
Anno Accademico 2023/2024 
 

UNIVERSITÀ DEGLI STUDI DI BRESCIA  

DIPARTIMENTO DI MEDICINA MOLECOLARE E TRASLAZIONALE  

 

 
 

DOTTORATO DI RICERCA IN  

GENETICA MOLECOLARE, BIOTECNOLOGIE E MEDICINA 
SPERIMENTALE  

XXXVII CICLO  

Settore Scientifico Disciplinare: BIOS-10/A, BIOLOGIA CELLULARE E 
APPLICATA 

 

miR-23b-3p, miR-126-3p and GAS5 delivered by extracellular 
vesicles inhibit breast cancer xenografts in zebrafish 

 
Supervisore:  

Prof. Alessandro Salvi 

 

Co-Supervisore: 

Prof. Giuseppina De Petro 

Dottoranda:  

Dott.ssa Iulia - Andreea Pelisenco  

 



i 
 

 

Table of contents 
Abstract ......................................................................................................................................................... 1 

1. Introduction .......................................................................................................................................... 2 

1.1. Breast cancer ............................................................................................................................... 2 

1.1.1. Epidemiology and etiology.................................................................................................. 2 

1.1.2. Molecular classification ...................................................................................................... 3 

1.1.3. Detection, diagnosis and staging ........................................................................................ 5 

1.1.4. Treatment  ......................................................................................................................... 7 

1.1.5. Drug resistance  ............................................................................................................... 8 

1.2. Sorafenib in breast cancer .................................................................................................................. 9 

1.2.1. Sorafenib targets and cellular effects ................................................................................. 9 

1.2.2. Status of sorafenib in breast cancer treatment ................................................................ 10 

1.3. Non-coding RNA (ncRNA) .......................................................................................................... 11 

1.3.1. MicroRNAs ........................................................................................................................ 11 

1.3.2. miR-23b-3p ....................................................................................................................... 14 

1.3.3. miR-126-3p ....................................................................................................................... 15 

1.3.4. Long non-coding RNA........................................................................................................ 16 

1.3.5. Growth arrest-specific 5 (GAS5) ........................................................................................ 19 

1.4. Extracellular vesicles .................................................................................................................. 21 

1.4.1. Definition and classification .............................................................................................. 21 

1.4.2. Characterization and Biogenesis ....................................................................................... 22 

1.4.3. Isolation methods ............................................................................................................. 22 

1.4.4. Extracellular vesicles in cancer.......................................................................................... 23 

1.4.5. Manipulating cargo loading .............................................................................................. 24 

1.5. Danio rerio (zebrafish) ............................................................................................................... 25 

1.5.1. Zebrafish as animal model for studying human disease ................................................... 25 

2. Aim of the work................................................................................................................................... 27 

3. Material and Methods ........................................................................................................................ 28 

3.3. Cell culture and treatment with sorafenib ................................................................................ 28 

3.4. Extracellular vesicles isolation ................................................................................................... 28 



ii 
 

3.5. Western blotting ........................................................................................................................ 29 

3.6. Transmission Electron Microscopy (TEM) .................................................................................. 29 

3.7. Nanoparticle tracking analysis ................................................................................................... 29 

3.8. RNA isolation and reverse transcription (RT) ............................................................................ 30 

3.9. Droplet digital PCR (ddPCR) ....................................................................................................... 33 

3.10. RNA sequencing ......................................................................................................................... 34 

3.11. Extracellular vesicle labeling and uptake ................................................................................... 35 

3.12. Cell proliferation assay and viability assay ................................................................................ 35 

3.13. Zebrafish maintenance and egg collection ................................................................................ 36 

3.14. EVs uptake in zebrafish .............................................................................................................. 36 

3.15. Induction of tumor xenografts .................................................................................................. 37 

3.16. Image analysis ............................................................................................................................ 37 

3.17. Alkaline Phosphatase (AP) assay................................................................................................ 38 

3.18. Statistics and Reproducibility..................................................................................................... 38 

4. Results ................................................................................................................................................. 39 

4.1. Sorafenib treatment caused dysregulation of miR-23b-3p, miR-126-3p, and GAS5 in BC cells and in 

their cognate EVs. ................................................................................................................................... 39 

4.2. Characterization of the EVs. ............................................................................................................. 47 

4.3. Enriched EVs-based treatment impaired the proliferation ability of BC cells. .......................... 52 

4.4. EVs as ncRNAs delivery vehicles to target BC cells. ................................................................... 54 

4.5. Treatment and uptake of the EVs in the zebrafish model. ........................................................ 56 

4.6. Enriched EV-based treatment inhibited the growth of tumor xenografts and micrometastasis 

formation in zebrafish ............................................................................................................................. 58 

4.7. Levels of miR-23b-3p, miR-126-3p and GAS5 in zebrafish. ....................................................... 64 

4.8. The treatment with enriched EVs affected angiogenesis in vivo ............................................... 66 

4.9. Analysis of miRNome profiles in EVs released by breast cancer cells ....................................... 68 

5. Discussion ............................................................................................................................................ 72 

6. Conclusion and perspectives ............................................................................................................... 79 

7. References ........................................................................................................................................... 80 

8. Acknowledgements ............................................................................................................................. 95 

9. List of publications .............................................................................................................................. 96 



1 
 

Abstract 
Le vescicole extracellulari (EV) sono strutture membranose secrete dalle cellule, in grado di 

trasportare molecole biologiche per la comunicazione intercellulare. Svolgono ruoli importanti in 

diversi processi fisiologici e patologici. Dato il loro contenuto, le EV possono essere utilizzate per 

trasportare acidi nucleici, proteine e metaboliti verso cellule bersaglio. Le EV offrono una serie di 

vantaggi rispetto ai vettori tradizionali, aprendo così la strada a nuove strategie innovative per la 

somministrazione di farmaci. 

Lo scopo di questo studio è stato quello di valutare l'efficacia delle EV come nanovettori efficienti 

per modulare i livelli di espressione di determinati non-coding RNA (ncRNA) nelle cellule tumorali 

bersaglio e ridurre le proprietà aggressive del carcinoma mammario in vitro e in vivo. Abbiamo 

verificato che trattando line cellular umane di carcinoma mammario con un inibitore 

multichinasico, il sorafenib, si sono osservati livelli aumentati di miR-23b-3p, miR-126-3p e 

GAS5 nelle EV secrete. Le EV arricchite di ncRNA, utilizzate come veicoli nelle cellule tumorali, 

hanno determinato un aumento dei livelli di espressione dei 3 ncRNA e hanno causato 

un’inibizione della proliferazione cellulare. Per stabilire ulteriormente il ruolo delle EV come 

vettori di ncRNA in vivo, abbiamo iniettato le cellule umane di carcinoma mammario in embrioni 

di zebrafish e abbiamo trattato gli xenotrapianti con le EV arricchite. Quindi abbiamo osservato 

una diminuzione della massa tumorale negli xenotrapianti, una considerevole riduzione del 

numero di micrometastasi nella coda di zebrafish ed una significativa inibizione dell'angiogenesi. 

Pertanto i risultati ottenuti indicano una nuova modalità per arricchire le EV con specifici ncRNA 

oncosoppressori trattando le cellule con un farmaco antitumorale; il ruolo delle EV come veicoli 

di ncRNA; e l'effetto combinato di miR-23b-3p, miR-126-3p e GAS5 nel limitare le proprietà 

aggressive del carcinoma mammario in vitro e in vivo. Tali dati potrebbero essere di utilità per 

sviluppare nuove possibili strategie terapeutiche molecolari contro questo tipo di tumore. 
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1. Introduction 

1.1.Breast cancer 

Cancer is now widely recognized as a global problem that unfortunately fails to have a global 

solution 1. Cancer is defined as a genetic disorder that results from either epigenetic or genetic 

alterations that can occur in the somatic cells. Malignant transformation is a multistep process, in 

which mutations required for the malignancy can be acquired gradually during one’s lifetime, or 

inherited, ultimately leading to tumorigenic transformation 2. The lack of treatment specificity and 

effectiveness makes cancer one of the most major burdens that humans are confronting all over 

the world 3.  

1.1.1. Epidemiology and etiology 

Breast cancer (BC) is the second most commonly diagnosed cancer and the leading cause of 

cancer-related death among women, with an incidence of 2.29 million new cases in 2022, 

according to GLOBOCAN 4. The major risk factors in breast cancer development include 

increasing age, breast molecular characteristics, hormone use, alcohol, tobacco, diet, and ethnic 

group (Fig. 1) 5. 

 

 

Fig. 1. Estimated ranked age-standardized incident rate (ASR) of BC worldwide. BC incidence varies 
based on the geographic regions. This disease affects more people in North America, Argentina, and some 
countries in West Europe such as France and Germany, as well as some Mediterranean countries (Italy, 
Spain, Portugal). In addition, the average age is higher in these countries than in the others. Eastern Asia 
and Southern Africa have a relatively low incidence rate of BC. Graphical representation from GloboCan 
(Global Cancer Observatory) 4. 
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1.1.2. Molecular classification 

BC is defined as a heterogeneous neoplasm that requires an efficient, cost-effective, and 

noninvasive method of classification. Based on these premises, immunohistochemical analysis of 

BC based on estrogen receptor, (ER), progesterone receptor (PR), and human epidermal growth 

factor 2 receptor (HER2) is used in clinical practice to categorize BC into four subtypes 6. 

 The first and less aggressive subtype, with a lower incidence of relapse and a higher survival rate, 

is luminal A, characterized by the presence of ER and/or PR, the absence of HER2, and by a low 

expression of the cell proliferation marker Ki-67, with a percentage less than 20 % (Fig. 2) 7. Due 

to the presence of these receptors, patients suffering from the luminal A subtype of BC have a 

better response rate to hormone therapy. 

 

 

Fig 2. Immunohistochemistry aspects of Luminal A breast cancer. nuclear staining of (A) ER-positive, 
(B) PR positive, (C) HER-2 negative membrane staining, (D) nuclear staining of Ki-67 positive 3% 7. 

 

The luminal B subtype is known as a more aggressive form of ER-positive BC, being characterized 

by the presence of ER and/or PR and the presence or absence of HER2, according to different 

studies, approximately 20% of luminal B breast cancers were HER2-positive 8. Moreover, the 

luminal B subtype has a high expression of the proliferation marker Ki-67 (greater than 20%) (Fig. 

3). 
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Fig 3. Immunohistochemistry aspects of Luminal B breast cancer. nuclear staining of (A) ER-positive, 
(B) PR positive, (C) HER-2 negative membrane staining, (D) nuclear staining of Ki-67 positive 30% 7. 

 

HER2-positive is found in approximately 20% of BC and is often associated with poor prognosis 

and short overall survival 9. This subtype is characterized by high HER2 expression with the 

absence of ER and PR (Fig. 4). The HER2-positive subtype can be further divided into two other 

subgroups: luminal HER2 (E+, PR+, HER2+, and Ki-67:15–30%) and HER2-enriched (E-, PR-, 

HER2+, Ki-67>30%) 7. 

 

 

Fig 4. Immunohistochemistry aspects of HER2-positive breast cancer. nuclear staining of (A) ER-
positive, (B) PR positive, (C) HER-2 positive membrane staining, (D) nuclear staining of Ki-67 positive 
5% 7. 
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Triple-negative BC is characterized by a loss of ER, PR, and the absence of HER2 overexpression 

(Fig. 5). They constitute about 10.6-29.5% of all BC 10. Lehmann et al. classified TNBC into 6 

subgroups 11: basal-like 1 (BL1), basal-like 2 (BL2), mesenchymal (M), mesenchymal stem-like 

(MSL), immunomodulatory (IM), and luminal androgen receptor (LAR). Younger women tend to 

be diagnosed with TNBC, which has a mortality rate of approximately 40% in advanced stages. In 

addition, 45% of TNBC-diagnosed patients will develop distant metastases to the brain and/or 

visceral organs 12. 

 

 

Fig 5. Immunohistochemistry aspects of triple-negative breast cancer. (A) ER-negative, (B) PR 
negative, (C) HER-2 negative membrane staining, (D) nuclear staining of Ki-67 positive 10% 7. 

 

1.1.3. Detection, diagnosis and staging 
BC is the leading cause of death among women, yet based on recent reports, the death rate has 

dropped from 48 deaths per 100,000 women in 1975 to 27 deaths per 100,000 women in 2019, in 

the United States. This is largely due to the treatment advancing and early detection. These results 

highlight the importance of early detection and screening for a better therapeutic outcome 13.  

Early detection is the key when referring to BC, and in this context, there are two main scenarios: 

(i) identification of the disease in asymptomatic patients by screening test; (ii) early detection 

following patient complaints or following physical examination 14. Still, in low- and middle-

income countries, screening mammography may not be feasible due to resource-limited health 

care systems, and thus most frequently, BC patients present late-stage diagnosis. Recent studies 
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have shown that in high-income countries, 70% of BC patients present with stage I-II disease due 

to the screening programs 15. 

The main techniques used in diagnosing breast cancer are mammography, ultrasound, biopsy, the 

core biopsy, lymph node biopsy, and fine needle aspiration (Fig. 6)  16. 

 

 

Fig 6. Various imaging techniques used in breast cancer diagnosis. Schematic representation of different 
breast cancer screening and diagnostic techniques 17. 

 

The standardization of the Tumor–Node–Metastasis (TNM)-based staging of BC by the new, 8th 

editions of the relevant Union for International Cancer Control (UICC) and American Joint 

Committee on Cancer (AJCC) has allowed BC patients to be evaluated using a standard language, 

facilitating effective communication regarding appropriate treatment planning 18. Accordingly, 

there are two staging categories: the anatomic and the prognostic one. The anatomic category is 

based on the primary tumor size (T), the nodal status (N), and distant metastasis (M), while the 

prognostic stage takes into consideration aspects such as tumor grade, biomarker status (ER, PR, 

HER2), and genomic panels 19. 
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1.1.4. Treatment 

When deciding the treatment approach in BC patients, it is taking into account the grade, stage 
and BC molecular subtype (Fig. 7). 

 

 

Fig 7. Breast cancer molecular subtype.  Estrogen receptor (ER); Progesterone receptor (PR); Human 
epidermal growth factor receptor 2 (HER2); Triple-negative breast cancer (TNBC) 20. 

 

The treatment approach is divided into three categories: (i) early BC, (ii) locally advanced BC and 

(iii) metastatic BC. 

i. Early BC: Patients are clinically negative for lymph nodes and the tumor size is <5 cm. 
Treatment strategies are usually based on surgical treatment, except for some patients of 
this category, for example those diagnosed with triple-negative and HER-2-positive tumors 
equal to or greater than 2 cm in size in which case neoadjuvant systemic therapy is 
recommended. Chemotherapy, radiation therapy, hormone therapy, immunotherapy and 
PARP inhibitor therapy are also suggested 21. 

ii. Locally advanced BC: Patients are clinically positive for lymph nodes and the tumor size 
is >5 cm. Treatment strategies include surgical treatment aiming to achieve clear histologic 
margins 22; radiation therapy, given that this type of tumor is with high radiosensitivity; 
systemic treatment should be considered if both surgery and radiation fail to achieve 
disease control 23. 

iii. Metastatic BC: Systemic treatment with either endocrine therapy or cytotoxic 
chemotherapy has become the cornerstone in managing metastatic breast cancer 24. To 
control brain, bone and lung metastasis, palliative radiation may be used 25 
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There are still many challenges when it comes to BC, arising from patient’s resistance to treatment 

and recurrence, as it has been demonstrated that 30% of the early-stage BC present recurrent 

disease 20. Early diagnosis and appropriate, timely treatment of breast cancer should be our focus.  

1.1.5. Drug resistance 

Drug resistance is a great challenge as it is a major obstacle to successful treatment, being 

responsible for up to 90% of deaths. Drug resistance is a process that can be acquired or innate, in 

both cases a variety of mechanisms are employed. These mechanisms mainly include drug efflux 

and inactivation, enhanced DNA repair, induction of epithelial-mesenchymal transition (EMT), 

epigenetic modifications and tumor microenvironment (TME) (Fig 8) 26.  

 

 

Fig 8. Mechanisms involved in drug resistance. The mechanisms mainly involved in the development 
of drug resistance are tumor microenvironment, drug efflux, epigenetic modification, epithelial-

mesenchymal transition (EMT) 27. 

 

New delivery systems seem to offer a good prospective, for instance extracellular vesicles as nano-

carriers of a wide range of molecules such as nucleic acids, proteins, lipids, metabolites, and anti-

tumor agents to target cancer cells, deliver and release their cargo in a controlled manner. 

