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stimulation of proliferation by exosomes. Collectively, the 
data indicate that transformed HBE cells release exosomes 
containing miR-21, stimulating proliferation in neighboring 
normal HBE cells and supporting the concept that exoso-
mal miRNAs are involved in cell–cell communication dur-
ing carcinogenesis induced by environmental chemicals.
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Introduction

The development of human cancers is a multistep process 
in which normal cells acquire characteristics that ulti-
mately lead to their conversion into cancer cells (Hu and 
Polyak 2008). Considerable interest in the cancer field is 
focused on the characteristics of the tumor microenviron-
ment and on intercellular communication of malignant and 
nonmalignant cells (Kucharzewska et  al. 2013). Intercel-
lular communications within the cancer microenvironment 
coordinate the assembly of various cell types for the form 
and function of cancers (Calvo and Sahai 2011; Gerdes and 
Pepperkok 2013). Transformed cells exchange signals with 
surrounding fibroblasts, endothelial cells, and immune cells 
through direct cell–cell interactions and through secreted 
molecules (Hale et al. 2012).

Exosomes are small membrane vesicles with an endo-
some origin that are released by cells into the extracellu-
lar environment. They transfer a cargo of proteins, lipids, 
and nucleic acids to recipient cells, thereby altering the 
biochemical composition, signaling pathways, and gene 
regulation of recipient cells (Ge et al. 2012; Simona et al. 
2013). Exosome-mediated signaling promotes tumor pro-
gression through communication between the tumor and 
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surrounding stromal tissue (Lin et  al. 2013), activation of 
proliferative and angiogenic pathways (Tadokoro et  al. 
2013; Yang et  al. 2013), bestowing immune suppression 
(Zhang and Grizzle 2011), and initiation of pre-metastatic 
sites (Bissell and Hines 2011).

MicroRNAs (miRNAs), which are small, noncoding RNA 
molecules of 21–23 nucleotides, are involved in the regula-
tion of biological processes, including cell proliferation, dif-
ferentiation, apoptosis, homeostasis, and stress responses 
(DeCastro et al. 2013; Ling et al. 2012). The biological sig-
nificance of miRNAs secreted outside of cells is beginning 
to be recognized (Liang et  al. 2013). Via exosomes, cells 
secrete miRNAs into the extracelluar environment, where 
they may be involved in the propagation of cancer cells (Cor-
tez et  al. 2011; Huang et  al. 2013). We hypothesized that 
malignant effusions have a specific, cell-free miRNA profile 
that conveys information regarding the presence of cancer 
cells. Exosomal miRNAs, however, have not been consid-
ered to be involved in the transformation of normal cells to 
malignant cells induced by environmental carcinogens.

Ours and other groups have reported that expression pat-
terns of aberrant miRNAs and genetic changes contribute to 
environmental carcinogen-induced malignant transforma-
tion and subsequent tumor formation (Han et al. 2013; Luo 
et al. 2013; Tellez et al. 2011). Arsenite, an environmental 
carcinogen, up-regulates expression of cellular miR-21, 
which is involved in malignant transformation of cells (Ling 
et al. 2012). Although the mechanism by which miR-21 is 
involved in arsenite-induced cell transformation has been 
elucidated, it has not been determined if miR-21-mediated 
cell-to-cell communication contributes in arsenite-induced 
malignant transformation and subsequent tumor formation.

In this study, we evaluated the interaction of arsenite-
transformed human bronchial epithelial (HBE) cells and 
normal HBE cells, using a no-contact, coculture system. 
The results show that miR-21, transferred from transformed 
HBE cells into normal HBE cells, is an extracellular signal-
ing molecule that affects the proliferation of HBE cells, a 
process that can transform normal cells to malignant cells. 
We report, for the first time, that malignant cell-to-normal 
cell communication mediated by an exosomal miRNA may 
be involved in malignant transformation of cells and tumor 
formation induced by environmental carcinogens. Such 
information contributes to an understanding of carcinogen-
esis caused by arsenite.

Materials and methods

Cell culture and reagents

HBE cells, a SV40-transformed normal human bronchial 
epithelial cell line, are nontumorigenic and retain features 

of human bronchial epithelial cells. They are useful for 
studies of multistage bronchial epithelial carcinogenesis. 
These cells were obtained from the Shanghai Institute of 
Cell Biology, Chinese Academy of Sciences (Shanghai, 
China) and were maintained under 5  % CO2 at 37  °C in 
minimum essential medium, eagle’s medium (MEM), 
supplemented with 10  % fetal bovine serum (FBS, Life 
Technologies/Gibco, Grand Island, NY), 100 U/ml penicil-
lin, and 100 μg/ml streptomycin (Life Technologies/Gibco, 
Gaithersburg, MD). We previously established the model 
of arsenite-transformed HBE cells (Xu et  al. 2012). Cells 
(1 ×  106) were seeded into 10-cm (diameter) dishes for 
24  h and maintained in 0.0 or 1.0  μM sodium arsenite 
(NaAsO2, Sigma, St. Louis, MO) for 48–72 h per passage. 
This process was continued for about 15  weeks (30 pas-
sages). Human IL-6-neutralizing antibody (anti-IL-6 Ab, 
Clone 6,708), and negative control Ab (anti-IGg) were pur-
chased from R&D Systems (Minneapolis, MN). Sodium 
arsenite (CAS no 7784-46-5, purity: 99 %) was purchased 
from Sigma. All other reagents used were of analytical 
grade or the highest grade available.

