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Introduction

Triple-negative breast cancer (TNBC) is a specific 
subtype of breast cancer characterized by the lack of 
expression of ER, PR, and HER2. As a result, the growth 
of TNBC cells is not driven by ER, PR, or HER2. 
Perhaps TNBC does not respond to endocrine therapies 
or HER2-targeted agents [1]. It constitutes approximately 
10-20% of all breast cancers [2] and typically exhibits 
a more aggressive clinical behavior compared to other 
breast cancer subtypes, with a higher likelihood of early 
metastasis and disease recurrence following treatment. It 
frequently presents at a higher histological grade and often 
displays basal-like cellular morphology [1].

Autophagy represents a fundamental cellular 
mechanism responsible for the transport of diverse 
intracellular cargo to lysosomes for degradation and 
recycling. In cancer, however, autophagy exhibits dual 
and seemingly paradoxical roles, functioning in tumor 
suppression during early oncogenesis while supporting 
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survival, metabolic adaptation, and progression in 
established and metastatic tumors. However, in breast 
cancer, autophagy may play a crucial role in tumor 
progression, although the mechanism by which autophagy 
regulates metastatic potential is still unclear [3]. Type 
II programmed cell death in cancer cells is controlled 
by a network of intricate signaling pathways, such as 
the signal transducer and activator of transcription 3 
(STAT3) signaling. This crosstalk between autophagy 
and these signaling pathways may determine the fate of 
cell survival or death [4]. The pivotal role of STAT3 has 
been widely recognized as a regulator of gene expression 
related to the tumorigenic behavior of breast cancer, 
especially TNBC, and the regulation of several types of 
processes, including autophagy. STAT3 not only induces 
the expression of cancer-related genes but also interacts 
with and collaborates with other oncogenic transcription 
factors, enhancing the aggressiveness of TNBC [5, 6].

Exosomes are extracellular vesicles, typically 30-150 
nm in diameter, secreted by the majority of eukaryotic cells 
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and involved in intercellular communication. Structurally, 
they are enclosed by a lipid bilayer membrane enriched 
with transmembrane tetraspanin proteins, as cluster of 
differentiation 63 (CD3), ALG-2-interacting protein-X 
(Alix), and tumor susceptibility gene-101 (TSG101). 
Moreover, the components of exosomes are a mixture of 
proteins, DNA, mRNAs, microRNAs, long noncoding 
RNAs, circular RNAs, and others. Functionally, as 
intercellular messengers, exosomes function to transfer 
diverse bioactive molecules from donor cells to recipient 
cells [7]. Exosomes are cell-derived membranous vesicles 
capable of transferring their cargo to recipient cells 
through membrane fusion. Consequently, exosomes 
and their molecular constituents play pivotal roles in 
modulating tumor growth, metastasis, and angiogenesis 
during cancer progression [8]. 

Therefore, the objective of the present study was 
to evaluate the proposed role of exosomes in the 
aggressiveness of TNBC cells. It assessed its role in 
influencing molecular mechanisms, such as autophagy, 
related to aggressive behavior via the STAT3 signaling 
pathway in TNBC cells.

Materials and Methods

Cell lines
Breast cancer cell lines MDA-MB-231 (mesenchymal-

like; ATCC® HTB-26™), HCC1806 (basal-like; 
ATCC® CRL-2335™), and MCF-7 (estrogen receptor-
positive; ATCC® CRL3435™) were sourced from 
ATCC (Manassas, Virginia, USA). The cells were grown 
in high-glucose Dulbecco’s Modified Eagle Medium 
(DMEM), low-glucose DMEM, and RPMI1640 medium, 
respectively, enriched with 10% fetal bovine serum 
(FBS), 2mM glutamine, and 0.1mg/mL of penicillin and 
streptomycin, and kept at 37°C in an atmosphere of 5% 
CO2.

Exosome separation
A serum was collected from a TNBC patient (stage IV, 

grade III, metastatic) following confirmation of diagnosis 
and informed consent from the Medical Research Institute, 
Alexandria University Ethics Committee Ref. No. 
E/C.S/N.T94/2021. Exosomes were extracted utilizing a 
total serum exosome isolation kit (Invitrogen™ UAB), 
followed by purification through ultracentrifugation at 
100,000xg for 90 minutes in 7.5 ml of phosphate-buffered 
saline (PBS), and subsequently resuspended in 400 µl of 
PBS.

Cytotoxicity assay
Cells were seeded at a density of 10,000 per well in 

96-well plates and maintained at 37°C with 5% CO2 until 
they reached 80% confluence. They were then treated with 
various concentrations of AG490 and DOXO in 200 μl of 
complete media for 48 hours. After incubation, 10 μl of 
MTT solution (5 mg/mL) was introduced to the wells and 
incubated for an additional 4 hours at 37°C. The control 
wells consisted of 50 μl of cells combined with 50 μl of 
MTT solution. Afterward, the media was removed, and 
100 μl of dimethyl sulfoxide (DMSO) was added to each 

well. The absorbance was recorded at 590 nm using an 
ELISA reader from BioTek Instruments, Inc., USA. Cell 
viability was evaluated using the trypan blue exclusion 
method at a ratio of 1:1. The half-maximal inhibitory 
concentration (IC50) values were calculated from the 
relative viability data using Compusyn software (https://
www.combosyn.com/). This experiment was conducted 
three times. 

Estimation of STAT3 signaling pathway inhibition
Two subtypes of cell lines were treated with the IC50 

of AG490 for 48 hours. Total protein was extracted from 
1x10^5 treated and untreated cells and measured using 
the BCA assay. Western blotting was then performed 
to assess STAT3 signaling, using pan-STAT3 antibody 
purchased from Wuhan Fine Biotech Co., Ltd., China, and 
phospho-STAT3 antibody (Tyr705) from Cell Signaling 
Technology, USA. Computational analysis was conducted 
on blot membranes from all three cell lines, with at least 
two replicates analyzed per condition, both before and 
after inhibition.