Furthermore, they can enhance the efficacy of the existing anticancer drugs 28. 
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1.2. Sorafenib in breast cancer 

1.2.1. Sorafenib targets and cellular effects 

Sorafenib is a small molecule, orally administrated, that acts as a potential inhibitor of various 

tyrosine kinase receptors, such as BRAF, C-RAF, vascular endothelial growth factor receptor 

(VEGFR) and platelet-derived growth factor receptor (PDGFR), RET, c-KIT and FMS-like 

tyrosine kinase-3 29. Aberrant activation of certain signaling pathways such as the RAS-RAF-

MEK-ERK signaling pathway, is commonly observed in cancer cells, leading to increased 

proliferative ability and cancer cell growth, but also preventing apoptosis and promoting tumor 

invasion. Thus, administration of drugs capable of inducing cell apoptosis and that are targeting 

receptors such as VEGF, may prevent invasion and metastasis caused by the ability of cancer cells 

to induce angiogenesis (Fig. 9). 

 

 

Fig 9. Sorafenib cellular targets. Sorafenib blocks the activity of certain tyrosine kinase receptors and 
inhibits the RAS-RAF-MEK-ERK signaling pathway, preventing tumor growth 30. 

 

It has been well demonstrated that sorafenib was able to inhibit proliferation ability of several 

cancer cells, including breast cancer cells (MCF-7 and HCC 1937), in a dose-dependent manner. 

Moreover, BC cells treated with sorafenib expressed increased levels of GAS5 (Growth Arrest 

Specific 5), which acts as a tumor suppressor gene, compared to non-treated cells, suggesting that 

this drug can restore the expression levels of different tumor suppressor ncRNAs that are down-
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modulated during cancer 31. In a different study, MCF-7 and MDA-MB-231 were treated with 

10µM sorafenib and its effect on proliferation, migration and invasion was assessed. They revealed 

that at this dose, the treatment was not only able to reduce the proliferative ability of these BC 

cells, but also to inhibit migration in a remarkable manner. 3D spheroid invasion assay allowed 

them to conclude that sorafenib has the power to negatively affect the ability of BC cells to invade, 

highlighting that the invasion ability of both MCF-7 and metastatic MDA-MB-231 cells was 

drastically reduced on collagen matrix in the presence of sorafenib 32. Based on these results, we 

concluded that sorafenib is an effective drug able to suppress the proliferation, invasion and 

migration capability of BC cells, but also to restore the expression levels of downregulated tumor 

suppressor genes. 

1.2.2. Status of sorafenib in breast cancer treatment 

Sorafenib is an orally administrated drug, characterized by low solubility and high permeability, 

being rapidly absorbed with peak plasma levels reached in 3 hours 33. To our knowledge, sorafenib 

is not typically used as a standard treatment for BC patients; however, several studies have reported 

its effects in this context. 

The tolerability and efficacy of sorafenib have been evaluated in various cohorts of BC patients 

and in different combinations. For example, in HER-2 negative metastatic BC patients the 

efficiency of sorafenib was evaluated as monotherapy, and in combination with cytotoxic drugs 

(docetaxel, paclitaxel, ixabepilone), targeted agents (bevacizumab), endocrine therapy (tamoxifen, 

fulvestrant), and radiation therapy. Currently, in patients presenting stages I-III BC, sorafenib has 

been added to standard adjuvant chemotherapy 33. Combinations of sorafenib with other agents in 

metastatic BC have shown fewer promising results. It has been studied that sorafenib administered 

in combination with vinorelbine in patients with metastatic BC presented manageable toxicity but 

also low efficacy; sorafenib administered together with bevacizumab gave substantial toxicity and 

minimal efficacy. The effect of sorafenib administered in combination with endocrine therapy has 

been reported. The results suggest that sorafenib may be able to enhance hormone therapy by 

restoring the sensitivity to it 29.  

 



11 
 

1.3.Non-coding RNA (ncRNA) 

According to the Encyclopedia of DNA Elements (ENCODE) transcriptome project, only about 

1.2% of the human genome is transcribed into protein-coding mRNAs, whereas approximately 

80% is transcribed into a wide range of non-coding RNAs, some of which have been characterized 

while others are under investigation 34. The main types of ncRNA that have been found to play an 

important role in cancer are: microRNA (miRNA), long ncRNA (lncRNA), circular RNA 

(circRNA) and PIWI interacting RNA (piRNA). All of these ncRNA can act as oncogenes or tumor 

suppressor genes, thus playing a crucial role in human malignancy 35. 

1.3.1. MicroRNAs 

MicroRNA (miRNA) is the most abundant class of ncRNAs, which was first observed in 

Caenorhabditis elegans larvae. The human genome has the largest number of miRNA genes, with 

approximately 2000 annotated miRNAs 36. The first discovered miRNA, lin-4, was made in 1993 

by the two Nobel laureates, Victor Ambros and Gary Ruvkun, who received the prize in 2024. 

Both groups investigated mutant C. elegans nematodes with developmental defects caused by 

alterations at the lin-4 and lin-14 genetic loci. By cloning the lin-4 gene, Ambro’s group made the 

great discovery that it did not code for a protein, but it encoded a short 22-nucleotide ncRNA. 

Meanwhile, Ruvkun’s group discovered that lin-4 regulates lin-14 via multiple elements, together 

defining partial sequence complementarity between the short non-coding lin-4 RNA and the 

3’UTR elements of lin-14 37,38. Seven years later, in 2000, the second miRNA discovered was let7, 

which was also found to be conserved across species 39. 

1.3.1.1.Biogenesis  
Canonical miRNA biogenesis starts in the nucleus where genomic DNA is transcribed into long 

primary RNA (pri-miRNA). The pri-miRNA is then cleaved by the Drosha enzyme to form a 

precursor miRNA (pre-miRNA) of about 70 nucleotides (nt) and a hairpin structure. The pre-

miRNA is then exported to the cytoplasmic compartment of the cell, where it is cleaved by the 

Dicer enzyme to form mature miRNA, with a length of about 19-23 nt. Mature miRNA will form 

the RNA-induced silencing complex (RISC), which will block the translation of certain mRNAs 

by binding to their 3’-UTR end, one miRNA can target multiple mRNAs (Fig. 10) 40.  
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Fig 10. miRNA canonical biogenesis process. miRNAs biogenesis begins with pri-miRNA synthesis 
cleaved by Drosha enzyme and exported into the cytoplasm. At this level, newly form pre-miRNA will be 
further cleaved by Dicer enzyme and mature miRNA will form RISC for further establish its function 40. 

 

There are also non-canonical pathways for miRNA biogenesis, which can be divided into 

Drosha/DGCR8-independent and Dicer-independent pathways39. An example of Drosha/DGCR8-

independent pre-miRNA are the miRtrons, which are generated from the intronic sequence of the 

mRNA during splicing.  After the splicing, miRtrons are exported to the cytoplasm where they are 

processed by Dicer to form a mature miRNA 41.  Another example of this category is the biogenesis 

of 7-methylguanosine (m7G)-capped pre-miRNA, such as pre-miR-320, which is immediately 

exported to the cytoplasm without the need for Drosha cleavage 42. The miRNAs generated in a 

Dicer-independent manner are processed by Drosha from endogenous short hairpin RNA (shRNA) 

transcripts 39. An example is pre-miR-451, which is processed at the beginning by Drosha to release 

the pre-miRNA. Having a short stem-loop sequence that does not allow its recognition by Dicer, 

Ago2 appears to be sufficient for RISC loading and proper guide strand selection 41. 

1.3.1.2.Functions 
Animal knockout models are one way to dissect the biological function of miRNA. However, it 

has been shown that knocking out one miRNA may not be sufficient to determine a phenotype, 

therefore inactivating multiple members of a miRNA family is a way to detect a phenotypic 

outcome 43. miRNAs fulfill the function of downmodulating the expression of mRNA by directing 
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miRISC and they can do so by two post-transcriptional mechanisms: (i) translational repression 

and (ii) mRNA cleavage 44.  

i. All eukaryotic mRNAs are characterized by the presence of a 5’-cap structure, the 5′ 

terminal cap is recognized by eukaryotic translation initiation factor 4E (eIF4E) to initiate 

the translation process.  The exact mechanism involved in the translational repression of 

the target mRNA through miRISC is not fully understood, but it has been demonstrated 

that mRNAs lacking the 5’ cap but possessing an Internal RibosomeEntry Site (IRES) are 

refractory to miRNA-induced silencing 45. Based on these observations, it may be due to 

the interaction between miRNA and the 5’ cap that causes the interruption of IF4F-

mediated cap-dependent translation initiation 45. 

ii. Previous studies revealed that when miRNA exhibits high complementarity with the target 

mRNA then, its degradation is facilitated by the Argonaute (Ago) proteins, which are found 

in almost all eukaryotes, bacteria and archaea 44,46. Xu K. et al. demonstrated in their paper 

that targeted gene silencing mediated by a miRNA family called let-7 could be initiated by 

Ago2-catalyzed cleavage at base-paired miRNA:mRNA target sites 47. Recent studies 

brought to light that not only Ago is responsible for mRNA degradation, but also other 

mechanisms, such as deadenylation, decapping, and exonucleolytic digestion of mRNA 44. 

Therefore, defining the exact mechanism involved in the modulation of mRNA expression by 
miRNA could provide great opportunities for the development of targeted therapies. 

1.3.1.3.MicroRNAs in cancer 
In cancer, miRNAs can exert oncogenic or tumor suppressor function, therefore they are named 

oncogenic miRNAs (onco-miRNAs) or tumor suppressor miRNAs (TS-miRNAs) 48. Many 

miRNAs are highly expressed in cancer cells and in the tumor microenvironment (TEM) and have 

been shown to promote tumor progression. For instance, miR-17-5p it is highly expressed in a 

series of cancer, BC being one of them, and its over-expression negatively regulates the activity of 

certain tumor suppressor proteins such as AT Atypical Cadherin 4 (FAT4) and cyclin-dependent 

kinase 12 (CDK12), leading to the observation that suppressing multiple tumor suppressor genes 

simultaneously, increase the proliferative capacity of the cancer cells 49. There are also miRNAs 

that have been reported to act as TS-miRNAs, such as let-7 and miR-34a. Their expression levels 

were found to be down-modulated in a number of cancers such as BC, colon cancer, hepatocellular 
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carcinoma 50.  Let-7 manifests its tumor suppressor function by negatively modulating various 

oncogenes resulting in a decreased stemness. Levels of let-7 are inversely correlated with the 

number of cancer stem cells (CSC) in BC 51. Several studies have demonstrated that low levels of 

miR-34a inhibit asymmetric cell division, thereby enhancing colon cancer progression and it is 

being associated with a poor prognosis 50. All these findings suggest that targeting miRNAs is a 

promising approach for modulating the cancer aggressiveness. 

1.3.2. miR-23b-3p 

1.3.2.1.Biogenesis and Functions 
miR-23b-3p, formerly known as miR-23b, belongs to miR-23b/27b/24 cluster (9q22.32) (Fig. 11) 
52.  miR-23b biogenesis is similar to other miRNAs, the double strand formation is catalyzed by 

Dicer enzyme-containing protein complex. The one strand determined to be the passenger one will 

be degraded, while the other will become miR-23b 53. miR-23b was found to be involved in 

regulating normal physiological functions including, cell differentiation, proliferation, 

development and cell immunity, and is highly expressed in the brains of humans and rodents 54. 

Therefore, when levels of miR-23b are dysregulated, the normal physiological functions are 

altered, and disease may occur. 

 

 

Fig. 11. Sequence of pre-miR-23b, mature miR-23b-5p and mature miR-23b-3p (miRbase). 

1.3.2.2.miR-23b-3p in cancer 
Multiple studies support that in a variety of cancers, low levels of miR-23b-3p led to cancer 

progression, suggesting that it may act as tumor suppressor ncRNA 54.  For instance, the circulating 
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levels of miR-23b-3p are significantly lower in patients suffering from hepatocellular carcinoma 

than healthy controls, and this may have potential clinical value 55. In BC, miR-23b-3p reduces 

cell motility and ability to invade, on the opposite, inhibition of its expression led to increased cell 

migration and metastasis in vivo BC model. Moreover, when investigating its effect on 

angiogenesis, it has been observed that miR-23b over-expression decreased the expression of 

important pro-angiogenetic target genes such as uPA/PLAU, AMOTL1, while reducing tube-

formation by endothelial cells 56. In patients suffering from cervical cancer (CC), the expression 

of miR-23b-3p was reduced, moreover the overexpression of this miRNA was found to 

significantly reduce proliferation, migration, and invasion of CC lines by reducing c-Met 

expression 57. In other types of cancer, such as endometrial cancer, when using mimic miR-23b to 

determine its upregulation it caused suppression of the proliferative ability of the cancer cells 58. 

The same outcome was present when performing analysis on bladder cancer cells, moreover miR-

23b triggers G0/G1 arrest in miR-23b transfected cells according to Majid A., et al 59. All these 

studies suggest that miR-23b-3p mainly acts as tumor suppressor ncRNA in a variety of human 

cancers and could represent a predictive biomarker and therapeutic target. 

1.3.3. miR-126-3p 
1.3.3.1.Biogenesis and Functions 

miR-126 is a member of a family of miRNA encoded by intron 7 of epidermal growth factor-like 

domain-containing gene 7 (EGFL7) located on human chromosome 9q34.3 (Fig. 12). Isoforms A, 

B and C of the EGFL7 have the same open reading frame but each one of them is transcribed from 

a separate promoter 60. EGFL7 is a highly expressed gene in endothelial cells and vascularized 

tissues, controlling the vasculogenesis, this leads to a high level of miR-126 in vascularized tissues 

such as liver, lung, heart, and human umbilical vein endothelial cells 61,62. Previous studies 

demonstrated that miR-126 target genes such as mTOR, PIK3R2, PI3K and AKT silencing them, 

playing an important role in anti-metastasis and anti-angiogenesis in vitro 62,63. Its involvement in 

cell proliferation, migration, angiogenesis, vascular integrity, and inflammation has also been 

reported 55. 
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Fig. 12. Sequence of pre-miR-126, mature miR-126-5p and mature miR-126-3p (miRbase). 

 

1.3.3.2.miR-126-3p in cancer 
Patients suffering from colon cancer presented lower interval of time from surgery to the time of 

colon cancer death, when miR-126 was lower expressed, compared to patients presenting high 

levels of miR-126 64. Multiple studies demonstrated that miR-126-3p is down-modulated in a 

variety of cancers such as ovarian cancer, glioblastoma, hepatocellular cancer, clear cell renal 

carcinoma, and that increased levels of its expression can be correlated with prolonged survival 

period 65–67. In Non-small-cell lung cancer (NSCLC), miR-126-3p was the most down-regulated 

miRNAs among those analyzed, when compared to normal tissue, also its upregulation was proved 

to be effective on inhibiting the growth, migration, invasion and metastasis of NSCLC cell 67. In 

BC, miR-126 targets VEGF/PI3K/AKT signaling pathway, thereby reducing tumor growth and 

proliferation, vascularization, and angiogenesis of BC cells 68. Endothelial recruitment capacity is 

an important factor during BC metastasis, and it has been demonstrated that miR-126 knockdown 

significantly increased endothelial recruitment, vice versa endothelial recruitment was strongly 

reduced by the increased expression of miR-126 69. All these findings suggest that miR-126 acts 

as a TS miRNA in a series of human cancers. 

1.3.4. Long non-coding RNA 
Long non-coding RNAs (lncRNAs) are defined as transcripts with a length of more than 200 

nucleotides, and no protein-coding ability, although some of them may have short open reading 

frames (ORFs) 70. This definition defines approximatively 270,000 types of lncRNAs in humans, 
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even though only several thousand have been annotated 71. Most of these annotated lnRNAs are 

polymerase II (Pol II) transcribed, leading to their so-called “mRNAs-like”, but there are still other 

lncRNAs that are not spliced and polyadenylated, being expressed from Pol I or Pol III, or from 

precursors 72,73. While there is still a lack of information regarding the functions of the majority of 

lncRNAs, we are beginning to understand that the small number of characterized lncRNAs work 

at different levels and may be involved in important biological processes such as epigenetic, 

transcriptional, post-transcriptional, translational and post-translational regulation 72,74. 