Coculture and preparation of culture medium

Arsenite-transformed HBE cells and HBE cells were cocul-
tured, physically separate, using Transwell filters (polycar-
bonate membrane insert, 0.45-mm pore; Millipore, Biller-
ica, MA, USA). Before coculture, HBE cells were plated 
onto the bottom of a 24-well plate at a density of 5 × 105 
cells/well, and transformed cells and normal cells were cul-
tured in serum-free MEM. The next day, transformed HBE 
cells were seeded onto the inside of an insert above the 
membrane at a density of 5 × 105 cells/ml, and coculture 
was started by setting the insert on the 24-well plate. After 
24  h of coculture, the culture medium was collected and 
centrifuged at 2,000g for 15 min. The supernatant was fil-
tered through a 0.22-mm polyvinylidene difluoride (PVDF) 
filter (Millipore) to eliminate cellular debris.

Determination of cell proliferation

Cell proliferation was evaluated by WST-8 hydrolysis 
using Cell Counting Kit-8 (Dojindo Molecular Technolo-
gies, Inc.) as described previously (Xu et al. 2012). Briefly, 
cells were seeded into 96-well tissue culture plates at 4,000 
cells per well. Plates were incubated for 24 h at 37 °C with 
5 % CO2 in a humidified incubator. After cells were treated 
and after incubation, 20 μl of WST-8 was added to each 
well and the incubation continued for an additional 3  h. 
Plates were read on a Biorad ELISA plate reader (Bio-
TEK Instruments, Winooski, VT, USA) using a 450-nm fil-
ter. Results of at least three independent experiments were 
analyzed in duplicate. The relative cell proliferation ratios 
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were plotted along with non-treated controls to determine 
the 100 % level of activity.

Growth kinetics

HBE cells were seeded in 6-well plates at a concentration 
of 1 ×  105 per well. The plates were incubated at 37  °C 
under 5 % CO2 in MEM medium supplemented with 10 % 
FBS for 1–7  days, then collected by trypsinization. Cells 
were counted in triplicate using a hemocytometer under a 
microscope. Doubling times were calculated by the for-
mula (Nekanti et al. 2010):

where, TD is the population doubling time expressed as 
hours per doubling, T is days of assay, N0 is the number of 
cells at time 0, and Nt is the cell number on the last day.

Quantitative real‑time PCR

Total cellular RNA was isolated by use of Trizol (Invitrogen) 
according to the manufacturer’s recommendations. Extra-
celluar RNA was isolated by use of mirVana™ PARIS™ 
Kits (Life Technologies) according to the manufacturer’s 
recommendations. For detection of miR-21, 2 μg of total 
RNA, miRNA-specific stem-loop reverse transcriptase 
(RT) primers, and MMLV RT (Promega Corp., Madison, 
WI, USA) were used in reverse transcription following the 
manufacturer’s protocol. Cel-miR-39 (RiBoBio, Guang-
zhou, China) and U6 were used as controls for conditioned 
medium and cells, respectively. The sequences of mature 
miRNAs were from Sanger miRBase (http://microrna.san
ger.ac.uk/sequences/). Forward (F) and reverse (R) prim-
ers were as follows: miR-21-F, 5′-ACACTCCAGCTGGG 
TAGCTTATCAGACTGA-3′; miR-21-R, 5 -TGGTGTCGTGG 
AGTCG-3′; U6-F, 5′-CGCTTCGGCAGCACATATACTAAA 
ATTGGAAC-3′; U6-R, 5′-GCTTCACGAATTTGCGTGTCA 
TCCTTGC-3′. All of the primers were synthesized by Inv-
itrogen. Quantitative real-time PCR was performed with 
an Applied Biosystems 7300HT machine and MaximaTM 
SYBR Green/ROX qPCR Master Mix (Fermentas, USA). 
The concentrations of extracellular miRNAs were cal-
culated based on their Ct values, normalized by those of 
cel-miR-39, which was present in each reaction mixture 
at 1 nM (Kosaka et al. 2010). Fold changes in expression 
of each gene were calculated by a comparative threshold 
cycle (Ct) method using the formula  2−(ΔΔCt) (Livak and 
Schmittgen 2001).

Exosome isolation

The culture medium was collected and centrifuged at 
3,000g for 15 min, and the supernatant was filtered through 

TD = T × log2/(logNt − logN0)

a 0.22-mm PVDF filter (Millipore). An appropriate vol-
ume of exoquick exosome precipitation solution (System 
Biosciences) was added to the filtered culture medium 
and mixed well. After refrigeration for 24  h, the mixture 
was centrifuged at 1,500g for 30 min, and the supernatant 
was removed. Exosome pellets were resuspended with the 
appropriate volume of the serum-free medium. Exosomes 
from 1 × 106 cells were suspended in 150 μl of medium.

Exosome labeling

Exosomes from 1.5 × 106 cells were suspended in 180 μl 
of PBS with 20  μl of 1:50 diluted PKH67 (Sigma, in 
Diluent C). After 3 min of incubation at room tempera-
ture (RT), 3.8  ml of exosome-free medium was added 
to terminate the labeling reaction, and exosomes were 
harvested and washed twice with PBS by centrifugation 
(100,000g for 1 h). Exosomes were suspended in 9.6 ml 
of basal medium, and 250 μl was added to a sub-con-
fluent layer of HBE cells, which were incubated for 3 h 
at 37 °C. Cells were washed twice with PBS, fixed with 
4 % paraformaldehyde in PBS for 30 min at RT. To stain 
the nuclei, 4′,6-diamidino-2-phenylindole (DAPI, Sigma) 
was added for 10  min, and stained cells were observed 
under a fluorescence microscope (Zeiss, LSM700B, 
Germany).

