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Introduction
Breast cancer (BC) allocates the largest cancer group in 
females, with more than 2 million new diagnosis cases in 
2018. It is also the main agent of cancer-related mortality 
in women around the world, above 500 000 passing 
away reports annually.1 Despite recent developments 
in metastases of node-negative or positive and drug 
resistance, there are obstacles in the treatment of BC.2 
Hence, novel strategies and therapeutic approaches are 
required to dissolve these clinical challenges. 

Currently, studies have shown that nutritional 
interventions could be able to diminish the risk of 
BC.3 Among the dietary components, n-3 long-chain 
polyunsaturated fatty acids (n-3 LCPUFAs) especially 
docosahexaenoic acid (DHA) is a hopeful candidate for 

the prevention of BC.2 It has many useful therapeutic 
features such as anti-inflammatory and anti-cancer 
effects. Compared to anti-cancer drugs, DHA presents 
a non-toxic and safe agent to suppress the growth of 
neoplasm.4 Earlier in vivo and in vitro research in the 
field of mammary carcinogenesis showed that DHA is 
a stronger chemo-preventive agent than other omega-3 
fatty acids.5 

There is evidence that n-3 LCPUFAs could be able 
to reduce cell growth of BC cells by suppression of the 
mammalian target of rapamycin (mTOR) which is a 
basic member of a signaling pathway in the pathogenesis 
of BC.6,7 This master regulator protein has a vital role 
in the adjustment of growth, metabolism, cell survival, 
and protein synthesis, where approximately 60% of the 
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ARTICLE INFO
Abstract
Background: The omega-3 long-chain polyunsaturated fatty acid, docosahexaenoic acid (DHA), 
shows anti-proliferative effects in cancer cell lines and animal models. The mammalian target 
of rapamycin (mTOR) is one of the regulators for the proliferation and survival of cancer cells. 
This study focused on the effect of DHA on cellular and exosomal expression of mTOR and 
related tumor-suppressor microRNAs (miRs) in triple-positive (BT-474) and triple-negative (MDA-
MB-231) breast cancer (BC) cell lines. 
Methods: BT-474 and MDA-MB-231 cells were treated with 100 μM DHA under hypoxic and 
normoxic conditions for 24 hours. The exosomes were isolated by ultracentrifuge and determined 
by electron microscopy and CD9, CD63, and CD81 immunoblotting. cDNAs from cellular and 
exosomal total RNA were used for evaluation of the expression of mTOR and related tumor-
suppressor miRs, miR-101 and miR-214, by quantitative real-time PCR. 
Results: We demonstrated that DHA significantly decreased cellular and exosomal expression of 
mTOR in both normoxic and hypoxic conditions for both cell lines. Consistently, DHA caused 
significantly increased expression of miR-214 in all treated groups. However, altered expression 
of miR-101 showed different patterns in cells and exosomes. 
Conclusion: According to the beneficial effect of DHA in decreasing the expression of a master 
regulator for the proliferation of cancer cells, mTOR, in part by increased expression of miR-214, 
it could be used as a supplementary therapy in BC treatment. Also, miRNA replacement therapy 
would be useful by suppressing the expression of mTOR in BC treatment.
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carcinomas demonstrate different alterations that cause to 
increase in the activation of this pathway.8,9

Another important factor in cancer progression that 
has been discovered in recent years is exosomes. Cancer 
cells continuously produce exosomes, then release, and 
utilize them to increase the migration, proliferation, 
and angiogenesis of cancerous cells.10 Exosomes have 
variate contents including lipids  (cholesterol, ceramide, 
phosphatidylserine, etc), proteins (tetraspanin, adhesion 
molecules, MHC class II, etc), and nucleic acids (mRNA, 
DNA, miRNA, etc). These cargos are transferred to 
target cells, activate particular intracellular cascades and 
influence the gene expression profile of the target cells.10,11 
One of the endogenous and small noncoding RNAs (~20–
25 nt) are miRNAs which have a significant role in tumor 
progression as tumor suppressors or oncogenes.11

The major objectives of this study were to investigate the 
effect of DHA on the expression of the mTOR gene and miR-
101, and miR-214 both in MDA-MB-231 (as a metastatic 
triple-negative BC cell line) and BT-474 cells (as a non-
metastatic triple-positive cell line) and also in their secreted 
exosomes under hypoxic and normoxic conditions.

