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Exosomes decrease sensitivity of breast cancer cells to adriamycin
by delivering microRNAs
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Abstract While adriamycin (adr) offers improvement in sur-
vival for breast cancer (BCa) patients, unfortunately, drug re-
sistance is almost inevitable. Mounting evidence suggests that
exosomes act as a vehicle for genetic cargo and constantly
shuttle biologically active molecules including microRNAs
(miRNAs) between heterogeneous populations of tumor cells,
engendering a resistance-promoting niche for cancer progres-
sion. Our recent study showed that exosomes from docetaxel-
resistance BCa cells could modulate chemosensitivity by de-
livering miRNAs. Herein, we expand on our previous finding
and explore the relevance of exosome-mediated miRNA

delivery in resistance transmission of adr-resistant BCa sub-
lines. We now demonstrated the selective packing of miRNAs
within the exosomes (A/exo) derived from adr-resistant BCa
cells. The highly expressed miRNAs in A/exo were signifi-
cantly increased in recipient fluorescent sensitive cells (GFP-
S) after A/exo incorporation. Gene ontology analysis of pre-
dicted targets showed that the top 30 most abundant miRNAs
in A/exo were involved in crucial biological processes. More-
over, A/exo not only loaded miRNAs for its production and
release but also carried miRNAs associated with Wnt signal-
ing pathway. Furthermore, A/exo co-culture assays indicated
that miRNA-containing A/exo was able to increase the overall
resistance of GFP-S to adr exposure and regulate gene levels
in GFP-S. Our results reinforce our earlier reports that adr-
resistant BCa cells could manipulate a more deleterious mi-
croenvironment and transmit resistance capacity through al-
tering gene expressions in sensitive cells by transferring spe-
cific miRNAs contained within exosomes.
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Introduction

Breast cancer (BCa) is the most common malignant tumor in
women [1]. Chemotherapy comprises the major therapeutic
strategy for clinical treatment; however, chemotherapy fails
to eliminate all tumor cells because of drug resistance [2].
Exosomes have attracted much recent interest since the reali-
zation that these nanosized vesicles are not merely Bcellular
debris,^ but rather miniature maps of their cells of origin with
both physiological and pathological significance [3]. Accu-
mulating evidence indicates that exosomes may play an im-
portant role in resistance regulation of BCa. By displaying
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human epidermal growth factor receptor-2 ligands on their
surface, exosomes could competitively bind to monoclonal
antibody (trastuzumab) and attenuate latter’s bioavailability
[4]. Besides, increased proliferation, migration and invasion
capacity, and enhanced angiogenesis, which all present with
aggressive phenotype and therapy failure, were observed in
recipient BCa cells treated with exosomes from triple-negative
BCa cells [5].

One topic of considerable interest is that exosomes contain
microRNAs (miRNAs) that mediate intercellular communica-
tion. miRNAs are single-stranded non-coding nucleic acids
that serve as post-transcriptional regulators of gene expression
and participate in almost every aspect of tumor biology in-
cluding drug resistance [6]. We recently reviewed studies with
respect to the role of exosome-mediated miRNA delivery in
formatting drug resistance of BCa [7]. In particular, exosomes
export selective tumor suppressor miRNAs and retain sub-
stantial oncomiRNAs to form a resistance-promoting intracel-
lular circumstance; miRNA-rich exosomes from BCa cells
regulate angiogenesis, immunosuppression, and invasion
and metastasis after respectively taken by vascular endothelial
cells, immunocytes, and macrophages; and stromal cells with-
in the microenvironment communicate with each other to or-
ganize a large and ordered network for a tumor-protective
niche. By using the ready-established cell lines, our group also
discovered that docetaxel-resistant BCa cells may spread
chemoresistance to sensitive cells by shedding abundant
exosomes and that the effects could be partly attributed to
the cell-to-cell transfer of specific miRNAs [8]. Since
adriamycin (adr) represents the cornerstone of chemotherapy
in BCa, it is a tendency to investigate the mechanism of adr
resistance and reinforce the above discussed findings.