Western blots

Cell lysates were prepared with a detergent buffer as 
described previously (Xu et  al. 2012). Protein concen-
trations were measured according to the manufacturer’s 
manual using the BCA protein assay (Beyotime Institute 
of Biotechnology, Shanghai, China). Exosome samples 
were diluted 1:1 in exosome sample buffer [5  % SDS, 
9  M urea, 10  mM EDTA, 120  mM Tris–HCl (pH 6.8), 
2.5 % mercaptoethanol] and heated (95 °C, 5 min). Pro-
tein concentrations were measured according to the 
manufacturer’s manual using the Bradford protein assay 
(Beyotime Institute of Biotechnology). Equal amounts 
(80  μg) of protein were separated by 10  % sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis and 
transferred to polyvinylidene fluoride membranes (Mil-
lipore, Billerica, MA, USA). Membranes were then incu-
bated overnight at 4  °C with a 1:1,000 dilution of anti-
glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 
Sigma) and with Abs for phosphatase and tensin homolog 
(PTEN, Cell Signaling Technology), CD63, and flotillin-
1(Abcam). After additional incubation with a 1:1,000 
dilution of an anti-immunoglobin horseradish perox-
idase-linked Ab for 1  h, the immune complexes were 
detected by enhanced chemiluminescence (Cell Signaling 
Technology).

http://microrna.sanger.ac.uk/sequences/
http://microrna.sanger.ac.uk/sequences/
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Cell transfection

Cells (5 × 105) were seeded into 6-well plates at 18–24 h 
prior to transfection. MicroRNA-21-mimic, anti-miR-21, 
miR-NC-mimic, and anti-miR-nc (a negative control) were 
synthesized by RiBoBio (Guangzhou, China). Cells were 
transiently transfected using the Lipofectamine 2,000 rea-
gent (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s protocol. After 6 h, cells were harvested and 
used for experiments. Transfections of HBE cells were per-
formed with the N-TER™ Nanoparticle siRNA Transfec-
tion System (Sigma) following the manufacturer’s protocol. 
The siRNA nanoparticle formation solution was prepared 
by adding target gene siRNA dilutions to N-TER peptide 
dilutions. The preparations were incubated at room tem-
perature for 30 min. NFS transfection medium (2 ml) con-
taining target gene siRNA was transferred to each well of 
the culture plates, and, after for 24 h, cells were treated and 
harvested for analysis. Control siRNA and STAT3 siRNA 
were purchased from Santa Cruz Biotechnology (Santa 
Cruz, CA).

Statistical analyses

Derived values are presented as the mean ± SD. Compari-
son of mean data among multiple groups was analyzed by 
one-way analysis of variance (ANOVA), and a multiple-
range, least significant difference was used for intergroup 
comparisons. P values <0.05 were considered statistically 
significant. All statistical analyses were performed with 
SPSS 16.0.

Results

Arsenite‑transformed HBE cells in coculture enhance 
proliferation of HBE cells

Intercellular communications within the cancer microenvi-
ronment coordinate the assembly and function of multiple 
cell types to form a cancer (Bissell and Hines 2011). Com-
munication between normal and abnormal cells may occur 
in precancerous states. Since we previously reported that the 
medium from arsenite-transformed HBE cells induced acti-
vation of STAT3 (Luo et al. 2013), we predicted that trans-
formed cells promote proliferation of normal cells by contact-
independent interactions. To evaluate this hypothesis, we 
exposed HBE and arsenite-transformed HBE cells to basal 
medium, medium from normal HBE cells, and medium from 
arsenite-transformed HBE cells. After 24 or 48 h of incuba-
tion of HBE cells, the medium from arsenite-transformed 
HBE cells promoted their growth by ~200  % relative to 
the growth of cells exposed to basal medium (Fig. 1a). The 
growth of cells incubated in the control medium (CM) of 
HBE cells was not changed. For arsenite-transformed HBE 
cells, the CM of HBE cells and medium from transformed 
HBE cells (T-CM) had no effect on proliferation (Fig. 1b). To 
determine the effect of no-contact interaction on cell growth, 
cell proliferation was tested in mono- and coculture media. 
Cocultured HBE cells showed a higher proliferation rate, 
but cocultured transformed HBE cells showed relatively less 
proliferation (Fig. 1c). These results indicate that cancer cells 
secrete molecules that effect proliferation of normal cells, and 
that normal cells influence proliferation of cancer cells.

Fig. 1   In coculture, arsenite-transformed HBE cells enhance HBE 
cell proliferation. Basal basal medium, CM medium from normal 
HBE cells, T-CM medium from arsenite-transformed HBE cells, 
coculture arsenite-transformed HBE cells cocultured with HBE 
cells, HBE normal HBE cells, T-HBE arsenite-transformed HBE 
cells. HBE cells were exposed to basal medium, medium from nor-
mal HBE cells, or medium from arsenite-transformed HBE cells for 
24 or 48  h. a Proliferation efficiency was measured by use of Cell 
Counting Kit-8 assay, and the relative ratios of cell proliferation were 
determined by comparison with cells in basal medium (mean ± SD, 
n  =  3). *P  <  0.05 difference from cells in basal medium. Trans-

formed HBE cells were exposed to basal medium, medium from nor-
mal HBE cells, or medium from arsenite-transformed HBE cells for 
24 h or 48 h. b Proliferation efficiency was measured by use of a Cell 
Counting Kit-8 assay, and the relative ratios of cell proliferation were 
determined by comparison with cells in basal medium (mean ± SD, 
n =  3). HBE cells and arsenite-transformed HBE cells were cocul-
tured (no-contact) in Transwells for 24 or 48  h. c The proliferation 
efficiency of HBE cells and transformed cells was measured by use 
of a Cell Counting Kit-8 assay, and the relative ratios of cell prolif-
eration were determined by comparison with cells in basal medium 
(mean ± SD, n = 3). *P < 0.05 difference from cells in basal medium
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Extracellular miR‑21, derived from arsenite‑transformed 
cells, transfers into normal HBE cells

