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Introduction
Microvesicles, later called "exosomes", were first 
discovered while studying the process of maturation of 
reticulocytes. Initially, microvesicles were not considered 
a mechanism for intercellular communication; they were 
mainly assigned the function of removing metabolites 
from cells into the surrounding space.1,2

The investigation of exosome functioning noticeably 
expanded with the discovery of the exosome capability 
to comprise and transport its cargo into receiving cells. 
Proteomic mass spectrometry and western blot analysis 
provided a real breakthrough in the deciphering of 

exosome cargo obtained from various sources.3-8 Proteins, 
which have an increased content in exosomes, according 
to the online databases of EVs ExoCarta, Vesiclepedia, 
and EVPedia,9-11 include ribosomal, cytoskeletal (tubulins, 
actins, mesin, cofilin-1, profilin-1, radixin, ezrin), Rab, 
cytosolic, plasma membrane and heat shock proteins 
(Hsp70 and Hsp90), syntenin-1, metabolic enzymes 
(lactate dehydrogenase, enolases, peroxiredoxins, 
glyceraldehyde-3-phosphate dehydrogenase, pyruvate 
kinase), annexins, integrins, Tsg101, tetraspanins (CD81, 
CD63, CD9), ALIX, and proteins participating in vesicular 
traffic. During the development of malignant neoplasms, 
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Abstract
Introduction: Resistance to chemotherapy and/
or irradiation remains one of the key features 
of malignant tumors, which largely limits the 
efficiency of antitumor therapy. In this work, 
we studied the progression mechanism of breast 
cancer cell resistance to target drugs, including 
mTOR blockers, and in particular, we studied 
the exosome function in intercellular resistance 
transfer.
Methods: The cell viability was assessed by 
the MTT assay, exosomes were purified by 
successive centrifugations, immunoblotting was 
used to evaluate protein expression, AP-1 activity was analyzed using reporter assay.
Results: In experiments on the MCF-7 cell line (breast cancer) and the MCF-7/Rap subline that 
is resistant to rapamycin, the capability of resistant cell exosomes to trigger a similar rapamycin 
resistance in the parent MCF-7 cells was demonstrated. Exosome-induced resistance reproduces 
the changes revealed in MCF-7/Rap resistant cells, including the activation of ERK/AP-1 signaling, 
and it remains for a long time, for at least several months, after exosome withdrawal. We have shown 
that both the MCF-7 subline resistant to rapamycin and cells having exosome-triggered resistance 
demonstrate a stable decrease in the expression of DNMT3A, the key enzyme responsible for DNA 
methylation. Knockdown of DNMT3A in MCF-7 cells by siRNA leads to partial cell resistance to 
rapamycin; thus, the DNMT3A suppression is regarded as one of the necessary elements for the 
development of acquired rapamycin resistance.
Conclusion: We propose that DNA demethylation followed by increased expression of key genes 
may be one of the factors responsible for the progression and maintenance of the resistant cell 
phenotype that includes exosome-induced resistance.
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lines, is being actively studied.27-29

In general, the discovery of exosomes, and specifically, 
their capability to transport biomaterial from one cell to 
another, has significantly altered current ideas about the 
mechanism of tumor transformation and progression. 
The impact of exosomes on the development of a cell 
phenotype specific to a resistant cell line is one of the 
best accomplishments in this field. Sensitive cells are 
certainly able to receive resistance from corresponding 
cells with the use of exosomes due to a still largely unclear 
mechanism based on the transport of particular signaling 
molecules into cells: miRNAs, mRNAs, transporter 
proteins, etc. Previously, the central place in the 
development of acquired resistance of tumors was given 
to the selection of preexisting or emerging de novo cells 
with pronounced resistance to drugs; however, after the 
discovery of exosomes, more attention has been paid to 
the mechanisms of directed changes in tumor cells under 
the action of exosomes.

