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Th e aim of the research. To examine the proteomic profi le of breast cancer exosomes.
Material and methods. Cell lines used for this study were MDA-MB-231 female epithelial breast cancer cells (ATCC HTB-26) and MCF10A non-tumorigen-
ic epithelial breast tissue cells. MVs were isolated using diff erential ultracentrifugation. Samples were lysed, reduced, alkylated, digested, and analyzed by an 
Orbitrap Fusion mass spectrometer. MS raw fi les were analyzed using MaxQuant version 1.6.12.0. Peptides were searched against the human UniProt FASTA 
database using the Andromeda search engine, integrated into MaxQuant.
Results. MVs derived from MCF10A and MDA-MB-231 cell lines were analyzed, and 1427 and 547 proteins were identifi ed in the MDA-MB-231 and MC-
F10A-derived MVs, respectively. In total, 455 proteins were common to both MDA-MB-231 and MCF10A MVs. MVs derived from MCF10A and MDA-
MB-231 cell lines were analyzed, and 1427 and 547 proteins were identifi ed in the MDA-MB-231 and MCF10A-derived MVs, respectively. In total, 455 pro-
teins were common to both MDA-MB-231 and MCF10A MVs. Th e unique MDA-MB-231 MV proteins were searched against the DisGeNET human diseases 
database. Out of 972 MDA-MB-231 MV proteins, 112 were cancer-related while 32 were specifi cally associated with BC. In the MDA-MB-231 MV proteome, 
23 Wnt signaling pathway proteins were identifi ed based on their GO biological process. Proteomic analysis identifi ed enzymes OAT, TALDO1, and BLMH 
were only in MVs from metastatic MDA-MB-231 cell line. Th e specifi c activity of OAT and TALDO1 was higher in MV fractions of MDA-MB-231 in com-
parison to the non-cancerous MCF10A cell line-derived MVs. Th ese fi ndings might suggest that these enzymes might play a role in BC. In our present study, 
we found that some enzymes identifi ed from MV fractions were already proposed to play a role in cancer therapy as therapeutic targets (OAT, TALDO1) and 
resistance against chemotherapy agents (BLMH).
Key words: proteomic analysis, breast cancer, ATCC HTB-26.
Conclusion. We found that aminotransferase enzyme, transaldolase, and bleomycin hydrolase are specifi c for MDA-MB-231 MVs.
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Introduction
Th e development of metastatic BC is characterized by 

certain hallmarks modulation of microenvironment, angi-
ogenesis, sustained growth and tissue invasion that rely on 
cell-cell signaling and communication [1, 2]. Extracellular 
vesicles (EVs) have emerged as a novel mechanism of inter-
cellular communication that does not require direct cellular 
contact [3]. EVs may be classifi ed based on their morpholo-
gy, cellular origin, or biogenesis pathways. Small EVs (sEVs), 
including exosomes (Exo), range in size from 30 to 150 nm 
[4, 5]. On the other hand, microvesicles (MVs) are formed by 
direct outward budding of the cell membrane and are 50 nm 
to >1000 nm in diameter [6]. In this study, vesicles of a size 
between 100 and 500 nm are referred to as MVs. 

Small EVs play an important role in cancer progres-
sion by supporting tumor metastasis, drug resistance, and 
immune system evasion [7]. Similarly, MVs contribute to 
cancer progression; however, their precise role is less un-
derstood [8]. MVs also play important roles in BC through 
the transfer of oncogenic molecules. MVs secreted from 
multi-drug resistant BC cells can aid in immune evasion 
by transforming macrophages to an incapacitated state 
[9]. Th e global study of proteins using modern proteom-
ic methods has provided a deeper understanding of many 
diseases [10]. EV proteomics can elucidate the biological 
role of EVs in BC progression and therapy. 

