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A B S T R A C T   

Background: Extracellular vesicles (EVs), ubiquitously released by blood cells, facilitate intercel
lular communication. In cancer, tumor-derived EVs profoundly affect the microenvironment, 
promoting tumor progression and raising the risk of recurrence. These EVs contain miRNAs (EV- 
miRNAs), promising cancer biomarkers. Characterizing plasma EVs and identifying EV-miRNAs 
associated with breast cancer recurrence are crucial aspects of cancer research since they allow 
us to discover new biomarkers that are effective for understanding tumor biology and for being 
used for early detection, disease monitoring, or approaches to personalized medicine. This study 
aimed to characterize plasma EVs in breast cancer (BC) patients and identify EV-miRNAs asso
ciated with BC recurrence. 
Methods: This retrospective observational study included 24 BC patients divided into recurrence 
(n= 11) and non-recurrence (n= 13) groups. Plasma EVs were isolated and characterized. Total 
RNA from EVs was analyzed for miRNA expression using NanoString’s nCounter® miRNA 
Expression Assays panel. MicroRNA target prediction used mirDIP, and pathway interactions 
were assessed via Reactome. 
Results: A stronger presence of circulating EVs was found to be linked with a less favorable 
prognosis (p = 0.0062). We discovered a distinct signature of EV-miRNAs, notably including miR- 
19a-3p and miR-130b-3p, which are significantly associated with breast cancer recurrence. 
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gmail.com (A.F. Evangelista), crispadua10@gmail.com (C.P. Souza), ruireis.hcb@gmail.com (R.M. Reis), mmcmsilveira@gmail.com 
(M.M.C. Marques).   

1 These authors have contributed equally to this study. 

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e33933 
Received 20 October 2023; Received in revised form 28 June 2024; Accepted 1 July 2024   

mailto:rhafaela-lima@hotmail.com
mailto:marianapolezi@hotmail.com
mailto:aaguiardefreitas@gmail.com
mailto:stephaniecalfa@outlook.com
mailto:wanaltei@gmail.com
mailto:julia.odias@yahoo.com.br
mailto:anacarolinalaus@gmail.com
mailto:dpessoapereira@uiowa.edu
mailto:tattytk@hotmail.com
mailto:adriane.feijo@gmail.com
mailto:adriane.feijo@gmail.com
mailto:crispadua10@gmail.com
mailto:ruireis.hcb@gmail.com
mailto:mmcmsilveira@gmail.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e33933
https://doi.org/10.1016/j.heliyon.2024.e33933
https://doi.org/10.1016/j.heliyon.2024.e33933
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e33933

2

Furthermore, miR-19a-3p and miR-130b-3p were implicated in the regulation of PTEN and 
MDM4, potentially contributing to breast cancer progression. 
A notable association emerged, indicating a high concentration of circulating EVs predicts poor 
prognosis (p = 0.0062). Our study found a distinct EV-miRNA signature involving miR-19a-3p 
and miR-130b-3p, strongly associated with disease recurrence. We also presented compelling 
evidence for their regulatory roles in PTEN and MDM4 genes, contributing to BC development. 
Conclusion: This study revealed that increased plasma EV concentration is associated with BC 
recurrence. The prognostic significance of EVs is closely tied to the unique expression profiles of 
miR-19a-3p and miR-130b-3p. These findings underscore the potential of EV-associated miRNAs 
as valuable indicators for BC recurrence, opening new avenues for diagnosis and treatment 
exploration.  

Abbreviations  

BC Breast cancer 
ER Estrogen receptor 
EV Extracellular vesicles 
EV-miRNAs EV-derived miRNAs 
FC Fold-change 
FDR False Discovery Rate. 
HER2 Human epidermal growth factor receptor 2 
METABRIC Molecular Taxonomy of Breast Cancer International Consortium 
miRNAs MicroRNAs 
mRNA Messenger RNA 
NTA Nanoparticle tracking analysis 
OS Overalll survival 
PR Progesterone receptor 
RFS Relapse-free survival 
RNAseq RNA sequencing 
TCGA The Cancer Genome Atlas Program   

1. Introduction 

Breast cancer (BC) is the most commonly diagnosed and frequent cancer type in women worldwide, accounting for 25% of all 
cancers and the leading cause of cancer-related deaths among women [1,2]. It is a highly heterogeneous disease that can be char
acterized by varying expression levels of the estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor 
receptor 2 (HER2). Clinically, these markers have become crucial in defining breast cancer, providing valuable information for 
prognosis and guiding treatment approaches [3,4]. These distinct profiles directly influence tumor behavior, including recurrence, 
drug resistance, mortality rate, and therapeutic approaches. Nevertheless, these markers do not fully capture disease behavior and 
additional clinical biomarkers are warranted [5–7]. Therefore, extracellular vesicles (EVs) have emerged as potential biomarkers for 
diagnosis, prognosis, and prediction therapy using liquid biopsy [8]. 

EVs are secreted by various cells and can encapsulate a range of biomolecules reflective of their cell of origin, including microRNAs 
(miRNAs or miRs), known as EV-derived miRNAs (EV-miRNAs) [9]. These small vesicles are released by cells into the extracellular 
environment and are surrounded by a lipid bilayer. They contain proteins and nucleic acids, exhibiting high heterogeneity and various 
classifications [10]. EVs are classified based on their diameter (small extracellular vesicles (sEVs) < 200 nm; medium/large EVs 
(m/lEVs) > 200 nm) and density (low, medium, high), but the classification can also vary according to specific markers or origin [11]. 
EVs are involved in cell-to-cell communication and could also be involved in tumor development [12]. Noteworthy, it has been 
demonstrated that these vesicles are associated with diagnosis, disease recurrence, and chemoresistance in many types of cancers, 
mainly because EVs can carry small molecules, such as miRNAs, to distant sites, contributing to the formation of pre-metastatic sites 
[13]. 

miRNAs are a broad class of endogenous, single-stranded, non-coding small RNAs from 19 to 25 nucleotides in length. Their 
primary role is the post-translational regulation of genes involved in numerous biological processes, included proliferation, apoptosis, 
tumorigenesis, cellular differentiation, metastasis, and chemoresistance [14,15]. Therefore, miRNAs are linked to a variety of bio
logical functions and can be utilized for disease treatment and diagnosis, as biomarkers, or as new therapeutic targets [16–19]. In 
addition, these small molecules and their ability to function without complete base pairing enable a single miRNA to regulate multiple 
mRNA targets, while several miRNAs can work together to control a single mRNA within a critical gene expression regulatory network 
[20,21]. 