Materials and methods

Cell culture

The cell lines used in the present work were wild-type drug-
sensitive human BCa MCF-7 (MCF-7/S), purchased from the
Cell Bank of the Chinese Academy of Sciences (Shanghai,
China), and a drug-resistantMCF-7/Adr variant, kindly provid-
ed by Wen-jing Li (Suzhou Municipal Hospital, Suzhou, Chi-
na). MCF-7/Adr was established by stepwise selection after
prolonged (over 14 months) treatment of MCF-7/S to increas-
ing concentrations of adr and is known to express high levels of
multidrug resistance associated protein 1 (MRP1) and breast
cancer resistance protein (BCRP) with strong resistance to adr
[9]. Parental MCF-7/S maintained synchronously in the ab-
sence of drug was used as a control. Both of these cell lines
have been validated earlier by us as a good model for investi-
gating mechanisms of chemotherapy failure in vitro [10, 11]. In
selected experiments, MCF-7/S expressing green fluorescent

protein (GFP-S) was generated and characterized as previously
described [12]. Fluorescence expression in GFP-S and daugh-
ter GFP-S remained stable under prolonged culture.

All cell lines were grown in Dulbecco’s modified Eagle’s
medium (DMEM) high glucose (HyClone, USA) supplement-
ed with 10 % fetal bovine serum (FBS), 100 U/ml penicillin,
and 100 μg/ml streptomycin at 37 °C in a 5 % CO2 atmo-
sphere. In order to have exosome-free serum, FBS was
ultracentrifuged at 100,000g overnight to spin down any
preexisting vesicular content (Avanti J-30I, Beckman Coulter,
USA). FBS depleted of exosomes was used for all studies.

Exosome isolation and characterization

Exosome isolation was conducted by using protocols that we
recently described [8]. Exosomes fromMCF-7/Adr andMCF-
7/S were designated as A/exo and S/exo, respectively, for
simplicity. Briefly, collected culture media were centrifuged
at 300g for 10 min, 2000g for 15 min, and 12,000g for 30 min
to remove floating cells and debris. Cell-free supernatants
were then passed through a 0.22-μm filter. Filtrates were
transferred to 8 ultracentrifuge tubes and spun down at 100,
000g for 2 h at 4 °C. The supernatants were discharged, and
the pellets were resuspended in PBS. All pellets were pooled
in one single ultracentrifuge tube and submitted to a second
ultracentrifugation in the same conditions. The final pellets
containing purified exosomes were either lysed for protein/
RNA extraction or diluted in PBS for incubation assays or
labeled for cytometry analysis and confocal observation. Val-
idation of the harvested exosomes was performed by transmis-
sion electron microscopy (JEM-1010, JEOL, Japan) as previ-
ously described [13].

RNA extraction and microarray

RNA was extracted from A/exo and MCF-7/Adr using the
Total Exosome RNA and Protein Isolation Kit (Invitrogen,
USA) and mirVana RNA Isolation Kit (Ambion, USA) in
accordance with the manufacturer’s protocols. RNA yield
was quantified spectrophotometrically (Nanodrop 2000, Ther-
mo Scientific, USA) and the integrity was assessed by capil-
lary electrophoresis (Agilent 2100 Bioanalyzer, Agilent Tech-
nologies, USA). miRNA profiles were then analyzed using
the Affymetrix GeneChip miRNA Array 3.0 (CapitalBio Cor-
poration, Beijing, China) according to the manufacturer’s in-
struction. Briefly, RNA samples were labeled using the Flash
Tag RNA Labeling Kit (Genisphere, USA) and hybridized to
miRNA microarray. Data files were processed with the
Affymetrix miRNAQCTool software and following the guid-
ed workflow as described in the user manual (http://www.
affymetrix.com/support/technical/manuals.affx). The levels
of miRNAs between A/exo and MCF-7/Adr were calculated
as previously by Jaiswal [14].
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Validation of miRNA microarray