MV proteomic profi ling elucidated possible drug re-
sistance mechanisms in BC through the transfer and 
stabilization of P-glycoprotein [11]. In this study, the pro-
teomes of the metastatic BC cell line MDA-MB-231-de-
rived MVs were compared to the non-cancerous cell line 
MCF10A-derived MVs. Diff erences were identifi ed in the 
MV proteins when compared to the previously profi led 
sEV proteome derived from the same metastatic BC cell 
line MDA-MB-231 [12]. Th ere are signifi cant diff erences 
in the proteomes of BC-derived exosomes and MVs. Th ree 
enzymes unique to MDA-MB-231 were validated in cells, 
sEVs, and MVs. 

Material and methods
Cell lines used for this study were MDA-MB-231 female 

epithelial breast cancer cells (ATCC HTB-26) and MCF10A 
non-tumorigenic epithelial breast tissue cells (ATCC CRL- 
10317). Cells were grown in complete media. When cells 
reached 40–50  % confl uency, they were rinsed with Dul-
becco modifi ed phosphate buff ered saline (PBS) and incu-
bated with vesicle depleted media for 48 h. Vesicle depleted 
media was prepared by ultracentrifugation of FBS or HS at 
100,000× g for 20 h. Th e vesicle-enriched media was then 
collected and processed for the isolation of MVs. 

MVs were isolated using diff erential ultracentrifuga-
tion. Th en, 100 mL of cell culture supernatant were col-
lected and immediately centrifuged at 300× g for 10 min. 
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Th is was followed by a 3000× g spin on a Sigma13190 ro-
tor (MBI) for 10 min, then a 15,000× g centrifugation for 
35 min using an SW28 swinging bucket rotor (Beckman 
Coulter). Th e MV-containing pellet was collected aft er the 
16,000× g spin in PBS. Th e collected MVs were washed by 
centrifuging at 15,000× g for 1 h using an SW55Ti swing-
ing bucket rotor (Beckman Coulter). Th e sedimented MVs 
were fi nally resuspended in PBS. 

Samples were lysed, reduced, alkylated, digested, and 
analyzed by an Orbitrap Fusion mass spectrometer (Th er-
mo Fisher Scientifi c, Mississauga, ON, Canada) coupled 
to an UltiMate 3000 nanoRSLC (Th ermo Fisher Scientifi c, 
Mississauga, ON, Canada) as described previously [11]. MS 
raw fi les were analyzed using MaxQuant version 1.6.12.0 
[13]. Peptides were searched against the human UniProt 
FASTA database using the Andromeda search engine [14], 
integrated into MaxQuant. 

Results and discussion
MVs derived from MCF10A and MDA-MB-231 cell lines 

were analyzed, and 1427 and 547 proteins were identifi ed in 
the MDA-MB-231 and MCF10A-derived MVs, respectively. 
In total, 455 proteins were common to both MDA-MB-231 
and MCF10A MVs. Common proteins were excluded from 
the GO annotations (biological process and cellular locali-
zation) enrichment analysis. Th e “extracellular exosome” 
cellular localization label was highly enriched in both pro-
teomes. Enrichment of mitochondrial proteins was found 
in the MCF10A MV proteome. Th is was evident by cellular 
localization terms such as “mitochondrion”, “mitochondri-
al inner membrane” and “mitochondrial respiratory chain 
complex III.” Biological process terms identifi ed from the 
MCF10A MV proteome supported the enrichment of mito-
chondrial proteins with terms that included “mitochondrial 
electron transport, ubiquitin to cytochrome c”, “aerobic res-
piration” and “hydrogen ion transport”. Th e MDA-MB-231 
MV proteins mainly originated from the cytosol, membrane, 
and ribosome according to their cellular localization terms. 
Th e GO cellular localization term “mitochondrion” was also 
identifi ed with a p-value of 1.3 × 10−2. Biological process 
terms related to the MDA-MB-231 MV proteome includ-
ed terms related to translation: “translation initiation” and 
“SRP-dependent co-translational protein targeting to mem-
brane”. Energy-related biological process terms. Nanopar-
ticle tracking analysis (NTA) characterization showing size 
distributions of isolated microvesicles (MVs) from (A) MC-
F10A and (B) MDA-MB-231 cell lines. 