Here, we have demonstrated the ability of exosomes 
from rapamycin-resistant derivatives of the MCF-7 
breast cancer cell line to induce a similar resistance in 
the parent cells. Exosome-induced resistance reproduces 
changes similar to those in resistant cells, including the 
activation of ERK/AP-1 signaling and stable suppression 
of DNMT3A expression. Knockdown of DNMT3A in 
parent MCF-7 cells by siRNAs leads to the partial cell 
resistance to rapamycin, showing the involvement of 
DNA demethylation in the generation of the resistant cell 
phenotype.

Materials and Methods
Reagents
High glucose-containing (4.5 g/L) DMEM medium 
was provided by PanEco. Fetal bovine serum 
(FBS) was purchased from HyClone. The MTT 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide] reagent and dimethyl sulfoxide (DMSO) were 
obtained from AppliChem. Primary antibodies against 
PTEN, ERK 1/2, p-ERK 1/2, estrogen receptor α (ERα), 
mTOR, p-mTOR, DNMT1, DNMT3A, and Bcl-2 were 
received from Cell Signaling Technology. The secondary 
antibodies were obtained from Jackson ImmunoResearch. 
Scrambled nonspecific siRNA and DNMT3A specific 
siRNA in addition to the appropriate antisense 
RNA oligonucleotides were acquired from Syntol. 
Lipofectamine 2000 from Thermo Fisher Scientific Inc 
was used for transfection. The Milli-Q water purification 
system (Millipore) was used to produce ultrapure water.

Cell cultures and obtaining the drug-resistant subline 
The MCF-7 (ATCC HTB-22™) human breast cancer cell 
line was acquired from ATCC. Using Gordiz (http://gordiz.
ru/), the cells were authenticated by morphology and STR 
profiling. We purchased rapamycin and metformin from 
Merck.

the contents of patient’s exosomes significantly change.12-15 
The tumor affects the content (cargo) of proteins and 
oligonucleotides in the serum exosomes. Moreover, the 
blood serum of oncologic patients has been used as a 
source of exosomes with upregulation of several miRNAs. 
For instance, the considerable upregulation of miR-10a-5p, 
miR-19b-3p, miR-215-5p, and miR-18a-5p in exosomes of 
gastric cancer patients in comparison with healthy control 
samples was revealed by Houman Kahroba et al.13 

Recent studies of exosomes have shown that the 
development of multidrug resistance (MDR) in tumor 
cells occurs, among other things, with the participation 
of exosomes, which, due to their nature, can ensure the 
spread of resistance throughout the pool of tumor cells.12 
Thus, in experiments on in vitro cultured breast cancer 
cells, microvesicles isolated from resistant cells contained 
an increased amount of P-glycoprotein, one of the 
main ABC transporters, and the cultivation of sensitive 
cells with such exosomes leads to the accumulation 
of exogenous P-glycoprotein in cells and a significant 
increase in drug resistance.16,17 Further development of 
these studies has enabled the substantial increase in the 
amount of groups of biologically active molecules, which 
are transferred by the microvesicles of resistant cells and 
are able to trigger drug resistance in receiving cells. First, 
this statement is true for microRNAs, which control the 
degree of MDR gene expression. Thus, miR-27a and 
miR-451 identified with the development of MDR were 
revealed in exosomes of resistant cell sublines.18 However, 
microRNAs that mediate exosome-dependent resistance 
are able to be included implicitly in the control of MDR 
genes when (anti)apoptotic signaling genes are among 
their targets. A similar effect was found for miR-222, 
a broad-spectrum microRNA, one of whose targets is 
PTEN, a phosphatase that blocks anti-apoptotic PI3K 
signaling.19 Another microRNA found in exosomes, miR-
433, leads to the growth of drug resistance via synthesis 
suppression of retinoblastoma protein and CDK6 (cyclin-
dependent kinase 6) in recipient cells.20

As a result, either the accumulation of ABC transporters 
or the corresponding microRNAs and mRNAs in 
exosomes, or, most likely, a combination of these factors, 
can serve as a decisive factor, which ultimately leads to the 
formation and maintenance of a resistant phenotype in 
recipient cells.