Quantitative real-time polymerase chain reaction (qRT-PCR),
applying SYBR green technique, was performed to validate the
miRNA microarray results in this study [10]. cDNA for
miRNA was synthesized using the BU-Script RT Kit
(Biouniquer Technology, Nanjing, China) on an iCycler iQ
system (Bio-Rad, USA). Specific stem-loop primers were de-
signed for the detection of selected miRNAs using U6 as inter-
nal control (all primers were from Springen Biotechnology,
Nanjing, China) (Table 1). SYBR green qRT-PCR amplifica-
tions (Light Cycler 480, Roche, Australia) were carried out as
follows: 91 °C for 5 min followed by 45 cycles (91 °C for 15 s,
60 °C for 30 s), followed by melting curve detection. Relative
miRNA expression was calculated by ΔΔCt method. PCR
products were analyzed by agarose gel electrophoresis.

Visualization of exosome uptake

Exosomes were labeled with the PKH26 Red Fluorescent Cell
Linker Kit (Sigma-Aldrich, USA) according to the manufac-
turer’s protocol with minor modifications. Exosomes resus-
pended in PBS were added to 1 ml Diluent C. In parallel,
4 μl PKH26 was added to 1 ml Diluent C and mixed with
the exosome solution for 5 min. To bind excess dye, 5 ml 1 %
bovine serum albumin was added. The stained exosomes were
washed with PBS by ultracentrifugation at 100,000g for 2 h,
diluted in complete culture medium, and used for subsequent
experiments. For observation of interaction, GFP-S and dye-
treated exosomes were co-cultured for 24 h. Fluorescence im-
ages were then acquired utilizing confocal laser scanning mi-
croscopy (LSM710, Carl Zeiss, Germany) based on the wave-
length for GFP and PKH26 as we previously described [8].

Assessment of miRNA transfer

miRNA transfer experiments were conducted as previously
reported [8]. In brief, GFP-S cells were seeded in 6-well
plates, 24 h before the stimulation. A/exo was divided evenly
between all groups and incubated with the pre-plated GFP-S
for different times. Then, GFP-S cells were collected at time 0
and after 120 min, 12 and 24 h incubation with A/exo or with
PBS (vehicle) alone as control. To eliminate any residual

exosomes, GFP-S was washed with PBS twice, enzymatically
dissociated, and washed two more times with PBS. After that,
cellular RNAwas extracted, and qRT-PCR was performed for
a subset of miRNAs (Table. 1) as described above. As an
indirect measure of miRNA transfer, difference in Ct values
was evaluated between the negative control and each experi-
mental time point, a positive value indicated transfer [15].

Analysis of transmitted chemoresistance

Effects of exosomes on cellular chemosensitivity were studied
on GFP-S seeded in 6-well plates. When the cells reached
∼50 % confluence, the media were aspirated, and fresh media
containing A/exo, S/exo, and vehicle were added for 48 h.
Total GFP-S number was subsequently counted under a fluo-
rescence microscope (ImagingA1, Carl Zeiss, Germany) in
three non-consecutive microscopic fields (magnification
×200), after which the cells were treated with 250 nM adr.
Twenty-four hours later, floating cells were discarded, and
residual GFP-S cells were microscopically recorded in the
same manner. As an indirect measure of cell viability, survival
rate of GFP-S=residual GFP-S÷total GFP-S. For apoptosis
assay, GFP-S cells pretreated for 48 h with A/exo, S/exo,
and vehicle were also prepared. After 24 h exposure to
250 nM adr, all cells including both floating and attached cells
were collected, washed in cold PBS, and stained according to
the manufacturer’s instruction using the Annexin-V-FITC Ap-
optosis Detection Kit (BD Biosciences, USA) as we previous-
ly described [8]. The unstained cells, cells stained with
propidium iodide (no Annexin-V-FITC), or labeled with
Annexin-V-FITC (no propidium iodide) were used as con-
trols. Apoptotic rate of GFP-S was analyzed by flow cytome-
try equipped with CellQuest software. While Annexin-V-
FITC positive cells were marked as early apoptotic cells, cells
positive for both Annexin-V-FITC and propidium iodide were
treated as late apoptotic cells.