Experimental design
Each cell line was classified into eight separate 

groups: (1) Untreated cells that received no treatment; 
(2) EXO-cells that treated with exosomes (20 µg protein 
equivalent, determined by exosome uptake assays); (3) 
DOXO-cells that exposed to the IC50 dose of doxorubicin; 
(4) EXO-DOXO-cells that treated with 20 µg of EXO and 
the IC50 dose of DOXO; (5) InST-cells that treated with the 
IC50 dose of AG490, an inhibitor of the STAT3 pathway; 
(6) InST-EXO-cells that InST-cells received 20µg of EXO; 
(7) InST-DOXO-cells that InST-cells treated with the 
IC50 dose of DOXO; and (8) InST-EXO-DOXO-cells that 
InST-cells received both 20 µg of EXO and the IC50 dose 
of DOXO. Cells were cultured at a density of 5x103 per 
well in 12-well plates with complete media at 37°C and 5% 
CO2. The media was changed every 48 hours until the cells 
reached 80% confluence. Un-InST-cells were incubated 
with EXO and/or DOXO for 48 hours. InST-cells were 
pre-treated with AG490 for 48 hours, washed, and then 
incubated with EXO and/or DOXO at 37°C and 5% CO2 
for 48 hours. Following incubation, cells were harvested 
with 0.2 ml trypsin-EDTA, centrifuged at 2000xg for 5 
minutes, and then collected for downstream analysis.

Cell cycle analysis
Harvested cells (1 x 105 cells) were suspended in 0.5 

ml of PBS and then gradually added to 4.5 ml of cold 
70% ethanol while gently vortexing. This mixture was 
maintained at 4°C for 2 hours, followed by centrifugation 
at 300 xg for 5 minutes. The cells were subsequently 
washed in PBS and subjected to further centrifugation 
at 300 xg for 5 minutes. A staining solution containing 
propidium iodide (PI) with 50 µl of RNase A (final 
concentration of 0.5 µg/ml) was added to the cell pellets, 
mixed thoroughly, and incubated for a minimum of 4 
hours at 4°C. The cells were then analyzed utilizing flow 
cytometry with 488 nm laser illumination. 
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software version 22.0 (IBM Corp., Armonk, NY, USA). 
To compare the average values of various biochemical 
parameters across groups, the Mann–Whitney U test, 
which is a nonparametric method, was employed. A 
p-value of ≤ 0.05 was deemed statistically significant.

Results

Cytotoxicity test 
Treatment with AG490 and DOXO for 48 hours 

reduced the growth of TNBC and NTNBC cells compared 
to the untreated controls, displaying significantly different 
effects as described in Table 2 [9]. The results indicated 
that MDA-MB-231 cells were more sensitive to both 
AG490 and DOXO compared to the other two cell lines. 

Estimation of STAT3 signaling pathway inhibition
Western blot analysis showed reduced p-STAT3 

expression relative to pan-STAT3 following AG490 
treatment. Quantitative assessment of inhibition 
demonstrated that MCF-7 cells exhibited the highest level 
of suppression (91.5%), compared with 74% in HCC1806 
and 66.4% in MDA-MB-231 cells [9].

Cell morphology
Exosome treatment caused TNBC cells to adopt an 

elongated, spindle-like shape, whereas NTNBC cells 
formed aggregates and clumps in comparison to the 
untreated controls. The application of DOXO led to the 
formation of rounded, detached cells and cellular debris 
in both MDA-MB-231 and MCF-7 cell lines, with MCF-7 
cells showing a more pronounced effect. On the other 
hand, HCC1806 cells did not display any noticeable 
morphological changes. Importantly, when compared 
to DOXO alone, TNBC cells treated with EXO-DOXO 
presented more elongated, spindle-like morphologies. 
Additionally, NTNBC cells exhibited cellular aggregates 
and clumps Figure 1.

Exosome treatment reduced the spindle-shaped cells 
in the inhibited MDA-MB-231 cells, but it decreased the 
presence of small circular vacuoles in InST-HCC1806 
cells. In the inhibited MCF-7 cells, the treatment led to 
the loss of cellular aggregates and clumps compared to 
the cells treated with exosomes. The DOXO treatment 
on InST-TNBC and InST-NTNBC cells did not show 

Analysis of apoptosis
Cells were harvested at a density of 1x10^5 and rinsed 

twice with 1 ml of 1x Annexin-binding buffer. They were 
then centrifuged at 300 xg for 5 minutes and resuspended 
in the same buffer. Next, Annexin-V reagent was added, 
mixed thoroughly, and incubated in the dark at room 
temperature for 15 minutes. The PI solution was added, 
mixed, and incubated in the dark at room temperature for 
5 minutes. After incubation, 400 μl of 1× Annexin-binding 
buffer was added, and the sample was analyzed using 
flow cytometry. Untreated cells were used as a negative 
control to determine the basal level of apoptotic, necrotic, 
and dead cells.

Monitoring of autophagic machinery stages
The overall autophagic machinery in the utilized cell 

lines was assessed by microtubule-associated protein 1 
light chain 3 beta (LC3B) protein level according to the 
manufacturer’s instructions (Wuhan Fine Biotech Co., 
Ltd.) using the ELISA technique.