1.3.4.1.Biogenesis  
Most of the lncRNAs are transcribed by RNA Pol II, and may present a poly(A) tail or 7-

methylguanosine cap, reason why mRNA and lncRNA are similar in terms of biogenesis 75. 

LncRNAs can be classified based on many aspects, for instance, they can be divided into five 

groups: sense, antisense, bidirectional, intronic and intergenic, based on their genomic origin (Fig. 

13) 76. 

 

 

Fig. 13. Genomic origin-based classification. A Sense and B Antisense lncRNAs are transcribed from 
the sense or antisense strand of a protein-coding gene. C Bidirectional lncRNAs are located close to the 
promoter of the associated protein-coding gene. D Intronic lncRNAs are transcribed from inside of an 

intron. E Intergenic lncRNAs are transcribed from between two distinct genes 76. 

 

LncRNAs can be categorized based on their functions as molecular signals, decoys, guides, and 

scaffolds (Fig. 14). Those transcribed in response to specific stimuli are described as molecular 

signals and can modulate the transcription of downstream genes, either independently or in 
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conjunction with transcription factors. Other lncRNAs function as decoys by directly binding to 

transcriptional regulators, thereby impairing their functions. Additionally, some lncRNAs 

influence epigenetic modifications by guiding chromatin-remodeling complexes to specific 

chromatin loci, while others act as scaffolds by coordinating the recruitment of repressive histone-

modifying complexes to target loci 77,78. 

 

 

Fig. 14. LncRNA mode of action. lncRNAs act as molecular guides, scaffolds, signals, and decoys in 
cell 78. 

 

1.3.4.2.Functions 
LncRNA can exert both oncogenic and tumor suppressor functions, regulating gene expression in 

a variety of ways at epigenetic, chromatin remodeling, transcriptional, and translational levels. 79. 

Due to their involvement in various biological processes such as cell differentiation and 

development, organogenesis and tissue homeostasis, lncRNAs have been associated with different 

diseases such as cancer, diabetes, rheumatoid arthritis, and neurodegenerative disorders over the 

years 80. One important example is lncRNA X-inactive specific transcript (lncRNA Xist) which is 

involved in cell growth and development regulation. LncRNA Xist is well known for its role in X-

chromosome dosage compensation, but it is also a key player in the development of tumors and 

other human diseases by functioning as a competing endogenous RNA (ceRNA) 81. Nevertheless, 

lncRNAs involvement in physiological processes has not been overlooked, for example their role 

in p53-mediated tumor response to DNA damage is well known, as well as their role in 
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inflammation and neuropathic pain, V(D)J recombination and class switch recombination in 

immune cells, cholesterol biosynthesis and homeostasis 79.  

1.3.4.3.LncRNA in cancer 
The transformation of normal cells into cancer cells is a time-dependent, multi-step process. 

During this process, lncRNAs were found to be directly involved and closely related to the 

transformation of healthy cells into cancer cells. Moreover, lncRNAs expression in cancer was 

correlated with the overall survival, metastasis, tumor grade, thus having a good potential as cancer 

biomarkers 82. For instance, studies have shown that the lncRNA HOTAIR promotes the metastasis 

of BC cells by silencing important genes within the HOXD cluster 83. Another lncRNA that has 

been found to play an important role in tumor progression is MALAT1. In patients suffering from 

hepatocellular carcinoma, high levels of MALAT1 were correlated with cancer progression and 

worse prognosis 84. HOTAIR is another lncRNA known to be involved in the progression of 

various cancers such as BC, liver and pancreatic cancer. Transforming growth factor β (TGF-β) 

stimulates the expression of HOTAIR which will further enhances epithelial-mesenchymal 

transition, and thus promotes cancer metastasis 85. On the contrary, a newly characterized lncRNA, 

named LENGA, was found to manifest tumor suppressor effect in gastric cancer, as its knockdown 

caused increased migration and invasion ability of cancer cells, while cell proliferation and colony 

formation ability were negatively affected when LENGA was overexpressed 86. MEG3 is another 

lncRNA found to have tumor suppressor functions, as its overexpression was shown to suppress 

both proliferation and cell cycle progression while promoting cell apoptosis in tongue squamous 

cell carcinoma cells 87. All these findings support the idea that lncRNA can play a dual role, acting 

as either an oncogene or a tumor suppressor 88. 

1.3.5. Growth arrest-specific 5 (GAS5) 
1.3.5.1.Biogenesis and Functions 

Growth arrest-specific is a family of lncRNA hosting 6 members (1 through 6), GAS5 is one of 

them, some of these isoforms are localized in the nucleus, playing a key role in various processes 
89,90. GAS5 is located on chromosome 1q25.1, with ~630 nucleotides, and consists of 12 exons 

that form a short open reading frame that does not code for protein (Fig.15) 91. This lncRNA is one 

of the most highly expressed lncRNA in the human genome, thus being transcribed in all types of 

tissues. It is a 5′-terminal oligopyrimidine RNA and although GAS5 does not have protein coding 
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ability, it encodes for small nucleolar RNAs (snoRNAs) involved in ribosome biogenesis, 10 box 

C/D snoRNAs are encoded within the introns of this gene  92,93. GAS5 has anti-tumoral functions, 

being involved in growth arrest and apoptosis in vitro, and has been found to be down-modulated 

in a variety of human cancers 94. 

 

 

Fig. 15. Human Growth Arrest Specific 5 gene structure. The structure of the exosomes and introns 
and the resulting mature lncRNAs, GAS5b and GAS5a 95.  

 

It has been well demonstrated over the years that GAS5 has a low level of expression in numerous 

malignant tumors, suggesting that this lncRNA may play an anticancer role. In fact, its high 

expression has been observed to inhibit tumor cell invasion 96. Levels of GAS5 were considerably 

decreased compared to non-cancerous tissue. Moreover, high levels of mTOR were found to be 

responsible for BC recurrence in ER-positive BC patients and for reducing GAS5 levels leading 

to increased proliferation of the cancer cells 89. Low levels of GAS5 were found to be strongly 

correlated with advanced stage and grade of BC, poor overall survival and disease-free survival 97. 

In colorectal cancer, high levels of GAS5 were found to promote apoptosis and reduce the 

proliferative ability of cancer cells, on the contrary, lower levels were correlated with advanced 

stages and metastasis in colorectal cancer patients 96. In lung cancer, malignant melanoma, bladder 

cancer and liver cancer, GAS5 manifested the same trend of expression, and its lower levels 

reflected an advanced tumor stage and a poor survival rate 98. 
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1.4. Extracellular vesicles 

1.4.1. Definition and classification 
Extracellular vesicles (EVs) are defined as nano-size membranous structures, ranging from 50 to 

1000 nm in diameter, released by all types of cells into the extracellular space 99. EVs have great 

potential as carriers as they are loaded with nucleic acids, proteins, lipids, and metabolites and can 

target neighboring cells via autocrine or paracrine signaling. EVs were first observed in 1945 by 

Chargaff, who described them as “membrane debris”; later on, in 1974, Nunez et al. also identified 

these “small vesicles”, now known as multivesicular bodies (MVB), and characterized them as 

cellular products, opening the way for further research 100,101. Between 1980 and 1990, major 

research was conducted and EVs were better described as biological entities, with enzymatic and 

functional potential, capable of intercellular communication 102. 

EVs can be divided based on their size, content, function and most important, based on their 

biogenesis and release pathway in 3 categories: (i) ectosomes (or microvesicles); (ii) exosomes; 

(iii) apoptotic bodies (Fig 16) 103. 

 

 

Fig.16. Classification of various EVs and representative transmission electron images. (i) Exosomes 
released due MVB fusion the plasma membrane; (ii) Microvesicles released via membrane budding; (iii) 

Apoptotic bodies released by the apoptotic cells 104. 
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1.4.2. Characterization and Biogenesis 

EVs are delimitated by a membrane rich in lipids, with cholesterol being the most abundant, which 

prevents the degradation of the encapsulated material (nucleic acids, proteins, and metabolites).  

EVs are released by all cell types and can reflect their physiological or pathological status, making 

them useful as biomarkers for various diseases, and as biological carriers for ncRNA and drug 

delivery 105. 

The biogenesis of EVs is different among the 3 groups and therefore ISEV encourages the use of 

the general term of “EVs” instead of a specific term such as “exosomes” and “endosomes” which 

requires knowledge of the exact biogenesis pathway 106.  

i. Ectosomes (or microvesicles) are EVs derived from the direct budding and pinching of the 

plasma membrane, releasing newly formed microvesicles into the extracellular space 107. 

Microvesicles range in size from 100-500 nm, and although the size may overlap with that 

of the exosomes, the distinction is made based on their biogenesis. Membrane blebbing is 

determined by the translocation of phosphatidylserine to the outer membrane, and it is 

completed by the contraction of the cytoskeleton 108,109. 

ii. Exosomes (or intraluminal vesicles) have an endosomal origin. The membrane of early 

endosomes undergoes inward budding to mature into multivesicular bodies (MVBs). 

MVBs are either degraded by taking the lysosomal pathway or will fuse with the plasma 

membrane, resulting in the release of 30-150 nm exosomes into the extracellular space 
108,110.  

iii. Apoptotic bodies are released from cells undergoing programmed cell death 111. Apoptosis 

is a multi-step process involving chromatin condensation, nuclear fission, membrane 

blebbing, and the release of membrane-enclosed vesicles, called apoptotic bodies, caused 

by the cleavage of cellular content 112. Among all 3 groups of EVs, apoptotic bodies have 

the largest dimensions, ranging from 50 nm up to 5µm, close to the size of the platelets 111.  

1.4.3. Isolation methods  
Nowadays, there are many techniques that allow the isolation of EVs from different biological 

materials, such as: ultracentrifugation, size exclusion, precipitation, immunoaffinity capture, 

density gradient, each of which gives a certain yield in terms of recovery and specificity (Fig. 17) 
113. 
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Fig 17. Schematic representation of EVs isolation methods. Precipitation (P), Filter concentration (FC) 
are ensuring a maximum recovery with a low specificity; immunoprecipitation (IP) is more specific but 

with a low recover rate 113. 

 

Ultracentrifugation is the most commonly used method for obtaining EVs, it requires little 

technical expertise and is the most affordable one. During the differential centrifugation steps at 

speeds up to >100,000 g, EVs are separated based on their buoyant density 114. Precipitation and 

immunoprecipitation are often used to isolate EVs. Precipitation technique will cause EVs to 

aggregate by adding a water-excluding polymer such as polyethylene glycol (PEG), while 

immunoprecipitation method is based on the use of magnetic beads coated with antibodies that 

will manifest immunoaffinity towards the specific surface proteins and receptors on the EVs 115. 

An important difference between these two methods is that while precipitation ensures a high 

recovery rate but with a low specificity, immuno-precipitation is known for its high specificity but 

low recovery rate. 

1.4.4. Extracellular vesicles in cancer 

Intracellular communication is essential for proper tissue patterning and development, but also 

many pathological pathways are activated this way, in the context of cancer to promote its 

progression 116. In this context, EVs involvement in cell-to-cell communication is well known and 

given that these vesicles can commute cell-derived cargoes to neighboring cells, their source of 

release, such as tumor cells or stem cells, is a very important aspect. Based on the cell source, EVs 
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will have an impact over proliferation, apoptosis, growth, migration and invasion of the recipient 

cells 117. Over the years it has been well demonstrated that cancer cell-released EVs will influence 

non-cancer cells to create a proper tumor microenvironment that will further allow tumor growth 

and metastasis 118. For the metastatic process to take place, the cells of the primary tumor must 

undergo an epithelial-to-mesenchymal transition (EMT) that will allow them to migrate and invade 

the normal surrounding tissue. It has been shown that EVs released by the cancer cells promote 

EMT, mediating important steps in tumor invasion and migration 119.  

Nonetheless, given the excellent properties of these vesicles such as good compatibility, active 

substance carriers, high stability, low toxicity, EVs as vehicles to transport drugs and anti-tumor 

molecules arise great interest in developing new strategies in the field of cancer therapy, becoming 

a research hotspot 120. To support this, previous studies demonstrated that EVs containing anti-

tumor drugs could induce cell apoptosis in hepatocellular carcinoma 117. EVs can be loaded with 

therapeutic cargo through active or passive methods. Directly treating the cells that will further 

secret the EVs with selected therapeutic drug, was found to be effective in generating drug-loaded 

EVs 118. Gene therapy is holding a great potential in cancer therapy as it was demonstrated that 

EVs loaded with different miRNAs with anti-tumor functions were able to inhibit cell migration, 

invasion and self-renewal in different human cancers 120. Moreover, EVs as biomarkers in early 

detection of cancer seems to have a great potential in cancer research.  

1.4.5. Manipulating cargo loading  

Loading therapeutic cargoes into EVs can be made in a cell-dependent or cell-independent manner. 

The first category is an endogenous loading that implies the direct deposition of different 

molecules into EVs through donner cell incubation or transfection with the desired therapeutic 

product that will be further load into the secreted vesicles 121. The second category is based on 

post-harvest manipulation such as electroporation, sonication and transfection reagents, that will 

allow EVs loading with hydrophobic drugs and nucleic acids. However, these methods are 

challenging and can cause EVs to aggregate making the purification process very difficult 122. 

Many of the recent studies have focused their work on how specific proteins can modulate the 

ncRNAs composition of the EVs. Heterogeneous nuclear ribonucleoprotein (hnRNP) family is one 

of the most studied family of proteins found to be involved in ncRNAs sorting in EVs, in this 

context hnRNPK enhance loading of miRNAs carrying AsUGnA motifs 123,124. Thus, a brief 
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analysis allowed us to find that the mature sequence of miR-126-3p in zebrafish carries an 

AGUGCA motif. Moreover, fragile X messenger ribonucleoprotein 1 (FMR1) is one of the RNA 

binding proteins found to regulate ncRNAs sorting into EVs, Wozniak A.L. et al. found that in 

EVs, AAUGC motif was extremely concentrated and therefore FMR1 is directly involved in 

stimulating the loading of miRNAs presenting this specific motif into the released vesicles 125. 

Interestingly, the sequence of one of the ncRNAs of our interest, mature hsa-miR-126-3p, carries 

an AAUGC motif which may determine a preferential incorporation into the EVs. Since the field 

of EVs is continuing to grow, finding efficient ways of loading desired cargoes into the vesicles 

could represent an important step forward in using them as target-specific drug carriers. 

1.5. Danio rerio (zebrafish) 
Danio rerio, zebrafish, is a small, tropical, freshwater fish, inhabitant of Himalayan region rivers 

of South Asia, especially Ganges River. In 1970 zebrafish was used for the first time as animal 

model, by George Streisinger (University of Oregon), because it was easier to genetically 

manipulate it compared to the mouse model 126. Zebrafish is offering numerous advantage such as 

external fertilization, rapid embryonic development (blastula stage lasts only 3h, while gastrula 

5h, at 24h segmentation is complete and primary organs are fully formed), it offers numerous 

offspring (approximatively 200 eggs/week) and has a transparent body 126,127. 

1.5.1. Zebrafish as animal model for studying human disease 

During past years, zebrafish became very popular as animal model, and now represents a powerful 

model for studying acquired and genetic human disease. Using zebrafish in modelling human 

disease has numerous advantages given that it has a fully sequenced genome, fast embryonic 

development, the embryos are translucent, and it requires economical maintenance 127. There have 

been identified more than 500 mutant phenotypes allowing researchers to address issues of 

complex disease. What differentiates zebrafish from mouse is that early development analysis is 

difficult in mouse since they occur in utero, while zebrafish allows developmental studies starting 

from the fertilization until developmental stage 128. Studies focused on metabolic diseases, for 

example human melanoma, acute lymphoblastic leukemia, polycystic kidney disease, Parkinson’s 

disease, Huntington’s disease, Alzheimer disease, were successfully conducted in zebrafish. Aside 

from the genomic similarities, 70% of human genes have zebrafish orthologues, organ systems are 
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conserved between human and zebrafish, allowing scientist to develop much more human disease 

models 129,130. 

For cancer research, zebrafish is a suitable animal model since many of the factors involved in 

tumor progression are also conserved between human and zebrafish, 82% of human disease genes 

had at least one orthologue in zebrafish (Fig.18)  131. Another strong advantage that zebrafish holds 

is the lack of adaptative immune system within the first 30 days post fertilization, allowing 

xenograft transplantation without the risk of rejection 132. Many experiments of patients-derived 

xenograft transplantation were successfully conducted in zebrafish and were found to display 

similar cancer behavior to that observed in cancer patients. All of these could lead to personalized 

effective treatment design that will extend the lifespan of patients suffering from aggressive forms 

of cancer 133.  