Materials and Methods
Cell culture and treatments
Two human BC cell lines (BT-474 and MDA-MB-231) 
used in this study were purchased from the National 
Cell Bank of Iran (Pasteur Institute, Tehran, Iran). Cells 
were cultured in complete Roswell Park Memorial 
Institute (RPMI) 1640 medium (Gibco Inc., El Paso, TX) 
supplemented by 10% of fetal bovine serum (Gibco Inc.), 
100 unit/mL penicillin, and 100 μg/mL streptomycin. Cells 
were incubated at 37 °C in a 95% humidified incubator 
with 5% CO2. Cells with 80% confluency were treated with 
100µM DHA (Sigma-Aldrich) and/or 25μM CoCl2 for 24 
hours. Cells treated with vehicle buffer were considered as 
control cells.

Exosome isolation
Up on reaching cells to 80% confluency (1 × 106 cells/mL), 
the supernatant was removed and cells were washed by 
RPMI 1640 medium. Then, cell culture was proceeded by 
RPMI 1640 medium supplemented with the 5% exosome-
free FBS for 24 hours. Subsequently, the supernatants were 
subjected to centrifugation at 500 × g for 30 minutes (4 
˚C) (Hettich Rotanta 46R, German) to eliminate cells and 
debris. The isolation process was followed by 30 000 × g 
centrifugation for 2 hours (4 ˚C) to eliminate the micro-
vesicles and filtration by membrane filter (0.22 µm) and 
then ultracentrifugation at 110 000 × g (4˚C) for 2 hours 
(TLA-100.3, Beckman Coulter Life Sciences, Indiana, US). 
The exosome pellet was added in 1:20 PBS then sonicated 
three times for 30 seconds and kept at -80 °C for further 
experiments. 

Transmitting electron microscope 
Exosome morphology was assessed by transmission 

electron microscope (TEM). A droplet of exosome-
containing solution was used to fix the exosomes on a 300 
mesh copper grid at ambient temperature for 5 minutes. 
Then, negative staining was applied to the exosome with 
2% (wt/v) uranyl acetate solution (TAAB, England) for 5 
minutes and visualized by LEO 906 Zeiss instrument with 
80 kV quickening voltage.12

Western blot analysis
Exosome lysate was prepared by using 250 µL of protein 
lysis buffer (RIPA, Sigma-Aldrich). Before loading on 12% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE), the exosomal proteins were incubated with 
β-mercaptoethanol containing loading buffer for 10 
minutes at 70 ˚C. The extracted proteins were transferred 
onto the polyvinylidene difluoride membrane using 
the wet transfer system (Mini Trans‐Blot Cell, Bio‐Rad, 
Hercules, CA) in 120 M-voltage at 1.30 hours. Then, the 
membrane was blocked with the TBST buffer containing 
2% non-fat powdered milk at room temperature for 
1.15 hours. Incubation with the anti-exosomal markers 
monoclonal primary antibodies (SANTA CRUZ, 
California, USA) using the 1:1000 dilution was done at 4 
°C for 18 hours. The membrane was washed three times 
for 15 minutes each time with TBST buffer. The membrane 
was incubated with anti-rabbit secondary antibody 
(1:1000) for all primary antibodies for 1.15 hours at room 
temperature. At the end of this step, the membrane was 
washed three times with TBST buffer for 15 minutes each 
time. Anti-GAPDH monoclonal antibody (Santa Cruz 
Biotechnology) was used as a positive control. Detection 
of the target proteins was performed by the Super-Signal 
West Pico Chemiluminescent Substrate (Thermo Fisher 
Scientific) and the Western blot imaging system (Sabz 
Co, Iran). Finally, the ImageJ software (National Institutes 
of Health, Maryland) was used for the analysis of the 
intensity of protein bands. 