Furthermore, a relative quantitative reverse 
transcription polymerase chain reaction (qRT-PCR) was 
performed to measure the expression levels of specific 
autophagy-related genes, such as BECLIN1, ATG16L1, 
ATG5, and RAB24. Table 1 Total RNA was extracted 
from the collected cells using the GENEzol™ TriRNA 
Pure Kit (Geneaid Biotech Ltd., Taiwan) and then reverse-
transcribed into complementary DNA (cDNA) with the 
HiSenScript™ RH(–) cDNA Synthesis Kit (iNtRON 
Biotechnology, Korea). Each PCR mixture included 10 
µl of TOPreal™ Master Mix, 2 µl of cDNA, and 0.5 
µM of each primer, resulting in a final volume of 20 µl. 
Amplification was conducted under the following thermal 
parameters: an initial denaturation step at 95 °C for 10 
minutes, followed by 45 cycles consisting of 95 °C for 15 
seconds, 56 °C for 15 seconds, and 72 °C for 30 seconds. 
qRT-PCR assessments were executed using an Applied 
Biosystems™ 7500 Real-Time PCR System (Thermo 
Fisher Scientific, USA). Relative mRNA expression was 
determined utilizing the comparative threshold cycle 
(2-ΔΔCT) method, with GAPDH acting as the internal 
reference gene.

Statistical analysis
Statistical evaluations were performed utilizing SPSS 

Gene Primer sequence (5′-3′) Accession number
BECLIN-1 Forward: 5′-ACCGTGTCACCATCCAGGAA-3′ NM_003766.5

Reverse :5′-GAAGCTGTTGGCACTTTCTGT-3’
ATG16L1 Forward:: 5, AGGGTTCCCTATCTGGCAGT-3′ NM_001363742.2

Reverse : 5′-GATTCGGCTTGCAAAATCAT-3′
ATG5 F: 5′-TGGCCATCAATCGGAAACTC-3′ NM_004849.4 

R: 5′- CAGCCACAGGACGAAACAG-3′
RAB24 Forward: 5’-CCGAGCGGAGATCGGGGTTTGC-3′

Reverse: 5-AGAGGACCTGGGGTAGCTCAGA-3′ NM_001031677.3
β-actin F: 5’-TGGCACCACACCTTCTACAATGAGC-3’ NM_001101.5

R: 5’-GCACAGCTTCTCCTTAATGTCACGC-3’
ATG16L1, Autophagy Related 16 Like 1; ATG5, Autophagy related gene 5; RAB24, Ras-related protein 

Table 1. The Sequence of Primers of Targeted Genes in the Autophagic Machinery 
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Figure 1. Morphological Alterations in the Utilized Cell Lines after Exosomes and/or Doxorubicin Treatment for 48 
hrs Related to STAT3 Pathway Inhibition

Cell lines IC50 value of 
AG490 

IC50 value of 
DOXO

MDA-MB-231 cells 25.4 ± 0.009 µM 1.72 ± 0.001 µM
HCC1806 cells 44.16 ± 0.026 µM 15. 17 ± 0.003 µM
MCF-7 cells 96.07 ± 0.042 µM 8.34 ± 0.009 µM

IC50, Half maximal inhibitory concentration; DOXO, Doxorubicin

Table 2. The Half Maximal Inhibitory Concentration 
(IC50) Values of AG490 and DOXO treatments against. 
a, MDA-MB-231; b, HCC1806, and MCF-7 cells after 
48 hours 

any noticeable changes under the microscope, but it did 
decrease cell viability compared to the untreated samples. 
EXO-DOXO did not cause any morphological changes in 
InST-MDA-MB-231 cells in relation to the EXO-DOXO-
treated cells. Conversely, it presented an elongated spindle 

shape when compared to the InST-DOXO-treated cells. 
Additionally, in InST-HCC1806 cells, the introduction of 
EXO-DOXO still led to a reduction in the size of small 
circular vacuoles compared to those found in EXO-DOXO- 
and InST-DOXO-treated cells. In InST-MCF-7 cells, the 
clusters and aggregates present in EXO-DOXO-treated 
cells were absent. Additionally, when compared to InST-
DOXO-treated cells, InST-MCF-7 cells that received 
EXO-DOXO exhibited small circular vacuoles. Figure 1.

Cell cycle analysis
The impact of exosomes and/or doxorubicin treatment 

on the distribution of the cell cycle within the selected cell 
lines, prior to and following STAT3 pathway inhibition, is  
illustrated in Figure 2.
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Cell lines MDA-MB231 HCC1806 MCF-7
Groups Mean ± S.E. Mean ± S.E. Mean ± S.E.

UN-InST cells
Un-Treated 0.46 ± 0.02 0.20 ± 0.011 0.25 ± 0.006
EXO 0.63 ±0.044 a 0.25 ± 0.002 a 0.36 ± 0.003 a

DOXO 0.59 ± 0.002 a 0.18± 0.006 0.41 ± 0.003 a

EXO-DOXO 0.98 ±0.078 c 0.21 ± 0.013 0.43 ± 0.008
InST cells

InST 0.44 ± 0.011 0.17 ± 0.006 0.49 ± 0.032
InST-EXO 0.63 ± 0.029 0.20 ± 0.033 b 0.41 ± 0.005 b

InST-DOXO 0.44 ± 0.006 c 0.18 ± 0.013 0.51 ± 0.004 c

InST- EXO-DOXO 0.47 ± 0.014 d 0.17 ± 0.006 d 0.56 ± 0.018 d,e

Table 3. Statistical Analysis of LC3B Levels (ng/ml) in the Utilized Cell Lines after Different Treatments were 
Administered for 48 hrs 

EXO, Exosomes; DOXO, Doxorubicin; InST, inhibited STAT3 cells; S.E, Standard Erro; a, statistically significant difference compared to the 
untreated control group; b, statistically significant difference compared to the EXO-treated group; c, statistically significant difference compared 
to the DOXO-treated group; d, statistically significant difference compared to the EXO-DOXO-treated group; e, statistically significant difference 
compared to the InST-DOXO-treated group; p-values ≤ 0.05 were considered to indicate statistical significance 

Figure 2. Cell Cycle Analysis of the Utilized Cell Lines after Exosomes and/or Doxorubicin Treatment for 48 hrs 
Related to STAT3 Pathway Inhibition

Analysis of apoptosis
The consequence of exosomes and/or doxorubicin 

treatment on the percentages of early and late apoptotic 
and necrotic cells in the cell lines used, both prior to and 
following the inhibition of the STAT3 pathway, is shown 
in Figure 3.