MVs derived from MCF10A and MDA-MB-231 cell 
lines were analyzed, and 1427 and 547 proteins were 
identifi ed in the MDA-MB-231 and MCF10A-derived 
MVs, respectively. In total, 455 proteins were common to 
both MDA-MB-231 and MCF10A MVs. Common pro-
teins were excluded from the GO annotations (biological 
process and cellular localization) enrichment analysis. 
Th e “extracellular exosome” cellular localization label 
was highly enriched in both proteomes. Enrichment of 
mitochondrial proteins was found in the MCF10A MV 
proteome. Th is was evident by cellular localization terms 

such as “mitochondrion”, “mitochondrial inner mem-
brane” and “mitochondrial respiratory chain complex III.” 
Biological process terms identifi ed from the MCF10A MV 
proteome supported the enrichment of mitochondrial 
proteins with terms that included “mitochondrial electron 
transport, ubiquitin to cytochrome c”, “aerobic respiration” 
and “hydrogen ion transport”. Th e MDA-MB-231 MV pro-
teins mainly originated from the cytosol, membrane, and 
ribosome according to their cellular localization terms. Th e 
GO cellular localization term “mitochondrion” was also 
identifi ed with a p-value of 1.3 × 10−2 . Biological process 
terms related to the MDA-MB-231 MV proteome includ-
ed terms related to translation: “translation initiation” and 
“SRP-dependent co-translational protein targeting to mem-
brane”. Energy-related biological process terms included 
“ATP hydrolysis coupled proton transport” with a p-value 
of 7.8 × 10−3 and “positive regulation of ATPase activity” 
with a p-value of 2.7 × 10−2 . Th e Wnt and NF-kappaB 
pathways were also represented with terms such as “Wnt 
signaling pathway, planar cell polarity pathway” and “NIK/
NF-kappaB signaling”.

Th e unique MDA-MB-231 MV proteins were searched 
against the DisGeNET human diseases database. Out of 
972 MDA-MB-231 MV proteins, 112 were cancer-related 
while 32 were specifi cally associated with BC. In the MDA-
MB-231 MV proteome, 23 Wnt signaling pathway proteins 
were identifi ed based on their GO biological process, 6 of 
15 fi ve of which–Rho associated coiled-coil containing pro-
tein kinase 2 (ROCK2), casein kinase 2 alpha 1 (CSNK2A1), 
casein, kinase 2 alpha 2 (CSNK2A2), catenin beta 1 (CTN-
NB1), and glycogen synthase kinase 3 beta (GSK3B)–have a 
known cancer association. Th e DisGeNET identifi ed cancer 
proteins also included fi ve eukaryotic translation initiation 
factors (EIFs), three of which were BC associated (Eukaryotic 
translation initiation factor 1A, X-chromosomal (EIF1AX), 
Eukaryotic initiation factor 4A-II (EIF4A2), and Eukaryotic 
translation initiation factor 5A-1 (EIF5A)). Moreover, elev-
en kinases were cancer-associated, some of which include 
FYN proto-oncogene tyrosine kinase (FYN), aurora kinase 
B (AURKB), and integrin-linked kinase (ILK). 

In this study, sEV and MV proteins from MDA-MB-231 
and MCF10A cell lines were compared using data from a 
previous study [12]. In total, 372 proteins were common 
to all EV fractions. Th ere is also a notable overlap of 1272 
proteins between MV and sEVs derived from the MDA-
MB-231 cell line. Finally, 89 proteins were unique to MDA-
MB-231-derived MVs.

