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Abstract
Prostate cancer (PCa) is one of the most commonly diagnosed malignancies and main causes of cancer-related deaths 
worldwide. It is characterized by high heterogeneity, ranging from slow-growing tumor to metastatic disease. Since both 
therapy selection and outcome strongly rely on appropriate patient stratification, it is crucial to differentiate benign from 
more aggressive conditions using new and improved diagnostic and prognostic biomarkers. Extracellular vesicles (EVs) are 
membrane-coated particles carrying a specific biological cargo composed of nucleic acids, proteins, and metabolites. Here, 
we provide an overview of the role of EVs in PCa, focusing on both their biological function and clinical value. Specifically, 
we summarize the oncogenic role of EVs in mediating the interactions with PCa microenvironment as well as the horizontal 
transfer of metastatic traits and drug resistance between PCa cells. Furthermore, we discuss the potential usage of EVs as 
innovative tools for PCa diagnosis and prognosis.
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1  Introduction

Prostate cancer (PCa) is the second most commonly diag-
nosed malignancy and the fifth leading cause of cancer-
related deaths among men worldwide [1]. Although most 
PCa patients are diagnosed with inert or slow-growing dis-
ease, it has been estimated that approximately 20% of men 
have a high-risk and potentially lethal tumor. Furthermore, 
PCa is characterized by high heterogeneity and can be sub-
divided into various clinical states that are treated with dif-
ferent therapeutic strategies. Indeed, active surveillance is 
generally preferred for patients with indolent disease, radi-
otherapy and partial/radical surgery are adopted for indi-
viduals with localized tumor, while aggressive cancers are 
usually managed with a combination of hormonal therapy 
(GnRH agonists/antagonists, androgen receptor antago-
nists, and androgen synthesis inhibitors) and chemotherapy 

(taxanes) [2, 3]. However, patients frequently develop drug 
insensitivity, especially castration resistance, resulting in 
poor therapeutic outcome, disease relapse, and dismal prog-
nosis [4, 5]. In this context, there is an urgent need to find 
novel clinically valuable prognostic and diagnostic biomark-
ers for PCa, in order to predict and prevent tumor recurrence 
and therapy evasion.

Extracellular vesicles (EVs) are a family of lipid bilayer-
encapsulated particles enclosing a cargo of different bio-
active molecules, including mRNAs, miRNAs, and other 
non-coding RNAs (ncRNAs), DNA, proteins, and lipids. 
EVs are shed by cells into the extracellular space and are 
deeply involved in the cell-to-cell communication occurring 
in different biological and pathological processes [6]. Based 
on their size, biogenesis, mechanism of release, and molec-
ular cargo, they are classified in small and large vesicles 
(sEVs and lEVs, also known as exosomes and microvesi-
cles, respectively). However, according to the recommenda-
tions of the International Society for Extracellular Vesicles 
(ISEV), the term “EVs” is now generally used to refer to 
both these vesicular families [7]. In the last years, accumu-
lating evidence has pointed out the key role of EVs in the 
growth and aggressiveness of different tumors, including 
PCa. Specifically, these vesicles have been reported to be 
deeply involved in the vicious bidirectional communication 
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between cancer cells and their bystander cells (fibroblasts, 
adipocytes, infiltrating immune cells, and endothelial cells) 
in the tumor microenvironment (TME) [8]. Moreover, they 
have been shown to be responsible for the horizontal trans-
fer of metastatic traits and chemoresistance, also regulating 
cell phenotypic plasticity through the induction of stem-
like state, epithelial-to-mesenchymal transition (EMT), 
and neuroendocrine differentiation (NED) [9, 10]. Owing 
to these characteristics, EVs have been widely investigated 
as potential diagnostic and prognostic biomarkers of tumor 
development, progression, and treatment response [11, 12]. 
However, despite the increasing importance of the extracel-
lular vesicular compartment in PCa management, in-depth 
translational reviews about this topic are still scanty. In the 
present article, we aim to discuss the biological activities 
exerted by EVs during PCa evolution, specifically focusing 
on their involvement in the cell-to-cell communication in the 
TME and in the lateral transmission of malignant behavior. 
We also address their potential as novel diagnostic and prog-
nostic biomarkers. Overall, we provide a bench-to-bedside 
overview of current literature about PCa vesicles.

2 � Biological roles of EVs in the cell‑to‑cell 
communication within PCa 
microenvironment

The key role of EVs in PCa progression and metastasis is 
now well-established. From the biological point of view, 
PCa EVs have been shown to deliver their molecular cargo 
to neighboring cells to create a tumor-sustaining microen-
vironment. On the other hand, TME-derived EVs are taken 
up by PCa cells to support their proliferative and inva-
sive demands and to confer resistance to anticancer drugs 
(Fig. 1).