Quantitative real-time PCR
Cell lines and isolated exosomes were used for 
RNA extraction by the TRIzol method (RiboEX, 
GeneAll Biotechnology, Korea) recommended by the 
manufacturer. RNA concentration was evaluated by Nano-
Drop Spectrophotometer (Nano-Drop Technologies, 
Wilmington, DE, USA) and then kept at -80 °C for future 
experiments. Extracted RNA samples were applied to 
assess the extraction qualitatively by electrophoresis on an 
agarose gel to observe 18s and 28s ribosomal RNA bands. 
miRNAs were reverse transcribed by Universal cDNA 
Synthesis Kit II (Exiqon, Vedbaek, Denmark) based on the 
manufacturer’s instruction. Also, cDNA from RNAs was 
synthesized by BioFact Kit (Daejeon, Korea).

Evaluation of the expression levels of mTOR mRNA, 
miR-101, and miR-214 was performed by quantitative 
real-time PCR method by using SYBR Green master mix 
(Ampliqon, Odense, Denmark) on LightCycler 96 system 
(Roche Company, Basel, Switzerland). Primers for target 
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genes and GAPDH, as the reference gene, were designed 
by Primer Express 3.0 (Applied Biosystems, Foster City, 
CA, USA), (Table 1). The comparative CT method was 
employed to evaluate the relative amounts (using 2−∆∆CT 

formula) of target mRNA in the test samples, which were 
normalized to the corresponding GAPDH transcript level. 
Also, expression levels of miRNAs were normalized to the 
corresponding U6 as the housekeeping gene.

Statistical analysis
Obtained data were analyzed by using the GraphPad 
Prism software version 6.0.1 (GraphPad Prism, San Diego, 
CA, USA). After the calculation of the normality of data 
distribution using a one-way ANOVA test, the group 
comparisons were investigated through the Dunnett 
and Tukey nonparametric test. Data were represented 
as the mean ± standard deviation (SD) and P < 0.05 was 
considered the level of significance.

Results
Exosome characterization 
Isolated Exosomes characteristics have been displayed in 
Figure 1 for morphology and specific protein markers. 
TEM results confirmed the morphology and size of 
the exosomes, and western blotting analysis showed 
their specific markers including CD9, CD81, and CD63 
(Figure 1A, B, and C).

Altered expression level of mTOR in BC cell lines after 
treatment with DHA
Expression of mTOR in BC cell lines and their derived 
exosomes were evaluated (Figure 2). The level expression 
of mTOR gene in the MDA-MB-231 cell line was much 
more than in BT-474. About exosomes derived from 
these two cell lines, this expression pattern was also 
true (Figure 2). 

Treatment with 100 μM DHA led to the significantly 
reduced expression of mTOR in BT-474 (-12787.72-
fold, P = 0.0029) and MDA-MB-231 cells (-2.9686 fold, 
P < 0.0001) and exosomes derived from them (-2.3117 
fold, P = 0.0002, -131578.94 fold, P < 0.0001, respectively) 
in normoxic condition (Figure 3, Table 2). Cellular and 
exosomal expression of mTOR was up-regulated under 
hypoxic conditions in both cell lines (Figure 3, Table 2). 
In this condition, DHA down-regulated the expression of 
mTOR in both cell lines and exosomes derived from them 
(Figure 3, Table 2).

Altered expression level of miR-101 in BC cell lines after 
treatment with DHA
Level expression of miR-101 in control groups was 
shown more expression in MDA-MB-231 cell lines, 
and Exo-BT-474 (Figure 2). Expression of miR-101 as a 
regulator of mTOR, showed alteration consistent with the 
expression of mTOR i.e. down-regulation by hypoxia, and 
up-regulation by DHA (Figure 4, Table 3). Significantly, 
DHA increased expression of this tumor suppressor in 
BT-474, Exo-BT-474, and Exo-MDA-MB-231 (796.1783 
fold, P < 0.0001, 1.660854 fold, P = 0.0237, 235.6823 
fold, P < 0.0001, respectively). In hypoxic conditions, a 
reduction of expression of miR-101 was seen in MDA-
MB-231, and Exo-BT-474 (-5.9145 fold, P < 0.0001, 
-15.3515 fold, P = 0.0035, respectively). Interestingly, 
treated with DHA and CoCl2 revealed up-regulation of 
miR-101 in BT-474 (11.9904 fold, P < 0.0001), and Exo-
MDA-MB-231, (5.9312 fold, P = 0.0001). An unexpected 
result was the expression of miR-101 in MDA-MB-231 
after treatment with DHA alone, and a combination of 
CoCl2 and DHA (Figure 4, Table 3).