Monitoring stages of the autophagic machinery
The biochemical results indicated that the LC3B level 

was highest in MDA-MB-231 cells, followed by MCF-7 
and HCC1806 cells. Treatment with EXO significantly 
increased the LC3B level in both TNBC and NTNBC 
cells (p < 0.05) compared to untreated cells. However, 

DOXO treatment significantly increased the LC3B level 
in MDA-MB-231 and MCF-7 cells (p < 0.05), but no 
significant changes were seen in HCC1806 cells (p > 
0.05). Notably, when comparing DOXO treatment to 
EXO-DOXO treatment, the latter resulted in a notable 
increase in LC3B level only in MDA-MB-231 cells (p < 
0.05) Table 3.

In comparison to EXO-treated cells, exosome 
treatment did not alter the LC3B level in InST-MDA-
MB-231 cells, whereas it was significantly reduced in 
InST-HCC1806 cells (p≤0.05); conversely, its level in 
InST-MCF-7 cells significantly increased (p≤0.05). When 
compared to DOXO-treated cells, DOXO treatment led 
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Groups BECLIN1 ATG16L ATG5 RAB24
MDA-MB231 cells

Mean ±S.D. Mean ±S.D. Mean ±S.D. Mean ±S.D.
Un-Treated 1.00 ± 0.09 1.02 ± 0.15 1.00 ± 0.06 1.01 ± 0.10
EXO 0.97 ± 0.17 0.27 ± 0.01a 1.49 ± 0.16a 1.48 ± 0.05a

DOXO 1.07 ± 0.04 0.92 ± 0.20 1.82 ± 0.11a 0.90 ± 0.17
DOXO-EXO 0.90 ± 0.04 0.21 ± 0.02b 1.90 ± 0.05 1.44 ± 0.27
InST-EXO 0.17 ± 0.01c 0.42 ± 0.03c 0.44 ± 0.07c 1.79 ± 0.15
InST-DOXO 0.66 ± 0.15b 2.0 ± 0.33b 1.59 ± 0.27 2.45 ± 0.15b

InST-EXO-DOXO 0.23 ± 0.02d,e 1.74 ± 0.07d 0.55 ± 0.06d,e 2.21 ± 0.20
HCC1806 cells

Mean ±S.D. Mean ±S.D. Mean ±S.D. Mean ±S.D.
Un-Treated 1.00 ± 0.06 1.00 ± 0.03 1.00 ± 0.04 1.00 ± 0.10
EXO 0.40 ± 0.03a 0.14 ± 0.01a 0.92 ± 0.15 0.17 ± 0.01a

DOXO 0.65 ± 0.08a 0.97 ±0.05 1.21 ± 0.09 0.25 ± 0.01a

EXO-DOXO 0.38 ± 0.04b 1.18 ± 0.05 1.88 ± 0.31 0.32 ± 0.01
InST-EXO 0.22 ± 0.05c 0.49 ± 0.08c 0.59 ± 0.01c 0.12 ± 0.01
InST-DOXO 0.51 ± 0.05 1.26 ± 0.09 1.07 ± 0.04 0.22 ± 0.02
InST-EXO-DOXO 0.28 ± 0.04e 1.06 ± 0.05 0.85 ± 0.08d,e 0.13 ± 0.01d,e

MCF-7 cells
Mean ±S.D. Mean ±S.D. Mean ±S.D. Mean ±S.D.

Un-Treated 1.00 ± 0.03 1.00 ± 0.02 1.01 ± 0.09 1.01 ± 0.12
EXO 1.26 ± 0.13 0.59 ± 0.04a 0.63 ± 0.04 0.93 ± 0.05
DOXO 2.67 ± 0.12a 0.94 ± 0.20 1.08 ± 0.09 1.42 ± 0.31
EXO-DOXO 1.64 ± 0.03b 1.04 ± 0.03 1.16 ± 0.12 1.41 ± 0.10
InST-EXO 2.7 ± 0.63c 2.08 ± 0.14c 1.01 ± 0.07c 4.38 ± 1.19c

InST-DOXO 3.89 ± 0.38b 1.89 ± 0.36b 1.95 ± 0.29b 2.11 ± 0.03b

InST-EXO-DOXO 3.93 ± 0.52d 1.88 ± 0.04d 1.97 ± 0.22d 3.20 ± 0.95d

Table 4.Statistical Analysis of Targeted Gene Expression (Fold Change) of the Autophagic Machinery in the Utilized 
Cell lines after EXO or/and DOXO Administration for 48 hr before and after STAT3 Pathway Inhibition 

EXO, Exosomes; DOXO, Doxorubicin; InST, inhibited STAT3 cells; S.E, Standard Error; a, statistically significant difference compared to the 
untreated control group; b, statistically significant difference compared to the EXO-treated group; c, statistically significant difference compared 
to the DOXO-treated group; d, statistically significant difference compared to the EXO-DOXO-treated group; e ,statistically significant difference 
compared to the InST-DOXO-treated group. p-values ≤ 0.05 were considered to indicate statistical significance 

to a significant decrease in LC3B level in InST-MDA-
MB-231 cells (p≤0.05), had no substantial effect on 
InST-HCC1806 cells (p > 0.05), and caused a significant 
increase in its level in InST-MCF-7 cells (p≤0.05).