Using EV-miRNAs from liquid biopsy has shown promising results in identifying potential biomarkers [22]. A study compared 
EV-miRNA profiles between BC patients with and without relapse disease. The authors found a panel of differentially expressed 
EV-miRNAs in the serum of those patients, suggesting that these EV-miRNAs could be used to monitor the disease [23]. 

The aim of this study was to assess the prognostic role of EV-miRNAs isolated from BC patients’ plasma. This study analyzed 
patients who had either presented or had not presented disease recurrence after treatment and in follow-up for more than 60 months. 
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Using a robust platform, we assessed the expression profile of 800 miRNAS, and found 32 miRNAs differentially expressed between 
patients with BC recurrence and those without BC recurrence. Following this, we identified that miR-19a-3p and miR-130b-3p were 
accurate and associated with BC in recurrence status compared to other miRNAs, suggesting that these miRNAs could be valuable 
recurrence biomarkers. Finally, in silico analysis identified MDM4 and PTEN as potential targets of EV-miR-19a-3p and EV-miR-130b- 
3p, leading to alteration of the p53 pathway in BC. 

2. Materials and methods 

2.1. Study design 

This retrospective observational study included 24 women (aged ≥18 years), diagnosed with breast cancer, stage I–III, never- 
treated, who have not submitted prior surgery or systemic therapy and who have availability of plasma at the Barretos Cancer Hos
pital Biobank [24]. Cases with a follow-up of less than 60 months or insufficient material for analysis (plasma) were excluded from this 
study. All patients signed an informed consent. The patients were divided into two groups: Group 1 represents the cases with BC 
recurrence (n= 11), and Group 2, cases without recurrence disease (n= 13). 

Other parameters, such as clinical-pathological characteristics, treatment type, and metastasis information, were also analyzed. All 
data were managed on the REDCap platform [25]. 

2.2. Extracellular vesicles isolation from plasma samples and RNA isolation 

EVs were isolated from plasma samples by ultracentrifugation (Thermo Fisher Scientific, Inc. Sorvall WX + Ultracentrifuge Series; 
TH-660 Swinging Bucket Rotor) following the manufacturer’s instructions and available literature. In summary, 1 mL of each plasma 
sample was used, and three protease inhibitors were added: 1.5 μL of aprotinin, 1.5 μL of leupeptin, and 15 μL of PMSF (all reagents 
were purchased from Sigma-Aldrich). In order to reduce possible fibrin residues, the homogenized product was centrifuged for 1 min 
(7600 rpm) at room temperature using the AG 5424 Microcentrifuges (Eppendorf, Hamburg, Germany). The forming pellet was 
discarded. Then the supernatant was transferred to another tube with 1 mL of Dulbecco’s phosphate-buffered saline (DPBS, Thermo 
Fisher Scientific, Inc.) until complete homogenization, followed by adding more 4 mL as per the manufacturer’s instructions. The 
samples were submitted to two ultracentrifugations at 140.000×g at 4 ◦C, the first one for 150 min, all supernatants were discarded, 
and the homogenization process was repeated as stated above. After that, the second centrifugation occurred for 90 min. Following, the 
supernatant was discarded, and the pellet was resuspended in 420 μL of DPBS. From this solution, 10 μL was used for quantification by 
NanoSight, and 300 μL was used for miRNA extraction and western blotting. 

The RNA isolation was performed by miRNeasy Mini Kit (Catalog number 217084, Qiagen, Germany) according to the manu
facturer’s protocol, and the total RNA was evaluated by NanoDrop Spectrophotometer v3.7 (Thermo Fisher Scientific, Inc.). 

2.3. Nanoparticle tracking analysis (NTA) 

EVs were quantified using nanoparticle tracking analysis (NTA) using the NanoSight NS300 (Malvern Panalytical, Malvern, United 
Kingdom) platform according to the manufacturer’s protocol, software NTA 3.2 version (NanoSight Ltd, Amesbury, United Kingdom). 
This platform contains a supersensitive optical laser and detects particles’ Brownian movements. Using the Stokes-Einstein equation, 
determines the diameter, concentration, and distribution of the particles. This method is considered the gold standard for the quan
tification and size analysis of nanoparticles. EV samples were diluted in 999 μL of ultrapure water to 1 μL of EVs isolated from plasma, 
and analyzed by 4 times 60-s captures, with the following parameters: screen gain: 2.0, camera level: 14, blur: auto, max jump dis
tance: 14.6, min track length: auto. 

2.4. Cell culture and whole cell lysate 

Triple-negative breast cancer cells (MDA-MB-231) were cultivated in Dulbecco’s Modified Eagle Medium (DMEM) supplemented 
with fetal bovine plasma (10% FBS) and sodium pyruvate (1% SP) at 37◦ C, 5% CO2. After three subcultures, cells were cultivated in 6- 
well plates (5 × 105 cells/well) at 37◦ C, 5% CO2 overnight. On the ice, cells were washed with PBS, then 60 μL of lysis buffer (50 mM 
Tris-HCl, pH 7.4; 1% tween-20, 0,25% deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 
0.1 mM PMSF, 1 μg/mL aprotinin, 1 μg/mL leupeptin and 1 μg/mL DTT) were added to each well and the cell lysate was collected using 
a cell scraper. Samples were kept on ice for 1 h and then centrifuged at 13.000 rpm for 15 min at 4◦ C. The supernatant was collected 
and used for protein quantification. 