In total, 603 proteins were only identifi ed in sEVs and 
MVs derived from the MDAMB-231 cell line. To shed light 
on the quantitative diff erence of these proteins, fold change 
and p-value were calculated for 420 proteins with complete 
observations. In total, 50 and 59 proteins were signifi cantly 
more abundant (p < 0.05) in sEVs and MVs, respectively. 
Copine-8 (CPNE8) and calreticulin (CALR) were selected 
based on diff erential expression between MDA-MB-231 
MVs and sEVs for fl ow cytometry (FC) analysis. Th e 
Venn diagram shows the number of overlapping proteins 
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between the diff erent extracellular vesicle (EV) fractions. 
In total, 603 proteins were only identifi ed in sEVs and MVs 
derived from the MDA-MB231 cell line. To shed light on 
the quantitative diff erence of these proteins, fold change 
and p-value were calculated for 420 proteins with complete 
observations. In total, 50 and 59 proteins were signifi cantly 
more abundant (p < 0.05) in sEVs and MVs, respectively. 
Copine-8 (CPNE8) and calreticulin (CALR) were selected 
based on diff erential expression between MDA-MB-231 
MVs and sEVs for fl ow cytometry (FC) analysis. Vesi-
cle-containing cell supernatant was depleted of cells, debris, 
and larger vesicles before staining with antibodies. Two 
populations with relative scattering diff erences confi rmed 
the presence of CPNE8 and CALR on MDA-MB-231-de-
rived EVs. Th e positive populations are no longer present 
aft er treatment of the supernatant with Triton X-100, hence 
confi rming the vesicle nature of identifi ed populations.

Proteomic analysis identifi ed enzymes OAT, TALDO1, 
and BLMH were only in MVs from metastatic MDA-
MB-231 cell line. Th e specifi c activity of OAT and TALDO1 
was higher in MV fractions of MDA-MB-231 in compari-
son to the non-cancerous MCF10A cell line-derived MVs. 
Th ese fi ndings might suggest that these enzymes might 
play a role in BC. 

Th e OAT enzyme is a mitochondrial protein found in al-
most all eukaryotic cells. Th is enzyme converts amino acid 
L-ornithine and α-ketoglutarate to L-glutamate-5-semial-
dehyde and L-glutamate. Th e substrate of OAT, ornithine, is 
a key substrate for the synthesis of proline, polyamines, and 
citrulline. Ornithine also plays an important role in the reg-
ulation of several metabolic processes leading to diseases 
like hyperornithinemia, hyperammonemia, gyrate atrophy, 
and cancer in humans [15]. High levels of ornithine have 
been reported to be a potential protective factor for BC 
[16]. Similarly, as we demonstrated for metastatic MDA-
MB-231 cell line, OAT is overexpressed in hepatocellular 
carcinoma, and the inhibition of this enzyme has been sug-
gested to be an eff ective therapy in mice [17, 18]. Moreo-
ver, proteomics analysis using two-dimensional diff erential 
gel electrophoresis (2D-DIGE) and matrix-assisted laser 
desorption/ionization-time-of-fl ight-mass spectrometry 
(MALDITOF-MS) of canine mammary tumors, proposed 
as a model for human breast cancer, identifi ed OAT as one 
of several upregulated proteins in metastatic carcinomas 
[19]. In addition, OAT was found upregulated, 1.3-fold, in 
small cell lung cancer cell line (NCIH446) compared to the 
non-cancerous human bronchial epithelial cell line (16-
HBE) [20]. Th is enzyme’s expression has been correlated to 
the pathological grade and clinical tumor metastasis stage 
in lung cancer patients [20, 21]. Furthermore, OAT knock-
out nude mice exhibited signifi cantly suppressed growth 
and metastasis of lung cancer xenograft s [21]. Metastatic 
MDA-MB-231 cell line-derived MVs exhibiting higher en-
zymatic activity of OAT than MVs of the non-cancerous 
MCF10A cell line suggest that cancer-derived MVs may 
contribute to the overall metabolic status and consequent-
ly increase vulnerability in BC. TALDO1 is an enzyme of