Cancer cells secrete autocrine and/or paracrine factors 
that regulate the functions of neighboring cells, leading to 
abnormal development (Kosaka et  al. 2012). These fac-
tors include miRNAs, which are thought to be involved in 
intercellular communication (Umezu et al. 2013). We pre-
viously reported that miR-21 is up-regulated in arsenite-
transformed cells (Luo et  al. 2013). The intracellular and 
extracellular expression of miR-21 in HBE cells with or 
without medium from arsenite-transformed HBE cells was 
determined. The medium from arsenite-transformed cells 
induced expression of miR-21 in HBE cells (Fig. 2a), but, 
for arsenite-transformed cells, conditioned media did not 
influence the expression of miR-21 (Fig. 2b). In the super-
natant, miR-21, which was preferentially expressed by 

transformed HBE cells, was reduced by the supernatant of 
transformed HBE cells cocultured with HBE cells (Fig. 2c). 
Moreover, the intracellular levels of miR-21 were up-regu-
lated in HBE cells cocultured with transformed HBE cells 
(Fig. 2d). However, the expression of intracellular miR-21 
in transformed cells did not differ with or without coculture 
with HBE cells (Fig. 2e), indicating that intracellular miR-
21 in transformed cells was not influenced by the presence 
of HBE cells. These results indicate that extracellular miR-
21, derived from transformed cells, transfers into HBE 
cells.

Transfer of miR‑21 derived from arsenite‑transformed cells 
to HBE cells via exosomes

Exosomes, small membrane vesicles of endocytic origin 
secreted by most cancer cell types, contain miRNA and are 

Fig. 2   Extracellular miR-21, derived from arsenite-transformed cells, 
transfers into normal HBE cells. Basal basal medium, CM medium 
from normal HBE cells, T-CM medium from arsenite-transformed 
HBE cells, coculture arsenite-transformed HBE cells cocultured with 
HBE cells, HBE normal HBE cells, T-HBE arsenite-transformed 
HBE cells. HBE cells were exposed to basal medium, medium 
from normal HBE cells, or medium from arsenite-transformed HBE 
cells for 24  h. a levels of miR-21 were determined by qRT-PCR 
assays (mean ± SD, n = 3). *P < 0.05 difference from cells in basal 
medium. Transformed HBE cells were exposed to basal medium, 
medium from normal HBE cells, or medium from arsenite-trans-
formed HBE cells for 24  h. b Levels of miR-21 were determined 
by qRT-PCR assays (mean ±  SD, n =  3). HBE cells and arsenite-
transformed HBE cells were cocultured (no-contact) in Transwells 

for 24  h. c The expression of miR-21 in supernatants in mono-cul-
ture medium (supernatant of HBE cells, or arsenite-transformed 
HBE cells only) and coculture medium (supernatant of HBE cells 
with arsenite-transformed HBE cells) was determined by qRT-PCR 
assays (mean ± SD, n = 3). *P < 0.05 difference from supernatant of 
arsenite-transformed HBE cells, #P < 0.05 difference from coculture 
medium. HBE cells and arsenite-transformed HBE cells were cocul-
tured (no-contact) in Transwells for 24  h. d miR-21 expression in 
HBE cells with or without arsenite-transformed HBE cells was deter-
mined by qRT-PCR assays (mean ± SD, n = 3). *P < 0.05 difference 
from HBE cells without arsenite-transformed HBE cells. e miR-21 
expression in arsenite-transformed HBE cells with or without HBE 
cells was determined by qRT-PCR assays (mean ± SD, n = 3)



1076	 Arch Toxicol (2015) 89:1071–1082

1 3

thought to be involved in intercellular communication (Kel-
ler et  al. 2006). Thus, we considered the possibility that 
miRNA is transferred from cancer cells into neighboring 
normal cells via exosomes. Exosomal fractions were pre-
pared from the culture media of HBE cells and transformed 
HBE cells. Expression of the exosome markers, CD63 and 
flotillin-1, were assessed by immunoblotting (Keller et al. 
2006; Luga et  al. 2012). The expression levels of CD63 
and flotillin-1 were not different in the exosomes of HBE 
cells and transformed HBE cells (Fig. 3a). Moreover, when 
HBE cells were exposed to 1.0 μM arsenite and the exo-
some fraction was isolated after 24 h, the expression lev-
els of CD63 and flotillin-1 were not changed (Fig.  3b). 
Since the amounts of exosomes released from normal cells, 
transformed cells, and arsenite-treated cells did not differ, 
the contents of exosomes in different conditioned media 
were determined. The levels of miR-21 were higher in the 
exosomes of arsenite-treated and transformed cells (Fig. 3c, 
d). These results showed that, although the amounts of 
exosomes released from these types of cells did not differ, 
there were differences in exosome contents of miR-21.