2.1 � PCa‑fibroblast interplay

Cancer-associated fibroblasts (CAFs) are a crucial compo-
nent of PCa stroma. They generally result from the recruit-
ment and activation of different cell types, such as resident 
fibroblasts, vascular smooth muscle cells, and tumor-infil-
trating mesenchymal stem cells, and are characterized by the 
expression of specific molecular markers, such as α-smooth 
muscle actin (α-SMA), fibroblast activating protein (FAP), 

Fig. 1   Schematic representation of the biological functions of EVs in 
the cell-to-cell bidirectional communication within the tumor micro-
environment (TME) in prostate cancer (PCa). PCa cell-secreted EVs 
deliver their molecular cargo to neighboring cells (fibroblasts, adi-

pocytes, immune cells, endothelial cells) to create a tumor-favoring 
microenvironment. Conversely, TME-derived EVs are taken up by 
PCa cells to foster their proliferation and invasion and to confer them 
resistance to conventional anticancer drugs
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and fibroblast-specific protein-1 (FSP-1); their induction is 
highly dependent on transforming growth factor-β (TGF-
β) [13]. Interestingly, it is now well-known that PCa cells 
can corrupt stromal fibroblasts via EV production. Indeed, 
they have been found to release different vesicular subtypes 
enriched with TGF-β1 and 2, which trigger fibroblast pro-
tumoral transformation through the Smad2/3 and p38 sign-
aling pathways [14, 15]; of note, this molecular cargo has 
been observed to be particularly abundant under hypoxic 
conditions [16, 17]. Similarly, high levels of hyaluronidase 
1 (Hyal1), an enzyme involved in hyaluronic acid turnover 
and responsible for increased PCa cell motility, have been 
detected in tumor sEVs [18]; treatment of prostate fibro-
blasts with these particles does not affect their proliferation 
but significantly fosters their migratory behavior through the 
engagement of the focal adhesion kinase (FAK)-mediated 
integrin cascade [19]. Finally, it has been recently demon-
strated that vesicles from PCa bulk and stem cells, a small 
cellular subpopulation characterized by self-renewal, dif-
ferentiation potential, and cancer-initiating capacities [20], 
display a differential miRNA cargo that might cooperate in 
educating tumor stroma toward a cancer-favorable microen-
vironment; in particular, miR100-5p (overexpressed in all 
sEVs), miR21-5p (overexpressed in bulk cell sEVs), and 
miR139-5p (overexpressed in stem cell sEVs) are able to 
activate matrix metalloproteinases (MMPs) in normal fibro-
blasts, enhancing their invasive potential [21].

Given the bidirectional nature of the cell-to-cell com-
munication occurring in the TME, studies have also been 
performed to investigate whether CAF-secreted EVs might 
affect PCa aggressiveness. For example, Dr. Zhao’s group 
has highlighted that sEVs shed by PCa patient-explanted 
CAFs trigger a metabolic reprogramming in tumor cells 
by inhibiting mitochondrial oxidative phosphorylation and 
increasing glycolysis; specifically, these vesicles are able to 
transfer their molecular cargo, composed of lipids, amino 
acids, and intermediates of the tricarboxylic acid cycle, to 
adjacent malignant cells, that in turn take advantage of these 
metabolites as substrates for energy and biomass genera-
tion under nutrient deficiency conditions [22]. Likewise, by 
means of in vitro and in vivo studies, Josson and coworkers 
have found that CAFs can release miR-409-enriched sEVs to 
promote PCa cell growth, EMT, and stemness [23]. In line 
with these data, sEV-packaged miR-1290 from transformed 
fibroblasts has been reported to stimulate castration-resistant 
PCa cell proliferation and migration through inhibition of 
the glycogen kinase synthase 3β (GSK3β)/β-catenin axis 
[24]. Notably, miR-27a and miR-423-5p shuttled by CAF-
derived small vesicles have been shown to play a key role in 
the development of PCa resistance to standard chemothera-
peutic drugs, through the modulation of the p53 and bone 
morphogenetic protein antagonist Gremlin 2 (GREM2)/
TGF-β pathways [25, 26]. Conversely, Zhang and colleagues 

have observed that miR-146a-5p is downregulated in sEVs 
obtained from CAFs after hormonal therapy, contributing to 
the acquisition of a metastatic phenotype by recipient PCa 
cells through the activation of the epidermal growth factor 
receptor (EGFR)/extracellular signal regulator kinase (ERK) 
signaling [27]. More recently, small vesicles from normal 
human fibroblasts have been demonstrated to contain an 
elevated concentration of miR-3121-3p, which positively 
regulates the expression of the tumor suppressor NKX3-1 
in androgen-sensitive PCa cells; this suggests that vesicular 
miR-3121-3p may play a role in preventing the conversion 
of hormone-dependent tumor cells toward a less differenti-
ated state [28].