2.5. Protein quantification 

MDA-MB-231 cell lysates and isolated EV samples were quantified using a microBCA kit (Thermo Fisher Scientific, Inc.), according 
to the manufacturer’s instructions. 
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2.6. Western blotting 

For protein separation by electrophoresis, 5 μg of each sample were boiled for 5 min at 95◦ C, put on ice, mixed with Laemmli 
sample buffer, and applied to 10% SDS-PAGE gels with Precision Plus Dual Color (Bio-Rad) as loading control for 100 min at 90 V. 

Following separation, proteins were transferred to nitrocellulose membranes (0.45 μm, Amersham Biosciences) by semi-dry 
transfer (Amersham Biosciences) for 4 h. Membranes were then stained with Ponceau S dye, washed with deionized water, photo
graphed, and washed with TBS-T buffer (30 g of Tris, 80 g of NaCl, pH 7.6, 0,1% Tween 20). 

The primary antibodies used as probes are presented in Supplementary Table S1. All primary antibodies were diluted at 1:1000, 
probed after blocking the membrane with blocking buffer (3% BSA in TBS-T buffer) for 1 h, and kept at 4◦ C overnight on a shaker. The 
appropriate secondary antibodies were diluted in 5% non-fat milk and incubated for 1 h at room temperature on a shaker: IgG Goat 
anti-Mouse HRP (1:10.000, ab205719, Abcam) and IgG Goat anti-Rabbit HRP (1:10.000, ab205718, Abcam). Between incubations, 
membranes were stripped with Restore Western Blot Stripping Buffer (Thermo Fisher Scientific, Inc.), washed, and blocked with 
blocking buffer for 1 h. 

Membranes were revealed with 90% of ECL substrate (32209, Thermo Fisher Scientific, Inc.) and 10% of SuperSignal West Femto 
(34094 Thermo Fisher Scientific, Inc.) for 2 min, scanned on an ImageQuant LAS 4000 mini-imaging system (GE Healthcare Life 
Sciences) and analyzed using FIJI ImageJ and Bio-Rad ImageLab. 

2.7. EV-miRNAs expression assay from plasma 

The miRNA expression profile of 24 cases was assessed using the nCounter® miRNA Expression Assays panel (NanoString Tech
nologies, Seattle, WA, USA), as previously reported [26,27]. However, a sample referring to group 1 (disease recurrence) had to be 
excluded because it was outside the quality standards, making a total of twenty-three samples, ten representing the cases with BC 
recurrence and thirteen the cases without recurrence disease. This panel consists of 800 targets for different cancer-associated miRNAs 
(http://www.nanostring.com/products/miRNA) and allows the expression analysis of different miRNAs in different types and sub
types of tumors. 50 ng of total RNA underwent to sample preparation which involved the ligation of specific tags on miRNAs, followed 
by purification and hybridization with Capture and Reporter CodeSet probes (nCounter Human v3 miRNA Expression Assay), ac
cording to manufacturer’s instructions (NanoString Technologies, Seattle, WA, USA). RNA-probes complexes were purified and 
immobilized on cartridges using PrepStation System (NanoString Technologies, Seattle, WA, USA), followed by data acquisition on 
Digital Analyzer Station (NanoString Technologies, Seattle, WA, USA), capturing 555 fields of view (FOV). Experimental quality 
controls parameters, such as Ligation Control, Limit of Detection, and Binding Density, were initially evaluated by nSolver Software 
(NanoString Technologies, Seattle, WA, USA). One sample was excluded from the analysis of miRNA expression due to quality control 
issues. 

2.8. miRNA target prediction in silico 

MicroRNA targets prediction was performed using miRDIP (microRNA Data Integration Portal (https://ophid.utoronto.ca/mirDIP/ 
) [28], a tool that integrates 30 databases (BCmicrO, BiTargeting, CoMeTa, Cupid, DIANA, ElMMo3, GenMir ++, MAMI, MBStar, 
microrna.org, MirAncesTar, mirbase, miRcode, mirCoX, miRDB, MirMAP, MirSNP, MirTar, miRTar2GO, Mirza-G, MultiMiTar, 
PACCMIT, PicTar, PITA, RepTar, RNA22, RNAhybrid, TargetRank, Targetscan, TargetSpy) comprising almost 152 million predictions 
of human miRNA-mRNA. These databases consider individual characteristics for miRNA target prediction, such as: pairing with the 
seed sequence, conservation, free binding energy, accessibility to the binding site, multiple binding sites, ALU sequence content, and 
sequence adjacent to the mRNA. Then, it attributes an integrative score to each unique target miRNA interaction, statistically inferred. 
Unidirectional analysis was performed in the miRDIP tool [28,29], in which we considered the miRNAs that reached the AUC ≥0.70 
and considered the minimum Very High-quality score (Top 1%), and targets predicted into 30 algorithms were used in miRDIP 
analysis. 

2.9. Enrichment of biological pathways 

Biological pathway enrichment was analyzed using the Reactome plugin in Cytoscape software v.3.9.1 (Seattle, WA, USA, https:// 
cytoscape.org/), which provides regulatory interactions and pathways from Reactome databases. For the analysis, only genes asso
ciated with breast carcinoma, as identified by the Cancer Gene Index Annotations (provided by the National Cancer Institute, NCI), 
were selected using the Load Cancer Index function available in ReactomeFIViz. Pathways were considered significant if they had FDR 
values ≤ 0.001 and included at least three genes. 

