

43. Davis, C.N.; Phillips, H.; Tomes, J.J.; Swain, M.T.; Wilkinson, T.J.; Brophy, P.M.; Morphew, R.M. The
importance of extracellular vesicle purification for downstream analysis: A comparison of differential
centrifugation and size exclusion chromatography for helminth pathogens. PLoS Negl. Trop. Dis. 2019, 13,
e0007191. [CrossRef] [PubMed]

44. Haque, S.; Sinha, N.; Ranjit, S.; Midde, N.M.; Kashanchi, F.; Kumar, S. Monocyte-derived exosomes
upon exposure to cigarette smoke condensate alter their characteristics and show protective effect against
cytotoxicity and HIV-1 replication. Sci. Rep. 2017, 7, 16120. [CrossRef] [PubMed]

45. Lim, L.P.; Lau, N.C.; Garrett-Engele, P.; Grimson, A.; Schelter, J.M.; Castle, J.; Bartel, D.P.; Linsley, P.S.;
Johnson, J.M. Microarray analysis shows that some microRNAs downregulate large numbers of target
mRNAs. Nature 2005, 433, 769–773. [CrossRef] [PubMed]

46. Izzotti, A.; Calin, G.A.; Arrigo, P.; Steele, V.E.; Croce, C.M.; De Flora, S. Downregulation of microRNA
expression in the lungs of rats exposed to cigarette smoke. FASEB J. 2009, 23, 806–812. [CrossRef]

47. Fujita, Y.; Araya, J.; Ito, S.; Kobayashi, K.; Kosaka, N.; Yoshioka, Y.; Kadota, T.; Hara, H.; Kuwano, K.;
Ochiya, T. Suppression of autophagy by extracellular vesicles promotes myofibroblast differentiation in
COPD pathogenesis. J. Extracell. Vesicles 2015, 4, 28388. [CrossRef]

48. He, S.; Chen, D.; Hu, M.; Zhang, L.; Liu, C.; Traini, D.; Grau, G.E.; Zeng, Z.; Lu, J.; Zhou, G.; et al. Bronchial
epithelial cell extracellular vesicles ameliorate epithelial-mesenchymal transition in COPD pathogenesis by
alleviating M2 macrophage polarization. Nanomedicine 2019, 18, 259–271. [CrossRef]

49. Baskoro, H.; Sato, T.; Karasutani, K.; Suzuki, Y.; Mitsui, A.; Arano, N.; Nurwidya, F.; Kato, M.; Takahashi, F.;
Kodama, Y.; et al. Regional heterogeneity in response of airway epithelial cells to cigarette smoke. BMC
Pulm. Med. 2018, 18, 148. [CrossRef]

50. Morissette, M.C.; Shen, P.; Thayaparan, D.; Stampfli, M.R. Disruption of pulmonary lipid homeostasis drives
cigarette smoke-induced lung inflammation in mice. Eur. Respir. J. 2015, 46, 1451–1460. [CrossRef]

51. Haslam, R.J.; Koide, H.B.; Hemmings, B.A. Pleckstrin domain homology. Nature 1993, 363, 309–310.
[CrossRef]

52. Kim, C.; Lee, J.M.; Park, S.W.; Kim, K.S.; Lee, M.W.; Paik, S.; Jang, A.S.; Kim, D.J.; Uh, S.; Kim, Y.; et al.
Attenuation of Cigarette Smoke-Induced Emphysema in Mice by Apolipoprotein A-1 Overexpression. Am. J.
Respir. Cell Mol. Biol. 2016, 54, 91–102. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

www.targetscan.org
http://dx.doi.org/10.1111/j.1742-4658.2011.08109.x
http://www.ncbi.nlm.nih.gov/pubmed/21447067
http://dx.doi.org/10.1016/S1074-7613(00)80591-9
http://dx.doi.org/10.1038/sj.embor.embor704
http://dx.doi.org/10.1093/nar/gkn923
http://dx.doi.org/10.1093/nar/gky1038
http://dx.doi.org/10.1186/1465-9921-6-140
http://dx.doi.org/10.1016/j.freeradbiomed.2017.03.026
http://www.ncbi.nlm.nih.gov/pubmed/28359953
http://dx.doi.org/10.1371/journal.pntd.0007191
http://www.ncbi.nlm.nih.gov/pubmed/30811394
http://dx.doi.org/10.1038/s41598-017-16301-9
http://www.ncbi.nlm.nih.gov/pubmed/29170447
http://dx.doi.org/10.1038/nature03315
http://www.ncbi.nlm.nih.gov/pubmed/15685193
http://dx.doi.org/10.1096/fj.08-121384
http://dx.doi.org/10.3402/jev.v4.28388
http://dx.doi.org/10.1016/j.nano.2019.03.010
http://dx.doi.org/10.1186/s12890-018-0715-4
http://dx.doi.org/10.1183/09031936.00216914
http://dx.doi.org/10.1038/363309b0
http://dx.doi.org/10.1165/rcmb.2014-0305OC
http://www.ncbi.nlm.nih.gov/pubmed/26086425
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Small Airway Epithelial Cultures and Stimulation with Cigarette Smoke Condensate 
	Extracellular Vesicles Purification 
	Nanoparticle Tracking Analysis with ZetaView® 
	Western Blot Analysis for EVs Markers 
	Extraction of EVs RNA and Next Generation Sequencing (NGS) 
	Reverse Transcription (RT)-PCR 
	Predicted Targets of Hsa-miR-3913-5p and Functional Analysis 
	Statistical Analysis 

	Results 
	Characteristics of EVs Released by SAE Cells under Control and CSC Conditions 
	EVs from Control and CSC-Treated SAE Cells Contain Small RNAs 
	CSC Induces Changes in miRNAs Expression Profile in EVs from CSC-Treated SAE Cells 
	Potential Targets and Gene Ontology Prediction of the Upregulated Hsa-miR-3913-5p in CSC EVs 

	Discussion 
	References