The capacity of exosomes from transformed HBE cells 
to be transferred to recipient HBE cells was examining 
by assessing the uptake of isolated exosomes labeled with 
a green fluorescent dye, PKH67. After 3 h, allowing time 
for exosome uptake, a prerequisite for subsequent RNA 
transfer (Pegtel et al. 2010), fluorescence microscopy dem-
onstrated that PKH67 had been taken up and transferred to 
perinuclear compartments, presumably representative of 
late endocytic compartments (Fig. 3e). In sum, extracellular 
miR-21 apparently transfers into HBE cells via exosomes 
derived from transformed HBE cells.

IL‑6 up‑regulates extracellular miR‑21 levels in exosomes 
derived from HBE cells via activating STAT3 in HBE cells 
exposed to arsenite

We previously reported that arsenite causes up-regulation 
of miR-21, which is involved in the transformation of HBE 
cells induced by chronic exposure to arsenite, and that 
the medium from arsenite-transformed HBE cells induces 
activation of STAT3, which up-regulates miR-21 expres-
sion (Luo et al. 2013). In the present study, we determined 
whether IL-6 mediates miR-21 levels in exosomes via 
inducing STAT3 activation in cells exposed to arsenite. 
Anti-IL-6 Ab was used to investigate the role of IL-6 in 
the exosomal miR-21 levels. In the arsenite-treated HBE 
cells, the activation of STAT3 was reversed by decreas-
ing the levels of IL-6 (Fig.  4a), and inhibition of IL-6 
reversed the arsenite-induced increases of miR-21 expres-
sion in HBE cells (Fig.  4b). These results are consistent 
with our previous findings (Luo et al. 2013). In exosomes 
derived from HBE cells, inhibition of IL-6 also reversed 

the arsenite-induced increases of miR-21 expression in 
the supernatant of HBE cells (Fig.  4c). Transfection with 
STAT3 siRNA essentially abolished the arsenite-induced 
activation of STAT3 (Fig. 4d). Inhibition of STAT3 activa-
tion also reversed the arsenite-induced increases of miR-21 
expression (Fig. 4e), an observation consistent with our pre-
vious findings (Luo et al. 2013). These results indicate that, 
in HBE cells, STAT3 is involved in the arsenite-induced 
increases of miR-21 levels. In exosomes derived from 

Fig. 3   Transfer of miR-21 derived from arsenite-transformed cells 
to HBE cells via exosomes. CM medium from normal HBE cells, 
T-CM medium from arsenite-transformed HBE cells. Exosomes of 
HBE cells and arsenite-transformed HBE cells were fractionated by 
Exoquick. a CD63 and flotillin-1 immunoblot of exosomes derived 
from HBE cells and arsenite-transformed HBE cells. HBE cells 
were exposed to 0.0 or 1.0 μM arsenite for 24  h, and exosomes of 
treated cells were fractionated. b CD63 and flotillin-1 immunoblot 
of exosomes derived from HBE cells and arsenite-treated HBE cells. 
c Real-time PCR detection of miR-21 expression in exosomes of 
HBE cells and arsenite-transformed HBE cells (mean ± SD, n = 3). 
*P < 0.05 difference from exosomes of HBE cells. d Real-time PCR 
detection of miR-21 expression in exosomes of HBE cells and arsen-
ite-treated HBE cells (mean ± SD, n = 3). *P < 0.05 difference from 
exosomes of untreated HBE cells. The exosomes of arsenite-trans-
formed cells were labeled with PKH67. e HBE cells after 3 h incuba-
tion of exosomes with fluorescently labeled PKH67; green represents 
PKH67, blue represents nuclear DNA staining by DAPI (color figure 
online)
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HBE cells, inhibition of STAT3 also reversed the arsenite-
induced increases of miR-21 expression in the supernatant 
of HBE cells (Fig.  4f). These results indicate that IL-6 
mediation of miR-21 levels, not only in HBE cells, but also 
in exosomes derived from HBE cells, is related to STAT3.

Regulation of the proliferation of HBE cells by cell‑derived 
exosomes

Exosomes released by cancer cells transmit signals to other 
cancer cells and to stromal cells within the cancer microen-
vironment (Ge et al. 2012). To determine the effects of cell-
derived exosomes on the regulation of proliferation of HBE 
and transformed HBE cells, their growth was analyzed fol-
lowing treatment with various concentrations of exosomes 
for 24 h. The results showed that exosomes derived from nor-
mal HBE cells had no effect on cell proliferation (Fig. 5a). 
In contrast, exosomes from arsenite-transformed HBE cells 

induced the growth of HBE cells in a dose-dependent man-
ner but did not influence the growth of transformed HBE 
cells (Fig. 5b). Further, HBE cells were incubated with either 
basal medium or with different conditioned media. Prolifera-
tion, determined after 24 h of culture, increased when con-
ditioned medium from transformed HBE cells was used. 
Proliferation was impaired when the conditioned medium 
was depleted of exosomes by ultracentrifugation. Re-addi-
tion of isolated exosomes to exosome-depleted conditioned 
medium, however, restored proliferation (Fig.  5c). These 
data demonstrate that exosomes derived from transformed 
HBE cells promote growth of normal HBE cells.