2.10. GEPIA 2 analysis 

The GEPIA 2 database (http://gepia2.cancer-pku.cn/#analysis) was used to examineMDM4 and TP53 expression in BC tissues 
(classified as BRCA at GEPIA 2) [30]. The breast cancer dataset was selected, and PTEN, MDM4, and TP53 levels in BRCA (n = 1082) 
and non-tumor tissues (n = 291) were plotted. 
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2.11. In silico evaluation of relapse-free survival and overall survival 

To calculate the relapse-free survival (RFS) and overall survival (OS) in silico we used the online tool at Kaplan-Meier plotter 
https://kmplot.com/, which is a validation of survival biomarkers and capable of assessing the effect of 54 k genes (mRNA, miRNA, 
and protein) on survival in 21 cancer types. A total of 1262 BC patients from the (Molecular Taxonomy of Breast Cancer International 
Consortium) database and 1880 BC patients from The Cancer Genome Atlas Program (TCGA) database had complete follow-up data, 
pathological information, and genes and miRNAs expression levels. All the details concerning how to use online web tools have been 
described in the paper published by Lanczky et al. [31]. We used RNA sequencing data (RNAseq) from TCGA database using the 
Affymetrix platform ID 225363_at, 225740_x_at and 201746_at_x_at datasets, to evaluate the OS and RFS for the PTEN, MDM4 and 
TP53 Genes, respectively. To evaluate in silico the OS for the miRNAs, miR-19a-3p and miR-130b-3p, we used the METABRIC dataset. 
The difference between the date of diagnosis and the date of the event (recurrence and/or death) were used to calculate RFS and OS, 
respectively. 

2.12. Statistical and bioinformatics analysis 

We collected and pre-processed the raw data using nSolver™ Analysis Software v4.0 (NanoString Technologies). Subsequently, 
data normalization was conducted in the R statistical environment (R-project 4.3.1; The R Foundation, Viena, Austria) using the 
NanoStringNorm package from Bioconductor. miRNAs counts were normalized employing a method based on the lowest coefficient of 
variation (low CV). Differential expression analysis was performed using the limma package from Bioconductor within the R envi
ronment. Normalized data were log2-transformed and utilized for differential expression analysis, assuming a significance level of p <
0.05 and fold-change> 1.5 between the evaluated groups. Heatmaps were made from differential expression data of miRNAs using the 
Complex Heatmap package. Next, we performed the area under the curve (AUC) of the ROC. We calculated the sensitivity and 

Table 1 
Patient’s clinical pathological characteristics and BC recurrence status.  

Characteristics Total BC recurrence p-value 

(n ¼ 24) Yes (n ¼ 11) No (n ¼ 13) 

n (sd, %) n (sd, %) n (sd, %) 

Age (years) Mean (sd) 46 (sd = 8) 44 (sd = 7) 48 (sd = 8) 0.244 
min-max 31–62 34–52 31–62  

BMI Mean (sd) 27 (sd = 7) 27 (sd = 7) 27 (sd = 7) 0.685 
min-max 18–47 18–41 22–27  

FHC No 10 (41.7) 4 (36.4) 6 (46.2) 0.628 
Yes 14 (58.3) 7 (63.6) 7 (53.8) 

HT Never-user 3 (12.5) 3 (27.3) – - 0.127 
Tamoxifen 15 (62.5) 6 (54.5) 9 (69.2)  
Anastrozole 6 (25.0) 2 (18.2) 4 (30.8) 

ER Positive 21 (87.5) 8 (72.7) 13 (84.6) 0.044 
Negative 3 (12.5) 3 (27.3) 0 (15.4) 

PR Positive 19 (79.2) 8 (72.7) 0 (87.9) 0.475 
Negative 5 (20.8) 3 (27.3) 13 (100.0) 

HER2+ Positive 7 (29.2) 4 (36.4) 3 (23.1) 0.476 
Negative 17 (70.8) 7 (63.6) 10 (76.9) 

Histological Grade G1 2 (8.3) 1 (9.1) 1 (7.7) 0.250 
G2 9 (37.5) 6 (54.5) 3 (23.2) 
G3 13 (54.2) 4 (36.4) 9 (69.2) 

Surgery Quadrantectomy 13 (54.2) 4 (36.4) 9 (69.9) 0.107 
Mastectomy 11 (45.8) 7 (63.6) 4 (30.8) 

CT No 3 (12.5) 2 (18.2) 1 (7.7) 0.051 
NAC 7 (29.2) 4 (36.4) 3 (23.1) 
AC 11 (45.8) 2 (18.2) 9 (69.2) 
NAC + AC 3 (12.5) 3 (27.3) - - 

Relapse Bones 5 (50.0) 5 (50.0) – – <0.001 
2 or more sites 4 (40.0) 4 (40.0) – – 
Others 1 (10.0) 1 (10.0) – –  

Metastasis No 9 (37.5) 9 (81.8) 13 (100) <0.001 
Yes 15 (62.5) 2 (18.2) – – 

Survival status AWD 14 (60.9) 1 (10.0) 13 (100) <0.001 
AWI 1 (4.3) 1 (10.0) – – 
NCRD 1 (4.3) 1 (10.0) – – 
CRD 7 (30.4) 7 (70.0) – – 

Chi-square test or ANOVA test of the association of clinicopathological features in breast cancer with recurrence status (yes or no). BC: breast cancer; 
BMI: Body mass index; FHC: Family history of cancer; HT: hormone therapy; ER: estrogen receptor; PR: progesterone receptor; CT: chemotherapy; 
NAC: neoadjuvant chemotherapy; AC: adjuvant chemotherapy; AWD: alive without disease; AWI: alive with illness; NCRD: non-cancer related death; 
CRD: cancer-related death. p-value <0.05 is significant. 
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specificity to determine the accuracy of the differentially expressed miRNAs using ggplot2, PROC, and ROCR package from 
Bioconductor. 

The clinical-pathological features were characterized using descriptive statistics between two groups (BC patients with and without 
disease recurrence), using the Chi-square test or ANOVA test. Overall patient survival (OS), defined as the time from diagnosis until 
death or clinical and/or radiologic disease recurrence, was the primary endpoint in patients who presented disease recurrence. 

All statistical analyses of the data obtained from the NTA, and the western blotting were performed on GraphPad Prism (v. 9.0.0). 
The data sets were submitted to Shapiro-Wilk normality tests. Next, we used a non-parametric test and analyzed all the data by the 
Mann-Whitney test. Values of p < 0.05 were considered statistically significant. Results were presented as median expression ±
interquartile range. 

