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Abstract

Background: Epithelial–mesenchymal transition (EMT) is regarded as a critical event during tumor metastasis.
Recent studies have revealed changes and the contributions of proteins in/on exosomes during EMT. Besides
proteins, microRNA (miRNA) is another important functional component of exosomes. We hypothesized that the
miRNA profile of exosomes may change following EMT and these exosomal miRNAs may in return promote EMT,
migration and invasion of cancer cells.

Results: The small RNA profile of exosomes was altered following EMT. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis revealed that the specific miRNAs of M-exosomes have the potential to drive signal
transduction networks in EMT and cancer progression. Co-culture experiments confirmed that M-exosomes can
enter epithelial cells and promote migration, invasion and expression of mesenchymal markers in the recipient cells.

Conclusion: Our results reveal changes in the function and miRNA profile of exosomes upon EMT. M-exosomes
can promote transfer of the malignant (mesenchymal) phenotype to epithelial recipient cells. Further, the miRNAs
specifically expressed in M-exosomes are associated with EMT and metastasis, and may serve as new biomarkers for
EMT-like processes in lung cancer.
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Background
Lung cancer is one of the most common and lethal can-
cers worldwide [1], and metastasis is the leading cause
of lung cancer-related deaths [2], which highlights the
urgent need to better understand the critical steps and
mechanisms of metastasis. Exosomes are small mem-
brane vesicles (30–150 nm) secreted by a variety of cells.
They are spherical particles enclosed by a phospholipid
bilayer, containing DNA, RNA, and protein, and are re-
leased into the extracellular environment [3]. It has been
shown that exosomes are local and systemic cell-to-cell

mediators of information, through the horizontal trans-
fer of signaling macromolecules, in various pathophysio-
logical processes [4, 5]. Tumor cells may secrete large
amounts of exosomes, which are currently considered
one of the main contributors to tumor progression and
metastasis by promoting the proliferation and inhibiting
apoptosis of tumor cells [6], activating angiogenic path-
ways [7], and enhancing invasiveness and migration of
tumor cells [8, 9].
Epithelial–mesenchymal transition (EMT), a process in

which epithelial cells (E-cells) lose their polarity and are
converted into mesenchymal cells (M-cells), is regarded as
a critical event during tumor metastasis [10, 11]. Several
studies have revealed the contribution of exosomes during
the EMT process in various cancers [12, 13]. On one
hand, tumor-derived exosomes transfer specific cargoes to
recipient cells, leading to the process of EMT and tumor
development [14–17]. On the other hand, the profiles of
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exosomal proteins and RNAs may also be altered follow-
ing EMT [18–20]. Thus, the contents of exosomes may be
used as new biomarkers to monitor the process of EMT
and tumor development.
Previous studies on exosomes have focused on the changes

in the exosomal proteome during EMT [18, 20–22]. For ex-
ample, the mRNA and protein levels of vimentin in exo-
somes were found to be increased after EMT [17]. However,
microRNAs (miRNAs), another important functional com-
ponent of exosomes, have rarely been reported in studies of
EMT in lung cancer. Only one study has reported that the
level of miR-23a was increased in exosomes secreted by mes-
enchymal lung cancer cells [23]. Given that multiple specific
miRNAs may be secreted in tumor-derived exosomes and
that they may also be altered during tumor progression
[24, 25], it is worth investigating the changes in the
overall exosomal miRNA profile during the EMT
process. Hence, for the first time, we comprehensively
analyzed changes in the small RNA (sRNA) profiles of
exosomes following EMT of lung cancer cells using
high-throughput sequencing. Considering that miRNAs
transferred by exosomes can alter the behavior of re-
cipient tumor cells to promote oncogenesis [25, 26], we
also compared the function of exosomes derived from
E-cells with that of exosomes from M-cells carrying dif-
ferent sRNA cargoes, to gather evidence that repro-
gramming of the miRNA profile of exosomes may
accelerate cancer malignancy.

Methods
Cell culture and establishment of EMT cell model
The human lung cell line A549 and H1299 provided by
Cell bank, Type culture collection, Chinese Academy of
Science (CBTCCCAS) and human airway epithelial cell
line 16HBE (kindly provided by the Chronic Airways
Diseases Laboratory, Nanfang Hospital, Southern Med-
ical University, Guangzhou) were cultured in Roswell
Park Memorial Institute (RPMI-1640) medium, 10% fetal
bovine serum (FBS) (System Biosciences, Mountain
View, CA, USA). Transforming growth factor-β1
(TGF-β1) (R&D Systems, Minneapolis, Minnesota, USA)
was dissolved with 4 mM HCL and diluted in phosphate
buffer solution (PBS) before use. A549 and H1299 cells
were incubated with fresh medium in the presence or
absence of TGF-β1 after 12 h starvation. The most
appropriate stimulating condition (concentration of
TGF-β1 (0, 2, 5 ng/ml) and duration of treatment (0, 24,
48 h)) was confirmed by the result of functional studies
and evaluation of EMT-related markers. The A549 and
H1299 cells untreated with TGF-β (PBS, 48 h) were
defined as E-phenotype cancer cells, and those treated
with TGF-β (5 ng/ml TGF-β, 48 h) were defined as
M-phenotype cancer cells.

Cell culture medium (CCM) preparation and exosomes
isolation
When the same initial number (2 × 105/ml CCM) of E/M
phenotype A549, H1299 and 16HBE cells were grown to
70–80% confluence, the FBS-containing media was re-
moved and cells were cultured in serum-free 1640
medium with 2% Exo-FBS™ exosome-depleted FBS (Sys-
tem Biosciences) for 48 h. Then the CCM samples
(100 ml per sample), were collected and centrifuged at
2000×g for 10 min and then filtered through 0.22-μm
membranes to remove dead cells, cell debris and large
particles (shedding vesicles and apoptotic bodies).
ExoQuick-TC (System Biosciences) was used for exo-
somes isolation, according to the manufacturer’s instruc-
tions. All centrifugations were performed at 4 °C. The
experiment was repeated three times using three com-
pletely independent sets of samples (three independent
CCM samples prepared at different times). CON-exo,
E1-exo, M1-exo, E2-exo, M2-exo represent exosomes de-
rived from 16HBE, E-phenotype A549 cells, M-phenotype
A549 cells, E-phenotype H1299 cells, M-phenotype
H1299 cells, respectively.

Nanoparticle tracking analysis (NTA)
Exosome suspensions with concentrations between 1 ×
107/ml and 1 × 109/ml were verified using a Nanosight
NS300 (Malvern, Great Malvern, UK) equipped with a
405 nm laser to determine the size and quantity of parti-
cles isolated. A video of 60 s duration was taken with a
frame rate of 30 frames/s, and particle movement was
analyzed by NTA software (version 2.3, NanoSight).

Transmission electron microscopy (TEM)
Aliquots of 20–40 μl of a solution of exosomes were placed
on a copper mesh and post-negatively stained with 2%
phosphotungstic acid solution for 10 min. Subsequently,
the samples were dried for 2 min under incandescent light.
The copper mesh was observed and photographed under a
HITACHI H-7650 transmission electron microscope
(Hitachi High-Technologies, Tokyo, Japan).

Western blot analysis
Exosomes or cell protein supernatants were denatured
in 5 × SDS buffer and subjected to western blot analysis
(10% SDS–polyacrylamide gel electrophoresis; 50 μg
protein per lane) using rabbit polyclonal antibodies
against E-cadherin, N-cadherin, vimentin (Cell Signaling,
Danvers, MA, USA), CD9 and CD63 (Santa Cruz, CA,
USA), TSG101 (Sigma, Dorset, UK) and calnexin (Bio-
world Technology, MN, USA). The proteins were visual-
ized on the Bio-Rad ChemiDoc XRS Imager system
(Bio-Rad Laboratories, California, USA).
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Wound healing assays
Cells were wounded using a 200-μl sterile pipette tip.
Subsequently, the cells were washed twice with PBS and
treated with TGF-β1. The width of each wound was
measured and recorded 0, 24 and 48 h after the
scratches were made.