 

 

Fig. 18. Zebrafish applications. Examples of applications of the zebrafish model in cancer research 134. 
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2. Aim of the work 

The main aim of this work was to test the capability of the EVs released by BC cells treated with 

a multikinase inhibitor to impair the aggressiveness of the BC in vitro and in vivo. To do this we 

had to: 

1. Investigate the effect of sorafenib on dysregulating the levels of selected ncRNAs (miR-

23b-3p, miR-126-3p and GAS5) encapsulated in EVs released by four lines of BC cells 

(HCC1937, MDA-MB-453, MCF-7 and MDA-MB-231).   

2. Evaluate the possible correlations between the levels of these specific ncRNAs 

intracellularly and in EVs following treatment with sorafenib.  

3. Determine whether using EVs as natural carriers could modulate the expression levels of 

the selected ncRNAs in target BC cells. 

4. Assess if such modulation affects the aggressive properties of BC cells in vitro, including 

proliferation and apoptosis. 

5. Focus on generating xenotransplantation models of BC for further treatment with EVs 

released by BC cells.  

6. Evaluate the effects of EV-based treatment on tumor growth, metastasis formation and 

angiogenesis, aiming to identify innovative experimental targeted therapies. 

7. Identify other miRNAs, aside from miR-23b-3p and miR-126-3p, that are dysregulated and 

carried by EVs released by BC cells. 
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3. Material and Methods 

3.3. Cell culture and treatment with sorafenib 
The following human breast cancer cell lines were used in this study: HCC1937 (ATCC CRL-

2336), MDA-MB-453 (ATCC HTB-131), MCF-7 (ATCC HTB-22), and MDA-MB-231 (ATCC 

HTB-26). Cells were maintained in RPMI-1640 (Thermo Fisher Scientific); all culture media were 

supplemented with 20% (HCC1937 cells) and 10% (MDA-MB-453, MCF-7, and MDA-MB-231 

cells) of Fetal Bovine Serum (Thermo Fisher Scientific) and 10,000 U/ml penicillin/streptomycin 

(ThermoFisher Scientific); cells were grown at 37 ℃ with 5% CO2.  

Sorafenib, N-(3-trifluoromethyl-4-chlorophenyl)-N′-(4-(2-methylcarbamoylpyridin-4-yl) 

oxyphenyl) urea, was synthesized and provided by Bayer Corporation (West Haven, CT, USA). 

This compound was dissolved in 100% dimethyl sulfoxide (DMSO; Sigma-Aldrich) and diluted 

with RPMI-1640 to achieve the required concentration of 15µM. 0.1% DMSO was added to the 

cell cultures as a solvent-only negative control for in vitro studies.   

3.4. Extracellular vesicles isolation 

The isolation of EVs was performed via three methods. The first used method was Total Exosome 

Isolation Reagent (from cell culture media) (Thermo Fisher Scientific) as follows: cells were 

seeded in a 10 cm Ø dish until they rich a 90% confluence. The cell monolayer was washed 3 times 

with 1X PBS and 15µM sorafenib, 0.1% DMSO respectively, was added as treatment for 24h, in 

the absence of FBS; cell culture media represented by RPMI-1640 was harvested, centrifuged at 

2,000 x g for 30 min to remove the remaining cells and debris, and the supernatant was transferred 

into a new tube without disturbing the pellet; afterward, the appropriate volume of Total Exosome 

Isolation reagent was added - for each 1 mL of cell media 500 µL of reagent were used – vortexed 

until obtaining a homogenous solution and incubated overnight at 4 ℃; following incubation, tubes 

were centrifuged at 10,000 x g for 1 h at 4 ℃, the supernatant was discarded without disturbing 

the pellet (not visible), where EVs were found, and resuspended in 1X PBS (for 10 mL of cell 

media 200 µL of 1X PBS were required). For the second used method, EVs were purified by 

ultracentrifugation as indicated by the International Society of Extracellular Vesicles (ISEV) 106. 

Briefly, the conditioned medium was centrifuged at 300 g for 10 min at 4 °C to pellet the cells. 

The supernatant was collected and centrifuged at 16,500 x g for 20 min at 4 °C to eliminate 

apoptotic bodies and cell debris. The supernatant was then filtered through 0.22 µm filters and 
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ultracentrifuged at 110,000 x g for 70 min at 4 °C. Pellets were resuspended in 1X PBS and 

ultracentrifuged at 110,000 x g for 70 min at 4 °C. The pellet containing EVs was resuspended in 

1X PBS 135. Finally, with the third method, EVs were purified by immunoprecipitation using the 

Exosomes Isolation Kit Pan (Miltenyi Biotec, Germany) following the manufacturer’s 

instructions. EVs were quantified by BCA Protein Assay Kit (Thermo Fisher Scientific). 

3.5. Western blotting 
EVs were lysed in Laemmli Buffer (100 mM Tris–HCl pH 6.8, 4% SDS, 20% glycerol, and 0.2% 

blue bromophenol) and then quantified using the BCA assay (Thermo Fisher Scientific) or by 

Stain-free gels (Bio-Rad, Hercules, CA, USA). Proteins were separated by SDS-PAGE and 

subsequently electroblotted onto polyvinylidenefluoride (PVDF) Immobilon-P membranes 

(Millipore, Billerica, MA, USA) as previously reported 135. Primary antibodies were incubated 

overnight and anti-mouse and anti-rabbit peroxidase-conjugated secondary antibodies for 1h at 

room temperature. The presence of the cytosolic protein, TSG101, and three tetraspanins CD63, 

CD9, and CD81 (positive controls), and the absence of the non-EV component Ribosomal Protein 

S6 (RPS6) (negative control) were verified. 

3.6. Transmission Electron Microscopy (TEM) 

TEM analysis of isolated EVs was performed with a JEOL JEM-1011 transmission electron 

microscope at 100 kV operating voltage, equipped with a 7.1 megapixel CCD camera (Orius 

SC1000, Gatan, Pleasanton, CA). TEM image analysis was achieved with Gatan Digital 

Micrograph™ (DM) software. For sample preparation, a 5 µL drop of a concentrated vesicle 

suspension was dropped on a Formvar-coated copper grid and then infiltrated with a 

carboxymethyl dextran solution. The resulting ultrathin polysaccharide layer prevents the vesicle 

collapse on the dried grids. The protocol was slightly modified from the one used by Kreger B.T. 

et al. 136.  The grids were finally stained by UranyLess EM Stain (Electron Microscopy Sciences), 

by following the standard protocol provided by the manufacturer. 

3.7. Nanoparticle tracking analysis 

Nanoparticle tracking analysis (NTA) was performed using the Nanosight NS300 instrument 

(Malvern). A standard operating procedure was applied to acquire three independent videos of 60 

seconds of each sample under a syringe pump speed 30. Samples were systematically diluted in 

1X PBS to reach the recommended number of particles per frame and were recorded at Camera 
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level 11. Particle analysis was performed with a detection threshold of 5.0, always using NanoSight 

NS300 software NTA 3.4 Build 3.4.003 (Malvern). 

3.8. RNA isolation and reverse transcription (RT) 

3.8.1. RNA isolation and RT using extracellular vesicles  

Total RNA was isolated from 200 µL of EVs resuspended in 1X PBS (Thermo Fisher Scientific) 

using miRNeasy Mini Kit (Qiagen), according to the manufacturer’s instructions. TRIzol RNA 

Isolation Reagent (Thermo Fisher Scientific) was used for the total RNA isolated from cell 

cultures, according to the manufacturer’s instructions. 

For lncRNA analysis, cDNA was synthesized from 5 µL of total RNA from EVs in a 20 µL reaction 

volume, using M-MLV Reverse Transcriptase (Sigma-Aldrich) according to the manufacturer’s 

instruction. The RT reaction was performed at 70 ℃ for 10 min, followed by incubation at room 

temperature for 10 min, a second incubation at 37 ℃ for 50 min, followed by inactivation at 94 ℃ 

for 10 min in a T100 Thermal Cycler (Bio-Rad Laboratories). 

For miRNAs analysis, cDNA was synthesized from 5 µl of RNA from EVs in a 15 µL reaction 

volume, using the TaqMan microRNA Reverse Transcription Kit components (Thermo Fisher 

Scientific) and the stem-loop primer for miR-23b-3p (Thermo Fisher Scientific; Assay ID 000400) 

and miR-126-3p (Thermo Fisher Scientific; Assay ID 002228). RT reaction was performed at 16 

℃ for 30 min, 42 ℃ for another 30 min, followed by inactivation at 85 ℃ for 5 min in a T100 

Thermal Cycler (Bio-Rad Laboratories). 

3.8.2. RNA isolation and RT using cells  

The cell-culture medium was completely removed for total RNA isolation from cells, and the cell 

monolayer was washed using 3 ml of phosphate buffer saline (PBS). Subsequently, PBS was 

discarded, and cells were disrupted by adding 1 mL TRIzol Lysis Reagent (Qiagen) to each 10 cm 

Ø dish. Cells were recovered using a scraper to obtain cell-lysate, which was further collected in 

a 1.5 mL microcentrifuge tube. 

The following protocol was subsequently used: 

- Add 200 µL of chloroform to every mL of added TRIzol 
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- Shake it vigorously for 15 sec 

- Incubate at room temperature (RT) for 3 min 

- Centrifuge at 12,000 x rpm for 15 min at 4 ℃. This step caused the sample’s separation 

into 3 phases: an upper, colorless, aqueous phase containing RNA; a white interphase containing 

proteins; and a lower, red, organic phase containing lipids and DNA. 

- The upper phase was transferred to a new collection tube. The RNA was precipitated by 

adding 500 µL of isopropanol, followed by incubation at RT for 10 min 

- Centrifuge at 12,000 x rpm for 10 min at 4 ℃ 

- Discard the supernatant and wash the pellet with 1 mL of 75% ethanol 

- Centrifuge at 12,000 x rpm for 15 min at 4 ℃ 

- Discard the ethanol and let the pellet dry at RT for up to 20 min 

- Hydrate the RNA pellet with the proper amount of DEPC water. 

RNA purity and concentration were assessed by NanoDropTM 1000 Spectrophotometer 

(ThermoFisher Scientific). NanoDrop instrument measures the UV absorbance at 230 nm, 260 nm, 

and 280 nm. The A260/A280 ratio of pure RNA should be between 1.8 and 2.0, while the 

A260/A230 ratio in the range of 2.0-2.2. 

RNA integrity was assessed on 0.8% agarose gel stained with Atlas ClearSight DNA Stain 

(Bioatlas). The presence of two clear bands, corresponding to 28S and 18S rRNA, marks the intact 

RNA. 

For lncRNA analysis, cDNA was synthesized from 1 µg of intracellular RNA, in a 20 µL reaction 

volume, using M-MLV Reverse Transcriptase (Sigma-Aldrich) according to the manufacturer’s 

instruction. The RT reaction was performed at 70 ℃ for 10 min, followed by incubation at room 

temperature for 10 min, a second incubation at 37 ℃ for 50 min, followed by inactivation at 94 ℃ 

for 10 min in a T100 Thermal Cycler (Bio-Rad Laboratories). Intracellular cDNA was diluted 1:50. 
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For miRNAs analysis, cDNA was synthesized from 50 ng of cellular RNA, in a 15 µL reaction 

volume, using the TaqMan microRNA Reverse Transcription Kit components (Thermo Fisher 

Scientific) and the stem-loop primer for miR-23b-3p (Thermo Fisher Scientific; Assay ID 000400) 

and miR-126-3p (Thermo Fisher Scientific; Assay ID 002228). RT reaction was performed at 16 

℃ for 30 min, 42 ℃ for another 30 min, followed by inactivation at 85 ℃ for 5 min in a T100 

Thermal Cycler (Bio-Rad Laboratories). 

3.8.3. RNA isolation and RT using zebrafish embryos  

Total RNA from zebrafish embryos at 72, 96, and 120 hours post fertilization (hpf) was isolated, 

as follows: 

-  Embryos were collected in 1.5 mL microcentrifuge tubes and briefly spun to pellet 

- The fish water was discarded, and embryos were maintained in RNAlater (Sigma-Aldrich) 

- Centrifuge at 1,500 x rpm for 5 min at 4 ℃ 

- Discard the RNAlater and add 500 µL of TRIzol  

- Start mechanically homogenizing the embryos and continue with the RNA extraction 

protocol reported above. 

RNA purity and concentration were assessed by NanoDropTM 1000 Spectrophotometer 

(ThermoFisher Scientific). RNA integrity was assessed on 0.8% agarose gel stained with Atlas 

ClearSight DNA Stain (Bioatlas). 

For lncRNA analysis, cDNA was synthesized from 1 µg of intracellular RNA, in a 20 µL reaction 

volume, using M-MLV Reverse Transcriptase (Sigma-Aldrich) according to the manufacturer’s 

instruction. The RT reaction was performed at 70 ℃ for 10 min, followed by incubation at room 

temperature for 10 min, a second incubation at 37 ℃ for 50 min, followed by inactivation at 94 ℃ 

for 10 min in a T100 Thermal Cycler (Bio-Rad Laboratories).  

For miRNAs analysis, cDNA was synthesized from 50 ng of cellular RNA, in a 15 µL reaction 

volume, using the TaqMan microRNA Reverse Transcription Kit components (Thermo Fisher 

Scientific) and the stem-loop primer for miR-23b-3p (Thermo Fisher Scientific; Assay ID 000400) 

and miR-126-3p (Thermo Fisher Scientific; Assay ID 002228). RT reaction was performed at 16 
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℃ for 30 min, 42 ℃ for another 30 min, followed by inactivation at 85 ℃ for 5 min in a T100 

Thermal Cycler (Bio-Rad Laboratories). 

3.9. Droplet digital PCR (ddPCR) 

The synthesized cDNA was used as a template for the ddPCR experiments using the QX200 

droplet digital PCR System (Bio-Rad Laboratories), and ddPCR was performed according to the 

ddPCR Supermix for Probes (Bio-Rad Laboratories) protocol. Briefly, 1.33 µl of the cDNA 

obtained using TaqMan microRNA Reverse Transcription Kit, and 3.96 µl of the cDNA obtained 

using M-MLV Reverse Transcriptase, were prepared for amplification in a 20 µL reaction volume 

containing 2X ddPCR Supermix for Probes (Bio-Rad Laboratories), 20X TaqMan assay (Thermo 

Fisher Scientific) specific for miR-23b-3p, miR-126-3p, and PrimeTime qPCR Assay specific for 

the lncRNA GAS5 (Integrated DNA Technologies) and water. Each ddPCR assay mixture (20 µL) 

was loaded into a disposable droplet generator cartridge (Bio-Rad) using a multichannel pipet. 

Then, 70 µL of droplet generation oil for probes (Bio-Rad) was loaded into the wells dedicated to 

oil. The cartridge was then covered with the appropriate gasket (Bio-Rad) and then placed inside 

the QX200 droplet generator (Bio-Rad). When droplet generation was completed, the droplets 

were transferred to a 96-well PCR plate using a multichannel pipette. The plate was heat-sealed 

with foil and placed in a T100 Thermal Cycler (Bio-Rad Laboratories). The following PCR thermal 

profile was used: 95 ℃ for 10 min, 94 ℃ for 30 sec (40 cycles), 60 ℃ for 1 min (40 cycles), 98 

℃ for 10 min, and 4 ℃ for 40 min. A negative control (NC) and a positive control (PC) were 

included. Concentration data for miR-23b-3p, miR-126-3p, and GAS5 levels were obtained using 

QuantaSoft Software (Bio-Rad Laboratories) as copies/µL. 

TaqMan qPCR is often the first-line screening method, holding a great potential great potential in 

diagnostic microbiology. TaqMan chemistry is based on the presence of a short, non-extendable 

probe, with a specific sequence of nucleotides that will recognize and bind to the region delimitated 

by the primes. The 5’ end of the probe is marked by the presence of a reporter dye, while the 3’ 

end is tagged by a non-fluorescent quencher. Between the fluorescent dye and the quencher, a 

donor-acceptor FRET (fluorescence resonance energy transfer) pair is created. As the amplification 

takes place, the TaqMan probe will hybridize to the specific target. While the extension of one 

primer happens, the enzyme (Taq polymerase) will mediate the probe’s hydrolyzation which will 

further lead to the disruption of the FRET pair accompanied by dye release from the quenching 
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effect. As a result, the luminous signal is detected with a dye-specific wavelength. The emitted 

fluorescence signal is proportional to the accumulated amount of PCR product 137. 