A total of 2976 patients were included in the analysis GEPIA. patients were stratified into high- and low-expression groups based on 
the median expression of both genes. Survival analysis was conducted using Kaplan-Meier curves, and the two groups were compared 
using a log-rank test. 

3. Results 

3.1. Study population and prognostic factors associated with disease recurrence 

The main clinical pathological characteristics of the 24 patients with BC are summarized in Table 1. The median age was 46 years 
old (range 31–62 years, SD= 8 years). In a univariate analysis, we identified estrogen receptor status (ER, p= 0.044), BC recurrence (p 
< 0.001), metastasis (p< 0.001), and survival status (p < 0.001) showed significant differences when comparing groups. 

3.2. Characterization of EVs isolated from BC patient’s plasma 

Purified plasma EVs were characterized by Western blotting and particle size analysis. On the western blotting analysis, we 
evaluated the presence of classic EV markers (CD63, ALIX, and Flotillin-1) and negative control (Calnexin) (Fig. S1). All EV markers 
were observed in both groups, while the negative control was detected only in the MDA-MB-231 whole cell lysate (Fig. 1A–C). The 
concentration of EV markers had no significant differences between the two groups. Nanoparticle analysis showed that most EVs had 

Fig. 1. Characterization of the EVs isolated from breast cancer patients’ plasma. A-C. Western blot analysis for three EV markers (ALIX, Flotillin-1, 
and CD63), positive control (β-Actin), and negative control (Calnexin) (median ± interquartile). D. Nanoparticle tracking analysis results showed 
the relative concentration of isolated particles (particles/mL) and their size mostly at 72 nm. The images demonstrate six representative samples 
from each group. However, western blotting was performed for all 24 samples (group 1, n= 11 and group 2, n= 13). E. Dot plots representing EVs 
mean concentration in the plasma samples (**p= 0.0062). ns = not statistically significant; WCL: whole cell lysate. 
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an average size of 72 nm, consistent with the size range of typical small EVs (Fig. 1D). 
When comparing the concentration of circulating EVs among groups, we observed that patients with BC recurrence had a 

significantly higher concentration of EVs than the group without recurrence (p= 0.0062, Fig. 1E). 

3.3. EV-miRNAs expression signature from plasma 

We then performed miRNA expression profiling using the nCounter Human v3 miRNA Expression panel to identify differentially 
expressed miRNAs (t-test (p < 0.05), fold change ≥1.5) among both BC groups. In the graphical representation demonstrated by the 
unsupervised hierarchical analysis heatmap of miRNAs (Fig. 2), we can see thirty-four miRNAs with significant differences when 
comparing groups (p < 0.05). Of these thirty-four miRNAs, thirty-two presents fold change ≥1.5, eleven had a low expression, while 
twenty-one of them presented a high-expression (Table 2). 

3.4. miRNAs and predicted targets in molecular pathways of BC and in silico validation 

Considering the 32 differentially expressed miRNAs, two of them (miR-19a-3p and miR-130b-3p) were previously associated with 
genes described for breast tumors according to the Cancer Gene Index Annotations (provided by the National Cancer Institute, NCI) 
[32]. In this context, we identified genes potentially predicted that could be targets of these miRNAs. Then, a target miRNA-RNAm 
interaction network was assessed on Cytoscape [33], from which we can observe the interaction networks between the miRNA and 
its predicted target genes. 

Of the miRNA-RNAm interaction network, we found the PTEN and MDM4 genes regulated by miR-19a-3p and miR-130b-3p that 
have previously been implicated in BC-related pathways (Table 3 and Fig. 3A). Furthermore, through in silico functional enrichment 
analysis of key biological pathways involved in breast carcinogenesis, we identified PTEN and MDM4 as the most significantly 
associated genes with breast cancer (Table 3, Fig. 3A). Notably, both miRNAs, miR-19a-3p and miR-130b-3p, were predicted to target 
and potentially regulate the expression of PTEN and MDM4. Accordingly, we found that PTEN and MDM4 were related to pathways, 
microRNAs in cancer, and the p53 signaling pathway (Table 3 and Fig. 3B). 

Since the p53 signaling pathway was enriched and potentially regulated by miR-19a-3p and miR-130b-3p, we further evaluated the 
in silico expression of TP53, as well as the PTEN, and MDM4 genes. The PTEN, MDM4 and TP53 gene expression levels, were compared 
between breast cancer and adjacent non-tumor tissues from patients using original published data in the GEPIA database. The results 

Fig. 2. The heatmap of unsupervised hierarchical analysis of the 34 miRNAs differentially expressed by nCounter miRNA expression technology. 
Student’s T test was used to compare the miRNA expression differences between the two study groups: patients with disease recurrence (light green 
bar, n= 10) and patients without disease recurrence (dark green bar, n= 13). Thirty-four miRNAs displayed statistically significant results (p <
0.05). Samples are arranged in columns, miRNA expression levels are in rows, and both are hierarchically clustered using Euclidean distance with 
the average linkage of nodes. Red shades indicate increased relative expression; green shades indicate reduced expression; black indicates median 
expression. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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demonstrated that PTEN and MDM4 expression was significantly downregulated in breast cancer samples compared to non-tumor 
samples (Fig. 3C and D; FC > 2 and P < 0.05), whereas TP53 expression was significantly upregulated in breast cancer samples 
compared to non-tumor samples (Fig. 3E; FC > 2 and P < 0.05). 