Migration and Matrigel invasion assays
The Matrigel was uncoated (migration assay) or coated
(invasion assay) on the upper surface of a transwell
chamber (BD Biosciences, Franklin Lakes, New Jersey,
USA), and 6 × 105 cells in serum-free medium contain-
ing TGF-β1 or exosomes were placed into the upper
chamber. The chambers were then incubated in the
lower chamber containing culture medium with 10%
FBS for 24 h. The number of cells adhering to the lower
membrane was observed using an Olympus BX50 micro-
scope (Tokyo, Japan) and digitized using ImageJ software
(NIH Image).

Isolation of exoRNA and cell RNA, and RNA analysis
TRIzol-LS Reagent (Ambion, Life Technology, Carlsbad,
CA, USA) was used to isolate high-quality total RNA
from exosomes solution. The RNA concentration was
assessed using a Quibit 2.0 Fluorometer (Invitrogen, Life
Technology, Carlsbad, CA, USA). The RNA yield and
size distribution were analyzed using an Agilent 2100
Bioanalyzer with RNA 6000 Pico Kit (Agilent Technolo-
gies, Foster City, CA, USA). Cell RNA was extracted
using the TRIzol Reagent (TaKaRa, Dalian, China). The
mRNA level of EMT markers in the cells was analyzed
using a PrimeScriptTM quantitative real-time reagent
Kit (TaKaRa).

Small RNA sequencing
To investigate differences in the miRNA profile among
exosomes from E-phenotype and M-phenotype A549
cells, and 16HBE cells, sRNA high-throughput sequencing
technology was used. The flowchart of sequencing group
preparation is shown in Additional file 2: Figure S2A.
Samples of 100 ng of 18 exoRNA or cell RNA were used
for RNA library preparation, following the instructions of
the TruSeq® sRNA Sample Prep Kit (Illumina, San Diego,
CA, USA). Subsequently, the PCR-amplified cDNA con-
struct from 140 to 160 bp was purified. The purified
cDNA was directly sequenced using an Illumina HiSeq
2500 platform, and the 3′ adaptor sequences within the
read sequences were cleaned up. Clean data were ob-
tained by filtering out low-quality reads. All clean tags
were filtered and aligned with the NCBI GeneBank and
miRBase databases.

Exosomes labeling and tracking in A549, H1299 and
16HBE cells
Purified exosomes were labeled with the PKH67 Green
Fluorescent Labeling Kit (Sigma) according to the manufac-
turer’s recommendations. PKH67-stained exosomes were
incubated with recipient cells at 37 °C for 24 h. The cells
were stained with DAPI (GeneCopoeia, Rockville, MD,
USA) and visualized using an Olympus IX71 microscope.

Exosomes co-culture assay
Different concentrations of exosomes (0, 50, 100 μg/ml)
from E-phenotype or M-phenotype cells were co-cultured
with 16HBE, A549 and H1299 cells at 37 °C for 48 h.
After treatment, functional assays were conducted on re-
cipient cells and the mRNA and protein from recipient
cells were extracted and further investigated.

Statistical analysis
Values are expressed as mean ± standard deviation. All ex-
periments were carried out in triplicate and repeated at
least twice. Student’s t-test and an Analysis of Variance
(ANOVA) were used to determine the differences between
groups. SPSS 15.0 was used for statistical analyses (SPSS
Incorporated, Chicago, IL, USA), and P < 0.05 was consid-
ered to be statistically significant.

Results
A549 cells undergo EMT after exposure to TGF-β1
When the A549 cells were treated with TGF-β1 at different
concentrations (0, 2, 5 ng/ml) for different durations (0, 24,
48 h), the morphology, function, and expression of EMT
markers of cells was changed. Morphologically, A549 cells
turned from being round into a spindle-like mesenchymal
phenotype and lost intercellular junctions after TGF-β1
treatment in a time- and concentration-dependent manner,
which was most prominent after stimulation by 5 ng/ml
TGF-β1 for 48 h (Fig. 1a). The process of EMT after
TGF-β1 stimulation was also accompanied by a decrease in
known epithelial marker (E-cadherin) and increased
mesenchymal marker (N-cadherin, vimentin, fibronectin
and snail) levels (Fig. 1b, c). The mRNA level (Fig. 1b) and
protein level (Fig. 1c) of EMT-related markers changed in a
concentration-dependent manner but not a strict time-
dependent manner and the most significant change was
found when stimulated with 5 ng/ml TGF-β1 for 48 h. The
wound healing and invasion assays showed that 5 ng/ml
TGF-β1 induced EMT was associated with increased cell
migration (Fig. 1d) and invasion (Fig. 1e). In summary,
A549 cells stimulated by 5 ng/ml TGF-β1 for 48 h showed
the most significant EMTcharacteristics, so this stimulation
condition was chosen to establish the EMT cell model. In
the next study, A549 cells untreated with TGF-β1 were de-
fined as E-phenotype cells (PBS, 48 h), and those treated
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with TGF-β (5 ng/ml, 48 h) were defined as M-phenotype
cells.

Biochemical characterization of exosomes from CCM
To demonstrate the presence of exosomes, the vesicles
isolated from A549 CCM were determined by TEM
(Additional file 1: Figure S1A), western blotting
(Additional file 1: Figure S1B) and NTA (Additional file 1:
Figure S1C). A lipid bilayer structure around 100 nm
observed by TEM was consistent with descriptions of exo-
somes (Additional file 1: Figure S1A). The three exosomal
marker proteins (CD9, CD63 and TSG101) were present
in all vesicle samples (Additional file 1: Figure S1B). NTA
demonstrated that all particles were smaller than 300 nm
and that most of them were about 50–200 nm in size
(Additional file 1: Figure S1C). Additionally, there were no

significant differences in the number and average size of
exosomes derived from E-phenotype and M-phenotype
A549 cells (Additional file 1: Figure S1D).

sRNA composition in cells differs from that in exosomes
To examine dynamic changes in the exosomal RNA
(exoRNA) profile following EMT, high-throughput sequen-
cing analysis was performed using RNA samples extracted
from six groups: E-phenotype A549 cells (E-cells), exo-
somes derived from E-cells (E-exosomes), M-phenotype
A549 cells (M-cells), exosomes derived from M-cells
(M-exosomes), 16HBE cells (Con-cells) and exosomes de-
rived from 16HBE cells (Con-exosomes) (Additional file 2:
Figure S2A). A progressive decrease of E-marker and in-
crease of M-marker levels from Con-cells, E-cells to
M-cells indicated an appropriate and dynamic EMT model

Fig. 1 TGF-β1 was used to establish EMT cell models. a Morphology of A549 cells changed from E- to M- phenotype after TGF-β1 treatment. The mRNA
(b) and protein (c) levels of EMT-related markers of A549 cells changed after being induced by TGF-β1. TGF-β1 significantly reduced E-phenotype marker
(E-cadherin (E-cad)) levels, but increased the M-phenotype marker (N-cadherin (N-cad), vimentin (Vim), fibronectin (Fib) and snail) levels in a TGF-β-
concentration-dependent manner but not a strict time-dependent manner. d The wound healing assays proved that TGF-β1 treatment can significantly
increase cell migration abilities. The wound widths were significantly shorter at 24 h after TGF-β1 treatment than in the no-treatment group (P< 0.05), and
this difference was more significant after 48 h treatment (P< 0.01). e Invasion assays were used to determine cell invasion. Invaded cell numbers were
significantly higher in TGF-β1 treatment than no-treatment groups, indicating TGF-β1 can improve cell invasion ability