Evaluation of mRNA expression

Total RNAwas extracted from GFP-S after a 48-h incubation
with A/exo, S/exo, and vehicle in 6-well plates. cDNA syn-
thesis and qRT-PCR were carried out using the BU-Script RT
Kit with SYBR green. Expressions of Sprouty2, p27, and

Table 1 Primers used for
qRT-PCR miRNA Forward Primer (5′-3′) Reverse Primer (5′-3″)

miR-20a TACGATAAAGTGCTTATAGTG CAGTGCGTGTCGTGGAGT

miR-23a AGCGGATCACATTGCCAGGG CAGTGCGTGTCGTGGAGT

miR-24 GCAATGTGGCTCAGTTCAG CAGTGCGTGTCGTGGAGT

miR-149 GGTCTGGCTCCGTGTCTTC CAGTGCGTGTCGTGGAGT

miR-222 GCGAGCTACATCTGGCTACT CAGTGCGTGTCGTGGAGT

U6 CGCAAGGATGACACG GAGCAGGCTGGAGAA
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phosphatase and tensin homolog (PTEN) mRNAwere evalu-
ated. After an initial denaturation step at 94 °C for 2 min,
35 cycles were performed including a denaturation step at
94 °C for 30 s, annealing at 55 °C for 30 s, and extension at
72 °C for 30 s. The final extension step was continued for
5 min. β-actin amplification was used as a quantitative con-
trol. All reactions, along with the negative control (nuclease-
free water as a template), were run in triplicate. Ct values of
each sample were collected automatically, and data were
expressed as previously described.

Target gene prediction

Three softwares PicTar (http://pictar.mdc-berlin.de/),
TargetScan (http://www.targetscan.org/), and MicroCosm
(http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/
v5/) were employed to predict miRNA targets [16–18]. Only
the genes predicted by three independent tools were taken into
account. The Gene Ontology (GO) terms and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways were anno-
tated using the online DAVID program (http://david.abcc.
ncifcrf.gov/) [19–21].

Statistical methods

All experiments were done in triplicate, and the representative
data were presented. Differences were determined by Stu-
dent’s t tes t or by ANOVA with Newman-Keuls
multicomparison test when appropriate. A value of p<0.05
was considered significant.

Results

Characterization of A/exo

To study the role of tumor-derived exosomes in resistance
transmission, we first optimized conditions for their isolation.
The protocol was based on differential sedimentation proper-
ties and used a series of centrifugation and ultracentrifugation
steps. Exosome yield was confirmed by measuring protein
content. A/exo yield (mean±SD of 3 separate samples) was
2.49±0.32 μg/106 cells, whereas S/exo yield was 2.38±
0.37 μg/106 cells (Fig. 1a). Electron microscopy showed that
A/exo was homogeneous in appearance and ranged from 20 to
100 nm in size (Fig. 1b, c). S/exo displayed the similar mor-
phology and size (not shown).

A/exo contains miRNAs

To determine whether the RNA constituents of A/exo were
similar to those of MCF-7/Adr, we examined the exosomal
and cellular RNA by capillary electrophoresis. Bioanalysis

revealed that A/exo lacks the ribosomal RNA peaks charac-
teristic of cellular RNA (Fig. 2a). To further characterize
miRNA profile, microarray analysis was done. Among the
19,724 probe sets in Affymetrix Gene ChipmiRNA 3.0 Array,
1733 probes were annotated as human mature miRNAs. The
scatter plot of signal intensities of these 1733 miRNAs exhib-
ited a connection between A/exo and MCF-7/Adr. Moreover,
of the miRNAs examined, a number of miRNAs were detect-
ed exclusively in A/exo with respect to those in donor MCF-7/
Adr cells (Fig. 2b). The relative expressions of several
miRNAs in A/exo and MCF-7/Adr were validated by RT-
PCR, supporting the data obtained from miRNA microarray
(Fig. 2c).