Recently, exosomes have been shown to be engaged not 
only in the expansion of MDR but also in the development 
of resistance to anticancer medicines, including targeted 
and hormonal drugs. Thus, the participation of exosomes 
in the induction of hormonal resistance in recipient cell 
lines has been shown by us and others. Individual exosomal 
microRNAs have been identified, the accumulation of 
which leads to the development of resistance in cells.21-26 
The role of epigenomic changes, including methylation 
of DNA, which is associated with the growth and 
maintenance of exosome-induced resistance in tumor cell 
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The development of the MCF-7/Rap rapamycin-resistant 
subline from the original MCF-7 cells was achieved by 
long-term cell incubation with rapamycin as described 
earlier.30 All of the following experiments were performed 
on the MCF-7/Rap line within at least 2 months after 
drug removal. High glucose-containing (4.5 g/L) DMEM 
medium with the addition of 7% FBS (HyClone) was used 
for the MCF-7 and MCF-7/Rap cell cultivation under the 
conditions of 37 °C and 5% CO2. To identify the cell reaction 
to rapamycin, the cell cultures were exposed to rapamycin 
within 72 hours in the abovementioned DMEM medium 
containing 7% FBS; then, cell viability was assessed. The 
MTT assay with modifications31 was applied to estimate 
cellular growth, as characterized previously.32 DMSO was 
used for formazan crystal dissolution. 

Transient transfection and measurement of reporter gene 
activity
Plasmids containing the luciferase reporter gene 
controlled by the AP-1-responsive element were used 
for cellular transfection to assess the transcriptional 
activity of AP-1. The duration of transfection was 4 
hours. Cells were transfected at 37 °C in the presence of 
Lipofectamine 2000. For this, complex formation between 
0.8 µL of Lipofectamine 2000 and 0.4 µg of DNA was 
performed for transfection of one well (24-well plate, 
Corning). The β-galactosidase plasmid was also used 
for cell transfection for regulation of the efficiency and 
possible toxicity.33 After 24 hours of transfection, the 
following tests were conducted. The luciferase activity 
was quantitatively evaluated in compliance with a regular 
protocol (Promega) using Tecan Infinite M200 Pro and 
expressed in conditional units as the ratio of the luciferase/
galactosidase activity, as described previously.33

Cell treatment with exosome preparations
Exosomes were separated from the conditioned medium 
using differential ultracentrifugation. Immunoblotting 
with antibodies against CD9 (marker of exosomes) was 
applied to characterize exosomes, as we have previously 
reported.21 The nanoparticle tracking analysis (NTA) 
using the Nanosight LM10 HS-BF instrument (Nanosight, 
Ltd.) was used to measure the size and concentration of 
the purified exosomes.

The addition of exosomes to cells was performed 
before cell attachment to the 24-well plate. The amount 
of exosomes was defined by NTA, and the protein level 
was estimated by Bradford reagent (Merck). Exosomes 
were added in PBS to 1.5 mL of cell suspension to make an 
ultimate concentration of 1.7 μg/mL of exosomal protein 
or CI95 = (5.5 ± 0.3) × 109 vesicles/mL once every 72 
hours during cell seeding for 2 weeks.

Western blot analysis 
During incubation, the cell cultures reached 80% of the 
monolayer phase, and 150 μL of lysis buffer was applied 

for dissolving. The buffer contained Tris-HCl at pH 7.4 (50 
mM), NaCl (150 mM), Igepal CA-630 (1%), dithiothreitol 
(1 mM), ethylenediamine tetraacetate (1 mM), pepstatin, 
leupeptin, aprotinin (1 μg/mL), sodium orthovanadate, 
and sodium fluoride (1 mM). Cooling of the samples on 
ice for 20 minutes was performed before centrifugation. 
The conditions of the procedure included 10 000 × g for 
10 minutes at 4 °C. The Bradford method was used to 
determine the total protein level and normalization of 
loading. Polyacrylamide gel at a concentration of 10% 
was utilized for protein electrophoresis (SDS-PAGE). Cell 
lysates containing 40 µg of the protein were separated 
under reducing conditions in accordance with the standard 
protocol. Of note, the study of exosome samples included 
non-reducing conditions in comparison with cell analysis, 
and the sample buffer did not include mercaptoethanol. 
Then, the proteins were transferred to a nitrocellulose 
membrane (SantaCruz) for immunoblotting. 