3.10. RNA sequencing 

RNA extracted from EVs isolated by ultracentrifugation underwent RNA sequencing analysis. 

Briefly, the conditioned medium underwent a series of ultracentrifugation steps for obtaining a 

pellet containing EVs that was further resuspended in 1X PBS. Then, using miRNeasy Mini Kit 

(Qiagen), the RNA was extracted and quantified, its purity and concentration were assessed by 

NanoDropTM 1000 Spectrophotometer (ThermoFisher Scientific). One µg of fresh RNA extracted 

from EVDMSO and EVsorafenib derived from HCC1937, MDA-MB-453, MCF-7 and MDA-MB-231 

BC cells were used for miRNA sequencing. The RNA-sequencing was performed by Biodiversa 

s.r.l. (http://www.biodiversa.it/). Briefly, libraries were prepared with the SMARTer smRNA-Seq 

Kit for Illumina, according to the manufacturer’s instruction and sequenced on Illumina NovaSeq 

platform. FASTQ files were trimmed accordingly to the guidelines reported in the SMARTer 

smRNA-Seq Kit manual using miRge3.0 software. The same software was used to align the 

sequences and to produce miRNA counts. 

miRNA differential expression analysis (miDEA) was performed using the DESeq2 package in R, 

as described in Love et al., 2014. Principal Component Analysis (PCA) was performed with the 

PlotPCA function implemented in the DESeq2 package on the regularized log-transformed (rlog) 

data, using the totality of miRNA analyzed. PCA uncovered a minor batch effect due to the cell 

lines, therefore “cell line” was included as covariate in the model. Wald test implemented in 

DESeq2 was used to identify differentially expressed miRNA (miRDEGs). Pheatmap was used to 

generate heatmap from miRDEGs. Only miRNA expressed with at least 10 reads in at least three 

samples were considered for the analysis. False discovery rate BH FDR was used to control for 

multiple tests comparisons and genes with FDR < 0.05 were considered as DEGs. DEGs were 

annotated based on the Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genome 

(KEGG) terms using the DAVID database. A Pareto chart was generated using Microsoft Excel to 

visualize and prioritize the most significant miRDEGs. The number of reads and corresponding p-

values for each miRNA were plotted, and based on these two factors, the miRNAs with the highest 

combined significance (high read count and low p-value) were selected for further analysis. The 

Enrichr web tool was used to perform the enrichment analysis. 
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3.11. Extracellular vesicle labeling and uptake 

MDA-MB-453 and MCF-7 BC cells were incubated with CellTracker™ CM-DiI Dye (Thermo 

Fisher Scientific) diluted 1:1,500 in RPMI (-FBS) for 24 h at 37 ℃ with 5% CO2. Cell culture 

media was recovered and labeled EVs were obtained using the Total Exosome Isolation Reagent 

(from cell culture media).  

Coverslips were placed into 3 cm diameter plates and 3x105 cells were seeded and incubated at 37 

℃ with 5% CO2.  When indicated, labeled EVs were added to the cells in a final volume of 3 mL 

of RPMI (-FBS) and incubated for 24 h at 37 °C. Samples were washed with 1X PBS and fixed 

using methanol as follows: 

- Discard cell media and wash the monolayer 3 times using 1X PBS   

- Fix with 100% methanol in two successive steps: incubate cell with 1 mL for 20 min at RT; 

discard and add another mL for 10 min at RT 

- Was the monolayer using 1X PBS 

- Add DAPI (1:3,000, Merck, Inc., Darmstadt, Germany) and incubate for 15 min at RT to 

stain cell nuclei 

- Wash with 1X PBS and mount the coverslips using Vectashield mounting medium (Vector 

Labs, Newark, CA, USA) and visualize using a Leitz fluorescence microscope. 

3.12.  Cell proliferation assay and viability assay 

For cell proliferation, MTT assay was performed using CellTiter reagent (Promega) according to 

the manufacturer’s instructions. Briefly, cells were seeded in a 96-wells plate (5 replicates for each 

experimental condition) having a density of 8 x 103 cells/well in RPMI (-FBS) and treated 

accordingly with 4 µL of EVs, 0.1% DMSO or 15 µM sorafenib. After 24 h viability was assessed 

with the addition of 10 μL/well of sterile CellTiter reagent (Promega). The plates were incubated 

at 37 °C for 2 h in a humidified, 5% CO2 atmosphere and the absorbance at 490 nm was recorded 

using the microplate reader EnSight (PerkinElmer, Waltham, MA). For assessing the viability, a 

1:2 dilution of cell suspension was made in 0.4% trypan blue stain in a 0.2 ml tube (10 μl of cell 

suspension added to 10 μl of trypan blue). Ten microliters of the mixture were loaded into the 

opening of the TC20 counting slide (Bio-Rad). The slide was then inserted into the TC20 

instrument (Bio-Rad). The presence of the counting slide is automatically detected by the 

instrument. Cells were counted within 10 minutes of mixing trypan blue. 
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3.13. Zebrafish maintenance and egg collection 

Danio rerio (zebrafish) was maintained and used according to EU Directive 2010/63/EU for 

animal use following protocols approved by the local committee (OPBA) and authorized by the 

Ministry of Health (Authorization Number 287/2018). Fish were maintained in 3 L of water at a 

controlled- temperature of 28.5 ℃ with alternate light-dark cycle, 14 h light and 10 h dark, and 

fed as described by Aleström and colleagues 138. Mating was set up in organized tanks, upon 

fertilization the eggs were collected and placed in a Petri dish containing fish water and incubated 

at 28 °C. Tricaine (MS222; E10521, Sigma–Aldrich St. Louis, MO, USA) was added to the fish 

water for zebrafish embryos and larvae anesthesia at 0.02 % final concentration. The wild-type 

line used in this work included an AB strain (KIT Institute -Karlsruhe-Germany) and a transgenic 

line Tg(kdrl-EGFP) 139. 

3.14. EVs uptake in zebrafish 

Stock solutions of EVs were prepared for embryo exposure at 5, 10, and 15 µl in 2 mL fish water. 

Embryos were collected and selected to discard any dead embryos, while transferring all the 

remaining live embryos to new Petri dishes. At the gastrula stage (5 hours post-fertilization) were 

exposed to EVDMSO or EVsorafenib at the selected dose by the classic immersion method 140,141 up to 

96hpf. As a negative control, embryos were exposed to fish water plus 0.1% DMSO (expected 

mortality rate < 15 %). As a positive control for survival rate experiments, we used 3,4-

dichloroaniline (DCS) (Sigma-Aldrich) dissolved in fish water at a concentration of 3.74 mg/L 

(expected mortality rate > 85-90%) 142. For each treatment condition (EVDMSO or EVsorafenib), 30 

embryos were used, and experiments were repeated three times. For all experiments only positive 

embryos (embryos labeled with marked EVs with DiI) were taken into consideration. The survival 

rate was recorded at 24, 48, 72, and 96 hours post-fertilization (hpf) respectively and a dose-

response graph was plotted. The calculated percentages of dead embryos were below 15%, which 

is the expected mortality according to the OECD 2019 guidelines (Test Guideline No. 203, Fish 

Acute Toxicity Testing) 143 and a dose-response graph was plotted. 
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3.15. Induction of tumor xenografts 

Tumor xenograft experiments were performed according to the protocol established by Basnet 

R.M. et al. in their paper 144 with minor modifications. To evaluate the effect of EVs on tumor 

growth, 48 hpf Tg (kdrl:EGFP) zebrafish embryos were dechorionated, anesthetized with tricaine 

at 0.02 % final concentration, followed by microinjection of the labeled MDA-MB-231 and MDA-

MB-453 cells into the in the perivitelline space (PVS). Microinjections were performed with a 

FemtoJet electronic microinjector coupled with an InjectMan N12 manipulator (Eppendorf Italia, 

Milan, Italy). Approximately 250 cells/4 nL were injected into the in the perivitelline space (PVS) 

of each embryo (about 25 embryos/group); embryos were maintained in PTU/fish water in a 32 

°C incubator to allow tumor cell growth. Pictures of injected embryos were acquired using Zeiss 

Axiozoom V13 (Zeiss, Jena, Germany) fluorescence microscope, equipped with Zen pro software, 

2 h after cell injection (T0). 15 μl of EVsorafenib or EVDMSO were directly added to the injected 

embryos in PTU/fish water at 2 hpi. At 1 day post-injection (T1) and at 3 days post-injection (T3), 

the effects of the EVs-based treatment on tumor xenografts growth were scored by representative 

pictures, to measure the tumor areas of each group at T0, T1 and T3 using Zen Blue software from 

ZEISS. Embryos with micrometastasis (indicated by the presence of at least one fluorescence dot 

outside the site of injection) and metastatic cells in the tails were counted. Representative 

xenografted embryos were fixed and embedded in low-melting agarose for image analysis. 

3.16. Image analysis 

Bright-field and fluorescence images of embryos at different development stages (anesthetized 

with tricaine 0.16 mg/mL embedded in 0.8% low melting agarose and mounted on a depression 

slide) were captured using a Zeiss Axio Zoom V16 equipped with Zeiss Axiocam 506 color digital 

camera and processed using Zen 3.5 (Blue Version) software from Zeiss (Oberkochen, Germany), 

magnification 32x and 40x. Embryos were also observed using AxioObserver.Z1/7 with Apotome 

3, Objective EC Plan-Neofluar 20x/0.50 (Carl Zeiss S.p.A., Milan Italy). For Light Sheet analysis 

embryos were first anesthetized using tricaine (0.02% in fish water) and subsequently included in 

a low melting agarose matrix (Top Vision Low Melting Point Agarose, Thermo FisherScientific) 

(0.5% in fish water). Images were acquired using Zeiss LightSheet microscope V1 supported by 

ZenPro software using a 488–30 nm laser and 505–545 nm filter. Images from the same experiment 

were taken with the same laser intensity and exposure time to generate comparable images. After 

the acquisition, 3D images were generated and manipulated using Arivis Vision 4D (Zeiss 
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Oberkochen, Germany) 3D reconstructions of EGFP-positive cells were manipulated to obtain 

pictures comparable to each other in terms of fluorescence intensity. 3D reconstructions were 

exported as a single snap with the same compression setting. 

3.17. Alkaline Phosphatase (AP) assay 
AP assay was performed as described elsewhere, with minor modifications 145. Briefly, embryos 

(n = 25) at one-day post-injection (72 hpf) were fixed in 4% PFA and then put in 100% (v/v) 

methanol-solution. The embryos were then equilibrated in Tris buffer (100 mM Tris HCl pH 9.5, 

50 mM MgCl2, 100 mM NaCl, 0.1% Tween-20) and stained with nitro blue tetrazolium chloride 

(NBT) and 5-bromo-4-chloro-3’-indolyphosphate p-toluidine salt (BCIP) solution. The images 

were taken in a lateral and dorsal position at 32× magnification with a Zeiss AxiozoomV13 (Zeiss, 

Jena, Germany) microscope, equipped with a PlanNeoFluar Z 1×/0.25 FWD 56mm lens and Zen 

Pro software. 

3.18. Statistics and Reproducibility 
Statistical analysis was carried out using GraphPad Prism v8.0 (GraphPad Software, Inc., San 

Diego, CA, USA) software. Unpaired Student’s t-test was used to determine the differences of 

ncRNAs levels in EVs between the sorafenib treated cells and their control (0.1% DMSO) and for 

cell proliferation after the EV-based treatment. Analysis of variance (ANOVA) followed by post-

hoc Tukey’s test was used to determine the significant differences in the ncRNAs levels after EV-

based treatment as well as in the measurement of the tumor area, the assessment of 

micrometastases and angiogenesis in xenograft.  All experiments conducted in vitro were 

performed two times, while in vivo experiments conducted in zebrafish, were performed three times 

and the number of embryos for each experimental point was n=30. Data was considered statistically 

significant when the P-value ≤ 0.05. 
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4. Results  

4.1. Sorafenib treatment caused dysregulation of miR-23b-3p, miR-126-3p, and GAS5 in 
BC cells and in their cognate EVs. 

To determine whether the treatment with this multikinase inhibitor can cause miR-23-3p, miR-

126-3p and GAS5 dysregulation both intracellularly and in the released EVs, we analyzed 4 BC 

cell lines. HCC1937, MDA-MB-453, MCF-7, and MDA-MB-231 cells were treated for 24 h with 

15 µM sorafenib or 0.1% dimethyl sulfoxide (DMSO) used as a dissolving compound. The 

conditioned media of serum-starved BC cells were collected and EVs were isolated throughout 3 

different techniques. During this step, RNA was extracted from the cells for further analysis. Using 

droplet digital PCR (ddPCR) technology, we quantified the levels of miR-23b-3p, miR-126-3p and 

GAS5, measured as copies/µL, within EVs and cells. The vesicles isolated from cells subjected to 

sorafenib treatment were named “EVsorafenib” while those originating from cells treated with DMSO 

were named “EVDMSO”. When the vesicles were analyzed, a general trend was observed 

represented by higher levels of the selected ncRNAs in EVsorafenib compared to EVDMSO. 

Interestingly, when comparing the concentration of the selected ncRNAs in the EVs isolated using 

Exosome Isolation Reagent (precipitation) (Fig. 19A-B), ultracentrifugation (Fig. 20A-B) and 

immunoprecipitation (Fig. 21A-B), we noticed that those obtained by precipitation methods 

exhibited the highest levels of miR-23-3p, miR-126-3p and GAS5. Therefore, we decided to carry 

out the following experiments using this specific vesicle type. 

 

 

 



40 
 

 

 

Figure 19. Levels of miR-23b-3p, miR-126-3p, and GAS5 in EVs isolated via precipitation. 
Levels of the 3 ncRNAs encapsulated in the EVs derived from HCC1937, MDA-MB-453, MCF-
7, and MDA-MB-231 breast cancer cells after sorafenib treatment. A Concentration of each target 
is expressed as copies/µL. Treatment caused dysregulation of the level of the 3 selected ncRNAs. 
The graphics represent mean value; bars, SD. Unpaired t-test was used; *p < 0.05, **p < 0.01, 
***p < 0.001. B 1D-plot of ddPCR reactions. Each lane represents EVDMSO or EVsorafenib.  X-axis: 
droplet count; Y-axis: fluorescence intensity in the FAM-channel (blue dots, positive); pink line, 
threshold; grey dots, droplets with background fluorescence of non-incorporated probes 
(negative). Results are representative of two independent experiments. 

B 
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Figure 20. Levels of miR-23b-3p, miR-126-3p, and GAS5 in EVs isolated via 
ultracentrifugation. Levels of the 3 ncRNAs encapsulated in the EVs derived from HCC1937, 
MDA-MB-453, MCF-7, and MDA-MB-231 breast cancer cells after sorafenib treatment. A 
Concentration of each target is expressed as copies/µL. Treatment caused dysregulation of the level 
of the 3 selected ncRNAs. The graphics represent mean value; bars, SD. Unpaired t-test was used; 
*p < 0.05, **p < 0.01, ***p < 0.001. B 1D-plot of ddPCR reactions. Each lane represents EVDMSO 
or EVsorafenib.  X-axis: droplet count; Y-axis: fluorescence intensity in the FAM-channel (blue dots, 
positive); pink line, threshold; grey dots, droplets with background fluorescence of non-
incorporated probes (negative). Results are representative of two independent experiments. 

B 
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Figure 21. Levels of miR-23b-3p, miR-126-3p, and GAS5 in EVs isolated via 
immunoprecipitation. Levels of the 3 ncRNAs encapsulated in the EVs derived from HCC1937, 
MDA-MB-453, MCF-7, and MDA-MB-231 breast cancer cells after sorafenib treatment. A 
Concentration of each target is expressed as copies/µL. Treatment caused dysregulation of the level 
of the 3 selected ncRNAs. The graphics represent mean value; bars, SD. Unpaired t-test was used; 
*p < 0.05, **p < 0.01, ***p < 0.001. B 1D-plot of ddPCR reactions. Each lane represents EVDMSO 
or EVsorafenib.  X-axis: droplet count; Y-axis: fluorescence intensity in the FAM-channel (blue dots, 
positive); pink line, threshold; grey dots, droplets with background fluorescence of non-
incorporated probes (negative). Results are representative of two independent experiments. 