A/exo delivers miRNAs

The presence of miRNAs in A/exo opens up the intriguing
possibility that miRNAs may be delivered by exosomes. To
examine the potential for uptake, A/exo was labeled by red
dye and co-cultured with GFP-S for 24 h, after which locali-
zation of exosomes was imaged by confocal laser scanning
microscopy. We observed a binding of PKH26-labeled A/exo
on the cell membrane (arrows) and an internalization as
endosome-like vesicles in the cytoplasm (arrowheads). Con-
trol GFP-S incubated with unstained A/exo did not show red
fluorescence (Fig. 3a). Transfer of selected miRNAs was then
determined by PCR, and the variation in Ct values in GFP-S
stimulated with A/exo was evaluated with respect to GFP-S
treated with vehicle. As shown in Fig. 3b, the abundance of
several miRNAs (miR-20a, miR-23a, miR-24, miR-149, and
miR-222) increased progressively in GFP-S along with the
internalization of PKH26-labeled A/exo (Fig. 3c), suggesting
transfer. Peak accumulation occurred at nearly the same time
for all miRNAs tested in our study, between 2 and 12 h, but
although at 24 h the level for miR-149 had not returned to the
baseline, it displayed a downward trend. Moreover, the
miRNAs that appeared to shuttle most efficiently (miR-20a
and miR-23a) were those found rich in A/exo (Fig. 3b). Col-
lectively, these indicated that the increase in specific miRNA
content was due to their transport from A/exo to GFP-S.

Target prediction of A/exo-loaded miRNAs

To characterize the biological processes modulated by the top
30 highly expressed miRNAs present in A/exo, we analyzed
their targets by PicTar, TargetScan, and MicroCosm algo-
rithms. Only the genes listed by three independent tools were
taken into account in this paper. We detected 97 genes associ-
ated with these miRNAs. Then, we generated a network de-
rived from the union of predicted genes, and we performed a
GO enrichment analysis using DAVID, a popular online pro-
gramme. As shown in the figure, we found a strong overrep-
resentation of terms belonging to crucial biological processes
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such as signaling pathway, biosynthesis regulation, differenti-
ation and development, kinase activity, and metabolic process.
Moreover, several functions related to exosome biogenesis
were detected, in particular membrane organization, endocy-
tosis, membrane invagination, and endosome organization
were present (Fig. 4 and Table 2). These reveal that A/exo
also carried miRNAs which may be potentially involved in
its production and release. Next, we used DAVID to explore
the predominant pathways. Based on KEGG analysis, the pre-
dicted genes were suggested to participate in Wnt signaling
pathway. In BCa, this pathway is upregulated and generally
considered to promote drug resistance [22, 23].

A/exo transmits chemoresistance

To answer the question whether A/exo is responsible for
spreading chemoresistance, we next compared its effects with
S/exo. Confocal microscopic images of the localization of
stained exosomes in recipient cells after incubation for 24 h
at 37 °C showed that A/exo and S/exo could be absorbed by
GFP-S in equal manner (not shown). Transmitted
chemoresistance was then assessed in exosome-treated GFP-
S in the presence of 250 nM adr. A/exo, but not S/exo, signif-
icantly increased survival rate and decreased apoptotic rate of
co-cultured GFP-S, with respect to S/exo as well as to vehicle

Fig. 1 Isolation and characterization of A/exo. a Exosome protein
analysis indicated similar quantities of exosomes to be expelled from
MCF-7/Adr and MCF-7/S cells. b Transmission electron microscopy

showed nanosized vesicles. c A/exo showed a size ranging from 30 to
100 nm. S/exo displayed the same morphology and size (not shown). For
b and c, three A/exo preparations were analyzed with similar results