Tang et al. BMC Genomics          (2018) 19:802 Page 4 of 14



(Additional file 2: Figure S2B). The majority of exoRNA
were small (< 200 nt), which differed from those of cells pre-
senting specific ribosomal RNA (5S, 18S and 28S rRNA). In
addition, there was variation in the RNA size-distribution
between exosomes from A549 (E, M-exoRNA) and those
from 16HBE (Con-exoRNA) (Fig. 2a).
Among the 18 samples, we obtained 228.28 million

clean reads. An average of 78.38% of exosomal clean
reads and 98.92% of cellular clean reads could be
mapped to known RNAs of the human genome. Inves-
tigation of the chromosomal location of all the mapped
sRNA revealed that the sRNA of exosomes mainly
originated from chromosome 1, which was significantly
different from the cell RNA location (mainly on
chromosome 17). In addition to chromosome 1, many

sRNA of Con-exoRNA were also found on chromo-
somes 7 and 17 (Fig. 2b).
The mappable sequences were annotated to miRNA

and other small non-coding RNAs. The percentages of
miRNA, rRNA, tRNA and other RNA were significantly
different between exoRNA and cell RNA: miRNA and
tRNA were the most abundant known sRNAs in exo-
somes, while miRNA and rRNA were the most abundant
sRNA in cells. In addition, cells contained a higher per-
centage (49.7–59.09%) of miRNA than exosomes
(10.40–13.47%) (Fig. 2c). To better demonstrate the vari-
ation among the groups, an unsupervised hierarchical
clustering analysis was performed. As expected, the heat
map showed a clear separation between exoRNA and
cell RNA. Either in exoRNA or in cell RNA, more

Fig. 2 Comparison of small RNA profiles from cells and exosome extractions. a The length distribution of total RNA in cells and exosomes, as
determined by Agilent RNA pico chip. (exo: exosomes for short) b All clean data was mapped by the National Center for Biotechnology Information
(NCBI) to identify the chromosomal origin of small RNAs of interest. Outer rings display the ID of each chromosome, and the inner ring shows RNA
abundance in the chromosomal region. c Pie chart summarizing the annotation of small RNA species. miRNA, rRNA and tRNA are the main identified
RNAs in total distribution of small RNA. d Heatmap and cluster patterns of differentially expressed miRNAs among E/M/Con-exosomes and cells
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similar expression patterns were found between the E
and M groups than between the E and Con groups or
the M and Con groups (Fig. 2d).

M-exosomes had distinct miRNA profiles which may be
involved in EMT and cancer progression when compared
with E-exosomes, con-exosomes or M-cells
The contents of exosomes may change following EMT. First,
we analyzed differences in the exosomal miRNA profiles
among three archetypical phases of the EMT process
(Con-exosomes, E-exosomes, M-exosomes). Of all detectable
miRNAs, 264 miRNAs were common to E, M and
Con-exosomes. A small amount of miRNAs were identified
as unique for each group, such as hsa-miR-487b-3p, which
was only detected in M-exosomes. (Fig. 3a). Regarding the
differential level of miRNA expression among each group,
50, 137 and 199 miRNAs were screened out between
M-exosomes and E-exosomes, M-exosomes and Con-exo-
somes, E-exosomes and Con-exosomes respectively. 10 of

the most differentially expressed miRNAs were shown in
Table 1. Additionally, the unique expressed miRNAs in
M-exosomes compared with E-exosome, M-cell and
Con-exosomes, were shown in Table 2.
Exosomes are capable of altering the recipient cell

phenotype by carrying RNA cargoes, such as miRNAs.
Whether miRNA contained in M-exosomes can influ-
ence tumor development, including the EMT process,
needs to be studied. To investigate the function of these
differentially expressed miRNAs, KEGG enrichment
pathway analysis was performed, including target genes
of all the miRNAs that were differentially expressed be-
tween M-exosomes and E-exosomes, and the top 20 dif-
ferentially expressed miRNAs between M-exosomes and
Con-exosomes. The significant pathways are shown in
Fig. 3b and c. To our surprise, besides pathways involved
in exosome formation, transport, and other physiologic
functions, the most enriched pathways were related to
tumor progression, such as classical signaling pathways

Fig. 3 miRNA profiles of M-exosomes showed functional enrichment of tumor EMT and progression. a Venn diagram comparing the number of
overlapping miRNAs among E/M/Con-exosomes, or between M-exosomes and M-cells. b, c, d The KEGG analysis of the predicted targets of
different miRNAs between groups (M- vs E-exosomes, M- vs Con-exosomes, M-exosomes vs M-cells). Red labels highlight the targets which were
enriched in pathway related to tumor progress
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(ErbB, mTOR, FoXO, MAPK, PI3K-Akt, etc.), metabolic
processes involved in cancers (adipocytokine and insulin sig-
naling pathways, ubiquitin mediated proteolysis, aldosterone
regulated sodium reabsorption), hormones and proteins re-
lated to cancers (thyroid hormone, gonadotropin-releasing
hormone (GnRH), chemokine signaling pathway, proteogly-
cans in cancer) and some highly attractive functions directly
associated with EMT (TGF-β, tight junctions, gap junctions,
adherence junctions, etc.).
MiRNA profiles of exosomes resemble those of their par-

ent cells. However, the top 10 different miRNAs of E- and
M-exosomes were almost different with the top 10 different
miRNAs of E- and M-cells (Table 1). Some miRNAs like
miR-5787, miR-4532 and miR-4488 were only selectively
packaged into exosomes (Table 2) or up-regulated in
M-exosomes when compared with M-cells (Table 1). Intri-
guingly, these miRNAs may target genes involved in EMT
and cancer progression (Fig. 3d).

Exosomes derived from M-phenotype cancer cells promote
the transformation of recipient cells from E-phenotype to
M-phenotype
The above results showed that differentially expressed
miRNAs contained in exosomes may target genes related
to EMT and the progression of cancer. Therefore, the
function of exosomes coming from different cell types

Table 1 Top 10 significantly differentially expressed miRNAs
between M-exo vs E-exo/Con-exo/M-cell

M-exo vs E-exo

miRNA_ID M-exo E-exo up/down |log2
(fold change)|

P-value

miR-26a-5p 342.32 161.34 up 1.09 2.10E-13

miR-92b-3p 65.09 219.15 down 1.75 1.64E-11

miR-193a-5p 16.66 69.67 down 2.06 3.14E-11

miR-424-3p 15.12 68.51 down 2.18 1.43E-10

miR-181b-5p 139.99 62.18 up 1.17 2.40E-09

miR-143-3p 101.23 41.20 up 1.30 3.62E-09

miR-125a-5p 110.20 282.86 down 1.36 2.32E-08

miR-193b-5p 27.52 103.43 down 1.91 2.63E-08

miR-92a-3p 1115.32 2646.67 down 1.25 1.10E-07

miR-3184-3p 641.22 2490.33 down 1.96 1.33E-07

M-cell vs E-cell

miRNA_ID M-exo E-exo up/down |log2
(fold change)|

P-value

miR-143-3p 476.7317 15.61803 up 4.931893 1.04E-244

miR-181a-2-3p 225.878 62.4662 up 1.854396 9.44E-59

miR-4483 21.115 117.744 down 2.479313 1.16E-21

miR-145-5p 15.63757 0 up 17.25466 1.05E-14

miR-4521 38.8255 123.3244 down 1.667382 6.41E-13

miR-1180-3p 119.0278 254.7887 down 1.098002 8.95E-11

miR-494-3p 47.59617 22.741 up 1.06555 2.24E-09

miR-654-3p 44.7572 20.77677 up 1.107149 2.64E-09

miR-365a-5p 48.06983 23.8603 up 1.01052 8.64E-09

miR-370-3p 27.4212 9.933367 up 1.464937 1.48E-08

M-exo vs Con-exo

miRNA_ID M-exo Con-exo up/down |log2
(fold change)|

P-value

miR-205-5p 8.22 4634.82 down 9.14 2.31E-188

miR-200c-3p 10.84 2762.23 down 7.99 1.45E-63

miR-192-5p 6328.30 700.17 up 3.18 4.67E-56

miR-148a-3p 243.13 6603.26 down 4.76 1.15E-55

miR-10a-5p 289.49 16.94 up 4.09 2.83E-52

miR-203a-3p 22.32 395.25 down 4.15 3.08E-40

miR-381-3p 83.07 3.12 up 4.74 8.54E-34

miR-584-5p 0.00 67.33 down 19.36 1.46E-33

miR-409-3p 44.56 1.92 up 4.54 2.96E-17

miR-127-3p 65.47 5.16 up 3.67 1.45E-18

E-exo vs Con-exo

miRNA_ID E-exo Con-exo up/down |log2
(fold change)|

P-value

miR-205-5p 7.21 4634.82 down 9.33 3.58E-137

miR-10a-5p 561.77 16.94 up 5.05 7.58E-75

miR-148a-3p 321.91 6603.26 down 4.36 5.40E-62

miR-192-5p 8828.24 700.17 up 3.66 1.64E-51

Table 1 Top 10 significantly differentially expressed miRNAs
between M-exo vs E-exo/Con-exo/M-cell (Continued)