Analysis of the function of exosomal miR‑21 transferred 
into HBE cells

To establish that exosomal miR-21 is functional in the 
recipient cells, the expression of PTEN, one of the target 

Fig. 4   IL-6 up-regulates miR-21 levels in exosomes derived from 
HBE cells via activating STAT3 in HBE cells exposed to arsenite. 
HBE cells were cultured in the presence of anti-IL-6 Ab or anti-IgG 
for 3  h, then exposed to 1.0 μM arsenite for 24  h. a Western blots 
of p-STAT3 in HBE cells. b Levels of miR-21 measured by qRT-
PCR assays in HBE cells (mean ± SD, n = 3). c Levels of miR-21 
in exosomes determined by qRT-PCR assays (mean ±  SD, n =  3). 
*P  <  0.05 difference from arsenite-treated cells in the absence of 

anti-IL-6 Ab. HBE cells were transfected with 20 nM of control 
siRNA, and 20 nM STAT3 siRNA for 24 h, then they were exposed 
to 0.0 or 1.0 μM arsenite for 24  h. d Western blots of p-STAT3 in 
HBE cells. e Levels of miR-21 measured by qRT-PCR assays in HBE 
cells (mean ± SD, n = 3). f Levels of miR-21 determined in differ-
ent treated cell-derived exosomes by qRT-PCR assays (mean ± SD, 
n = 3). *P < 0.05 difference from arsenite-treated cells
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genes, was evaluated in recipient HBE cells. PTEN was 
repressed by treatment of HBE cells with exosomal miR-
21 derived from transformed HBE cells, in agreement with 
up-regulation of miR-21 by transfecting the miR-21 mimic 
(Fig. 6a). The results indicate that, in HBE cells, exogenous 
miR-21, incorporated by exosomal transport, functions 
like endogenous miR-21. To determine whether miR-21 is 
involved in the observed effects of exosomes, miR-21 lev-
els were reduced by transfecting cells with anti-miR-21. 
As determined by qRT-PCR, transformed HBE cells with 
anti-miR-21 transfection produced exosomes with reduced 
levels of miR-21 (Fig.  6b). The expression of flotillin-1 
was not changed, indicating that the amounts of exosomes 
released from anti-miR-NC-transfected cells and anti-miR-
21-transfected cells did not differ (Fig.  6c). Nevertheless, 
differences in exosome content other than miR-21 cannot 
be excluded.

Exosomes isolated from cells transfected with anti-
miR-21 inhibited proliferation of HBE cells, but this 
effect was not evident when anti-miR-NC-transfected-
exosomes were used (Fig.  6d). The doubling time of 
HBE cells treated with anti-miR-21-exosomes was longer 
than that for cells treated with anti-miR-NC-exosomes 
(Fig.  6d). Together, these results indicate that exosome-
mediated stimulation of HBE cell proliferation is depend-
ent on miR-21 expression in exosomes of transformed 
HBE cells.

Discussion

Acquisition of properties such as proliferation and resist-
ance to programed death is not sufficient for a cell to 
become a tumor (Hanahan and Weinberg 2011). Cell inter-
actions within the microenvironment are necessary in the 
progression from single tumor cells to a local tumor mass 
and to metastases (Bao et  al. 2014). Transformed cells 
exchange signals with surrounding fibroblasts, endothelial 
cells, and immune cells through direct cell–cell interactions 
and through secreted molecules (Gerdes and Pepperkok 
2013; Kosaka et  al. 2010). For instance, tumors secrete 
growth factors for endothelial cells and also chemokines 
and cytokines that attract and modify the functions of 
immune cells (Zhang and Grizzle 2011). These results 
show that cancer cells have the capacity of effecting sur-
rounding and neighboring cells by contact-independent 
interactions.

In coculture, Sertoli cells promote proliferation of 
endothelial and neural stem cells via excreting cytokines 
such as epithelial growth factor, nerve growth factor, and 
IL-6 (Zhang et al. 2012). We previously reported that trans-
formed cells have the capacity to secrete IL-6 to promote 
malignant transformation of cells (Luo et  al. 2013). Fur-
ther, miR-143 derived from noncancerous cells suppresses 
cancer cell proliferation due to competition between cancer 
cells and non-cancer cells (Kosaka et al. 2012). Based on 

Fig. 5   Effect of cell-derived exosomes on the proliferation of HBE 
and arsenite-transformed HBE cells. HBE normal HBE cells, T-HBE 
arsenite-transformed HBE cells, CM-Exosome exosomes derived 
from normal HBE cells, T-CM-Exosome exosomes derived from 
arsenite-transformed HBE cells, Basal basal medium, T-CM medium 
from arsenite-transformed HBE cells, T-CM-deplet T-CM-exosome-
depleted conditioned medium, T-CM-re-add T-CM-exosome-depleted 
conditioned medium after re-addition of T-CM-exosomes. HBE and 
transformed HBE cells were treated with various concentrations of 
exosomes derived from HBE cells (0, 10, 40, 100, or 200  μg/ml) 
for 24  h. a Proliferation efficiency was measured by use of a Cell 
Counting Kit-8 assay, and the relative ratios of cell proliferation 
were determined by comparison with cells not exposed to exosomes 
(mean ± SD, n = 3). HBE and transformed HBE cells were treated 