Altered expression level of miR-214 in BC cell lines after 
treatment with DHA
Another studied miRNA that regulates the expression of 
mTOR was miR-214. The expression of miR-214 in BT-
474 was higher than the MDA-MB-231 (Figure 2). Also, 
there was a significantly higher expression of this tumor 
suppressor in the Exo-BT-474 than in the Exo-MDA-
MB-231 (Figure 2). Importantly, its cellular and exosomal 
expression was also reduced after treatment with CoCl2 
(Figure 5, Table 4). On the other hand, DHA led to the 
up-regulation of the expression of miR-214 in BC cell lines 
and their exosomes under both hypoxic and normoxic 

Table 1. Primer sequences for studied genes

Primer Sequence

mTOR
Forward 5'-CTCAGGGCAAGATGCTTGGAA -3'

Reverse 5'- CAGGACGCTCACATTGCTAGA-3'

GAPDH
Forward 5'- CAAGATCATCAGCAATGCCTCC-3'

Reverse 5'-GCCATCACGCCACAGTTTCC -3'

miR-101 UACAGUACUGUGAUAACUGAA*

miR-214 ACAGCAGGCACAGACAGGCAGU*

* Target sequence

Figure 1. Identification and characterization of exosomes derived from BT-474 (A and C) and MDA-MB-231 (B and C) cell lines



Maralbashi et al

ImmunoAnalysis, 2024, 4: 14

Table 2. Expression of mTOR in BC cell lines and exosomes derived from them after treatment with DHA under both normoxic and hypoxic conditions

mTOR

Normoxic Hypoxic

Treated with DHA Treated with CoCl2 Treated with DHA and CoCl2

Fold change P value* Fold change P value** Fold change P value***

BT-474 -12787.72 0.0029 3.657109  < 0.0001 -5.5762  < 0.0001

MDA-MB-231 -2.9686  < 0.0001 4.572474  < 0.0001 -4.9239  < 0.0001

Exo-BT-474 -2.3117 0.0002 4.35161  < 0.0001 -5.0705  < 0.0001

Exo-MDA-MB-231 -131578.94  < 0.0001 1.56912  < 0.0001 -10.7567  < 0.0001

* Compared control with DHA treated group.
** Compared control with CoCl2 treated group.
*** Compared CoCl2 treated group with DHA + CoCl2 treated group.

Figure 2. Relative expression level of mTOR and related miRs in studied BC cell lines and exosomes derived from their (control groups)

Figure 3. Expression of mTOR in treated BC cell lines and exosomes-derived from them after treatment with DHA under both normoxic and hypoxic conditions

Figure 4. Expression of miR-101 in treated BC cell lines and exosomes-derived from them after treatment with DHA under both normoxic and hypoxic conditions
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conditions (Figure 5, Table 4).

Discussion
Cancer exosomes have been gaining much attention due 
to have crucial impact on cancer progression. Our study 
showed that DHA significantly down-regulated mTOR 

expression in BC cell lines and exosomes secreted by them. 
Furthermore, we evaluated the effect of CoCl2, artificially 
induced hypoxia, in cellular and exosomal expression of 
mTOR before and after treatment with DHA. Our results 
demonstrated that mTOR expression strikingly increased 
under hypoxic conditions in cell lines and their exosomes 

Figure 5. Expression of miR-214 in treated BC cell lines and exosomes-derived from them after treatment with DHA under both normoxic and hypoxic conditions

Table 3. Expression of miR-101 in BC cell lines and exosomes derived from them after treatment with DHA under both normoxic and hypoxic conditions