miR-200c-3p 11.53 2762.23 down 7.90 3.65E-49

miR-203a-3p 25.61 395.25 down 3.95 3.58E-38

miR-409-3p 76.15 1.92 up 5.31 1.04E-35

miR-26a-5p 161.34 1570.80 down 3.28 7.03E-35

miR-584-5p 0.43 67.33 down 7.30 4.54E-34

miR-193a-5p 69.67 1.66 up 5.39 7.01E-34

M-exo vs M-cell

miRNA_ID M-exo M-cell up/down |log2
(fold change)|

P-value

miR-1290 687.15 26.38 up 4.70 2.42E-49

miR-320c 83.16 19.92 up 2.06 2.65E-49

miR-1246 1104.80 185.33 up 2.58 7.24E-49

miR-4497 362.06 2.97 up 6.93 6.46E-47

miR-146b-5p 137.29 40.88 up 1.75 4.34E-43

miR-7704 42.93 2.45 up 4.13 2.40E-35

miR-5787 42.62 0.00 up 18.70 4.57E-21

miR-423-5p 163.74 61.46 up 1.41 1.31E-17

miR-7641 17.91 0.26 up 6.11 2.14E-16

miR-4532 11.44 0.00 up 16.80 7.88E-13

The expression levels were showed by the number of reads per million clean
tags (RPM). The mean values of three triplicate experiments showed in the
table. The edgeR bioconductor package was used to analyze the difference
between groups and calculate the P values
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was verified by a co-culture experiment. First, lipid stain-
ing and immunofluorescence microscopy were used to
confirm that exosomes derived from A549 cells can
enter the same recipient tumor cells (A549) (Fig. 4a).
Then we found the morphology of epithelial A549 cells
turned from being round into a spindle-like mesenchy-
mal phenotype and lost intercellular junctions after
treatment with M-exosomes (Fig. 4b).We next examined
the effect of E- and M-exosomes on migration and inva-
sion of E-phenotype A549 cells using a transwell system.
When compared with the PBS –treated group, although
both E- and M-exosomes enhanced the migration and inva-
sion of A549 cells, the effect of M-exosomes was more no-
ticeable than that of E-exosomes (Fig. 4c, d). Additionally,
the increased capacity of migration and invasion, EMT is
characterized by a variation in EMT-related markers.

Regarding the epithelial marker E-cadherin, although no
significant change was found at the protein level, the
mRNA level decreased in A549 cells when they were
co-cultured with both E- and M-exosomes. However, pro-
tein and mRNA expression of N-cadherin and vimentin
were significantly up-regulated in A549 cells when
co-cultured not with E-exosomes but with M-exosomes
(Fig. 4e, f). Similarly, up-regulated expression of vimentin
became more pronounced after treatment with a higher
concentration of M-exosomes (Fig. 4f).
To determine the effect of E/M-exosomes in other lung

cancer cell lines, H1299 with higher malignant behavior
than A549 was selected for functional analysis. In the intake
test, exosomes from 16HBE, A549, H1299 can be taken by
H1299 cells (Fig. 5a). Morphologically, H1299 cells turned
from being round into a spindle-like mesenchymal pheno-
type after stimulation by M1/E2/M2-exosomes (Fig. 5b). In
the transwell system, more migrated H1299 cells were
found in M1 and M2-exosome treated groups (Fig. 5c), and
more invaded cells were observed in E1, M1 and
M2-exosomes (Fig. 5d) than PBS and Con-exosomes
treated groups. M-exosomes showed higher ability to in-
duce invasion and migration than E-exosomes for both
A549 and H1299. In addition to the expression of EMT
markers, the protein (Fig. 5e) and mRNA levels (Fig. 5f) of
N-cadherin and vimentin of M1-exosomes group were
higher than PBS, Con and E1-exosomes groups. The
mRNA levels of N-cadherin (both 50 and 100 μg/ml con-
centration) and vimentin (only 100μg/ml) of the
M2-exosome group were higher than those for the PBS,
Con and E2-exosomes groups (Fig. 5f).
Given that exosomes derived from A549 and H1299 cells

could also be taken up by 16HBE cells (Fig. 6a),
EMT-related function and markers of 16HBE cells were
measured after co-culturing with E/M-exosomes to investi-
gate whether the M-exosomes could induce EMT of
non-tumorigenic respiratory epithelial cells. Consistent with
the results for cancer cells, M-exosomes showed greater po-
tential to enhance the mesenchymal morphological changes
(Fig. 6b) and the invasion and migration abilities of 16HBE
cells (Fig. 6c, d) than E- and Con-exosomes. The 16HBE
cells treated with E1/M1/E2/M2-exosomes also showed in-
creased protein expression of the mesenchymal marker,
N-cadherin, when compared with PBS/Con-exosomes
treated cells (Fig. 6e). Down-regulated expression of
E-cadherin became more pronounced after co-culture with
E2 and M2-exosomes than other groups (Fig. 6e). Interest-
ingly, the mRNA levels of vimentin and snail were more
markedly elevated in 16HBE cells after E/M-exosomes treat-
ment compared with that in A549 as acceptor cells (Fig. 6f).

Discussion
Exosomes serve as molecular messengers by delivering
various effectors or signaling macromolecules between

Table 2 miRNAs only detected in M-exosomes in paired-
comparisons

M-exo vs E-exo

miRNA_ID M-exo E-exo P-value

R1 R2 R3 R1 R2 R3

miR-487b-3p 1.34 2.47 2.70 0 0 0 0.017447

M-exo vs Con-exo

miRNA_ID M-exo Con-exo P-value

R1 R2 R3 R1 R2 R3

miR-452-5p 10.68 18.02 20.42 0 0 0 7.11E-13

miR-493-3p 7.05 20.25 18.95 0 0 0 6.27E-12

miR-935 6.92 17.61 18.87 0 0 0 1.67E-11

miR-300 7.12 16.90 18.30 0 0 0 2.79E-11

miR-889-3p 5.04 11.09 8.91 0 0 0 2.56E-07

miR-654-5p 2.75 10.27 8.58 0 0 0 2.82E-06

miR-31-3p 4.16 4.75 12.74 0 0 0 3.39E-06

miR-2682-5p 3.69 9.80 6.45 0 0 0 9.40E-06

miR-485-5p 2.15 5.11 4.33 0 0 0 0.001321

miR-370-3p 1.28 4.11 3.51 0 0 0 0.004795

M-exo vs M-cell

miRNA_ID M-exo M-cell P-value

R1 R2 R3 R1 R2 R3

miR-5787 60.90 30.93 36.03 0 0 0 4.57E-21

miR-4532 11.41 6.81 16.09 0 0 0 7.88E-13

miR-4488 6.58 10.39 8.82 0 0 0 2.55E-10

miR-4508 7.99 5.63 8.66 0 0 0 4.91E-09

miR-4492 7.59 4.99 9.31 0 0 0 8.76E-09

miR-1273 g-3p 5.51 6.63 8.01 0 0 0 3.66E-08

miR-4516 5.17 2.29 6.13 0 0 0 7.01E-06

miR-184 0.87 5.93 4.49 0 0 0 0.000158

miR-199a-5p 1.14 2.23 6.05 0 0 0 0.000596

miR-217 0.87 3.40 4.17 0 0 0 0.001142
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specific cells; it is possible that changes in their produc-
tion may contribute to the development and progression
of cancer. A key initiating step in cancer metastasis in-
volves EMT [27, 28], and recent evidence highlights the
emerging role of exosomes in EMT of cancer [12].
Proteomic analysis has shown that changes in cellular
differentiation status (E/M phenotype) translate into

unique qualitative rearrangements in the protein cargo
of exosomes [18, 19]. However, no study has reported
changes in the overall exosomal miRNA expression pro-
file in the EMT process. Our study revealed changes in
the exosomal miRNA profile upon EMT. Using bioinfor-
matics and an exosome–cell co-culture experiment, we
demonstrated that the altered miRNAs identified in the