with various concentrations exosomes derived from arsenite-trans-
formed HBE cells (0, 10, 40, 100, or 200 μg/ml) for 24  h. b Pro-
liferation efficiency was measured by use of a Cell Counting Kit-8 
assay, and the relative ratios of cell proliferation were determined by 
comparison to cells not exposed to exosomes (mean ± SD, n = 3). 
*P < 0.05 difference from cells with no exosome exposure. HBE cells 
incubated with different conditioned media for 24 h. c Proliferation 
efficiency was measured by use of a Cell Counting Kit-8 assay, and 
the relative ratios of cell proliferation were determined by compari-
son with cells in basal medium (mean ± SD, n = 3). *P < 0.05 dif-
ference from cells in basal medium. #P < 0.05 difference from cells 
treated with medium from arsenite-transformed cells. P < 0.05 differ-
ence from cells treated with T-CM-exosome-depleted medium
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our previous results and those of others, we hypothesized 
that arsenite-transformed cells secrete molecules to regu-
late growth of normal cells. Oncogenesis is characterized 
by genetic and metabolic changes that reprogram cells to 
undergo uncontrolled proliferation (Hanahan and Weinberg 
2011). Consistent with this concept, we also hypothesized 
that transformed cells induce proliferation of normal cells 
and affect the surrounding environment, leading to the for-
mation of cancers.

Here, we found that, in transformed cells cocultured 
with normal cells, growth of the transformed cells was 
inhibited. We considered that an anti-proliferation molecule 
was secreted by normal cells to affect growth of the trans-
formed cells. In competitive conditions, normal epithelial 
cells regulate the secretion of autocrine and paracrine fac-
tors that prevent aberrant growth of neighboring cells, 
leading to healthy development and normal metabolism, 
which are conducive to the maintenance of normal growth 
(Kosaka et al. 2010). In competitive conditions, the normal 

cells have only slight inhibitory effects on transformed 
cells.

Recently, it was recognized that RNAs serve as extra-
cellular signals, transferring their information to recipient 
cells and thereby altering the biochemical composition, 
signaling pathways, and gene regulation of recipient cells 
(Cortez et al. 2011; Gerdes and Pepperkok 2013). Secreted 
miRNAs are considered to be involved in intercellular com-
munication (Chen et al. 2012). Such miRNAs, transferred 
from cancer cells into neighboring cells, can affect the bio-
logical properties of recipient cells (Kosaka et  al. 2010; 
Tadokoro et al. 2013).

We reported that arsenite causes up-regulation of miR-
21, which is involved in the transformation of HBE cells 
induced by chronic exposure to arsenite, and that the 
medium from arsenite-transformed HBE cells induces acti-
vation of STAT3, which up-regulates miR-21 expression 
(Luo et al. 2013). These findings led us to consider the pos-
sibility that transformed cells secrete miR-21 for transfer to 

Fig. 6   Function analysis of exosomal miR-21 transferred into HBE 
cells. HBE normal HBE cells, T-HBE arsenite-transformed HBE 
cells, Basal basal medium; CM-Exosome, exosomes derived from 
normal HBE cells, T-CM-Exosome exosomes derived from arsenite-
transformed HBE cells. HBE cells were transfected with 100 nM 
miR-NC-mimic or miR-21-mimic for 24 h, or HBE cells were treated 
with exosomes derived from HBE or arsenite-transformed HBE cells 
(40 μg/ml) for 24 h. a Western blots of PTEN were made. Arsenite-
transformed HBE cells were transfected with 100 nM anti-miR-NC 
or anti-miR-21 for 24  h. b Levels of miR-21 were determined in 
transformed cells and in exosomes by qRT-PCR assays (mean ± SD, 
n =  3). *P  <  0.05 difference from cells transfected with anti-miR-
NC. c Flotillin-1 immunoblots of exosomes derived from transfected, 

arsenite-transformed HBE cells. Arsenite-transformed HBE cells 
were transfected with 100 nM anti-miR-NC or anti-miR-21 for 24 h, 
and exosomes were fractionated by Exoquick. HBE cells were treated 
with exosomes derived from different conditioned media for 24 h. d 
Proliferation efficiency was measured by use of a Cell Counting Kit-8 
assay, and the relative ratios of cell proliferation were determined by 
comparison to cells in basal medium (mean ± SD, n = 3). *P < 0.05 
difference from cells in basal medium. #P < 0.05 difference from cells 
treated with T-CM-exosomes. e Growth curves for HBE cells treated 
with different conditions (mean ± SD, n = 3). Doubling times were 
calculated by the formula: TD = T × log2/(log Nt − logN0), *P < 0.05 
difference from cells treated with T-CM-exosomes
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the surrounding normal cells and to promote their prolifera-
tion. The present results show that the expression of miR-
21, preferentially expressed in supernatant of transformed 
HBE cells, was reduced in the supernatant of transformed 
HBE cells cocultured with HBE cells. Therefore, extra-
celluar miR-21 derived from transformed cells apparently 
transfers into normal HBE cells. Thus, in the supernatant, 
the miR-21 levels are reduced. Moreover, the expres-
sion of intracellular miR-21 in HBE cells was affected by 
coculture with transformed HBE cells, while the expres-
sion of intracellular miR-21 in transformed cells was not 
influenced by the presence of HBE cells. In our opinion, 
the extracelluar miR-21 transferred into HBE cells induces 
the up-regulation of intracellular miR-21. This concept is 
agreement with reports that Cy3-labeled miR-92a derived 
from K562 cells was transferred to human umbilical vein 
endothelial cells (HUVECs) (Umezu et al. 2013).