Exosomes with doxorubicin treatment significantly 
decreased LC3B level in InST-MDA-MB-231 and InST-
HCC1806 (p≤0.05) but significantly increased its level 
in InST-MCF-7 cells (p≤0.05) compared to cells treated 
with Exosomes and doxorubicin without inhibition. On the 
other hand, compared to InST-DOXO-treated cells, it did 
not significantly alter its levels in InST-TNBC (p>0.05) 
but significantly increased its level in InST-MCF-7 cells 
(p≤0.05) (Table 3).

In the molecular analysis, treating MDA-MB-231 
cells with EXO led to a significant downregulation 
of ATG16L and an upregulation of ATG5 and RAB24 
expression (p ≤ 0.05) compared to untreated cells. 
Furthermore, in HCC1806 cells, EXO treatment 
significantly downregulated the expression of BECLIN1, 
ATG16L, and RAB24 (p ≤ 0.05). In MCF-7 cells, 

exosome treatment resulted in a significant decrease in the 
expression of ATG16L only (p ≤ 0.05) (Table 4).

On the other hand, compared to untreated cells, DOXO 
treatment in MDA-MB-231 cells exhibited significant 
upregulation of ATG5 expression (p≤0.05). However, 
HCC1806 cells exhibited significant downregulation of 
BECLIN1 and RAB24 expression (p≤0.05). Interestingly, 
in the MCF-7 cells, it significantly upregulated BECLIN1 
expression only (p≤0.05) (Table 4).  

Moreover, in TNBC cells, EXO-DOXO-treated cells 
presented a significant reduction in ATG16L and BECLIN1 
expression (p≤0.05); moreover, treatment of NTNBC 
cells significantly reduced BECLIN1 expression (p≤0.05) 
compared to cells treated with DOXO treatment alone 
(Table 4).

The inhibitory effect of ATG490 differed between 
TNBC and NTNBC cells. In InST-TNBC cells, EXO 
treatment significantly decreased BECLIN1 and ATG5 
expression (p≤0.05) and increased ATG16L expression. 
Interestingly, in NTNBC cells, it significantly increased 
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the expression of all genes (p≤0.05) compared to un-InST 
cells (Table 4).

DOXO treatment of InST-MDA-MB-231 cells, 
compared to cells treated with DOXO, significantly 
downregulated BECLIN1 and upregulated ATG16L and 
RAB24 expression (p≤0.05). In InST-HCC1806 cells, 
there was no significant change in all gene expression. On 
the other hand, in InsT-MCF-7 cells, all gene expressions 
were remarkably upregulated (p≤0.05) (Table 4).

In InST-MDA-MB-231 cells, the expression levels of 
BECLIN1 and ATG5 were significantly lower compared 
to the EXO-DOXO cells without STAT3 inhibition, while 
ATG16L expression was higher (p ≤ 0.05). Conversely, 
when comparing InST-DOXO cells, the expression of both 
ATG16L and ATG5 was significantly lower (p ≤ 0.05). In 
InST-HCC1806 cells, ATG5 and RAB24 expression was 
lower than in EXO-DOXO-treated cells without inhibition. 
In comparison to the InST-DOXO cells, the expressions of 
BECLIN1, ATG5, and RAB24 were lower in the other cell 
line. In the InsT-MCF-7 cells, treatment with EXO-DOXO 
significantly increased the expression of all genes when 
compared to cells treated with EXO-DOXO without STAT3 
inhibition. However, there were no significant differences 
in gene expressions between the EXO-DOXO-treated cells 
and the InST-DOXO-treated cells (Table 4).

Discussion

Exosome uptake assays revealed that the metabolic 
state of recipient cells affects their ability to internalize 
exosomes, with metabolically active cells such as stem 
cells showing greater rates of uptake compared to 

fully differentiated cells [10]. The substantial exosome 
uptake noted in MDA-MB-231 cells may be linked to 
their mesenchymal-like phenotype and invasive traits 
characteristic of TNBC, which aligns with their higher 
expression of markers related to epithelial–mesenchymal 
transition (EMT) and stem cells. HCC1806 cells 
exhibited relatively lower uptake, indicative of their 
more differentiated status and luminal or basal-like 
morphological characteristics. MCF-7 cells, identified as 
part of the luminal-A subtype, showed the least exosome 
uptake, reflecting their advanced level of differentiation 
and reduced migratory ability due to strong cell–cell 
junctions [10]. Besides, TNBC has been reported to 
acidify its extracellular microenvironment, thereby 
facilitating its aggressive phenotype [11]. One way that 
exosomes are taken up by recipient cells is through 
membrane fusion with the plasma membrane, a process 
that requires an acidic pH [12]. Furthermore, the present 
study demonstrated that TNBC-derived exosomes are 
preferentially internalized by TNBC cells compared 
to non-TNBC cells and concluded that the uptake of 
exosomes may depend on their origin and receipt [9, 13].

Morphologically, treating TNBC cells with exosomes 
aligns with earlier research, which indicates that the 
introduction of exosomes derived from TNBC can lead to 
alterations in the shape of recipient TNBC cells, resulting 
in more polarized forms and an increase in cell area, 
reflective of motile characteristics [9, 14]. Moreover, the 
findings from treating NTNBC with exosomes correspond 
with a prior study that indicated that TNBC-derived 
exosomes could influence MCF-7 cells by triggering a 
reduction in cell stiffness, rearranging the cytoskeleton 

Figure 3. Analysis of Apoptotic Cells after Exosomes and/or Doxorubicin Treatment for 48 hrs Related to STAT3 
Pathway Inhibition 
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and focal adhesions, as well as modifying cellular 
morphology [9, 15] Remarkably, previous evidence has 
demonstrated the capability of exosomes to establish 
intercellular connections and form multicellular clusters 
within recipient cells [9, 16].