Fig. 4 Functional studies of E/M-exosomes in A549 cells a Immunofluorescence microscopy revealed that green PKH67-labeled exosomes were
readily taken up and incorporated into cultured A549, as shown by DAPI staining. Obvious green fluorescence signal appeared around the blue
fluorescence stained nuclei of A549. b Morphological cellular changes of epithelial A549 cells upon M-exosome delivery. c The migrated cell
numbers were significantly different between four groups with different treatments. d Matrigel invasion assays demonstrated the same trend. e
E/M-exosomes induce an increase of N-cadherin and vimentin protein levels in A549 cells. Upregulated expression became more pronounced
after co-culture with M-exosomes than with E-exosomes. However, no effects of exosomes could be found on E-cadherin expression. f mRNA
level of N-cadherin and vimentin was only significantly upregulated after M-exosome stimulation, indicating M-exosomes showed stronger
influence than E-exosomes. (*P < 0.05, **P < 0.01)
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exosomes may facilitate EMT, migration, and invasion of
acceptor cells.
The small RNA profiles of E/M/Con-exosomes were com-

pared to screen out differentially expressed miRNAs between
exosomes from mesenchymal (M) cells and those from epi-
thelial (E/Con) cells (Table 1). For example, one of the best
studied pathways of miRNA-mediated EMT inhibition is that
of the miR-200 family and miR-205-related [29–31]. In our
study, miR-200c and miR-205 levels in exosomes from inva-
sive cells (M-cells) was significantly decreased in comparison
with those from non-invasive cells (Con-cells), indicating the
ability of M-exosomes to maintain malignant characteristics
of the parental cells. MiR-10a plays a role in the EMT
process in glioma [32]. A higher level of miR-10a was found
in M-exosomes than in Con-exosomes, which may be related
to lung cancer cell oncogenesis and the EMT process. How-
ever, the expression characteristics of some miRNAs in the
exosomes in our study disagree with those in previous stud-
ies. Our results revealed the selective enrichment of miR-26a
in exosomes derived from highly invasive M-cells in com-
parison with that in E-cells. Given that miRNA-26a has been
demonstrated to act as a tumor- [33] and EMT-suppressor
[34, 35], this may be explained by an exosome-mediated
clearance mechanism by which exosomes may permit highly

invasive tumor cells to release tumor suppressors from
the cells, thereby maintaining their tumorigenic pheno-
type [12, 36]. However, whether exosomal miRNAs play
different biphasic roles in different cancers or stages, and
the exact mechanism requires further investigation.
To our surprise, with regard to the function of these

screened-out miRNAs, although many of them have been
rarely reported in EMT-related research, KEGG pathway
analysis identified that these components have the potential
to drive signal transduction networks in EMT and cancer
progression. Firstly, in our research, the miRNA-targeted
genes were found to play key roles in hormone-related path-
ways such as GnRH [37, 38], insulin [39], estrogen and the
thyroid hormone signaling pathway. Previous studies have
shown that GnRH and insulin have a correlation with lung
cancer. Over-expression of estrogen-related receptor alpha
(ERRα) promoted the EMT of A549 cells, and down-regu-
lated the epithelial markers and up-regulated the mesenchy-
mal markers [40]. Thyroid hormone can efficiently
up-regulate TGF-β mRNA expression in breast cancer [41]
and hepatocellular carcinoma [42]. Based on these reports
and the KEGG pathway analysis in our research, we presume
that the miRNA contained in M-exosomes may promote
EMT and invasion of recipient cells via these cancer-related

Fig. 5 Effect of treatment with E/M-exo in lung cancer cell lines H1299. a Exosomes derived from 16HBE, A549 and H1299 were taken up by
H1299 cells. b Morphology of H1299 cells changed from E- to M- phenotype after M1-, E2- and M2-exo treatment. c The migrated cells numbers
were significantly higher in the group with M1- and M2-exo treatment. d More invaded cells were found in E1, M1 and M2-exo treatment
groups. e M1-exo induced an increase in N-cadherin and vimentin in H1299 cells. f The mRNA level of N-cad and vimentin and was significantly
upregulated after M1- and M2-exosome (100μg/ml) stimulation. (CON-exo, E1-exo, M1-exo, E2-exo, M2-exo represent exosomes derived from
16HBE, E-phenotype A549 cells, M-phenotype A549 cells, E-phenotype H1299 cells, M-phenotype H1299 cells, respectively). (*P < 0.05, **P < 0.01)
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hormones. Secondly, target genes of the differentially
expressed miRNAs were enriched in metabolism-related
pathways such as the insulin signaling pathway, adipocyto-
kine signaling pathway, aldosterone-regulated regulated
sodium reabsorption and ubiquitin-mediated proteolysis.
Our findings suggest that tumors may reprogram pathways
of nutrient metabolism through exosomes to meet the bio-
energetic and redox demands of malignant cells [43, 44]. In-
triguingly, glypican-1 (GPC1), a cell-surface proteoglycan,
was specifically enriched on cancer-cell-derived exosomes
and this was correlated with tumor burden and the survival
of patients with pancreatic cancer [45]. Our results indicated
that selective enrichment of miRNAs by M-exosomes can
target the proteoglycan pathway in cancer. It is possible that
the miRNAs contained in exosomes may be an indirect

mechanism by which exosomes regulate cancer-related pro-
teoglycans. Most importantly, M-exosomes carrying the
miRNA complex could control the microenvironment
through the activation of TGF-β, ErbB, Wnt, mTOR,
PI3K-Akt, FoXO, Ras, and MAPK signaling pathways and
cell junction (adherens, tight and gap junction)-remodeling
pathways to promote EMT and metastasis of acceptor cells.
In conclusion, our observations support the hypothesis that
secreted miRNAs enclosed within exosomes derived from
cells of an aggressive phenotype may play a pivotal role in
tumor progression and EMT by regulating gene expression
and affecting the function of targeted cells.
Although most components of the exosomes were simi-

lar to those of the originating cells, several studies indicate
that part of the RNA “cargo” of exosomes is significantly