Fig. 2 Detection and validation
of A/exo-contained miRNAs. a
RNA from MCF-7/Adr and
A/exo were analyzed using
Agilent 2100 Bioanalyzer. The
RIN value of the samples ranged
between 6 and 9. Data is
representative of a typical
experiment. b The scatter plot of
miRNA signal intensity showed a
significant correlation between
A/exo and MCF-7/Adr. c The
validation of selected miRNAs
indicated that the microarray was
generally agreed well with
RT-PCR results. Data are
normalized to U6 and expressed
as the mean±SD, n=3
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(Fig. 5a, b; *p<0.05). Besides, incubation of GFP-S with
A/exo resulted in significantly more surviving cells after drug
exposure, as compared to those incubated with S/exo or vehi-
cle (Fig. 5c, d; *p<0.05).

To test possible alterations of gene expression in GFP-S as
a result of exosome treatment, the following mRNAs were

evaluated: Sprouty2 which was reported to be targeted by
miR-23a, p27 which was directly regulated by miR-24, and
PTEN which was negatively related to miR-222 [10, 24, 25].
They all showed a trend for higher expression in GFP-S re-
ceiving S/exo, while the levels were significantly decreased
when GFP-S cells were co-cultured with A/exo (Fig. 6;
*p<0.05).

Discussion

Drug resistance accounts for most of the innate insensitivity or
disease recurrence following an initial Bpositive^ response in
adjuvant chemotherapy of BCa. Although several mecha-
nisms have been proved to play a vital role in such phenotype,
recent studies of exosomes and the shuttled miRNAs provided

Fig. 3 A/exo uptake by GFP-S
and miRNA transfer. a
Representative confocal
microscopic images of GFP-S
exposed to PKH26-labeled A/exo
for 24 h. (a) PKH26 signal from
stained A/exo. (b) GFP signal
from recipient cells. (c) Merging
of a and b. (d) No PKH26 signal
was detected in unlabeled A/exo.
(e) GFP signal from control cells
with unlabeled A/exo. ( f )
Overlay of d and e. bGFP-S were
incubated with A/exo for 2, 12,
and 24 h, and transfer of selected
miRNAs was determined by
qRT-PCR. Time point 0
represents GFP-S without A/exo.
The difference in Ct values
between A/exo-treated GFP-S
and control cells added with
vehicle was shown for each
miRNA. Data are expressed as the
mean±SD, n=3. c Micrograph
representative of the absorption of
PKH26-labeled A/exo in GFP-S
observed by confocal microscopy
after incubation for 2 and 12 h

Fig. 4 GO enrichment analysis of target genes Overrepresented
biological processes were grouped according to their common ancestor
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Table 2 The GO terms of
predicted targets of the top 30
most abundant miRNAs in A/exo