The morphological alterations caused by DOXO were 
more significant in NTNBC cells than in TNBC cells, 
with a higher degree of apoptosis observed in MCF-7 
cells compared to MDA-MB-231 cells. Conversely, 
cytotoxicity tests indicated that MDA-MB-231 exhibited 
greater sensitivity to DOXO than MCF-7, aligning with 
findings from prior studies. DOXO triggers apoptosis by 
activating death signaling pathways in susceptible breast 
cancer cell lines [17]. An assessment of MDA-MB-231 
cells revealed cells that were rounded, condensed, and 
detached, while HCC1806 cells showed minimal signs 
of cell death. These results are in agreement with earlier 
studies that suggest the mesenchymal subtype of TNBC 
is more responsive to DOXO than other TNBC subtypes, 
such as the basaloid variant [9, 18,19]. 

In comparison to DOXO treatment by itself, TNBC 
cells treated with EXO-DOXO exhibited elongated and 
spindle-like shapes. Likewise, NTNBC cells with EXO-
DOXO postponed the development of cell aggregates 
and clusters. Together, these results offer additional 
proof of the involvement of exosomes in facilitating the 
chemoresistance of breast cancer cells to DOXO [19].

AG490 inhibited the STAT3 pathway in breast cancer 
cell lines, showing the strongest effect in MCF-7 cells and 
the weakest in MDA-MB-231 cells. The level of STAT3 
inhibition was inversely related to the sensitivity of cell 
lines to AG490. Exosome treatment had different effects; 
it reduced spindle-shaped cells in InST-MDA-MB-231 
cells and eliminated cell aggregates in InST-MCF-7 cells. 
InST-HCC1806 cells treated with exosomes exhibited a 
combination of small circular cells, along with increases 
in both cell viability and cell death. Overall, AG490 
enhanced antitumor effects through STAT3 inhibition, 
with the tumorigenic effects of exosomes possibly linked 
to STAT3 signaling [9]. Adding DOXO to AG490-treated 
TNBC and NTNBC cells increased the cytotoxicity of 
DOXO, resulting in greater cell death. This finding, 
along with the previously demonstrated chemotherapeutic 
potential of AG490, suggests that inhibiting STAT3 in 
combination with DOXO treatment may enhance the 
effectiveness of antitumor strategies in breast cancer 
cells [9, 20].

The treatment of InST-MDA-MB-231 cells 
with exosomes and Doxo did not exhibit additional 
morphological changes; however, elongated spindle-
shaped cells were observed compared to the InST-
DOXO treatment. In InST-HCC1806 cells, EXO-
DOXO led to a greater persistence of small, circular 
cells. Conversely, in InST-MCF-7 cells, EXO-DOXO 
treatment resulted in the disappearance of cellular 
aggregates compared to EXO-DOXO alone. Notably, 
InST-MCF-7 cells treated with EXO-DOXO maintained 
their small, circular morphology, supporting earlier 
findings that AG490 decreases phosphorylated STAT3 
levels, reducing cancer cell adhesion and invasion [21, 
22]. The observations suggest that exosomes play a role 

in enhancing tumorigenic behaviors and chemoresistance 
in breast cancer, particularly in TNBC.

Analysis of the cell cycle in TNBC cells treated with 
exosomes revealed an increase in the cell population 
arrested at the S phase compared to that in untreated 
cells. During that phase, DNA replication occurs, which is 
considered an irreversible commitment to cell proliferation 
[23]. Moreover, an apoptotic assay revealed rise in necrotic 
cells, which is associated with tumor progression and 
aggressiveness [24]. Consequently, swelling of necrotic 
cells and the subsequent release of cytoplasmic contents 
into the extracellular space may trigger inflammatory 
responses, thereby increasing the likelihood of proto-
oncogenic mutations or epigenetic alterations that 
promote angiogenesis, cancer cell proliferation, invasion, 
epithelial–mesenchymal transition (EMT), and metastasis 
[25]. Consistent with the findings of the current study, 
the capacity of exosomes derived from breast cancer 
cells to enhance tumor progression by increasing cell 
proliferation and inhibiting apoptosis in recipient cells has 
been documented [26]. Thus, the results of this research 
confirm the role of exosomes in enhancing the tumorigenic 
behavior of NTNBC and TNBC cells.

Cell cycle analysis of TNBC cells treated with DOXO 
revealed a cell population arrested at the Go/G1, indicating 
its proapoptotic effect [27]. Additionally, apoptosis 
assays revealed an increase in late apoptotic and necrotic 
MDA-MB-231 cells, while HCC1806 cells demonstrated 
necrosis. Previously, the ability of DOXO to promote 
the production of high levels of reactive oxygen species 
(ROS), which cause damage to cellular membranes, DNA, 
and proteins, has been demonstrated. This, in turn, is 
closely associated with necrotic and apoptotic cell death 
signaling pathways [28]. However, treatment of NTNBC 
cells with DOXO led to an increase in the number of cells 
arrested at the subG1, revealing its proapoptotic effect 
[29]. The wild-type p53 gene is activated in MCF-7 cells 
following DOXO treatment, leading to cell cycle arrest 
in the subG1 phase [30]. In contrast, this gene is mutated 
and nonfunctional in MDA-MB-231 cells [31].

In comparison to cells treated with DOXO, the 
analysis of apoptosis in TNBC cells treated with EXO-
DOXO showed an increase in necrotic cells. Additionally, 
cell cycle analysis of MDA-MB-231 cells revealed a 
rise in cell cycle arrest at the G2/M phase, indicating 
progression through the cell cycle. It is important to 
note that the decision to complete cell division can occur 
during the G2 phase in actively proliferating cells [21, 
32]. Furthermore, the arrest of HCC1806 cells in the S 
phase indicated cell cycle progression, suggesting that 
the cells were proliferating. In MCF-7 cells treated with 
EXO-DOXO, there was an increase in the proportion of 
cells arrested in the G0/G1 phase, along with a decrease 
in the percentage of apoptotic cells and an increase in 
proliferative cells. These results may support the role 
of exosomes in enhancing the tumorigenic behavior of 
recipient breast cancer cells, particularly in promoting 
chemoresistance to DOXO treatment [10].