The treatment of membranes was performed with 5% 
nonfat milk (AppliChem) solution in TBS buffer at a pH 
of 7.5 containing Tris (20 mM), NaCl (500 mM), and 0.1% 
Tween-20. Furthermore, the incubation of membranes 
with primary antibodies was performed overnight at 4 °C.

Primary antibodies against PTEN, ERK 1/2, p-ERK 1/2, 
ERα, mTOR, p-mTOR, DNMT1, DNMT3A, and Bcl-2 were 
used. The antibodies to GAPDH were used as a control for 
sample loading. The secondary antibodies were presented 
by the respective IgGs (Jackson ImmunoResearch) 
conjugated with horseradish peroxidase. The ECL reagent 
was prepared in compliance with Mruk’s protocol34 and 
was utilized for signal identification. An ImageQuant 
LAS4000 system was used for chemiluminescence 
detection (GE HealthCare).

The immunoblotting of exosomes or cell samples 
containing 10 μg of protein was performed in accordance 
with the protocol from our recent work.21 Primary 
antibodies to CD9 (Millipore), were used for exosome 
detection. Densitometry for the tested proteins was 
carried out using ImageJ software.

Transfection of small interfering RNA oligonucleotides 
Scrambled nonspecific siRNA and DNMT3A specific 
siRNA in addition to the appropriate antisense RNA 
oligonucleotides were applied. The annealing buffer 
at a pH of 7.5 containing Tris-HCl (10 mM), EDTA 
(1 mM), and NaCl (50 mM) was used to dissolve these 
RNAs to a concentration of 100 µM. Equimolar mixtures 
of oligonucleotides were annealed at 95°C followed by 
cooling to 25 °C. Lipofectamine 2000 was used for the 
RNA oligonucleotide transfection to achieve a final RNA 
concentration of 50 nM.

Sequences used for siRNA treatment: scrambled sense 
UUCUCCGAACGUGUCACGUTT, scrambled anti-
sense ACGUGACACGUUCGGAGAATT; DNMT3A 
sense GCCAAGGUCAUUGCAGGAATT, DNMT3A 
anti-sense UUCCUGCAAUGACCUUGGCTT.
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Statistical analysis
Three technical replicates were necessary for all 
experiments, which were repeated three times. Microsoft 
Excel and GraphPad were used for statistical analysis. If 
not stated explicitly, results are presented as the mean ± 
standard deviation (SD). Student's test and ANOVA were 
applied for statistical comparisons. A P value less than 
0.05 is regarded as statistically reliable.

Results
Development and characteristics of the rapamycin-
resistant MCF-7 subline
MCF-7 breast cancer cell culture was used for in vitro 
experiments. MCF-7/Rap subline resistant to rapamycin 
was established under prolonged incubation of the MCF-7 
cells with the appropriate drug, as described previously.30 
Briefly, the MCF-7 cells were cultured with the addition 
of 1–4 μM rapamycin over 3 months, and the cell reaction 
to rapamycin was assessed by MTT assays. The selected 
cell subline was characterized by the acquired resistance to 
the anti-proliferative rapamycin effect that was preserved 
within at least 6 months after rapamycin withdrawal (Fig. 
1A). Furthermore, MCF-7/Rap cells demonstrated cross-
resistance to metformin, which is another inhibitor of 
mTOR/S6K signaling (Fig. 1B). 

Purification and description of the exosomes
The MCF-7 and MCF-7/Rap-conditioned medium 
was the source for exosome isolation by differential 
ultracentrifugation. The relevant controls were 
involved in determining the exosomal functions upon 
recommendation of ISEV35 and Takov et al.36 The NTA 
was used to study the exosomes and has demonstrated 
that the typical range of the exosome size varied from 50 
to 300 nm (Fig. 2A). 