MiR-101

Normoxic Hypoxic

Treated with DHA Treated with CoCl2 Treated with DHA and CoCl2

Fold change P value* Fold change P value** Fold change P value***

BT-474 796.1783  < 0.0001 8.6281 0.3609 11.9904  < 0.0001

MDA-MB-231 -4.5020  < 0.0001 -5.9145  < 0.0001 -2.386 NS

Exo-BT-474 1.660854 0.0237 -15.3515 0.0035 3 NS

Exo-MDA-MB-231 235.6823  < 0.0001 6.3412 0.3611 5.9312 0.0001

* Compared control with DHA treated group.
** Compared control with CoCl2 treated group.
*** Compared CoCl2 treated group with DHA + CoCl2 treated group.

Table 4. Expression of miR-214 in BC cell lines and exosomes derived from them after treatment with DHA under both normoxic and hypoxic conditions

MiR-214

Normoxic Hypoxic

Treated with DHA Treated with CoCl2 Treated with DHA and CoCl2

Fold change P value* Fold change P value** Fold change P value***

BT-474 484.0271  < 0.0001 14.3885 0.1016 6.4185  < 0.0001

MDA-MB-231 1.8464  < 0.0001 -14.2957  < 0.0001 25.1889  < 0.0001

Exo-BT-474 3.5436  < 0.0001 -44.016  < 0.0001 39.1543  < 0.0001

Exo-MDA-MB-231 11064.6396  < 0.0001 23.0468 0.9334 13.1926 0.0014

* Compared control with DHA treated group.
** Compared control with CoCl2 treated group.
*** Compared CoCl2 treated group with DHA + CoCl2 treated group.
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and reduced expression level after treatment with DHA. 
Recent evidence reveals that some genes such as mTOR 

pathway genes in exosomes derived from cancer cells can 
act as potential candidates for cancer therapy.13 Growth 
factor receptors including insulin receptors and human 
epidermal growth factor receptors activate PI3K, which 
activates Akt and subsequently mTOR pathway.14 This 
pathway has striking roles in cancer pathogenesis and 
irregularity in PI3K/AKT/mTOR signaling is prevalent 
in BC. So, the mTOR pathway has been recommended 
as a therapeutic target by some researchers.14 Signaling 
through PI3K/AKT/mTOR affects various cellular 
processes including survival, proliferation, metabolism, 
invasion, and chemoresistance has been proven to have 
important roles in the triggering and development of 
mammary tumorigenesis.14 Zhang et al have shown that 
there was significantly higher expression of PI3k, Akt, and 
mTOR genes in cervical cancer tissues and their secreted 
exosomes than in normal tissues.13 In another study, 
researchers loaded tumor suppressor miR (miR-7-5p, 
targets MAP kinase-interacting serine/threonine-protein 
kinase 1) in exosomes from non-small cell lung cancer 
(NSCLC).15 They showed that using a specific mTOR 
inhibitor (Everolimus) induced NSCLC to secrete miR-7-
5p loaded exosome so, abrogation of the mTOR pathway 
was seen.15 Also, it has been reported that transferring 
of exosomal tumor suppressor miR (miR-100 and miR-
143 decreased expression of mTOR, K-RAS, Cyclin D1, 
HK2, and increased expression of p-27) into colorectal 
tumor cells resulted in suppression of proliferation.16 A 
recent review of the literature on this subject found that 
n-3 PUFAs can play a negative role in the regulation of 
the PI3K/Akt pathway which, in turn, causes mTORC1 
suppression.17 Tsai et al proved that DHA induced 
apoptosis through decreasing mTOR expression in MCF-
7 cells.18 Also, Chénais et al demonstrated that DHA has 
been pro-apoptotic effect in MDA-MB-231 cells.19 In 
this report, the anti-proliferative mechanism of DHA is 
clarified by the downregulation of genes involved in the 
cholesterol biosynthesis pathway and the upregulation of 
endoplasmic reticulum-stress response.19 In a pilot study, 
researchers showed that consuming n-3 LCPUFAs 3.4 g/d 
for 6 months resulted in a significantly decreased protein 
involved in BC such as AKT/mTOR pathway.20 In another 
study, treatment of glioblastoma  cell lines with DHA 
showed that 5’-AMP-activated protein kinase (AMPK) 
was activated and levels of phosphorylated Akt and mTOR 
were decreased 21. In this study, in vivo research proved 
that expression of Caenorhabditis elegans ω3-desaturase, 
an enzyme that converts n-6 PUFAs to n-3 PUFAs, was 
strikingly reduced in fat-1 transgenic mice compared 
with wild-type.21 Also, TUNEL-positive cell numbers 
were increased in fat-1 transgenic mice in tumor sites 
correlated to wild-type.21 Shin et al reported that DHA 
reduced the levels of phospho-Akt and phospho-mTOR 
in a concentration-dependent manner in prostate cancer 
cells, hence inducing autophagy-associated apoptotic cell 