However, after treating InST-TNBC and InST-NTNBC 
cells with exosomes, the apoptosis assay revealed an 
increase in apoptotic cells, accompanied by a decrease in 
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proliferative cells compared to that in the EXO-treated 
cells. Notably, these findings are compatible with those 
of the proliferative assay. Moreover, in contrast to that in 
InST-NTNBC cells, cell cycle analysis of InST-TNBC 
cells revealed an increase in the proportion of cells 
arrested at the G2/M phase associated with a decrease in 
the G0/G1 phase compared to that in Un-InST cells. These 
findings suggest that the uptake and tumorigenic role of 
exosomes are more pronounced in TNBC cells compared 
to NTNBCs, potentially due to the source of exosomes or 
the type of recipient cells [8, 9, 13].

In comparison to cells treated with DOXO alone, 
InST-TNBC and InST-NTNBC cells that received DOXO 
were more prone to undergoing apoptosis. Garibaldi et 
al. previously demonstrated that blocking the STAT3 
signaling pathway enhances the sensitivity of breast 
cancer cells to the pro-apoptotic effects of DOXO, albeit 
to varying degrees [33]. Nonetheless, in InST-TNBC cells, 
an increase in the population of cells arrested in both the 
G2/M and S-phases should also be taken into account, as 
this may indicate the chemoresistance characteristic of 
TNBC cells [34]. When InST-TNBC cells were treated 
with DOXO, the number of proliferative cells decreased 
compared to treatment with DOXO alone.

In addition, an assay for apoptosis conducted on 
InST-TNBC and InST-NTNBC cells that were treated 
with EXO-DOXO indicated that the majority of cells were 
in the apoptotic phase when compared to EXO-DOXO-
treated cells without any inhibition. These findings may 
suggest that AG490 has an anticancer effect by promoting 
apoptosis in breast cancer cells [35, 36]. Therefore, 
even though AG490 was utilized as a STAT3 inhibitor, 
its anticancer properties should not be overlooked. 
Furthermore, the distribution of the cell cycle in InST-
MDA-MB-231 cells treated with EXO-DOXO showed 
an increase in the number of cells that were halted in the 
S phase. In addition, in InST-HCC1806 cells exposed 
to EXO-DOXO, there was a noted rise in cells that were 
stalled in both the G2/M and S phases. These results might 
be linked to the high growth rate and drug resistance 
exhibited by TNBC cells [34, 37]. Conversely, when 
considering the extent of STAT3 inhibition in NTNBC and 
TNBC cells, it was found that STAT3 inhibition was more 
pronounced in NTNBC cells than in TNBC cells, while 
the cell cycle distribution of InST-MCF-7 cells treated 
with EXO-DOXO revealed an increase in cells that were 
arrested at sub-G1.

However, compared with InST-DOXO-treated cells, 
proliferative cells were increased in InST-TNBC and 
InST-NTNBC cells treated with EXO-DOXO treatment. 
This observation may contribute to the role of exosomes 
in potentiating the tumorigenic behavior of breast cancer. 
On the other hand, cell cycle analysis of InST-TNBC cells 
treated with EXO-DOXO revealed an increase in G0/G1 
cell arrest compared to that in InST-DOXO-treated cells. 
Moreover, in the case of InST-NTNBC cells, an increase 
in the number of cells arrested in the subG1 phase was 
observed compared to that in InST-DOXO-treated cells. 
Previously, combination therapy with AG490 and DOXO 
may have induced greater antitumor effects in breast 
cancer cells than single agents alone [33, 38].

On the other hand, autophagy is an internal defensive 
mechanism that allows cells to survive under different 
stressors and has dual roles in tumor promotion and 
suppression [3]. The results of exosome treatment of 
TNBC or NTNBC cells showed a statistically significant 
effect on the autophagic machinery compared to untreated 
cells. Previously, it was reported that exosomes derived 
from breast cancer may play an essential role in promoting 
autophagy via ROS production, which promotes 
tumorigenesis in recipient cells [39]. Additionally, it 
has been reported exosomes may exert cytoprotection 
by inducing intracellular autophagy [40]. Although 
autophagy may enhance tumorigenic behavior in breast 
cancer cells, other crucial factors may influence the 
Essential role of autophagy, e.g., The tumor type, stage of 
tumorigenesis, and the nature and magnitude of the insult 
to tumor cells [41].

This study showed that treating breast cancer cells 
with exosomes significantly increased the level of LC3B, 
which may indicate an enhancement of the autophagic 
machinery or an accumulation of LC3B in those cells. 
However, the observed molecular changes in MDA-
MB-231 cells due to exosome treatment may represent an 
ideal example of enhanced autophagy, as exosomal uptake 
was most pronounced in these cells. This supposition 
may be supported by the significant upregulation of 
ATG5 expression, which is indispensable for autophagic 
vesicle formation; previously, it was reported that 
ATG5 knockdown results in the downregulation or total 
inhibition of autophagy [42]. Additionally, RAB24 is 
an atypical RAB protein required for the clearance of 
late autophagic vacuoles under basal conditions and has 
also been connected to different pathological conditions, 
including tumor induction [43]. Moreover, ATG16L 
overexpression may cause an indirect effect on autophagy, 
and its overexpression inhibits autophagosome formation 
[3]. In line with these findings, the present study showed a 
decrease in ATG16L expression, which may partly explain 
the significant increase in LC3B levels in these cells and 
the heightened autophagy. Notably, the highest level of 
LC3B was observed in MDA-MB-231 cells.