B 
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The highest fold increases (F.I.) in vesicles obtained via precipitation, calculated as a ratio between 

(copies/µl) EVsorafenib/ (copies/µl) EVDMSO, were detected in EVsorafenib produced by HCC1937 cells 

(F.I. miR-23b-3p = 19.8; F.I. miR-126-3p = 24.4; F.I. GAS5 = 6.2). In EVsorafenib secreted by MDA-

MB-453, MCF-7 and MDA-MB-231, the F.I. was comprised between 2.7 and 7.4 with just one 

exception represented by EVsorafenib from MDA-MB-231 where GAS5 displayed an opposite trend 

with a fold decrease (F.D), calculated as a ratio between (copies/µl) EVDMSO/ (copies/µl) EVsorafenib, 

expressed as negative value of -1.2 (Table 1). The fold increase/ decrease determined in EVs 

obtained by ultracentrifugation and immunoprecipitation are reported in Table 2 and Table 3. 
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Table 1. Factor increase/decrease was calculated as the ratio between (copies/µL) EVsorafenib / 
(copies/µL) EVDMSO derived from HCC1937, MDA-MB-453, MCF-7, and MDA-MB-231 
breast cancer cells. EVs were obtained using Total Exosome Isolation Reagent (from cell culture 
media) (Thermo Fisher Scientific). The arrows in the table indicate the direction of regulation. 

 

Table 2. Factor increase/decrease was calculated as the ratio between (copies/µL) EVsorafenib / 
(copies/µL) EVDMSO derived from HCC1937, MDA-MB-453, MCF-7, and MDA-MB-231 
breast cancer cells. EVs were obtained by ultracentrifugation. The arrows in the table indicate the 
direction of regulation. 

 

Table 3. Factor increase/decrease was calculated as the ratio between (copies/µL) EVsorafenib / 
(copies/µL) EVDMSO derived from HCC1937, MDA-MB-453, MCF-7, and MDA-MB-231 
breast cancer cells. EVs were obtained by immunoprecipitation. The arrows in the table indicate 
the direction of regulation. 
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Furthermore, when the expression levels of the 3 selected ncRNAs were quantified intracellularly, 

we found that the treatment determined a dysregulation of their expression (Fig 22A-B). In 

HCC1937 and MDA-MB-453, sorafenib was able to determine an increased level of miR-23-3p, 

miR-126-3p and GAS5 in the cells and the same trend was observed in their cognate EVs. 

Conversely, in MDA-MB-231 the levels of the 2 miRNAs displayed an opposite trend being 

downregulated following sorafenib treatment, while GAS5 expression remained slightly 

unchanged. No changes of the 2 miRNAs expression levels were detected in MCF-7 cells, whereas 

GAS5 levels were higher compared to the control. 
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Figure 22. Expression levels of miR-23b-3p, miR-126-3p, and GAS5 in HCC1937, MDA-MB-
453, MCF-7, and MDA-MB-231 breast cancer cells after sorafenib treatment. Levels of miR-
23b-3p, miR-126-3p, and GAS5 were determined using ddPCR technology. A Concentration of 
each target is expressed as copies/µL. Treatment with sorafenib caused dysregulation of the level 
of the 3 selected ncRNAs. The graphics represent mean value; bars, SD. Unpaired t-test was used; 
*p < 0.05, **p < 0.01. B Fluorescent intensity of the droplets after amplification. The individual 
lanes correspond to EVDMSO or EVsorafenib.  X axis, number of droplets with fluorescence; Y axis, 
fluorescence intensity detected in the FAM-channel (blue dots, positive); pink line, threshold; grey 
dots, droplets with background fluorescence of non-incorporated probes (negative). Results are 
representative of two independent experiments.  

B 
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4.2. Characterization of the EVs. 

The characterization of EVs is of great importance to determine their presence in the preparation 

and to measure their quality 106. We chose to analyze EVDMSO and EVsorafenib isolated through 

immunoprecipitation because this technique offers higher specificity. The isolated EVs were 

characterized via WB for specific EV markers, including the tetraspanins CD63, CD81, and CD9, 

as well as the MVB-related protein TSG101. The WB results showed the presence of distinct bands 

indicating that all four proteins were expressed on the EV membrane of interest (Fig.23A). 

Moreover, the presence of CD63 and TSG101 allowed us to hypothesize that the origin of these 

vesicles is endosomal. Due to heavy glycosylation, tetraspanin CD63 appears as a smear for both 

types of EVs released by MCF-7 cells (Fig. 23A, lanes 3-4). TEM analysis was performed on EVs 

obtained via ultracentrifugation, as the immunoprecipitation method was not suitable for this type 

of analysis. TEM images show specific round-shaped vesicles with characteristic size in the range 

of 50-150 nm in diameter (Fig. 23B). 
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Figure 23. Characterization of EVs. A Western blot for tetraspanins (CD63, CD81, CD9), 
TSG101 and RPS6 was performed on EVs purified by immunoprecipitation and derived from 
MDA-MB-453, MCF-7, MDA-MB-231, and HCC1937 cells treated with sorafenib. B 
Transmission electron microscopy (TEM) on EVs obtained by ultracentrifugation showed vesicles 
with characteristic morphology and size, between 50 and 150 nm in diameter. Scale bar, 100 nm. 

 

 

A 
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Furthermore, we decided to characterize just 2 types of EVs, by WB and TEM analysis, the ones 

employed for further experiments and isolated using precipitation methods; also, NTA was 

conducted but on all 4 types of EVs obtained by precipitation. According to MISEV 2023, to assess 

the presence of EVs and of non-EV co-isolated structure (NVEPs), at least one hallmark protein 

of categories 1, 2 and 3 should be tested 106.  In this study, precipitated EVs were tested by WB for 

RPS6, CD81, CD9 and TSG101. Therefore, in EVDMSO and EVsorafenib released from MDA-MB-

453 and MCF-7 cells, CD9 and CD81 tetraspanisn (protein of categories 1) and TSG101 (protein 

of categories 2) were present, while RPS6 (protein of categories 3), used as a negative control, was 

absent (Fig. 24A). In addition, TEM images demonstrated the presence of EVs with a typical round 

shape and an average size between 50 and 150 nm in diameter (Fig. 24B). NTA provided 

information regarding the concentration and dimension of the vesicles of our interest (Fig. 24C). 

EVs released from DMSO-treated BC cells are marked by heterogeneous size-distribution. EVs 

from MDA-MB-231 cells were characterized by a relevant subpopulation peak around 210 nm and 

similar mean and mode diameters (~220 nm vs ~210 nm, respectively), compared to those isolated 

from HCC1937 which presented high polydispersity with multiple subpopulation peaks and thus 

the largest difference between mean and mode diameters (312 nm vs ~175 nm, respectively) (Fig. 

24D). EVs from MCF7 and MDA-MB-453 cells showed intermediate profiles (Fig. 24C and Table 

4). In our culture conditions, the calculated EVs concentration was in the range of 108/ml, with 

MDA-MB-231 cells being the most efficient in particle release. In terms of size distribution, 

sorafenib treatment caused a shift for both subpopulations of smaller and larger EVs, and this effect 

was observed in all cell lines tested, regardless of the exclusion of particles >600 nm in dynamic 

light scattering (particularly relevant in the case of HCC1937 cells) and smaller particles, as 

demonstrated by the general increase in the mean/mode diameter ratio. Another effect caused by 

the treatment was in terms of concentration, where EVs derived from MCF-7 were characterized 

by a reduced concentration and an even more considerable one for MDA-MB-231 vesicles, while 

EVs from HCC1927 and MDA-MB-453 manifested an opposite trend (Table 4). 
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Figure 24. Characterization of EVs obtained with precipitation method. A Western blot for 
tetraspanins (CD81, CD9), TSG101 and RPS6 was performed on EVs purified with precipitation 
method and derived from MDA-MB-453 and MCF-7 cells treated with DMSO and Sorafenib. 
Lysate from SK-Hep1 cell was used as a positive control for RPS6. B 
Transmission electron microscopy (TEM) precipitated EVs showed vesicles with characteristic 
morphology and size of EVs. Scale bar, 100 nm. C Nanoparticle tracking analysis showed 
heterogeneous size-distribution profiles of the EVs derived from DMSO or sorafenib treated breast 
cancer cells. D EVDMSO showed heterogeneous size-distribution profiles. Sorafenib treatment 
caused significant size shifts in favor of larger particle subpopulations, as demonstrated by the 
general increase in the mean/mode diameter ratio. 
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Table 4. Nanoparticle tracking analysis (NTA) of EVs derived from DMSO or sorafenib-treated 
MCF-7, MDA-MB-231, HCC1937 and MDA-MB-453 cancer cells showed heterogeneity in terms 
of size-distribution profiles and concentration. 
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4.3. Enriched EVs-based treatment impaired the proliferation ability of BC cells. 

To verify treatment’s ability to impair the proliferative capacity of BC cells, the 4 cell lines, 

HCC1937, MDA-MB-453, MCF7, and MDA-MB-231, were subjected to EVDMSO and EVsorafenib 

in all possible combinations (Fig. 25A-D). After 24h, we assessed the MTT assay which resulted 

in a significant inhibition of the proliferation ability of MDA-MB-231 when receiving any of the 

4 types of EVsorafenib, in comparison to EVDMSO. The inhibition percentages were as follows: 19% 

(p < 0.01, MDA-MB-453 EVsorafenib), 15% (p<0.01, MCF-7 EVsorafenib), 10% (p < 0.05, MDA-MB-

231 EVsorafenib) and 10% (p < 0.05, HCC1937 EVsorafenib) (Fig. 25A). Using the same experimental 

conditions as obtaining the enriched EVs, in terms of dose and timing, BC cells were treated with 

15 µM sorafenib for 24h and both cell proliferation and viability were assessed. The results showed 

the anti-proliferative effect of sorafenib in all cell lines with inhibition ranging from 12% (for 

HCC1937 cells) to 44% (for MCF7 cells) (Fig. 25E) and a reduction of cell viability between 11% 

(MCF7) and 38% (MDA-MB-231) (Fig. 25F).  
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Figure 25. Cell proliferation is affected by both enriched EVs and sorafenib treatment. A 
MDA-MB-231, B MDA-MB-453, C MCF-7, and D HCC1937 cells were treated with different 
types of enriched EVs for 24h, and the effects on cell proliferation were assessed by MTT assay. 
E All four breast cancer cell lines followed a 24h treatment with either 0.1% DMSO or 15µM 
sorafenib, the effects on cell proliferation were assessed. F Cell viability was assessed 24h after 
treatment with 0.1% DMSO or 15µM sorafenib. Results are representative of one of two 
experiments. The graphics represent the average value of five replicates for each condition; the 
bars represent SD. Unpaired t-test was used; *p < 0.05, **p < 0.01, ****p < 0.0001 (n = 3).  
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4.4. EVs as ncRNAs delivery vehicles to target BC cells. 

To test whether EVs can be used as efficient carriers of selected ncRNAs, miR-23b-3p, miR-126-

3p, and GAS5, we first wanted to verify their ability to enter the recipient cell. To do this, we 

introduced the fluorescent dye CM-DiI into the culture media of parental BC cells prior to the cell 

culture harvest and isolation step, thereby generating membrane-tagged EVs. The following 

experiments were conducted using 2 different cell lines and EVs derived from 2 distinct sources. 

The choice was based on the results obtained during proliferation assay; MDA-MB-231 cells 

treated with EVs derived from MDA-MB-453 cells were the combination that produced the highest 

percentage of cell proliferation inhibition, followed by MDA-MB-453 treated with EVs from 

MCF-7.  

When treating MDA-MB-231 cells with MDA-MB-453-derived EVs (Fig. 26A) and MDA-MB-

453 cells with MCF-7-derived EVs (Fig. 26B), we detected the presence of a distinct red, 

fluorescent signal of the labeled EVs in the cytoplasmatic compartment of the recipient cells, 

surrounding the nuclei tagged with DAPI. These results confirm the uptake of EVs by the targeted 

cancer cells. For a better understanding we used ddPCR technology to determine if besides their 

ability to enter the recipient cells, the vesicles can also release their cargo to modulate the cellular 

expression levels of the 3 selected ncRNAs. Therefore, MDA-MB-231 cells were treated with 

EVDMSO and EVsorafenib produced by MDA-MB-453 cells (Fig. 26C) and MDA-MB-453 cells were 

treated with EVDMSO and EVsorafenib released by MCF-7 cells (Fig. 26D). Indeed, at cellular level 

miR-23b-3p increased by 1.36 times in MDA-MB-231 cells and by 6.51 times in MDA-MB-453 

cells. miR-126-3p increased by 1.29 times in MDA-MB-231 cells and by 6.85 times in MDA-MB-

453 cells. GAS5 increased by 1.37 times in MDA-MB-231 cells and by 8.89 times in MDA-MB-

453. All these results suggest that the EVs are successfully taken up by the recipient cells, 

managing to safely transport and release their cargo, leading to increased expression levels of miR-

23b-3p, miR-126-3p, and GAS5. 
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Figure 26. EVs-based ncRNAs delivery to target breast cancer cells. Representative fluorescent 
microscopy images showing the uptake of MDA-MB-453 and MCF-7 derived EVs labeled in red 
by A MDA-MB-231 and B MDA-MB-453 recipient BC cells at 24 hours post-treatment. Scale 
bars correspond to 30 µm for 63x magnification, and the fluorescent dyes used were DAPI (blue) 
for nuclei and CM-DiI (red) for EVs. The expression levels of cellular miR-23b-3p, miR-126-3p, 
and GAS5 were determined in terms of copies/µL using ddPCR technology. C Treatment with 
EVsorafenib derived from MDA-MB-453 resulted in an increased expression level of the three 
selected ncRNAs in MDA-MB-231 target cells. D Similarly, MDA-MB-453 target cells treated 
with EVsorafenib released by MCF-7 showed the same outcome.  The graphics represent mean value; 
bars, SD. Unpaired t-test was used was used to compare EVsorafenib treatment versus EVDMSO; *p < 
0.05, **p < 0.01, ***p < 0.001. Results are representative of two independent experiments. 
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4.5.Treatment and uptake of the EVs in the zebrafish model. 

A dose-response curve experiment was performed to determine the toxicity of the EVs in zebrafish, 

as well as the appropriate dose. Zebrafish embryos were exposed to 5, 10, and 15 µL of EVDMSO 

and EVsorafenib, and the percentage of mortality was evaluated at three time points, 48 hpf, 72 hpf 

and 96 hpf, to determine the appropriate volume to use (Fig. 27A-B). The percentage of mortality 

was less than 15% in all the cases, therefore we decided to use the highest dose -15µL – to ensure 

the maximum concentration of EVs to be administered 142. 

In this study transgenic zebrafish lines, Tg (kdrl:EGFP), were used which express green 

fluorescent protein (EGFP) specifically in endothelial cells, driven by the kdrl promoter 146. To test 

the ability of zebrafish to take up the EVs, 15 µL of labeled EVDMSO and EVsorafenib were added to 

the water of 48hpf zebrafish. At 72 hpf, the embryo mortality was determined (Fig. 27C-D) and 

fluorescence microscopy images of CM-DiI-labeled EVs were obtained. The presence of the red 

signal at the level of the tail of the fish indicated by the white arrows marks the successful uptake 

of the vesicles. The absence of the fluorescent signal in untreated fish was used as a negative 

control (Fig. 27E).  
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Figure 27. EVs uptake in zebrafish. The percentage of dead embryos treated with three different 
concentrations of A EVDMSO or EVsorafenib derived from MDA-MB-453 and B EVDMSO or EVsorafenib 
derived from MCF-7, was evaluated at 3 time-points (48hpf; 72hpf; 96hpf). Mortality analysis of 
the recipient transgenic zebrafish line Tg(kdrl:EGFP) treated with EVs derived from C MCF-7 
and D MDA-MB-453 at 72 hpf. Data are representative of two replicates (n = 30 for each group) 
and are shown as the mean ± standard deviation; negative control embryos (NC) were exposed to 
0.1% DMSO in fish water, while the positive control embryos (PC) were exposed to 3,4-DCA 
dissolved in fish water at a concentration of 3.74 mg/L; unpaired t-test was used; *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001. E Fluorescent microscopy images of CM-DiI labeled EVDMSO 
and EVsorafenib derived from MCF-7 and MDA-MB-453 cells can be observed at tail level. Green 
signal indicates fluorescent vasculature, while red signal indicates EVs. The absence of the 
luminescent signal marks the untreated fish used as negative control (NC). Magnification 20x and 
32x. Scale bars correspond to 500 µm.  
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4.6.Enriched EV-based treatment inhibited the growth of tumor xenografts and 
micrometastasis formation in zebrafish 

To test the efficacy of the EV-based treatment in limiting the aggressive properties of the selected 

BC cell lines, such as their high proliferation and migration abilities, we first performed 

xenotransplantation of BC cells into zebrafish, followed by treatment with enriched EVs. Briefly, 

cells were labelled in red using DiI dye and microinjected in the perivitelline space (PVS) of 48hpf 

zebrafish that were previously dechorionated. Afterwards, both types of vesicles, EVDMSO or 

EVsorafenib, released from MDA-MB-453 cells were added to the fish-water and effects were 

evaluated at different time-points. Pictures acquired at T0 (2h post injection - hpi) using fluorescent 

microscopy reveal the presence of the red signal that marks the tumor mass formation at the trunk 

level of the fish and cells located halfway to the tail, indicating their aggressive migration feature. 