death.22 Kim et al indicated that DHA-induced apoptosis 
and autophagy in NSCLC cells were associated with 
mTOR suppression.23 Tamarindo and Góes reported 
that DHA has an anti-proliferative effect through 
metabolism modulation and androgen-regulated genes 
in prostate cancer.24 Moreover, several studies reported 
other anti-cancer effects of DHA, in BC in vivo and in 
vitro experiments.25,26 Aslan et al proved that DHA has an 
anti-angiogenesis effect in cellular and exosomal levels in 
BC cell lines.27 Research in the treatment of TNBC with 
DHA demonstrated a blocking effect on the VEGFR-2/
PI3K/Akt/mTOR signaling pathway, subsequently 
downregulation the level of NF-κB and mutant p53, and 
elevated autophagy in this type of BC. Also, induction of 
cell cycle suppression has been observed through p21-
mediated block of CDK1,2 activity.28 In addition, DHA 
caused an increase of PTEN in mRNA and protein level 
of expression so the phosphorylation of the p65 subunit of 
NF-kB was restrained and VEGF expression was reduced 
in MDA MB-231 cells.28 Anti-immunosuppressive 
effect of DHA has been reported by Fadaee et al.29 In his 
analysis, DHA suppressed the level expression of immune 
checkpoint molecules in both normoxic and hypoxic 
conditions in colorectal cancer cells.29 Furthermore, lipid 
deregulation, cell cycle impairment, and oxidative stress 
were other effects of DHA.24

The inverse correlation between mTOR expression and 
miR-101 and miR-214 expression has been validated in 
several types of human carcinomas.30-32 In a study done 
by Gu et al miR-101-3p regulated cullin-4B within PI3K/
AKT/mTOR signaling pathway on development of prostate 
cancer.33 In another study, increasing expression of ataxia 
telangiectasia mutated (ATM) and mTOR by the negative 
regulation of miR-101 expression has been validated.30 
In NSCLC, mTOR, p-S6, and p-mTOR expression are 
repressed via overexpression of miR-101-3p.34 About 
miR-214, p-Akt, and p-mTOR in gastric cancer cells 
were inhibited via mimics of this miR.35 Treated colon 
cancer cells with miR-214 mimic molecules proved that 
the downregulation of several oncogenic markers such 
as mTOR, cyclin D1, β-catenin, and c-Myc.36 However, 
treated colon cancer cells with miR-214 inhibitor showed 
reverse results.36

Collectively, our study indicated DHA is able to 
alteration of BC cells and their exosome contents under 
both normoxic and hypoxic conditions. This data 
suggests the anti-progressive effect of DHA in BC through 
decreasing expression of exosomal mTOR, and increasing 
miR-214. 

Conclusion
In the current study, the expression level of mTOR and its 
targeting miRNAs was evaluated in BC cells and purified 
exosomes after DHA treatment. It was observed that DHA 
resulted in the downregulation of mTOR expression both 
in the BC cell lines as well as related exosomes, while the 
expression of mTOR targeting miRNAs was increased. 
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DHA increased miR-101 and miR-214 other than Exo-BT 
in hypoxic conditions. Further, miR-101 did not increase 
in MDA-MB-231. These miRNAs might be involved in 
the regulation of mTOR which could be the underlying 
effect of DHA therapy. 
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