After treating HCC1806 cells with exosomes, in 
addition to the significant rise in LC3B level, significant 
decreases in BECLIN1, ATG16L, and RAB24 expressions 
were observed compared to those in untreated cells. These 
results are consistent with those of a previous study 
in which the LC3B level was significantly increased 
after BECLIN1 was inhibite. BECLIN1 downregulation 
due to exosome treatment should not delay the role 
of exosomes in enhancing autophagic tumorigenesis, 
since it has been shown that BECLIN1 expression 
coincidentally regulates the autophagy process. It is 
assumed that there could be an undiscovered important 
protein regulating the autophagy process, and a possible 
negative feedback or two-way regulatory mechanism 
may play a role when BECLIN1 expression is inhibited 
[44]. Additionally, RAB24 expression was significantly 
downregulated, likely due to a slowdown or inhibition 
of autophagic flux. Previous research has indicated that 
autophagy can be inhibited at any stage of the autophagic 
process [45]. When the later stages of autophagy are 
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blocked, autophagosomes can build up in large quantities. 
Consequently, an increased number of autophagosomes 
after treatment with a particular stimulus may indicate 
either heightened autophagic activity (meaning more 
autophagosome formation) or a disruption in the process 
of autophagy at the lysosomal fusion stage [46]. In other 
words, the rise in LC3B levels following any treatment, 
such as exosomes in this study, may suggest either 
increased autophagosome formation, leading to enhanced 
autophagic degradation, or decreased autophagic turnover, 
resulting in autophagosome accumulation [47].

DOXO treatment of MDA-MB-231 cells may reflect 
the increase in autophagic machinery. Several studies 
have shown the cytoprotective role of autophagy in MDA-
MB-231 cells in response to DOXO treatment [48, 49]. In 
HCC1806 cells, results align with Vu et al.’s recent report 
indicating that the protein expression level of BECLIN1 
decreased after treatment with DOXO at concentrations 
above 0.5 µM [50]. This result was consistent with the 
cytotoxicity test of DOXO in HCC1806 cells. However, 
the role of autophagy in HCC1806 cells in response to 
DOXO treatment is unclear and may suggest other causes 
of cell death. Regarding MCF-7 cells, the observed results 
potentially indicate an upregulation of autophagy, which 
may partially account for the previously reported increase 
in DOXO-induced cell death [50]. However, overall, 
the findings of the present work may provide additional 
evidence for the dual paradoxical role of autophagy in 
combination with therapeutic anticancer drugs, which 
can either induce cell death or promote cell survival [48].

The outcomes following treatment with EXO-DOXO 
in MDA-MB-231 cells, as opposed to those treated with 
DOXO, may indicate an enhancement in autophagy. 
Furthermore, while the effects of DOXO treatment are 
significant, these molecular alterations might be primarily 
influenced by the treatment with exosomes. Interestingly, 
the results observed in HCC1806 and MCF-7 cells may be 
associated with autophagic degradation [51]. Additionally, 
these observations could be corroborated by in vivo studies 
that demonstrated a reduction in autophagic vacuole 
formation due to BECLIN1 deficiency [52]. Therefore, 
these findings imply that EXO-DOXO treatment might 
inhibit autophagic flux in HCC1806 and MCF-7 cells. 
Nonetheless, taking into account the morphological 
changes associated with EXO-DOXO treatment in these 
cells, autophagy may not contribute to the distinctive 
aggressive characteristics of breast cancer.

The STAT3 signaling pathway can regulate autophagy 
in different ways, either positively or negatively, depending 
on the specific cell lines and the phosphorylation sites of 
STAT3 [53]. However, in this study, the effect of exosome 
treatment on InST-BC cells was primarily influenced by 
the breast cancer subtype. In InST-TNBC cells, the results 
of exosome treatment indicated the slowing or inhibition 
of autophagic flux. In contrast, in InST-NTNBC cells, 
the results of exosome treatment indicated the promoted 
autophagic flux. Considering the morphological changes 
observed in breast cancer cells, It can be argued that the 
aggressive behavior of TNBC, enhanced by exosome 
treatment, may be dependent on autophagy, whereas that 
of NTNBC is independent of autophagy.

In this study, compared with treated cells with DOXO 
without inhibition, DOXO treatment of InST-MDA-
MB-231 cells suggested a reduction or blockade of 
autophagic flux. In contrast, DOXO had no observable 
effect on autophagic flux in InST-HCC1806 cells, whereas 
in InST-MCF-7 cells, DOXO treatment appeared to 
enhance autophagic flux.

The biochemical results of InST-TNBC and InST-
NTNBC cells with EXO-DOXO treatment compared to 
EXO-DOXO treatment alone suggested that the STAT3 
signaling pathway can negatively or positively regulate 
autophagy through differences in cell lines and/or STAT3 
phosphorylation sites [53, 54]. In comparison to InST-
DOXO-treated cells, the findings indicated that exosomes 
enhance the aggressive phenotype of TNBC cells through 
autophagy; however, this effect was not observed in 
NTNBC cells.

In conclusion, this study aimed to elucidate the 
influence of human TNBC-derived exosomes on 
both TNBC and NTNBC cells by investigating the 
modulation of key signaling pathways involved in cell 
cycle progression and tumorigenesis, with particular 
attention to those associated with autophagy. The findings 
revealed that exosomes may play a role in tumorigenic 
behavior and chemoresistance, especially in TNBC. 
In this respect, it could be argued that the aggressive 
behavior of TNBC potentiated by exosome treatment 
could be autophagy-dependent, while that of NTNBC is 
autophagy-independent.
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