3.5. miR-19a-3p and miR-130b-3pmay regulate the p53 signaling pathway 

Considering that recurrence patients had higher EV-miR-19a-3p and EV-miR-130b-3p levels, and PTEN and MDM4 (predicted 
targets of miR-19a-3p and has-miR-130b-3p) are related to p53, we next verified whether EV-p53 expression would be varied among 

Table 2 
Summarizing the 32 differentially expressed miRNAs data according to BC recurrence status.  

miRNAs Fold change P-value 

miR-518b − 2.70 <0.001 
miR-98–3p − 2.23 0.0013 
miR-578 − 2.19 0.0019 
miR-1250–5p − 2.18 0.0023 
miR-616–3p − 1.99 0.0047 
miR-520 d-5p + miR-527+miR-518a-5p − 1.94 0.0086 
miR-631 − 1.86 0.0092 
miR-188–3p − 1.85 0.0103 
miR-370–5p − 1.81 0.0115 
miR-1302 − 1.79 0.0134 
miR-3140–3p − 1.76 0.0137 
miR-532–3p 1.50 0.0196 
miR-340–5p 1.57 0.0205 
miR-767–5p 1.59 0.0207 
miR-629–5p 1.62 0.0210 
miR-1827 1.64 0.0253 
miR-450b-3p 1.67 0.0256 
miR-552–3p 1.75 0.0259 
miR-539–3p 1.81 0.0266 
miR-375 1.85 0.0314 
miR-130b-3p 1.86 0.0316 
miR-1-5p 1.87 0.0327 
miR-513c-3p 1.96 0.0329 
miR-376a-2-5p 1.96 0.0374 
miR-941 1.98 0.0409 
miR-506–3p 2.04 0.0451 
miR-19a-3p 2.10 0.0454 
miR-942–3p 2.11 0.0461 
miR-671–3p 2.21 0.0462 
miR-3918 2.23 0.0478 
miR-297 2.27 0.0486 
miR-323a-5p 2.36 0.0499 

Student’s T test was used to compare the miRNA expression differences between the two study groups: patients 
with disease recurrence (n= 10) and patients without disease recurrence (n= 13). Thirty-two miRNAs displayed 
statistically significant results (p < 0.05) and fold-change ≥1.5. 

Table 3 
Pathway enrichment analysis for miR-19a-3p and miR-130b-3p and genes associated with breast cancer.  

Pathways E- 
score 

P-value FDR Genes 

MicroRNAs in cancer(K) 0.0261 <0.001 <0.001 BMPR2, PTEN, RPS6KA5, SOX4, ZEB2, PIK3CA, MET, THBS1, MDM4 
Pathways in cancer(K) 0.0447 <0.001 <0.001 PTEN, RPS6KA5, NCOA1, TGFBR2, PIK3CA, PPARG, PLCB1, MET, TCF7L2, 

IGF1, ESR1 
Breast cancer(K) 0.0124 <0.001 <0.001 PTEN, NCOA1, PIK3CA, TCF7L2, IGF1, ESR1 
Signaling events mediated by focal adhesion 

kinase(N) 
0.0051 <0.001 <0.001 WASL, PIK3CA, RAP1B, RAP1A 

MTOR signaling pathway(B) 0.0020 <0.001 <0.001 PTEN, TSC1, PIK3CA 
Adherens junction(K) 0.0060 <0.001 <0.001 WASL, TGFBR2, MET, TCF7L2 
Proteoglycans in cancer(K) 0.0173 <0.001 <0.001 PIK3CA, MET, THBS1, IGF1, ESR1, SDC1 
p53 signaling pathway(K) 0.0061 <0.001 <0.001 PTEN, THBS1, IGF1, MDM4 
MAPK signaling pathway(K) 0.0248 <0.001 <0.001 RPS6KA5, TGFBR2, EREG, MET, RAP1B, RAP1A, IGF1 
EGFR tyrosine kinase inhibitor resistance(K) 0.0067 <0.001 <0.001 PTEN, PIK3CA, MET, IGF1 

In bold, the genes that were enriched together in the same biological pathway are highlighted. N = National Center for Biotechnology Information 
(NCBI); R= Reactome; B= BioCarta. FDR= False Discovery Rate. 
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Fig. 3. Pathway enrichment analysis for miR-19a-3p and miR-130b-3p with genes associated with Breast Cancer (BC) recurrence. (A) miRNA- 
RNAm interaction network predicted to miR-19a-3p and miR-130b-3p described for BC, according to the Cancer Gene Index Annotations (pro
vided by the National Cancer Institute, NCI) using the REACTOME plugin. (B) Dotplot of enrichment pathway result to miR-19a-3p and miR-130b- 
3p associated with BC recurrence using http://www.bioinformatics.com.cn/. (C) GEPIA 2 database analysis revealed low expression in PTEN breast 
cancer tissues (BRCA). (D) GEPIA 2 database analysis revealed low expression in MDM4 breast cancer tissues (BRCA). (E) GEPIA 2 database analysis 
revealed high expression in TP53 breast cancer tissues (BRCA). K= Kegg pathways; R= Reactome; B= BioCarta. In the boxplots, the red boxes 
indicate breast cancer tissue samples, while the gray boxes indicate normal samples. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 4. Western blot analysis for t-p53 and p-p53 in the EVs isolated from both groups (recurrence and non-recurrence patients). The relative p-p53/ 
t-p53 expression is shown as median ± interquartile. ****p < 0.0001. WCL: whole cell lysate. 
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the two groups. For that, we investigated both total (t-p53) and phosphorylated p53 (p-p53) expression by western blotting (Fig. 4). We 
found that EVs isolated from the recurrence group exhibited a significantly higher expression of p-p53/t-p53, compared to the non- 
recurrence group (p < 0.0001) (Fig. 4 and S2). 

3.6. microRNAs and target genes predicted in silico as a prognostic factor in breast cancer 

Then, we evaluated the overall survival (OS) and recurrence-free survival (RFS) of the two groups and interrogated whether miR- 
19a-3p and miR-130b-3p expression levels could influence the OS (Fig. 5). We did not identify significant differences when comparing 
expression levels of both miRNAs, in OS and RFS of patients with BC (Fig. 5A–D). Kaplan-Meier curve analysis was also performed 
using the Breast Cancer Gene Expression Profiles (METABRIC) dataset to evaluate OS according to the expression of miR-19a-3p and 
miR-130b-3p. We verified that miR-19a-3p did not demonstrate significant differences in the OS (Fig. 5 E). Moreover, we investigated 
that the lowest expression of miR-130b-3p showed an OS = 203,31 months, while the group with the highest expression had an OS =
172,69 months (Fig. 5 F). 