GO term Gene count Percentage (%) p value

MAPKKK cascade 5 5.4 2.8E-2

Membrane invagination 5 5.4 4.8E-2

Endocytosis 5 5.4 4.8E-2

Wnt receptor signaling pathway 4 4.3 5.0E-2

Negative regulation of macromolecule biosynthetic process 8 8.6 5.3E-2

Negative regulation of cellular biosynthetic process 8 8.6 5.9E-2

Regulation of protein kinase activity 6 6.5 6.3E-2

Negative regulation of biosynthetic process 8 8.6 6.5E-2

Estrogen receptor signaling pathway 2 2.2 6.6E-2

Regulation of kinase activity 6 6.5 7.1E-2

Spinal cord motor neuron differentiation 2 2.2 7.8E-2

Phosphorus metabolic process 11 11.8 7.8E-2

Phosphate metabolic process 11 11.8 7.8E-2

Regulation of transcription from RNA polymerase II promoter 9 9.7 8.1E-2

Regulation of transferase activity 6 6.5 8.2E-2

Embryonic skeletal system development 3 3.2 8.3E-2

Positive regulation of macromolecule metabolic process 10 10.8 8.4E-2

Membrane organization 6 6.5 8.8E-2

Ventral spinal cord development 2 2.2 8.9E-2

Endosome organization 2 2.2 8.9E-2

Positive regulation of nucleic acid metabolic process 8 8.6 9.2E-2

Protein amino acid autophosphorylation 3 3.2 9.8E-2

Fig. 5 Resistance transmission
by A/exo. Evaluation of GFP-S
incubated with vehicle, S/exo,
and A/exo for 48 h. a Survival
rate of GFP-S was then
determined after 24 h exposure to
250 nM adr. b Apoptotic rate of
GFP-S was then evaluated after
24 h exposure to 250 nM adr. c
Quantitative evaluation of
residual GFP-S cells treated with
or without 250 nM adr. d
Representative micrographs
showing the residual GFP-S cells
treated with or without 250 nM
adr. For a, b, and c, data are
expressed as the mean, n=3,
*p<0.05, + A/exo vs. + S/exo
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us a new point of view to better understand treatment failure
[7, 26]. Our previous work showed that docetaxel-resistant
BCa cells were able to spread resistance capacity to sensitive
cells via exosomes and that the modulatory effects were partly
attributed to the intercellular shuttle of specific miRNAs [8].
Since adr represents the cornerstone of chemotherapy in BCa,
it is a tendency to investigate the mechanism of adr resistance
and to improve the clinical efficiency of adr-based regimens.

For exosome detection and characterization, a combination
of methods is often recommended, as there are as yet no
known specific markers according to the current version of
the popular exosome database, Exocarta (http://www.
exocarta.org) [27]. As reported, transmission electron
microscopy and western blotting confirmed successful
isolation of vesicles of the expected size, shape, and markers
indicative of exosomes. We also demonstrated the presence of
various RNAs within A/exo and in particular enrichment for
miRNAs. Evidence for circulating miRNAs is increasing, and
recent studies have detected miRNAs in patients’ different
body fluids in a highly stable and cell-free form [28]. As a
matter of fact, exosomes defend miRNAs from hostile
ribonuclease-rich environment and serve as vehicles for these
extracellular miRNAs.

In the present work, a thorough miRNA profile of A/exo
and MCF-7/Adr was analyzed by microarray and further val-
idated by RT-PCR. Heat map demonstrating the expression
profile for MCF-7/Adr and the corresponding exosomes is
unavailable here (data will be released in our next paper),
but the scatterplot of miRNA signal intensity of A/exo and
MCF-7/Adr displayed similar pattern with that of D/exo and
MCF-7/Doc as we previously described [8]. Specifically,
A/exo contained a series of miRNAs shared with their cells
of origin; however, selected miRNAs were detectable only in
the isolated A/exo but absent in MCF-7/Adr cells from which
they derived. Therefore, the preliminary screening of miRNA
content of A/exo and MCF-7/Adr reinforced the theory of a
non-random and organized package of miRNAs in exosomes
before their secretion.

Generally, toxic insults kill only a few malignant cells,
leaving insensitive subpopulations alive, which would gradu-
ally spread resistance traits to residual cancer cells. Within

BCa microenvironment, it is possible for adr-resistant cells
to communicate with sensitive cells by transferring miRNAs
via exosomes. For this study, we utilized a co-culture system
to mimic the circumstance. Confocal microscopy analysis of
the labeled A/exo indicated their successful interaction and
internalization by recipient cells. While we cannot explain
precisely what may be contributing to exosome absorption,
it is noteworthy that the ready-made molecules on A/exo sur-
faces, specific structures on cellular membranes, or the in-
volvement of endocytosis and phagocytosis would be respon-
sible for uptake process. In the present work, we also con-
firmed that miRNAs highly expressed within A/exo were pro-
gressively accumulated in GFP-S concomitantly with the up-
take of A/exo. This finding, along with our previous observa-
tion, is consistent with that of Yang et al. who demonstrated
that invasion-potentiating miRNAs delivered by macrophages
could be transferred to BCa cells [29]. Our results also suggest
that only certain miRNAs are efficiently shuttled to target cells
and that the efficiency of miRNA delivery may be different.
Interestingly, recent study showed that specific miRNAs were
sorted in exclusive exosomes. While miR-451 was loaded in
exosomes with the normal shape and size, some other
miRNAs, like miR-16 and miR-21, were released in CD44-
positive, large exosome-like vesicles referred to as L-
exosomes [30]. We have not tested and compared such
exosomes at this time; the next fundamental step will therefore
be the full characterization of A/exo, both for the ability and
procedure of miRNA transfer and for the selective package of
miRNA as discussed above.