Fig. 6 Effect of treatment with E/M-exosomes in 16HBE recipient cells. a Exosomes derived from 16HBE, A549 and H1299 were taken up by 16HBE cells. b
Morphological cellular changes of epithelial 16HBE cells upon E/M-exosomes delivery. c The migrated cell numbers were significantly higher in the group
with M1-exo treatment. d In matrigel invasion assays, more invaded cells were found in E1, M1 and M2-exo treatment groups. (Considering that 16HBE
were non-tumor cells and were harder to pass through the chamber coated with matrigel, we extended the incubation time to 60 h). e E/M-exosomes
induced an increase in N-cadherin in 16HBE cells. Protein levels of E-cadherin became more pronounced after co-culture with E2- and M2-exosomes than
other groups. f E/M-exosomes from A549 cells affected the mRNA expression of EMT-related markers in 16HBE cells. The mRNA level of vimentin and snail
were significantly upregulated after M-exosome stimulation, and M-exosomes showed stronger influence than E-exosomes. (*P< 0.05, **P< 0.01)
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different from that of the parental cell [46, 47]. As a con-
sequence of sorting, the functional properties and bio-
logical role of exosomes may differ from those of their
parental cells. In our study, RNA size distribution,
chromosomal location, and small RNA constituent ratio
of exosomes differed from those of the originating cells.
More importantly, the specific up-regulated miRNAs in
M-exosomes can target genes enriched in pathways in-
volved with gap junctions, non-small-cell lung cancer, and
tumor progression. The specific contents of exosomes
may be transferred from tumor cells to stromal cells and
endothelial cells, and thus affect tumor invasion, angio-
genesis, metastasis, and drug resistance [48, 49]. We
propose that exosomes produced by M-cells may obtain
an aggressive phenotype from their parental cells, and that
miRNAs specifically expressed in M-exosomes associated
with EMT and metastasis may promote transfer of the
malignant phenotype to epithelial recipient cells.
To facilitate tumor growth and metastasis, exosomes

derived from tumor cells can modify their microenviron-
ment [50, 51] or directly transfer molecules related to
the malignant phenotype to other cancer cells [52], such
as Epidermal Growth Factor Receptor (EGFR) [53] and
drug resistance genes [54–57]. Several studies have dem-
onstrated that exosomes derived from invasive cancer
cells can induce EMT in recipient cells [15]. Using
miRNA profile analysis, we found that the differentially
expressed miRNAs of M-exosomes were related to path-
ways of EMT and tumor progression. Based on our se-
quencing study, it was thought to be worth investigating
whether M-exosomes containing special small RNA car-
gos can contribute to the induction of EMT in recipient
cells. Intriguingly, our data showed that M-exosomes
can be taken up by cancer or non-tumorigenic epithelial
cells, and cause alterations in marker expression and cell
behavior (migration and invasion) associated with EMT.
Exosomes can transfer invasion and metastasis factors
[58] to uninfected cells or communicate with surround-
ing stromal cells [58] to produce cellular changes char-
acteristic of tumor progression. Given that M-phenotype
cells are associated with increased invasive potential, we
found that this malignant phenotype could be transferred
by exosomes in our study. Tumor cells can transfer exo-
somes to distant sites via the circulatory system, leading to
cell transformation and tumor development [4]. Our re-
search presents a new insight into the role of M-exosomes,
which may transform lung cancer cells with a more invasive
phenotype and cause distant metastasis.
Of note, apart from the difference between M-exosomes

and Con-exosomes, we also found different miRNA profiles
of E-exosomes and Con-exosomes. The top 10 differentially
expressed miRNAs between E- and Con-exosomes were al-
most the same as those for M- vs Con-exosomes, though the
ranking of miRNA expression level was different (Table 1).

The specific miRNA profile of E-exosomes may also drive
the same signal transduction networks in EMT and cancer
progression as M-exosomes. So, we speculated that not only
the more malignant M-exosomes, but also E-exosomes from
general tumor cells have carcinogenic capacity. That may ex-
plain the relatively smaller change in EMTness observed fol-
lowing treatment with exogenous E-exosomes compared to
that following treatment with M-exosomes.
miRNA in exosomes plays an important role in the de-

velopment and progression of cancer [25]. Previous
studies have reported single or several special miRNAs
that may relate to EMT [23]. It is well known that cells
can secrete signaling molecules to recipient cells. How-
ever, when a more complex “message” needs to be sent,
cells use exosomes [5]. Therefore, the change of exo-
some “cargo” following EMT may not just refer to one
miRNA. In this study, for the first time, we considered
the miRNA cargo as a whole to investigate the profile
changes following EMT by high-throughput sequencing.
We established that changes in cellular E/M status
translate into unique qualitative rearrangements in the
miRNA cargo of exosomes. Again, transferred miRNAs
may be associated with EMT, migration, and invasion
when they target gene expression in recipient cells. In
addition, considering the complexity of exosome con-
tents, we should clarify that not only the alterations in
miRNA profiles, but also of other molecules like pro-
tein and DNA may contribute to the ability of
M-exosomes to induce EMT in target cells; this is
worth further investigation.
Exosomes are secreted in CCM, and are also found

naturally in blood and other bodily fluids [4]. Evi-
dence suggests that exosomes derived from serum ob-
tained from patients with late-stage lung cancer
induce EMT in non-cancerous recipient cells, when
compared with healthy serum derived exosomes [17].
Several authors have noted that the miRNA content
of circulating exosomes can be used as diagnostic
markers [17, 59]. Therefore, in further clinical transla-
tion research, the miRNA in circulating exosomes fol-
lowing EMT, identified in our study, may serve as a
source of new biomarkers to detect EMT-like pro-
cesses in lung cancer.

Conclusions
This study indicated that changes in the exosomal
miRNA profile upon EMT, and the miRNAs specifically
expressed in exosomes produced by mesenchymal cells
are associated with EMT and metastasis, and may pro-
mote transfer of the malignant (mesenchymal) pheno-
type to epithelial recipient cells. These miRNAs may
serve as a source of new biomarkers to detect EMT-like
processes in lung cancer.
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Additional files

Additional file 1: Figure S1. Particles isolated from CCM by ExoQuick
were identified by TEM, western blot and NTA. (A) Particles with lipid
bilayer structure and right size around 100 nm were observed by TEM.
Scale bars for 100 nm. (B) Exosome markers (CD9, CD63, TSG101)
expressed in exosomes derived from E/M-A549 cells, while non-exosomal
markers (calnexin) didn’t exist in exosomes. (C) NTA profile of E and M
exosomes: The y-axis was the number of particles/ml (in millions per
milliliter) and the x-axis was the diameter of the particles (unit: nm). (D)
No significant differences in total number and overall size distribution of
the exosomes were found between E and M groups. (TIF 1983 kb)

Additional file 2: Figure S2. (A) A flowchart of sequencing group
preparation. E: A549 cells treated with PBS, M: A549 induced with 5 ng/ml
TGF-β1 for 48 h, and 16HBE: human bronchial epithelial cells. The experiment
on each group was repeated three times and 18 RNA samples were obtained.
The sequencing triplicates done at the experimental level (triplicate experi-
ments) rather than the sequencing level (three runs with the same library). (B)
The E/M phenotype of the sequencing cells was verified by the expression
level of EMT markers. (TIF 361 kb)

Abbreviations
Con-cells: 16HBE cells; Con-exosomes: Exosomes derived from 16HBE cells; E-
cells: Epithelial cells; E-exosomes: Exosomes derived from epithelial cancer
cells; EMT: Epithelial-mesenchymal transitions; exoRNA: RNA in exosomes; M-
cells: Mesenchymal cells; M-exosomes: Exosomes derived from mesenchymal
cancer cells; sRNA: Small RNA; TGF-β1: Transforming growth factor-β1

Acknowledgements
We would like to thank Dr., Zhen Cai (Department of Laboratory Medicine,
Nanfang Hospital, Southern Medical University) for the manuscript review and
literature support. We would like to thank Mr., Shao-Peng, Li, Mr. Xiang-
Yang,Shao and Ms. Han, Zhang (Department of Laboratory Medicine, Nanfang
Hospital, Southern Medical University) for the help with additional experiments.

Funding
This study was funded by National Natural Science Foundation of China
(Grant No. 81371901), National Natural Science Foundation of China (Grant
No. 81702273) and Science and Technology Program of Guangzhou (Grant
No. 1563000220).

Availability of data and materials
The datasets used and/or analysed during the current study available from
the corresponding author on reasonable request.

Authors’ contributions
LZ and QW designed the study and edited the manuscript. YTT and YYH
performed the EMT cell model, exosome co-culture assay experiments,
analyzed the data and drafted the manuscript. SHQ and YX performed the
cell culture, exosome and exosome RNA isolation experiments. TXA and CCL
constructed the sequencing libraries and performed the sequencing analysis.
JHL edited the manuscript and performed the revision work. All authors read
and approved the final manuscript.

Authors’ information
Professor LZ is one of the International Society for Extracellular Vesicles (ISEV)
Board of Directors Members-at-Large.