Furthermore, we evaluated the OS and RFS of the possible predicted target genes of miR-19a-3p and miR-130b-3p, namely, PTEN, 

E.

A. B. C. D.

F. G. H.

I. J. K. L.

Fig. 5. Prognostic evaluation of miR-19a-3p, miR-130b-3p, PTEN, MDM4, and TP53 in breast cancer patients. (A) Kaplan-Meier curve analysis of 
overall survival (OS) in breast cancer patients with high and low expression of EV-miR-19a-3p. (B) Kaplan-Meier curve analysis of relapse-free 
survival (RFS) in breast cancer patients with high and low expression of EV-miR-19a-3p. (C) Kaplan-Meier curve analysis of OS in breast cancer 
patients with high and low expression of EV-miR-130b-3p. (D) Kaplan-Meier curve analysis of RFS in breast cancer patients with high and low 
expression of EV-miR-130b-3p. (E) Analysis of the association between miR-19a-3p expression and OS in breast cancer patients using the Kaplan- 
Meier plotter database. Log-rank test: n = 1262; P = 0.120 (METABRIC dataset). (F) Analysis of the association between miR-130b-3p expression 
and OS in breast cancer patients using the Kaplan-Meier plotter database. Log-rank test: n = 1262; P < 0.0001 (METABRIC dataset). (G) Analysis of 
the association between PTEN expression and OS in breast cancer patients using the Kaplan-Meier plotter database. Log-rank test: n = 1880; P =
0.026 (225363_at dataset). (H) Analysis of the association between PTEN expression and RFS in breast cancer patients using the Kaplan-Meier 
plotter database. Log-rank test: n = 4934; P = 0.092 (225363_at dataset). (I) Analysis of the association between MDM4 expression and OS in 
breast cancer patients using the Kaplan-Meier plotter database. Log-rank test: n = 1880; P < 0.0001 (225740_x_at dataset). (J) Analysis of the 
association between MDM4 expression and RFS in breast cancer patients using the Kaplan-Meier plotter database. Log-rank test: n = 4934; P <
0.0001 (225740_x_at dataset). (K) Analysis of the association between TP53 expression and OS in breast cancer patients using the Kaplan-Meier 
plotter database. Log-rank test: n = 1880; P = 0.130 (201746_at_x_at dataset). (L) Analysis of the association between TP53 expression and RFS 
in breast cancer patients using the Kaplan-Meier plotter database. Log-rank test: n = 4934; P = 0.023 (201746_at dataset). P values for the Log-rank 
analysis are provided in the figure. 
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MDM4, and TP53. The association between PTEN, MDM4, and TP53 genes with the patient’s OS was analyzed using the Kaplan-Meier 
plotter database (https://kmplot.com/analysis/). Based on the median expression of PTEN, MDM4 and TP53, patients were divided 
into high- and low-expression groups. OS time of patients with high expression of these three genes was significantly longer than 
patients with low expression of them (Fig. 5G–L). The group with the lowest expression of the PTEN gene showed an OS= 68,4 months 
and RFS= 36 months, while the group with the highest expression had an OS= 106,8 months and RFS= 40,44 months (Fig. 5G and H). 
For MDM4 gene we verified that the group with the lowest expression showed an OS= 62,07 months and RFS= 115 months, while the 
group with the highest expression had an OS= 121 months and RFS= 171,43 months (Fig. 5I and J). Concerning the TP53 gene, we 
verified that the group with the lowest expression showed an OS= 84 months and RFS= 185 months, while the group with the highest 
expression had an OS= 108 months and RFS= 216,66 months (Fig. 5K and L). 

4. Discussion 

Circulating miRNAs biomarkers for the diagnosis, prognosis, monitoring, and prediction of therapy response in BC through liquid 
biopsies have been the subject of extensively investigation over the years [27,34–37]. New studies have focused on analyzing 
EV-miRNAs as potential biomarkers for BC [38]. In the present study, we showed that a higher EV concentration in patients’ circu
lation was associated with patient recurrence. Furthermore, we identified thirty-two EV-miRNAs differentially expressed between the 
groups, two of which were previously described as having altered expression in breast cancer patients, namely miR-19a-3p and 
miR-130b-3p being associated with disease recurrence. 

MiR-19a-3p, a member of the miR-17-92 cluster, is frequently dysregulated and associated with proliferation, apoptosis, metas
tasis, and chemoresistance in various cancers [39], including breast cancer [40]. MiR-130b-3p is a key post-transcriptional regulator 
involved in the progression of several types of cancer, including breast cancer [41]. Yan et al. demonstrated that miR-130b-3p was a 
negative regulator of the PTEN gene. Furthermore, miR-130b-3p promoted angiogenesis in vascular cells through increased prolif
eration and migration. Our findings corroborate previous studies showing that miR-19a-3p and miR-130b-3p negatively regulate the 
PTEN gene [39,42]. Jiang et al. found that miR-19a-3p promotes hepatocellular carcinoma metastasis and chemoresistance through 
repression of PTEN and reduction of its downstream effects on Akt phosphorylation [39]. Meanwhile, exosomes derived from oral 
squamous cell carcinoma delivered miR-130b-3p to human umbilical vein endothelial cells to promote angiogenesis; these effects were 
also observed in in vivo experiments [42]. 

At the moment, there are no studies that demonstrate the functional role of the interaction of the miRNAs, miR-19a-3p, and miR- 
130b-3p with the MDM4 and PTEN genes. However, mechanistic analyses by Egawa et al. indicated that the miR-130 family (miR- 
130b, miR-301a, and miR-301b) directly target the phosphatase and tensin homolog deleted from chromosome 10 (PTEN), resulting in 
the upregulation of FAK and Akt phosphorylation in bladder cancer. In summary, the miR-130 family has been seen to play a crucial 
role in the malignant progression of bladder cancer, and therefore the miR-130 family may be a promising therapeutic target for 
invasive bladder cancer [43]. Several studies have shown that miR-19a-3p can regulate the expression of PTEN and MDM4 in different 
tumor types. Lee et al. demonstrated that miR-19a-3p was identified as a mediator of the inhibitory effect on cell proliferation in MCF-7 
breast cancer cells. In addition, we saw that overexpression of miR-19a in MCF-7 increased cell proliferation and that target genes of 
miR-19a-3p, such as ABCA1 and PTEN, were suppressed by overexpression of miR-19a3p [44]. 