The exosome samples were investigated by Western 
blotting, which revealed the main marker of exosomes 
CD9 in all preparations. Bcl-2, a non-exosomal (cell) 
marker, was applied to the studied cell lines to determine 

the preparation purity (Fig. 2B,C), as previously 
recommended.35

Effect of the exosomes on the cell reaction to rapamycin
Differential centrifugation of the MCF-7 and MCF-7/
Rap-conditioned media after 72 hours of cell incubation 
was used for exosome preparation, as described in 
the Methods section. To modulate the conditions that 
were used earlier to select the MCF-7/Rap subline that 
was resistant to rapamycin, the MCF-7 cell culture was 
treated with exosomes for at least 30 days. Exosomes 
were dispersed in PBS and added to 1.5 mL of cellular 
suspension to achieve a final concentration of 3.5 μg/mL 
once every 72 hours during cell seeding. After a month 
of the cell treatment with exosomes isolated from MCF-7 
and MCF-7/Rap cell cultures, the recipient cells (named 
MCF-7/exoC and MCF-7/exoR) were placed in a standard 
medium without the exosomes. The cell growth was 
maintained over a month; then, the MTT assay was used 
to evaluate the sensitivity of the cell cultures to the drugs 
metformin and rapamycin. We found that prolonged 
cultivation of the breast cancer cell line with exosomes 
from the MCF-7/Rap cells led to partial resistance to 
both rapamycin and metformin (MCF-7/exoR subline) 
compared with the cells treated with the exosomes that 
were derived from the original MCF-7 cell culture (MCF-
7/exoC subline) (Fig. 3A,B).

Cell signaling and rapamycin resistance
To further compare the features of the cell signaling 
associated with acquired rapamycin resistance or 
exosome-induced resistance, the expression of the key 
signaling proteins was analyzed. We revealed no changes 
in the level of the proteins of ERα, PTEN, or mTOR 
signaling, while a noticeable increase in the ERK activation 
(phosphorylation) in both variants of the resistant cells 
was found (Fig. 4A). The transcription factors of the Maf, 
ATF, Fos, and Jun subfamilies are related to the activator 
protein-1 (AP-1) family and support proliferation and 

Fig. 1. The sensitivity of the rapamycin-resistant MCF-7/Rap subline to rapamycin and metformin. The MCF-7 and MCF-7/Rap cells were treated with the 
indicated doses of rapamycin (A) or metformin (B) for 3 days, and the cell viability was assessed by MTT assay. Data represent the mean ± S.D. of three 
independent experiments. Then, 100% was set as the viability of cells treated with the vehicle control; P < 0.05 MCF-7 versus MCF-7/Rap cells.
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cell viability.38,39 The luciferase-based gene reporter 
analysis was used to estimate the transcriptional activity 
of AP-1. The reporter analysis identified an increase 
in the transcriptional activity of AP-1 in MCF-7 cells 
treated with exosomes that were derived from control 
and resistant samples. AP-1 transcriptional activity in 
MCF-7/Rap and MCF-7/exoR cells was higher compared 
to that in the corresponding control samples (Fig. 4B). 
This observation supports the key role of the ERKs/AP-1 
pathway in resistance development. Of note, the revealed 
protein changes were maintained for at least 6 months 
after withdrawal of rapamycin or exosome treatment. This 
verifies the idea of probable epigenetics participation in 
the progression of the stable resistant subline.

Changes in the DNMT profile in rapamycin-resistant 
cells
The analysis of the expression level of the main DNA 
methylation enzymes, DNMT3A and DNMT1, was 
performed in the sensitive and resistant cells. While the 
DNMT1 expression was not changed in all variants of the 
resistant cells, the DMNT3A expression was considerably 
decreased in the MCF-7/Rap resistant subline. Moreover, 
the cell cultures with rapamycin resistance triggered by 
exosomes (MCF-7/exoR cells) were characterized by a 
similar tendency, i.e., a decrease in DNMT3A expression 
(Fig. 5A).