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Laboratory Medicine, Nanfang Hospital, Southern Medical
University, No.1838 North Guangzhou Avenue, Guangzhou 510515,
Guangdong, China. 2Department of Clinical Laboratory, Zhujiang Hospital,
Southern Medical University, Guangzhou, Guangdong, China. 3Department of
Clinical Laboratory, Zhongnan Hospital, Wuhan University, Wuhan, Hubei,
China. 4Department of Physiology, Anatomy and Genetics, University of
Oxford, Oxford, Oxfordshire, UK.

Received: 4 January 2018 Accepted: 5 October 2018

References
1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer

statistics, 2012. CA Cancer J Clin. 2015;65(2):87–108.
2. Vicent S, Luis-Ravelo D, Anton I, Garcia-Tunon I, Borras-Cuesta F, Dotor J, et

al. A novel lung cancer signature mediates metastatic bone colonization by
a dual mechanism. Cancer Res. 2008;68(7):2275–85.

3. Ohno S, Ishikawa A, Kuroda M. Roles of exosomes and microvesicles in
disease pathogenesis. Adv Drug Deliv Rev. 2013;65(3):398–401.

4. van der Pol E, Boing AN, Harrison P, Sturk A, Nieuwland R. Classification,
functions, and clinical relevance of extracellular vesicles. Pharmacol Rev
2012; 64(3):676–705.

5. Vlassov AV, Magdaleno S, Setterquist R, Conrad R. Exosomes: current
knowledge of their composition, biological functions, and diagnostic and
therapeutic potentials. Biochim Biophys Acta. 2012;1820(7):940–8.

6. Yang L, Wu XH, Wang D, Luo CL, Chen LX. Bladder cancer cell-derived
exosomes inhibit tumor cell apoptosis and induce cell proliferation in vitro.
Mol Med Rep. 2013;8(4):1272–8.

7. Jorfi S, Inal JM. The role of microvesicles in cancer progression and drug
resistance. Biochem Soc Trans. 2013;41(1):293–8.

8. Tickner JA, Urquhart AJ, Stephenson SA, Richard DJ, O'Byrne KJ. Functions
and therapeutic roles of exosomes in cancer. Front Oncol. 2014;4:127.

9. Hood JL, San RS, Wickline SA. Exosomes released by melanoma cells
prepare sentinel lymph nodes for tumor metastasis. Cancer Res. 2011;
71(11):3792–801.

10. Greenburg G, Hay ED. Epithelia suspended in collagen gels can lose polarity
and express characteristics of migrating mesenchymal cells. J Cell Biol. 1982;
95(1):333–9.

11. Thiery JP. Epithelial-mesenchymal transitions in tumour progression. Nat Rev
Cancer. 2002;2(6):442–54.

12. Greening DW, Gopal SK, Mathias RA, Liu L, Sheng J, Zhu HJ, et al. Emerging
roles of exosomes during epithelial-mesenchymal transition and cancer
progression. Semin Cell Dev Biol. 2015;40:60–71.

13. Vella LJ. The emerging role of exosomes in epithelial-mesenchymal-
transition in cancer. Front Oncol. 2014;4:361.

14. Aga M, Bentz GL, Raffa S, Torrisi MR, Kondo S, Wakisaka N, et al. Exosomal
HIF1alpha supports invasive potential of nasopharyngeal carcinoma-
associated LMP1-positive exosomes. Oncogene. 2014;33(37):4613–22.

15. Franzen CA, Blackwell RH, Todorovic V, Greco KA, Foreman KE, Flanigan RC, et al.
Urothelial cells undergo epithelial-to-mesenchymal transition after exposure to
muscle invasive bladder cancer exosomes. Oncogene. 2015;e163:4.

16. Qin W, Tsukasaki Y, Dasgupta S, Mukhopadhyay N, Ikebe M, Sauter ER. Exosomes
in human breast Milk promote EMT. Clin Cancer Res. 2016;22(17):4517–24.

17. Rahman MA, Barger JF, Lovat F, Gao M, Otterson GA, Nana-Sinkam P. Lung
cancer exosomes as drivers of epithelial mesenchymal transition. In:
Oncotarget; 2016.

18. Garnier D, Magnus N, Meehan B, Kislinger T, Rak J. Qualitative changes in
the proteome of extracellular vesicles accompanying cancer cell transition
to mesenchymal state. Exp Cell Res. 2013;319(17):2747–57.

19. Tauro BJ, Mathias RA, Greening DW, Gopal SK, Ji H, Kapp EA, et al.
Oncogenic H-ras reprograms Madin-Darby canine kidney (MDCK) cell-
derived exosomal proteins following epithelial-mesenchymal transition. Mol
Cell Proteomics. 2013;12(8):2148–59.

20. Garnier D, Magnus N, Lee TH, Bentley V, Meehan B, Milsom C, et al. Cancer
cells induced to express mesenchymal phenotype release exosome-like
extracellular vesicles carrying tissue factor. J Biol Chem. 2012;287(52):43565–72.

Tang et al. BMC Genomics          (2018) 19:802 Page 13 of 14

https://doi.org/10.1186/s12864-018-5143-6
https://doi.org/10.1186/s12864-018-5143-6


21. Jeppesen DK, Nawrocki A, Jensen SG, Thorsen K, Whitehead B, Howard KA,
et al. Quantitative proteomics of fractionated membrane and lumen
exosome proteins from isogenic metastatic and nonmetastatic bladder
cancer cells reveal differential expression of EMT factors. Proteomics. 2014;
14(6):699–712.

22. Ji H, Greening DW, Barnes TW, Lim JW, Tauro BJ, Rai A, et al. Proteome
profiling of exosomes derived from human primary and metastatic
colorectal cancer cells reveal differential expression of key metastatic factors
and signal transduction components. Proteomics. 2013;13(10–11):1672–86.

23. Kim J, Kim TY, Lee MS, Mun JY, Ihm C, Kim SA. Exosome cargo reflects TGF-
beta1-mediated epithelial-to-mesenchymal transition (EMT) status in A549
human lung adenocarcinoma cells. Biochem Biophys Res Commun. 2016;
478(2):643–8.

24. Lunavat TR, Cheng L, Kim DK, Bhadury J, Jang SC, Lasser C, et al. Small RNA deep
sequencing discriminates subsets of extracellular vesicles released by melanoma
cells--evidence of unique microRNA cargos. RNA Biol. 2015;12(8):810–23.

25. Thind A, Wilson C. Exosomal miRNAs as cancer biomarkers and therapeutic
targets. J Extracell Vesicles. 2016;5:31292.

26. Li L, Li C, Wang S, Wang Z, Jiang J, Wang W, et al. Exosomes derived from
hypoxic Oral squamous cell carcinoma cells deliver miR-21 to normoxic
cells to elicit a Prometastatic phenotype. Cancer Res. 2016;76(7):1770–80.

27. Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-mesenchymal
transitions in development and disease. Cell. 2009;139(5):871–90.

28. Chung JH, Rho JK, Xu X, Lee JS, Yoon HI, Lee CT, et al. Clinical and
molecular evidences of epithelial to mesenchymal transition in acquired
resistance to EGFR-TKIs. Lung Cancer. 2011;73(2):176–82.

29. Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid G, et al. The
miR-200 family and miR-205 regulate epithelial to mesenchymal transition
by targeting ZEB1 and SIP1. Nat Cell Biol. 2008;10(5):593–601.

30. Lee JY, Park MK, Park JH, Lee HJ, Shin DH, Kang Y, et al. Loss of the
polycomb protein Mel-18 enhances the epithelial-mesenchymal transition
by ZEB1 and ZEB2 expression through the downregulation of miR-205 in
breast cancer. Oncogene. 2014;33(10):1325–35.

31. Tellez CS, Juri DE, Do K, Bernauer AM, Thomas CL, Damiani LA, et al. EMT and
stem cell-like properties associated with miR-205 and miR-200 epigenetic
silencing are early manifestations during carcinogen-induced transformation of
human lung epithelial cells. Cancer Res. 2011;71(8):3087–97.