Not injected fish were used as negative control (NC) (Fig. 28A). Pictures at T1 (24hpi) show no 

differences between injected/not treated fish and the EVDMSO treated ones. Both groups manifested 

the same outcome, increased size of the tumor mass formation and micrometastases in the tails, 

while the fish treated with EVsorafenib had a significantly smaller tumor mass as well as fewer cells 

present in the tail (Fig. 28B). Precisely, we found an inhibition of 84% (p < 0.0001) of the tumor 

xenografts area (Fig. 28D) and a decrease of about 99% (p < 0.0001) of the tail micrometastases 

(Fig. 28E). Pictures acquired at T3 (72hpi) revealed the presence of the micrometastases in the tail 

and cluster cell formation in EVDMSO-treated fish while in EVsorafenib-treated ones it did not (Fig. 

28C), the size of the tumor mass deceased of about 88% (p < 0.0001; Fig. 28D) and the tail was 

free of cancer cells, with a percentage of diminished of 100% (p < 0.0001; Fig. 28E).  
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Figure 28. Effects of enriched EVs-based treatment on MDA-MB-231 xenografts at T0, T1, 
and T3. A Representative lateral view pictures of not injected Tg (kdrl:EGFP) fish were used as 
negative control (NC); CM-Dil labeled MDA-MB-231 breast cancer (BC) cells were injected into 
the perivitelline space of the 48 hpf zebrafish. Representative images of the zebrafish were 
acquired 2 hours post-injection (hpi) (T0); B at 24 hpi (T1) trunk and tail pictures were obtained, 
migrated cell number is regarded as an indicator of the aggressivity of MDA-MB-231 BC cells. C 
At 72 hpi (T3) illustrative pictures were acquired, and arrows indicate the cancer cell cluster 
formation at the tail level. The green signal indicates fluorescent vasculature, while the red signal 
indicates the cancer cells. Scale bars correspond to 500 µm for magnification of 20x and 32x. D 
The quantification of the tumor area in the xenografts and the assessment of the tumor cell number 
in the tail were conducted at T0, T1, and T3. Data was normalized to T0 and is representative of 
two replicates (n = 30 for each group). Results are shown as the mean ± standard deviation; ****p 
< 0.0001 in one-way ANOVA followed by Tukey’s test.  
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To better prove the anti-tumor effect of enriched EVs, we tested a second cell line, MDA-MB-453 

cells, and a different set of vesicles, EVDMSO and EVsorafenib derived from MCF-7, the effect was 

measured at two time-points. At T0 (2hpi) the red signal was present in the trunk of the fish and the 

tail as well as in the tail. Not injected fish were used as negative control (NC) (Fig. 29A). 

Fluorescent pictures acquired at T1 (24hpi) present similar outcomes in both cases of untreated and 

EVDMSO-treated fish, both presenting increased size of the tumor mass and significant number of 

migrating cancer cells towards the tail region (Fig. 29B). EV treatment demonstrated to be 

effective when evaluating the fish that received EVsorafenib. In this case we observed a significant 

decrease in terms tumor xenograft size, the inhibition was of 85% (p < 0.0001) (Fig. 29C), and a 

decrease of about 99% (p < 0.0001) of the tail micrometastases (Fig. 29D). Acquiring results at T3 

was not possible due to severity of the phenotype and the presence of pericardial edema at 1 dpi 

(Fig. 29E). 
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Figure 29. Effects of enriched EVs-based treatment on MDA-MB-453 xenografts at T0 and 
T1. A Lateral view images of not injected Tg (kdrl:EGFP) zebrafish were selected as the negative 
control (NC). CM-Dil labeled MDA-MB-453 breast cancer (BC) cells were injected into the 
perivitelline space of zebrafish at 48 hpf. Representative images of the zebrafish were captured at 
2 hpi (T0). B At 24 hpi (T1), illustrative pictures of the trunk and tail were taken, with arrows 
indicating the presence of numerous cancer cells in the tail, reflecting the progression and 
aggressiveness of MDA-MB-453 BC cells. Green signal indicates fluorescent vasculature, while 
red signal indicates the cancer cells. Scale bars correspond to 500 µm for magnification of 20x and 
32x. C Quantification of the tumor area of the xenografts as well as D quantification of tumor cells 
in the tail were determined at T0 and T1. Data was normalized to T0 and is representative of two 
replicates (n = 30 for each group). Results are shown as the mean ± standard deviation; ****p < 
0.0001 in one-way ANOVA followed by Tukey’s test. E Within one day post-injection, a severe 
phenotype and pericardial edema, indicating toxicity caused by breast cancer cells microinjection, 
were observed in approximately 90-95% of the injected fish. The fish injected with MDA-MB-
453 BC cells experienced mortality between days 2 and 3 post-injection. Scale bars represent 
500 µm for magnification of 20x. 
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Light Sheet Microscopy was used to obtain pictures for a better visualization and appreciation of 

the treatment’s efficacy in reducing tumor xenograft and micrometastases in vivo. We first induced 

the tumor mass by injecting CM-DiI labeled MDA-MB-231 in the PVS of zebrafish, followed by 

the treatment with MDA-MB-453 derived EVs and pictures were acquired at 24hpi and 72hpi (Fig. 

30A). At both time-point, no major difference between untreated and EVDMSO-treated fish were 

observed, the presence of the fluorescent signal specific for the tumor mass in the trunk, as well as 

a considerable number of cells in the tail that led to extravasation. On the contrary, in fish that 

received EVsorafenib as treatment, a noticeable decrease in tumor mass within the yolk sac, as well 

as a reduction in tail micrometastases, were observed. When evaluating the pictures acquired with 

the second cell line, MDA-MB-453, along with the treatment represented by EVs derived from 

MCF-7, we noticed that they displayed the same outcome. A considerable reduction in tumor mass 

and fewer micrometastases in the tail were observed in the fish treated with EVsorafenib compared 

to the ones treated with EVDMSO (Fig. 30B). Taken together these results highlighted the 

effectiveness of the EVs rich in miR-23b-3p, miR-126-3p, and GAS5 in reducing the 

tumorigenicity in the zebrafish model.   
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Figure 30. Images of cancer xenografts and micrometastases in zebrafish acquired by digital 
light sheet microscopy. A Representative image of the yolk sac and tail regions were captured at 
24h and 48h after microinjection of MDA-MB-231 breast cancer (BC) cells labeled in red. B 
Additionally, images were taken at 24h after microinjection of MDA-MB-453 BC (red). Arrows 
were used to indicate the presence of tumor masses, micrometastases in the tail, as well as the 
formation of clusters of cancer cells (n = 30 for each group).  
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4.7. Levels of miR-23b-3p, miR-126-3p and GAS5 in zebrafish. 

Given that a high percentage of the protein-coding human genes, about 70%, have a counterpart 

in zebrafish, we were able to analyze the expression levels of the three selected ncRNAs, 

previously analyzed in human BC cells, in zebrafish after xenotransplantation 147. Using ddPCR 

technology we quantified the levels of miR-23b-3p, miR-126-3p and GAS5 in 4 groups of 

zebrafish embryos: (i) not injected, (ii) injected with MDA-MB-231 cells; (iii) injected with BC 

and treated with EVDMSO, (iv) injected with BC cells and treated with EVsorafenib. Because mature 

miR-23b-3p and miR-126-3p have the same sequence in human (hsa-miR-23b-3p) and in zebrafish 

(dre-miR-23b-3p), with one nucleotide (guanine) that differs in the case of miR-126-3p, it was 

difficult to distinguish the endogenous from the exogenous levels and it did not allowed the 

detection of any differences in expression levels of the 2 miRNAs (Fig. 31A-B). On the other hand, 

lncRNA GAS5 has a completely different sequence in human vs. zebrafish, which means that the 

quantified levels are exogenous and derived from the xenograft. In not-injected zebrafish, GAS5 

was not expressed, as expected, while in the groups of fish that were either injected with BC cells 

or in the one treated with EVDMSO, it displayed approximately the same level. Interestingly, injected 

fish that were treated with EVsorafenib shows a significant decrease of GAS5, of about 88.66% 

compared to EVDMSO-treated fish, which could reflect the effect of the treatment in reducing the 

tumor mass and the micrometastases (Fig. 31C). 
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Figure 31. Expression levels of miR-23b-3p, miR-126-3p and GAS5 in zebrafish. Mature 
sequence of A miR-23b-3p and B miR-126-3p along with their expression levels were determined 
in zebrafish using ddPCR technology; C Expression level of GAS5 was also measured. Zebrafish 
embryos were not injected, injected with MDA-MB-231 cells, injected and treated with either 
EVDMSO or EVsorafenib derived from MDA-MB-453 cells. Data are representative of two replicates 
(n = 30 for each group) and are shown as the mean ± standard deviation; One-way ANOVA test 
was used; ***p < 0.001.  
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4.8.The treatment with enriched EVs affected angiogenesis in vivo 

To determine the effect of EVs rich in miR-23b-3p, miR-126-3p and GAS5 on the angiogenic 

process, MDA-MB-231 and MDA-MB-453 cells were injected into zebrafish at 48hpf and newly 

formed vessels of the subintestinal venous plexus (SIVP) in the anterior region of the yolk were 

used as an indicator of the ability of BC cells to induce angiogenesis. Following micro-injection, 

embryos were grown in fish water or treated with EVs until 72 hpf, then fixed in 4% (v/v) 

paraformaldehyde (PFA) and stained with alkaline phosphatase (AP) assay to visualize the ectopic 

sprouts 144. In both cases of MDA-MB-231 and MDA-MB-453 xenografts, an important 

stimulation of the ectopic sprout originating from the SIVP basket was observed. However, upon 

the administration of EVsorafenib, there was a significant decrease in sprout formation compared to 

the application of EVDMSO (Fig. 32A-B). Using a scheme depicting angiogenesis-derived vessels, 

the percentage of angiogenesis inhibition was measured (Fig. 32C) and was 55% in both cases, 

indicating a significant reduction in sprout formation (p < 0.0001; Fig. 32D). 
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Figure 32. Xenotransplantation-induced angiogenesis in the zebrafish embryos. The alkaline 
phosphatase assay was performed to assess the angiogenic potential of two different cancer cell 
lines, A MDA-MB-231 and B MDA-MB-453, in embryos that were either untreated or treated, 
with enlargement of the sub-intestinal venous plexus (SIVP) region at 72 hpf (dorsal and lateral 
view). Magnification 32x. C The scheme depicts the counting of ectopic sprouts. D To present the 
results, a graph was generated showing the average number of SIVP branches at 72 hpf. Data are 
representative of two replicates (n = 30 for each group) and are shown as the mean ± standard 
deviation; ****p < 0.0001 in one-way ANOVA followed by Tukey’s test. 
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4.9.Analysis of miRNome profiles in EVs released by breast cancer cells 

In order to identify other miRNAs that may vary in EVs released by BC cells after sorafenib 

treatment, we performed a global analysis of the miRNome using RNA sequencing. A median 

number of 73 (min:22; max:143) miRNAs per sample were detected, and a total of 60 miRNAs 

were further analyzed. Principal component analysis revealed that the treatment has a global 

impact on the miRNA expression profile as well as the genetic background of the different cell 

lines analyzed. The analysis revealed also an outlier samples that do not cluster with the other (Fig. 

33A). This sample was the one with the lower number of miRNAs detected (N = 22). Differential 

expression analysis identified 12 differentially expressed miRNAs: hsa-miR-7704, hsa-miR-663a-

5p, hsa-miR-4492, hsa-miR-4454, hsa-miR-4488, hsa-miR-4497, hsa-miR-4516, hsa-miR-3648-

3p, hsa-miR-9901, hsa-miR-25-3p, hsa-miR-342-3p and, hsa-let-7b-5p (Fig. 33B). The heatmap 

shows that most of these miRNAs were upregulated in EVsorafenib compared to EVDMSO in all four 

types of EVs, with 2 exceptions: hsa-miR-25-3p and hsa-miR-4454, which showed a 

downregulation (Fig. 33C).  
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Figure 33. Differential expression analysis of top 60 miRNAs in EVs. A The Principal Component 
Analysis (PCA) of the two treatment groups and of each cellular group was conducted. B Chart of Pareto 
represents, on the primary axis, the mean number of reads (sorted from high to low) of each 
detected mature miRNA, while Pareto’s line indicates the p-value of each miRNA. C Heatmap of 
top differentially expressed miRNAs (p < 0.05) between EVDMSO and EVsorafenib. 



70 
 

To further investigate the role of these miRNAs of interest, we searched the miRWalk database to 

predict the miRNAs targets and we found 10590 genes to be regulated by the 12 miRNAs. We then 

merged the list of potential targets with the full list of DEGs identified in tissues from 97 

histologically confirmed breast cancer patients 148. This analysis yielded a total of 1097 potential 

common target genes on which we performed functional enrichment analysis (Fig. 34A). 

According to KEGG analysis, the major pathways found to be deregulated include PPAR signaling 

pathway, which is known to have a role in promoting apoptosis in breast cancer cells, cell cycle, 

hepatitis B, cellular senescence, thyroid cancer, pathways in cancer, axon guidance, insulin 

resistance, Cushing syndrome and gastric cancer (Fig. 34B) 149. 

 

 

Figure 34. A Target predicted target for the selected miRNAs of our interest were compared with 
the 2413 DEGs found in breast tumor, identifying 1097 common targets (paper with Indian 
women). B Functional enrichment analysis of predicted targets was performed by querying the 
EnrichR web tool. The KEGG pathway analysis results are shown in the bottom panel.   
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To gain insight into the biological activities of the DEGs, we performed GO enrichment analysis. 

As shown, among the most perturbed biological processes include microtubule cytoskeleton 

organization involved in mitosis, cellular response to prostaglandin stimulus and negative 

regulation of apoptotic process. Collagen-containing extracellular matrix, cytoskeleton, actin 

cytoskeleton and focal adhesion were the most enriched cellular components GO terms. The most 

prevalent GO terms for molecular functions were metal ion binding, magnesium ion binding, 

adenyl ribonucleotide binding, and nuclear glucocorticoid receptor binding (Fig. 35). 

 

 

 

Figure 35. Functional gene enrichment analysis on DEGs in BC. Analysis was performed by 
querying the EnrichR web tool. Top 10 enriched GO terms for “Biological Process”, “Cellular 
Component” and “Molecular Function” categories. 
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5. Discussion 

Breast cancer is still a global health challenge, being the most diagnosed cancer in the world 150. 

When it comes to treatment strategies, chemotherapy, radiotherapy, and surgery are still the first 

line of treatment. Even though chemotherapy drugs became more advanced, cancer drug resistance 

phenomenon is widespread, a recent statistical analysis showed that approximatively 90% of 

cancer-related deaths are associated with drug resistance 151,152. During past decades, the discovery 

of miRNA’s emerging role in the prognosis, pathogenesis, diagnosis and treatment of cancer was 

groundbreaking and it led to their exploitation for miRNA-based anticancer therapies, alone or 

combined with existing target therapies, aimed to improve disease response and increasing cure 

rates 153,154. Moreover, guided by the urge to find new therapeutic systems for the precise treatment 

of tumors, EVs offered numerous clinical application prospects in the diagnostic, prognosis and 

therapy of cancer 155. In this light, the object of this research was to investigate the great potential 

of the EVs released by BC cells and enriched in miR-23b-3p, miR-126-3p and GAS5, to fight the 

aggressive characteristics of BC in vitro and in vivo. The focus on these specific ncRNAs was 

based on previous observation where they manifested dysregulation in different types of cancer 

after treatment with a multikinase inhibitor, named sorafenib 31,55. This compact compound, 

sorafenib, was reported to inhibit various serine/threonine and tyrosine kinases, such as CRAF, 

BRAF, VEGFR-2 and -3, PDGFR-ß, FGFR-1, c-kit, and Fms-like tyrosine kinase 3 (Flt-3), 

involved in numerous cancer-causing signaling pathways 31. 

miR-23b-3p as well as miR-126-3p tend to express low levels in different types of human 

malignant tumors such as prostate cancer, renal cell carcinoma, colorectal, liver and breast cancer 
156,157. Likewise, GAS5 has a tumor-suppressive role being downregulated in a variety of solid 

tumors and leading to tumor progression, tumor cell proliferation and therapy-related resistance 

across different types of cancers  158,159. In our study, ddPCR analysis revealed that the expression 

levels of miR-23b-3p, miR-126-3p and GAS5 were dysregulated in tested BC cells and in their 

cognate EVs following 24 h sorafenib treatment. All these data support the idea that these ncRNAs 

hold a great potential as therapeutic target, in terms of restoring their tumor suppressor activity 156–

158.  