Is a single rapamycin treatment of cells sufficient 
for DNMT3A suppression or is continuous rapamycin 

Fig. 2. The characterization of the exosomes. (A) Size and concentration of purified exosomes were detected via nanoparticle tracking analysis (NTA) using 
the Nanosight LM10 HS-BF instrument (Nanosight, Ltd.). (B) Immunoblotting of exosomal marker CD9 in the MCF-7 and MCF-7/Rap exosomes versus MCF-
7 and MCF-7/Rap cell lysates. As a non-exosomal marker, the Bcl-2 protein was chosen. (C) Densitometry for immunoblotting data (n=3) was performed 
using ImageJ software (Wayne Rasband, NIH). The protocol for analysis was provided by The University of Queensland with the recommendations from 
Taylor et al.37

Fig. 3. The influence of the exosome treatment on the cell sensitivity to rapamycin and metformin. The MCF-7 cells were cultured with exosomes from MCF-7 
and MCF-7/Rap cells within 30 days. Afterwards, the recipient cells (named as MCF-7/exoC and MCF-7/exoR) were transferred to a standard exosome-
free medium, and cell growth was maintained for 30 days; then, the cell sensitivity to rapamycin (A) and metformin (B) was evaluated by MTT assay. Data 
represent the mean ± SD of three independent experiments. Then, 100% was set as the viability of cells treated with the vehicle control. P < 0.05 MCF-7 
versus MCF-7/Rap cells.
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treatment necessary for irreversible inhibition of 
DNMT3A? The study of the effect of single or prolonged 
rapamycin treatment on the DNMT3A level showed no 
changes after a single treatment, whereas continuous 
rapamycin treatment resulted in marked DNMT3A 
suppression (Fig. 5B).

For subsequent investigation of the function of 
DNMT3A for cell sensitivity regulation, transfection 
of the initial MCF-7 cell line was performed using the 
siRNA against DNMT3A. The obtained results showed 
marked suppression of DNMT3A expression correlated 
with an increase in the rapamycin resistance after siRNA 
transfection (Fig. 6A,B). Consequently, the DNMT3A 
suppression is likely one of the necessary steps in the 
development of acquired rapamycin resistance.

Discussion
The development of resistance of malignant tumors 
to chemotherapy drugs is one of the main factors that 
diminish the efficiency of antitumor therapy. This fully 
applies to targeted therapy, the resistance to which 
develops rather quickly after treatment initiation. If 
resistance in relation to xenobiotic drug compounds is 
based mainly on the involvement of ABC transporters and, 
as a result, on the rapid drug efflux from the tumor cell, 
resistance to target drugs is based on the rearrangement of 
signaling pathways aimed at overcoming the proliferation 
block. Among these targeted drugs are rapamycin 
and its analogues, rapalogues, which are direct mTOR 
inhibitors. The mechanism of development of tumor 
resistance to these drugs is being actively studied, and 

Fig. 4. Signaling profile of the MCF-7 cells and resistant sublines. (A) Western blotting analysis of total cell extracts. Protein loading was controlled by 
membrane hybridization with GAPDH Abs. The blot represents the results of one of three similar experiments. (B) Densitometry for immunoblotting data 
(n=3) was performed using ImageJ software. (C) Reporter analysis of the AP-1 transcriptional activity. The cells were transfected with the AP-1 plasmid 
containing the luciferase reporter gene under the AP-1-responsive elements and the β-galactosidase plasmid. Then, 24 h after transfection, the luciferase 
and β-galactosidase activities were determined as described in the Methods section. The relative luciferase activity was calculated in arbitrary units as the 
ratio of the luciferase to the galactosidase activity. Data represent the mean ± S.D. of three independent experiments. * P < 0.05 versus MCF-7, # P < 0.05 
versus MCF-7/Rap and MCF-7/exoC.