The examination of predictive targets regulated by the top
30 highly expressed miRNAs in A/exo demonstrated that
many of these miRNAs were involved in crucial biological
processes such as signaling pathway, biosynthesis regulation,
kinase activity, and metabolic process. Besides, of the inter-
esting functions identified, four of them namely membrane
organization, endocytosis, membrane invagination, and endo-
some organization were all related to exosome biogenesis.
Moreover, the pathway analysis of the predicted targets of
the top 30 most abundant miRNAs in our study showed the
maximum percentage of target genes to be significantly asso-
ciated with Wnt signaling pathway. The Wnt signaling path-
way is an important cascade for cell migration, invasion, and
survival that is frequently upregulated in BCa and generally
considered to induce drug resistance [22, 23]. These results
collectively suggest that A/exo could not only load miRNAs
for its production and release but also carry miRNAs impli-
cating traits to therapy resistance. We further confirmed that
A/exo, but not S/exo, was able to significantly reduce drug
sensitivity of GFP-S to adr treatment. In a separated experi-
ment, A/exo conferred less changes of apoptotic and survival
rate of GFP-S than D/exo (unpublished data). We speculate
that A/exo might be lower resistance-promoting with respect
to D/exo because the MCF-7 resistant sublines selected at

Fig. 6 Gene evaluation Relative expressions of selected mRNAs in
GFP-S were analyzed by qRT-PCR. Data are expressed as the mean±SD,
n=3, *p<0.05, + A/exo vs. + S/exo

5254 Tumor Biol. (2016) 37:5247–5256

http://www.exocarta.org/
http://www.exocarta.org/


500 nM adr was 61-fold resistant to adr and 3-fold to doce-
taxel whereas theMCF-7 resistant sublines selected at 200 nM
docetaxel was 37-fold resistant to docetaxel and 32-fold to adr
as we previously reported [9].

In the present study, we found that miRNAs delivered by
A/exo were functional because able to downregulate mRNAs
such as Sprouty2, p27, and PTEN, known to be respectively
targeted by miR-23a, miR-24, and miR-222 [10, 24, 25].
Sprouty2 was recognized to be deregulated in BCa and served
as an important regulator of pathways for cancer invasion and
metastasis [24]. The cyclin dependent kinase inhibitor p27
plays a key role in cell cycle arrest and participate in several
malignant progression of BCa including autophagy and an-
giogenesis. PTEN, as a tumor suppressor gene, was reported
to regulate multidrug resistance of BCa [10]. We did not show
that endogenous mRNAs or proteins are truly affected by
these shuttled miRNAs and did not check the downstream
signaling pathway; however, as proposed by many authors
including us, exosome-contained miRNAs from immune
cells, cancer cells, and stem cells could be delivered into re-
cipient cells and serve as physiologically functional molecules
to exert gene silencing through the same mechanism as en-
dogenousmiRNAs [31–33]. Given the emerging nature of this
field, we are currently trying to find the association between
miR-222, PTEN, and Wnt signaling pathway and verify their
effects using gain- and loss-of-function assays [34].

In summary, our study expands on previous findings and
provides the first evidence suggesting that, at least for our
established cell lines, adr-resistant BCa cells could manipulate
a more deleterious microenvironment and transmit resistance
capacity through altering gene expressions in sensitive cells
by transferring specific miRNAs contained in exosomes.
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