Most prokaryotic and eukaryotic cells rain EVs and since these vesicles reflect in real-time the 

status of the cells, analyzing their content is of high importance 160,161. Over the years, their 
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emerging role in cancer development has been well demonstrated. For instance, it has been 

reported that the abnormal expression of a lncRNA involved in the X chromosome inactivation, 

named XIST, was observed in gastric cancer and EVs overexpressing XIST were found to promote 

breast cancer. The same data was reported regarding miRNAs, such as let-7a, miR29 family and 

miR-224, that are enclosed in the EVs and can participate in promoting the aggressive properties 

of different cancer cells, such as proliferation and migration by activating a variety of signaling 

pathways 162,163. Only recently has the role of EVs in reducing the aggressive properties of cancer 

cells begun to be investigated. For example, it has been demonstrated that vesicles carrying 

overexpressed lncRNA-APC1 inhibited tumor growth in colorectal cancer 164. In addition, EVs 

derived from mesenchymal stem cells and loaded with miR-206, miR-193a, miR-144-3p and miR-

16-5p inhibited proliferation, migration, and invasion in different cancer cells, therefore exerting 

anti-cancer effects 165,166.  

The aim of this study was to explore how enriched EVs containing certain ncRNAs released by 

BC cells influence the aggressive behavior of BC both in vitro and in vivo. To accomplish this, we 

generated and isolated EVs that had a high concentration of three ncRNAs known for their tumor-

suppressive properties: miR-23b-3p, miR-126-3p, and GAS5. The choice of these specific 

ncRNAs was based on earlier findings related to their altered expression in various cancers 

following treatment with the multikinase inhibitor sorafenib 31,135. This multiple-target tyrosine 

kinase inhibitor is well known for his ability to suppress angiogenesis by targeting PDGFR-β, 

VEGFR2, hepatocyte factor receptor (c-KIT) and to reduce cancer cell proliferation by inhibiting 

Raf-1, B-Raf, and kinase activity in the Ras/Raf/MEK/ERK signaling pathways 167
.  For generating 

enriched EVs we opted for a cell-dependent, non-artificial and efficient approach. This method 

implies the incubation of BC cells for 24h with sorafenib followed by EVs isolation. Unlike the 

traditional transfection techniques typically employed to enhance the loading of specific ncRNAs 

into EVs, methods that can be labor - intensive and time - consuming, our approach effectively 

addresses these challenges 168,169. To date, many techniques have been developed for EVs isolation, 

yet an optimal method has not been established 170. Among the EV separation methods outlined in 

MISEV2023, the precipitation method offers the highest recovery rate, but the lowest specificity, 

resulting in the isolation of a mixture of extracellular particles (EPs). In contrast, 

immunoprecipitation generally provides the highest specificity but has the lowest recovery, while 

differential ultracentrifugation offers intermediate levels of both specificity and recovery 106. 
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Importantly, our findings showed a consistent trend in the levels of the three ncRNAs across all 

isolation methods, with very few exceptions. The variations in fold increase or decrease observed 

may be attributed to the differences in specificity and recovery among the methods. Overall, the 

results confirmed vesicle enrichment regardless of the isolation technique used; however, the 

highest yield of enrichment was achieved with the commercial kit. 

It is well known that the cellular cargo may or may not reflect the one encapsulated in the EVs and 

it was very interesting to observe this behavior in our BC cells. For instance, in HCC1937 and 

MDA-MB-453, sorafenib treatment causes an increased level of the 3 ncRNAs in the cells and the 

same trend was observed in their cognate EVs. However, in MDA-MB-231 cells, the two miRNAs 

behave differently, being down-regulated within the cells but up-regulated in the EVs, while the 

expression of GAS5 remains relatively stable. This suggests that EVs may selectively package 

certain molecules, leading to divergent profiles between intracellular and vesicular content, 

depending on the cell type and the specific molecules involved. Thus, sorafenib appears to 

differentially affect the cellular and vesicular RNA content across various BC cell lines, indicating 

a complex and context-dependent regulatory mechanism. 

To further confirm the presence of EVs in our preparation, we characterized the EVs, starting with 

the ones isolated using immunoprecipitation technique since it offers the highest specificity, by 

WB. This analysis confirmed the presence of classical EV markers, such as CD63, CD81, CD9 

and TSG101, ensuring the specificity of our isolated vesicles. TEM pictured were acquired on 

ultracentrifugation-isolated EVs, given that this analysis is not suitable for the vesicles obtained 

using immunoprecipitation. This allowed us to visualize the characteristic cup-shaped morphology 

of the EVs, further confirming their identity. To fully characterize the EVs used in this study and 

because we selected the vesicles obtained via precipitation for further experiments, we performed 

WB, TEM, and NTA analyses on these EVs as well. WB results and TEM pictures of the EVs of 

our interest confirmed the presence of specific markers, while also verifying the absence of non-

EV contaminants, and confirming again their classic round-shape. Additionally, NTA, conducted 

on all sets of EVs, revealed the size distribution and concentration of the EVs, showing that the 

majority of vesicles fell within the expected size range. These results provided robust evidence 

that our isolated vesicles were correctly identified, highly purified, and conformed to the size 

parameters defined for EVs 106. 



75 
 

Sorafenib’s ability to inhibit proliferation and induce apoptosis in cancer cells has been well-

documented, and our findings are consistent with these effects. However, the aim of our study is 

to demonstrate that EV-based treatment can achieve similar outcomes and reduce the aggressive 

characteristics of BC cells 171,172. A key question in our study was whether these enriched EVs 

could induce biological changes in recipient cells. Notably, when we treated BC cells with these 

EVs for 24 hours, we observed a reduction in their proliferative capacity. This could be attributed 

to the influence of the three ncRNAs released into the recipient cells by the EVs. We are aware 

that the EVs carry more than just the three ncRNAs we evaluated, and other molecules within the 

EVs having tumor-suppressive functions might be disregulated. This finding is particularly 

important, as it suggests that EVs can mimic the anti-proliferative effects of conventional 

treatments, highlighting their potential as novel therapeutic agents in targeting aggressive cancer 

cell behavior. 

Concerning the uptake of EVs by target BC cells, various tracking methods, including PKHs and 

DiD staining, and different methods have been employed 173,174. In previous studies EVs were 

diluted and incubated with the dye of their choice, followed by a centrifugation step to discard the 

unbounded dye 175,176. We opted for a different approach, and we used CM-DiI to stain the vesicle 

membranes by adding dye to the media of the parental cells then, the fate of two distinct types of 

EVs was tracked within two different types of recipient cells. While numerous studies have focused 

on finding the functional role of EV-mediated ncRNA transfer in various biological processes, only 

a few of them have determined the molecular effect 177,178. Given the high interest in utilizing EVs 

as natural carriers for ncRNAs, in our study we subjected two distinct BC cell lines to two different 

types of enriched EVs and we evaluated their molecular effect 179. ddPCR analysis revealed very 

interesting results, in both cases the treatment caused the increased expression levels of miR-23b-

3p, miR-126-3p, and GAS5 in the recipient cells at 24h-post treatment. This supports the idea that 

enriched EVs can serve as efficient in vitro vehicles for delivering specific ncRNAs, as they have 

been shown to encapsulate, protect, transport, and release their cargo, inducing clear molecular 

changes in target cells. 

To date, progress in selecting a model to study the in vivo uptake, fate, targets, and effects of 

enriched EVs has been challenged by their small size and the limited techniques suitable for their 

labeling 180. Therefore, the first thing to be proved was that labeled EVs can be absorbed by the 

vertebrate animal model, zebrafish. When working with zebrafish, the compounds of interest can 
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be administrated through multiple ways such as microinjection, pretreatment of cancer cells prior 

implantation, or immersion and in this study, we went for the latter approach 181. Dose-curve results 

along with fluorescent microscopy images allowed us to observe a successful uptake of these 

vesicles by the zebrafish, followed by rapid dispersion throughout the fish's body. 

To our knowledge, no results have been reported on the use of EVs as a therapeutic tool to inhibit 

the progression of BC xenografts established in zebrafish. Therefore, our investigation of the 

therapeutic potential of enriched EVs represents a novel approach. This study primarily focuses 

on evaluating the effectiveness of vesicles enriched with miR-23b-3p, miR-126-3p, and GAS5 in 

the treatment of previously induced tumor xenografts 182,183.  

Most researchers studied the dynamics of distribution, uptake and fate of EVs in zebrafish. There 

is one study in which was explored the potential of EVs isolated from melanoma to activate the 

innate immune system in zebrafish 184,185. Additionally, a significant number of researchers have 

focused on the role of cancer-derived EVs in promoting tumor progression and inducing therapy 

resistance 182,183,186. However, in our study, we have demonstrated, among other findings, that EVs 

derived from BC and enriched with the three specific tumor suppressor ncRNAs can effectively 

inhibit tumor growth in vivo. To demonstrate their benefits as well as their capacity to deliver their 

cargo with the aim of limiting the aggressiveness of BC, we conducted microinjections of two 

distinct cell lines, MDA-MB-231 and MDA-MB-453, into zebrafish, followed by the 

administration of enriched EVs as a treatment. Even though mouse xenotransplatation is often 

used, recent studies have shown that zebrafish is a good model to test patient breast tumors and is 

also a promising alternative to mice due to the experimental, economic, and visualization 

advantages they offer 187,188. While the role of cancer-derived EVs in cell-to-cell communication 

to promote tumor metastasis is clear, our study is one of the fewer to reveal that they can also 

manifest an opposite effect, successfully reducing the aggressiveness of BC. Analysis of the data 

acquired up to 72 hours post-treatment reveals the significant therapeutic effect of the EV-enriched 

intervention, evidenced by a substantial reduction in tumor mass, with an approximate 80% 

decrease in tumor size. Furthermore, we meticulously considered another parameter, their 

metastatic behavior, which is indicative of the aggressive characteristics of these two BC cell lines. 

Results showed that by enriching the EVs in miR-23b-3p, miR-126-3p and GAS5, they can serve 

as a promising therapy to effectively reduce the formation of micrometastases 189,190. Our pictures 

clearly show an almost complete eradication of micrometastases located in the tail of the xenograft-
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induced zebrafish following treatment with EVsorafenib. This result was validated in both BC cell 

lines with which we conducted our experiments and further consolidated through the light-sheet 

microscopy pictures. We opted for this microscope to enhance the visualization of the impact of 

this enriched EV-based treatment on the two most aggressive properties involved in tumor 

progression. Moreover, since the fact that GAS5 has a completely different sequence in humans 

compared to zebrafish provides a crucial indicator that the quantified levels of this lncRNA in our 

zebrafish model are exogenous, originating from the implanted human breast cancer xenograft 

rather than the host organism. This observation suggests that the low levels of GAS5 detected in 

the zebrafish post-treatment reflect the impact of EV-based treatment on the tumor mass. 

Therefore, the levels of GAS5 align with the observed inhibition of tumor progression, 

highlighting the treatment’s role in reducing both tumor mass and micrometastatic potential in the 

zebrafish model. This result suggests that levels of GAS5 might represent a new way to monitor 

tumor growth. 

Based on our findings regarding the significant therapeutic effects of EV-enriched treatment on 

tumor regression and micrometastasis, it is equally crucial to examine the role of angiogenesis in 

tumor progression, particularly as it relates to our objective of assessing how enriched-EVs can 

inhibit this critical process in both MDA-MB-231 and MDA-MB-453 BC cells. It is well-known 

that angiogenesis plays a crucial role in the development of tumors and the spread of metastases 

in various types of cancer, including BC 191. To date, our study is the first to provide comprehensive 

evidence that microinjection of MDA-MB-231 and MDA-MB-453 BC cells into zebrafish induces 

a robust angiogenic response. Furthermore, we conducted a thorough assessment of the 

effectiveness of enriched EVs in inhibiting this angiogenesis. Our findings reveal that blocking the 

development of angiogenic processes resulted in a marked reduction of abnormal sprout formation 

from the SIVP basket, with both cell lines exhibiting an approximate 55% decrease in sprouting 

activity.  

In this study, we emphasized the beneficial role of EVs rich in miR-23b-3p, miR-126-3p, and 

GAS5 in inhibiting the aggressive properties of BC, both in vitro and in vivo. As mentioned before, 

we are aware that other molecules present within these EVs may also be dysregulated and could 

possess tumor-suppressive functions. Thus, we conducted a miRNome analysis on EVs to identify 

other dysregulated miRNAs that might contribute to the observed effects. Results showed that a 
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total of 12 miRNAs were differentially expressed between EVDMSO and EVsorafenib. Of these, 10 

were upregulated in EVsorafenib, while 2 showed downregulation. MiR-23b-3p and miR-126-3p 

were not included among the 12 differentially expressed miRNAs, as both were excluded after 

applying the cut-off thresholds for statistical significance and fold-change.  Notably, miR-3648-3p 

was upregulated in our EVs, consistent with previous studies that have linked its high expression 

to an increased recurrence score in BC 192. Another study reported that high expression of miR-

4488 enhances the migration and invasive potential of melanoma cells, supporting our findings 

that miR-4488 is upregulated in EVsorafenib compared to EVDMSO 
193. Our analysis revealed that the 

expression of miR-25-3p was higher in EVDMSO compared to EVsorafenib, trend supported by other 

research showing that miR-25-3p was upregulated in BC tissues compared with corresponding 

non-tumor tissues 194. Furthermore, after predicting the targets of these 12 differentially expressed 

miRNAs, we merged them with a list of DEGs identified in BC tissues from Indian women. This 

analysis revealed 1,097 common target genes involved in key pathways, including the PPAR 

pathway, which promotes apoptosis in BC cells, as well as other cancer-related pathways 148,149. 

Our findings confirm that, in addition to miR-23b-3p and miR-126-3p, other miRNAs are 

significantly dysregulated following sorafenib treatment. These miRNAs, including miR-3648-3p 

and miR-4488, may play key roles in inhibiting BC, further expanding our understanding of EVs' 

potential therapeutic effects. 
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6. Conclusion and perspectives 

EVs represent a promising frontier in the development of innovative therapeutic strategies, 

particularly as efficient delivery systems for ncRNAs. Due to their favorable characteristics, such 

as high biocompatibility, low toxicity, and enhanced stability within living organisms, EVs can act 

as highly effective carriers for a wide range of therapeutic agents, including nucleic acids like 

mRNA, siRNA, miRNA, and shRNer 195. In our study, sorafenib-induced EVs were specifically 

enriched with miR-23b-3p, miR-126-3p, and GAS5, and we demonstrated their ability to 

significantly limit the aggressive properties of breast cancer both in vitro and in vivo, establishing 

a solid proof-of-concept for this approach. 

Given that EVs can carry a diverse array of biomolecules - such as proteins, metabolites, mRNAs, 

and ncRNAs - the specific cargo they transport likely determines the effects on recipient cells. 

Thus, while we focused on the antitumoral effects of these three tumor-suppressor ncRNAs, it is 

possible that other dysregulated molecules within the EVs contributed to the observed therapeutic 

outcomes. This underscores the complexity of EV biology and highlights the need for further 

exploration of the molecular mechanisms behind their effects. 

While our results in the zebrafish model are highly promising, offering insight into the therapeutic 

potential of EVs, additional research using other animal models is essential to fully understand the 

antitumor properties of these vesicles in BC. Only through continued research will EV-based 

therapies be able to advance towards clinical application and become reliable tools in precision 

medicine. 
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