We further showed by in silico analysis that the PTEN and MDM4 genes were the only predicted targets for miR-19a-3p and miR- 
130b-3p associated with breast carcinoma. Among the enriched pathways for MDM4, p53 pathways were identified in two different 
databases. These findings are in line with Francoz et al. study [45], who demonstrated that the MDM4 protein contributes to p53 
inhibition and suppresses its transcriptional activity. Moreover, a recent study has shown that MDM4 binds MDM2 to inhibit p53 
activity, and also reported that high p53 expression could be caused by an MDM4 downregulation, resulting in a less efficient 
MDM2/MDM4 complex [37]. Therefore, we can hypothesize that our results of higher EV-miR-19a-3p, EV-miR-130b-3p, mediated 
inhibition of MDM4, led to p53 overexpression expression. 

Our study identified that patients with recurrence disease showed high levels of phosphorylated p53 expression. Previous studies 
have shown that p53 overexpression leads to a poor response to chemotherapy [46,47]. In a review study published by Yadav et al. it 
was reported a significant overexpression of p53 in patients with triple-negative BC [48] and its activation is associated with the 
aggressive form of BC and significantly decreases disease-free survival and overall survival in patients with these tumors [49]. 
Additional studies have found that p53 overexpression was associated with the mutation of this protein. Thus, the authors suggested 
that despite the overexpression of p53 that has been observed in BC patients, the deficiency in the function of this protein caused by the 
mutation may result in loss of cell cycle control (lack of G1 arrest) and possibly allow tumor cells to enter the phase more effectively of 
mitosis, thereby supporting the cytotoxicity of chemotherapy [47]. Post-translational modifications, such as phosphorylation at 
specific serine residues, activate the protein to bind DNA and transactivate downstream ‘effector’ genes responsible for mediating the 
p53 tumor-suppressive actions [50]. Phosphorylation results in an increase in active p53 protein levels due to reduced proteolytic 
degradation dependent on the MDM2 and MDM4 family of proteins, and increased affinity of p53 for DNA [51]. Hence, Toledo et al. 
suggested that MDM4 could also be an exciting target in anticancer strategies [52]. Direct evidence of this was obtained with the mouse 
mutant p53 lacking the proline-rich domain (p53DeltaP) when its ability to suppress oncogene-induced tumors was analyzed in several 
genetic contexts according to the regulation of MDM2 and MDM4 [52]. Therefore, our findings corroborate with the identified in the 
literature. However, additional studies need to be conducted to investigate the effect that leads patients with recurrent BC to present an 
elevated expression of phosphorylated p53. 

We investigated the potential association between the concentration of EV-miR-19a-3p and EV-miR-130b-3p and their prognostic 
value in BC patients. However, our data did significant differences. Consequently, further studies involving a larger cohort of patients 
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are necessary to elucidate the potential prognostic value of these EV-miRNAs. Nevertheless, in our analyses utilizing the publicly 
available METABRIC dataset, we observed that elevated levels of miR-130b-3p expression were associated with worse OS. Addi
tionally, in silico analysis indicated that low expression of the PTEN and MDM4 genes, which were predicted targets of regulation for 
EV-miR-19a-3p and EV-miR-130b-3p, was correlated with poorer OS and RFS in BC patients. These findings suggest that the dysre
gulation of EV-miR-130b-3p and the downstream target genes PTEN and MDM4 may have implications for the prognosis of BC patients. 
However, further experimental and clinical investigations are warranted to validate these associations and establish their clinical 
significance. 

In summary, our findings suggest that EV-miR-19a-3p and EV-miR-130b-3p play a role in the post-transcriptionally regulation of 
the PTEN and MDM4 genes. This dysregulation leads to decreased expression of PTEN and MDM4 in patients with recurrent BC. As a 
result, MDM4 cannot effectively regulate the p53 signaling pathway, leading to p53 overexpression (Fig. 6). 

Despite the novelty of our findings, this study has some limitations. The first issue is the limited number of samples analyzed. 
However, we performed a large-scale technique, nCounter (NanoString Technologies), a robust, accurate, and precise approach for 
evaluating miRNAs expression profile. Second is the absence of EVs evaluation by transmission electron microscopy, and the possible 
presence of lipoproteins that are co-isolated with the EVs that are not removed by ultracentrifugation. However, this study evaluated 
three different EV markers by WB and characterized the EVs by NTA. It is important to highlight that further studies are warranted to 
confirm whether PTEN and MDM4 genes were potential targets of miR-19a-3p and miR-130b-3p, causing the dysregulation of the p53 
signaling pathway in BC. Finally, it is necessary that the expression of EV-miR-19a-3p and EV-miR-130b-3p be validated in a larger 
cohort for confirmation as biomarkers of breast cancer recurrence. 

5. Conclusion 

In conclusion, the results of the present study revealed that the BC recurrence samples showed a greater concentration of EVs. In the 
miRNA profile of EVs, we found higher EV-miR-19a-3p and EV-miR-130b-3p expression in patients with BC recurrence, which was 
associated with a poor prognosis. MDM4 and PTEN proteins were identified as potential targets of EV-miR-19a-3p and EV-miR-130b- 
3p, leading to alteration of the p53 pathway in BC. 

Data availability statement 

The datasets generated and analyzed in this study can be found in the Gene Expression Omnibus (GEO) repository [https://www. 
ncbi.nlm.nih.gov/geo/], accession GSE236845. 

Fig. 6. Graphic summary on the regulation of EV-miR-19a-3p and EV-miR-130b-3p expression in recurrent and non-recurrent breast cancer.  
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