32. Yan Y, Wang Q, Yan XL, Zhang Y, Li W. Tang F et al. miR-10a controls
glioma migration and invasion through regulating epithelial-mesenchymal
transition via EphA8. FEBS Lett. 2015;589(6):756–65.

33. Dang X, Ma A, Yang L, Hu H, Zhu B, Shang D, et al. MicroRNA-26a regulates
tumorigenic properties of EZH2 in human lung carcinoma cells. Cancer
Genet. 2012;205(3):113–23.

34. Liang H, Gu Y, Li T, Zhang Y, Huangfu L, Hu M, et al. Integrated analyses
identify the involvement of microRNA-26a in epithelial-mesenchymal
transition during idiopathic pulmonary fibrosis. Cell Death Dis. 2014;e1238:5.

35. Zhao S, Ye X, Xiao L, Lian X, Feng Y, Li F, et al. MiR-26a inhibits prostate cancer
progression by repression of Wnt5a. Tumour Biol. 2014;35(10):9725–33.

36. Ohshima K, Inoue K, Fujiwara A, Hatakeyama K, Kanto K, Watanabe Y, et al.
Let-7 microRNA family is selectively secreted into the extracellular
environment via exosomes in a metastatic gastric cancer cell line. PLoS
One. 2010;5(10):e13247.

37. Lu C, Huang T, Chen W, Lu H. GnRH participates in the self-renewal of
A549-derived lung cancer stem-like cells through upregulation of the JNK
signaling pathway. Oncol Rep. 2015;34(1):244–50.

38. Harlos C, Musto G, Lambert P, Ahmed R, Pitz MW. Androgen pathway
manipulation and survival in patients with lung cancer. Horm Cancer. 2015;
6(2–3):120–7.

39. Lhakhang TW, Chaudhry MA. Interactome of radiation-induced microRNA-
predicted target genes. Comp Funct Genomics. 2012;2012:569731.

40. Huang JW, Guan BZ, Yin LH, Liu FN, Hu B, Zheng QY, et al. Effects of
estrogen-related receptor alpha (ERRalpha) on proliferation and metastasis
of human lung cancer A549 cells. J Huazhong Univ Sci Technolog Med Sci.
2014;34(6):875–81.

41. Conde SJ, Luvizotto RA, Sibio MT, Katayama ML, Brentani MM, Nogueira CR.
Tamoxifen inhibits transforming growth factor-alpha gene expression in
human breast carcinoma samples treated with triiodothyronine. J
Endocrinol Investig. 2008;31(12):1047–51.

42. Yen CC, Huang YH, Liao CY, Liao CJ, Cheng WL, Chen WJ, et al. Mediation
of the inhibitory effect of thyroid hormone on proliferation of hepatoma
cells by transforming growth factor-beta. J Mol Endocrinol. 2006;36(1):9–21.

43. Brunetti J, Depau L, Falciani C, Gentile M, Mandarini E, Riolo G, et al. Insights
into the role of sulfated glycans in cancer cell adhesion and migration
through use of branched peptide probe. Sci Rep. 2016;6:27174.

44. DeBerardinis RJ, Chandel NS. Fundamentals of cancer metabolism. Sci Adv.
2016;2(5):e1600200.

45. Melo SA, Luecke LB, Kahlert C, Fernandez AF, Gammon ST, Kaye J, et al.
Glypican-1 identifies cancer exosomes and detects early pancreatic cancer.
Nature. 2015;523(7559):177–82.

46. Mittelbrunn M, Gutierrez-Vazquez C, Villarroya-Beltri C, Gonzalez S, Sanchez-
Cabo F, Gonzalez MA, et al. Unidirectional transfer of microRNA-loaded
exosomes from T cells to antigen-presenting cells. Nat Commun. 2011;2:282.

47. Zomer A, Vendrig T, Hopmans ES, van Eijndhoven M, Middeldorp JM, Pegtel DM.
Exosomes: fit to deliver small RNA. Commun Integr Biol 2010; 3(5):447–450.

48. Castellana D, Toti F, Freyssinet JM. Membrane microvesicles:
macromessengers in cancer disease and progression. Thromb Res. 2010;
125(Suppl 2):S84–8.

49. Zhang Y, Liu D, Chen X, Li J, Li L, Bian Z, et al. Secreted monocytic miR-150
enhances targeted endothelial cell migration. Mol Cell. 2010;39(1):133–44.

50. An T, Qin S, Xu Y, Tang Y, Huang Y, Situ B, et al. Exosomes serve as tumour
markers for personalized diagnostics owing to their important role in cancer
metastasis. J Extracell Vesicles. 2015;4:27522.

51. Luga V, Zhang L, Viloria-Petit AM, Ogunjimi AA, Inanlou MR, Chiu E, et al.
Exosomes mediate stromal mobilization of autocrine Wnt-PCP signaling in
breast cancer cell migration. Cell. 2012;151(7):1542–56.

52. Abdouh M, Hamam D, Gao ZH, Arena V, Arena M, Arena GO. Exosomes
isolated from cancer patients' sera transfer malignant traits and confer the
same phenotype of primary tumors to oncosuppressor-mutated cells. J Exp
Clin Cancer Res. 2017;36:113.

53. Al-Nedawi K, Meehan B, Micallef J, Lhotak V, May L, Guha A, et al.
Intercellular transfer of the oncogenic receptor EGFRvIII by microvesicles
derived from tumour cells. Nat Cell Biol. 2008;10(5):619–24.

54. Levchenko A, Mehta BM, Niu X, Kang G, Villafania L, Way D, et al.
Intercellular transfer of P-glycoprotein mediates acquired multidrug
resistance in tumor cells. Proc Natl Acad Sci U S A. 2005;102(6):1933–8.

55. Bebawy M, Combes V, Lee E, Jaiswal R, Gong J, Bonhoure A, et al.
Membrane microparticles mediate transfer of P-glycoprotein to drug
sensitive cancer cells. Leukemia. 2009;23(9):1643–9.

56. Zheng P, Chen L, Yuan X, Luo Q, Liu Y, Xie G, et al. Exosomal transfer of
tumor-associated macrophage-derived miR-21 confers cisplatin resistance in
gastric cancer cells. J Exp Clin Cancer Res. 2017;36(1):53.

57. Wang X, Xu C, Hua Y, Sun L, Cheng K, Jia Z, et al. Exosomes play an
important role in the process of psoralen reverse multidrug resistance of
breast cancer. J Exp Clin Cancer Res. 2016;35(1):186.

58. Hong BS, Cho JH, Kim H, Choi EJ, Rho S, Kim J, et al. Colorectal cancer cell-
derived microvesicles are enriched in cell cycle-related mRNAs that
promote proliferation of endothelial cells. BMC Genomics. 2009;10:556.

59. Rabinowits G, Gercel-Taylor C, Day JM, Taylor DD, Kloecker GH. Exosomal
microRNA: a diagnostic marker for lung cancer. Clin Lung Cancer. 2009;
10(1):42–6.

Tang et al. BMC Genomics          (2018) 19:802 Page 14 of 14


	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Cell culture and establishment of EMT cell model
	Cell culture medium (CCM) preparation and exosomes isolation
	Nanoparticle tracking analysis (NTA)
	Transmission electron microscopy (TEM)
	Western blot analysis
	Wound healing assays
	Migration and Matrigel invasion assays
	Isolation of exoRNA and cell RNA, and RNA analysis
	Small RNA sequencing
	Exosomes labeling and tracking in A549, H1299 and 16HBE cells
	Exosomes co-culture assay
	Statistical analysis

	Results
	A549 cells undergo EMT after exposure to TGF-β1
	Biochemical characterization of exosomes from CCM
	sRNA composition in cells differs from that in exosomes
	M-exosomes had distinct miRNA profiles which may be involved in EMT and cancer progression when compared with E-exosomes, con-exosomes or M-cells
	Exosomes derived from M-phenotype cancer cells promote the transformation of recipient cells from E-phenotype to M-phenotype

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Authors’ information
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