We previously reported that, in HBE cells, IL-6 acti-
vates STAT3 to mediate miR-21 levels. In the present study, 
we found that the levels of miR-21 were higher in the 
exosomes of arsenite-treated and transformed cells, indicat-
ing that IL-6 activates STAT3 to mediate of miR-21 levels 
in the exosomes of arsenite-treated cells. The results show 
that, with inhibition of IL-6 and inactivation of STAT3, the 
expression of miR-21 is reduced in exosomes derived from 
arsenite-treated HBE cells. Therefore, extracellular miR-21 
derived from arsenite-treated cells is regulated by the IL-6/
STAT3 signaling pathway. We hypothesize that arsenite-
induced inflammation is involved in the intracellular and 
extracellular expression of miR-21.

It is now clear that, in addition to growth factors and 
cytokines, exosomes provide signaling for cell prolifera-
tion, differentiation, and angiogenesis (Katakowski et  al. 
2013; Tadokoro et  al. 2013). In particular, miRNAs con-
tained in exosomes are released from mammalian cells and 
act as signal transducers (Munoz et  al. 2013). Endothe-
lial cells require miR-214 to secrete exosomes that sup-
press senescence and induce angiogenesis in human and 
mouse endothelial cells (van Balkom et al. 2013). Further, 
THP-1 cells package miR-150 into multivesicular bodies 
and secrete it into the extracellular environment. Extracel-
lular miR-150 then enters endothelial cells and enhances 
endothelial migration via repression of c-Myb, the tar-
get gene of miR-150 (Zhang et  al. 2010). We also found 
that miR-21is transferred from transformed cells into nor-
mal cells via exosomes. Similar to another report (Umezu 
et  al. 2013), our results show transfer of PKH67-labeled 
exosomes from transformed cells to normal cells.

Although exosomal miRNAs released from cancer cells 
have been extensively studied, exosomal miRNAs released 
from cells exposed an environmental carcinogen have not 
been characterized. In the present study, we evaluated the 
exosomal miR-21 released from arsenite-transformed 

cells and the exosomal miR-21 released from cells with 
acute exposure to arsenite. We found that the amount of 
exosomes did not change when cells were cultured in the 
presence of arsenite. Therefore, we determined the con-
tents of these exosomes. Exosomal miR-21 was increased 
in cells exposed to arsenite. For cells exposed to stress, the 
expression of exosomal miRNAs would be consistent with 
the cellular expression, and this subpopulation with abnor-
mal expression would have effects on the surrounding cells 
(Kosaka et al. 2012; Tadokoro et al. 2013).

Tumor exosomes, released by BT-474 human breast 
adenocarcinoma cells, attach to cell surfaces and increase 
proliferation of the releasing cells (Koga et al. 2005), and 
exosomes derived from SGC7901 cells promote their 
proliferation in a time- and dose-dependent manner (Qu 
et  al. 2009). These results indicate that tumor-derived 
exosomes promote proliferation of the releasing cells and 
homologous tumor cells. The present results show that 
the exosomes from arsenite-transformed HBE cells pro-
mote proliferation of normal HBE cells in dose-dependent 
manner. When exposed to the different levels of exosomes 
derived from normal cells, there is no change in cell prolif-
eration. Thus, in exosomes derived from normal cells, the 
miR-21 levels are lower than in exosomes of transformed 
cells. The low levels of exosomal miR-21, however, did not 
affect cell proliferation. To confirm the effects of exosomes 
on the cell proliferation, we used transformed cells, which 
produce exosomes containing miR-21, as a model to inves-
tigate the effects of exosomes. Exosomes from the medium 
of transformed cells stimulated proliferation of normal 
cells. Exosome-depleted medium of transformed cells 
reduced cell growth. Nevertheless, re-addition of exosomes 
to exosome-depleted medium restored the stimulatory 
effect, demonstrating that the procedure for exosome isola-
tion did not affect the functional properties of exosomes. 
Nevertheless, not all stimulatory effects may be attributed 
to exosomes; growth factors and cytokines, which are also 
secreted by transformed cells, are also likely to contribute. 
Together, the present results demonstrate that exosomes 
derived from transformed HBE cells promote growth of 
normal HBE cells.

Furthermore, exosomes should not be considered to act 
as transfection agents, but rather as multi-component sign-
aling devices. Exosome-derived miR-214 is functional, as 
the expression of the miR-214 target gene, ATM, is up-
regulated upon exposure of cells to anti-miR-214 exosomes 
(van Balkom et al. 2013). Exosomes containing high levels 
of miR-210 down-regulate EFNA3, and thereby enhance 
tube formation of HUVECs (Tadokoro et al. 2013). PTEN 
is a target gene of miR-21 (Qi et  al. 2009). Our results 
show that exosomes containing high levels of miR-21 func-
tion like endogenous miR-21 to down-regulate PTEN. In 
addition, by transfecting exosome-producing transformed 
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cells with a miR-21 inhibitor, exosome miR-21 levels were 
reduced without affecting exosome secretion. Anti-miR-
21-exosomes had a reduced capacity to stimulate prolifera-
tion. Also, miR-21 is known to affect cell proliferation (Lan 
et al. 2011). Our findings agree with the observed role for 
miR-21 in the stimulation of cell proliferation and contrib-
ute to an understanding of miR-21 biological functions.

In this research, we demonstrated that transformed cells 
release exosomes containing miR-21, that exosomal miR-
21 is transported from arsenite-transformed cells to normal 
cells, and that exogenous miR-21 modulates prolifera-
tion of normal cells. We also demonstrated that exosomal 
miRNAs function in cell–cell communication during car-
cinogenesis induced by an environmental chemical. The 
results provide a strategy for intervention in the process of 
carcinogenesis.
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