the pentose phosphate pathway (PPP) and has been linked 
to oxidative stress, infl ammation, and carcinogenesis [22]. 
Th is enzyme transfers threecarbon groups from sedohep-
tulose-7-phosphate (S7P) to glyceraldehyde-3-phosphate 
(G3P) to generate erythrose-4-phosphate (E4P) and fruc-
tose-6-phosphate (F6P). In fastdividing cancer cells, this en-
zyme mediates the PPP that plays a pivotal role in helping gly-
colytic cancer cells meet their anabolic demands and combat 
oxidative stress [23]. Th e diff erential proteomics of urinary 
EV proteins showed TALDO1 to be associated with bladder 
cancer [24]. In hepatomas, TALDO1 activity was increased 
by 1.5–3.4 times compared to normal liver tissue regardless 
of tumor stage [25]. TALDO1 is indicative of hepatocellular 
carcinoma metastasis. Expression levels of TALDO1 were 
higher in the serum of metastatic hepatocellular carcinoma 
patients compared to controls [26]. Certain genetic poly-
morphisms in TALDO1 are associated with squamous cell 
carcinoma of the head and neck [27]. TALDO1 may also play 
a role in cancer drug resistance; higher levels of TALDO1 
expression were associated with poor response to BC HER2 
inhibitors in BC patients. Th e suppression of TALDO1 in-
creased susceptibility to HER2 inhibition cell Biomedicines 
2021, 9, 107 11 of 15 lines with HER2 amplifi cation [28]. It 
has been proposed that TALDO1 can potentially be exploit-
ed as a biomarker or target for combination therapy in BC. 
We demonstrated that the specifi c activity of TALDO1 in 
cellular protein extracts and MV fractions of MDA-MB-231 
was higher than its activity in MV fractions of non-cancer-
ous MCF10A cell line. Our results support reported fi ndings, 
and that TALDO1 might be a potential therapeutic target in 
BC. BLMH is a cysteine aminopeptidase that was discovered 
for its ability to inactivate bleomycin [29]. Bleomycin is a 
small glycopeptide antibiotic used in combination therapy 
for the treatment of Hodgkin’s lymphoma, non-Hodgkin’s 
lymphoma, testicular cancer, ovarian cancer, and cervical 
cancer [30]. Th e antitumor eff ect of bleomycin is most likely 
caused by its ability to bind to DNA and induce the forma-
tion of toxic DNA lesions via a free radical [31]. Bleomycin 
hydrolase and poly (ADP-ribose) polymerase-1 are report-
ed to participate in the Ubc9-mediated resistance against 
chemotherapy agents in human breast carcinoma MCF-7 
cells [32]. Our results demonstrate a higher expression of 
BLMH in cancerous MDA-MB-231 MVs compared to MC-
F10A MVs. Th ese results indicate that MVs may play a role 
in bleomycin resistance in BC.

Th is study and previously published work [12, 33] iden-
tifi ed the diff erences in the proteome between cancerous 
and non-cancerous breast cell line-derived EVs. We identi-
fi ed 87 and 112 proteins from sEVs [12] and MVs, respec-
tively, that are related to cancer. Th is discovery presents a 
framework for future in-depth studies of each of these pro-
teins from cancer-derived EVs to investigate whether they 
may promote cancer progression, invasion, and metastasis, 
remodeling of the tumor microenvironment, or angiogen-
esis. Such research can lead to a better understanding of 
the role of EVs in cancer biology. Moreover, some of these 
candidate proteins can be later explored for their effi  cacy
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in diagnostic or therapeutic applications for BC. Th e big 
challenge is to implement the identifi ed candidate proteins 
in clinical samples by further validation and verifi cation 
in large prospective studies [34]. In our present study, we 
found that some enzymes identifi ed from MV fractions 
were already proposed to play a role in cancer therapy as 
therapeutic targets (OAT, TALDO1) and resistance against 
chemotherapy agents (BLMH). Future goals are to ex-
tensively examine and validate whether the MV enzymes 
could be transferred while maintaining biological activity 
and to investigate their biological roles in recipient cells by 
eventually causing physiological changes. Following this 
approach, EVs may serve as a source of bioactive proteins 
that can be used in cancer therapy, as already proposed for 
the treatment of several diseases [35].

Conclusion
We found that aminotransferase enzyme (OAT), transal-

dolase (TALDO1), and bleomycin hydrolase (BLMH) are 
specifi c for MDA-MB-231 MVs.
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