Fig. 5. Rapamycin resistance and DNMT3A expression. (A) Western blotting analysis of DNMT3A in total cell extracts. Protein loading was controlled 
by membrane hybridization with GAPDH Abs. The blot represents the results of one of three similar experiments. (C)  Rapamycin influence on DNMT3A 
expression. MCF-7 cells were treated with 2 μM rapamycin for 3 or 30 days with subsequent Western blotting analysis of DNMT3A in cell lysates. (B), (D)
Densitometry for corresponding immunoblotting data (n=3).
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signaling pathways in which the reactivation can lead to 
acquired resistance of tumor cells to mTOR inhibitors 
have been identified. Thus, the development of MCF-7 
cell resistance to rapamycin is caused by the involvement 
of Akt signaling,40 overexpression of MYC,41 activation 
of the MAP cascade,42,43 overexpression of Survivin, 
which is a representative of the inhibitor of apoptosis 
protein family,44 and activation of the integrin/FAK/IGFR 
pathway.45 However, the mechanism of progression and 
expansion of acquired resistance in tumor cells and the 
role of intercellular interactions in this process remain 
largely unclear.

This work aimed to determine the tumor exosome 
participation in the development of resistance to mTOR 
inhibitors. The investigation was performed using MCF-7 
breast cancer cells and MCF-7/Rap resistant cell culture, 
which was obtained from long-term cultivation of parent 
cells with the mTOR inhibitor, rapamycin. The resulting 
subline was cross-resistant to rapamycin and metformin, 
an indirect mTOR inhibitor belonging to the AMPK 
activator family, and was used, along with parent cells, as 
a source of exosomes.

We found that long-term (30 days) cultivation of the 
breast cancer line in the presence of MCF-7/Rap cell 
exosomes enabled the progression of partial resistance of 
recipient cells to rapamycin and metformin, in contrast to 
exosomes of their own (parental) cells, which do not cause 
this effect. Exosome-induced resistance was quite stable 
and persisted in cells for at least 30 days after exosome 
withdrawal.

Analysis of the main functional proteins of sensitive 
breast cancer cell lines in comparison with the resistant 
cell proteins did not reveal significant differences in 
the expression of mTOR signaling proteins but showed 
marked activation of p42/44 MAP kinases and an increase 

in the transcriptional activity of AP-1 in resistant cells. 
Parallel analysis of proteins after exosome treatment 
revealed similar changes: activation of MAP kinases and 
AP-1 by the exosomes from resistant but not parental cells. 
Thus, the exosomes of resistant cells, when interacting 
with recipient cells, practically reproduce the features of 
the phenotype of resistant cells, including the activation of 
the MAP kinase cascade.

As mentioned above, the rapamycin resistance induced 
by exosomes and the corresponding changes in the protein 
profile are maintained in cells for a long time, at least for 
several months, after exosome withdrawal. What is the 
mechanism for retention of exosome-induced changes in 
recipient cells? At the final stage of the experiments, we 
analyzed the level of DNA methyltransferases, the key 
enzymes responsible for the development and maintenance 
of epigenetic changes, in resistant and parental cells. The 
MCF-7/Rap resistant subline is characterized by a stable 
decrease in the expression of DNA methyltransferase 3α 
(DNMT3A). A similar decrease occurred in MCF-7 cells 
after the cell treatment with the “resistant” exosomes, 
supporting the importance of the DNMT3A suppression 
in the progression of tumor resistance. 

Conclusion
In this study, we discovered novel mechanisms of resistance 
transfer between breast cancer cells. In rapamycin-
resistant cells, the upregulated ERK and AP-1 signaling 
pathways supported resistance to the antiproliferative 
effect of the drug. Such “aggressive” changes can be 
transmitted by exosomes originating from resistant cells. 
Naive cells that have received exosomes from resistant 
cells may acquire rapamycin resistance. We propose that 
DNA demethylation followed by increased expression 
of key genes may be one of the factors responsible for 

Fig. 6. Influence of DNMT3A knockdown on the cell sensitivity to rapamycin. MCF-7 cells were transfected with the scrambled nonspecific siRNA or DNMT3A 
specific siRNA as described in the Methods section. Western blot analysis of DNMT3A (A) and MTT assay of cell sensitivity to rapamycin (C) were performed 
as described above. Data represent the mean ± SD of three independent experiments. * P < 0.05 versus control, # P < 0.05 versus MCF-7/scr cells treated 
with rapamycin. (B) Densitometry for immunoblotting data (n=3) was performed using ImageJ software.
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the progression and maintenance of the resistant cell 
phenotype.
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