Taken together, the above results not only elucidate 
the molecular mechanisms underlying CAF formation but 
clearly evidence the wide range of effects that EVs exert in 
PCa-fibroblast communication.

2.2 � PCa‑adipocyte interplay

Obesity has been shown to positively correlate with PCa 
aggressiveness, recurrence, and increased mortality [29]. 
In particular, adipocytes have been reported to foster the 
obesity-driven PCa progression through the secretion of 
different biofactors, including hormones, adipokines, and 
free fatty acids [29]. For instance, Laurent and colleagues 
have found that PCa cells can induce lipolysis in adipose 
tissue and that extracellular fatty acids are taken up by 
the tumor to support its own spread via activation of the 
NADP oxidase 5 (NOX5)/reactive oxygen species (ROS)/
HIF1/MMP 14 pathway [30]. Furthermore, La Civita and 
coworkers have demonstrated that periprostatic adipocytes 
release TGF-β, which stimulates PCa cell motility through 
upregulation of the connective tissue growth factor (CTGF) 
[31]; the authors have also observed that the conditioned 
medium (CM) from adipose cells promotes disease resist-
ance to chemotherapy through the release of IGF-1 and the 
subsequent overexpression of tubulin TUBB2B [32]. In our 
laboratory, we have highlighted that adipocyte CM endows 
castration-resistant PCa cells with stem-like properties, mes-
enchymal traits, and taxane insensitivity [33]. Despite these 
promising results, only a few studies have investigated the 
role of EVs in PCa-adipocyte interactions. In this regard, we 
have observed that adipose cell-derived sEVs can promote 
tumor aggressiveness by enabling multiple phenotypic and 
metabolic changes, including reduced docetaxel responsive-
ness and enhanced Akt/HIF-1α-dependent glycolysis [34]. 
These findings have later been confirmed by Mathiesen and 
colleagues, who have pointed out that the small vesicles 
from human adipose tissue explants increase the prolifera-
tion of metastatic PCa cells through TWIST1 modulation 
[35]. On the other hand, it has been recently evidenced that 
treatment of adipocytes with the antiandrogen receptor 
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antagonist Casodex (i.e., Bicalutamide) induces their repro-
gramming toward a browning phenotype and that the EVs 
released from these brown-reprogrammed adipose cells 
significantly reduce PCa growth both in vitro and in vivo; 
this suggests that promoting the differentiation of white vs. 
brown adipocytes might represent a novel strategy to impair 
PCa development and progression [36]. Finally, Elmageed 
et al. have shown that PCa sEVs convert patient-obtained 
adipose stem cells toward a neoplastic state, by transferring 
their molecular cargo composed of pro-oncogenic mRNAs 
(H-Ras, N-Ras), a variety of oncomiRNAs (miR-125b, miR-
155, miR-130b) as well as members of the Ras superfamily 
of GTPases (Rab1a, 1b and Rab11a) [37]. As previously 
mentioned, further investigations are needed to understand 
the molecular basis of the EV-mediated interaction network 
established between PCa and adipocytes within the TME.

2.3 � PCa‑immune system interplay

In PCa microenvironment, a strict communication also exists 
between the tumor and infiltrating immune cells, such as 
T lymphocytes, macrophages, and natural killer (NK) cells 
[38]. This infiltrate collectively contributes to shaping the 
TME toward an immunosuppressive phenotype, now con-
sidered a common hallmark of cancers; it also participates 
in the secretion of proinflammatory/prometastatic cytokines 
as well as of enzymes involved in the remodeling of extra-
cellular matrix (ECM) [38]. As illustrated in the following 
paragraphs of this review, accumulating evidence strongly 
supports the key role of EVs in the crosstalk between PCa 
and neighboring immune cells.

2.3.1 � Interactions with T lymphocytes

T lymphocytes are the main mediators of the antitumor 
immune response and are the key target of checkpoint 
inhibitors, but they can also promote immune tolerance [39]. 
Intriguingly, it has been shown that sEVs from androgen-
dependent PCa cells inhibit T lymphocyte proliferation, 
while triggering apoptosis; this immunosuppressive activ-
ity is mediated by the Fas ligand (FasL) expressed at their 
membrane level [40]. Similarly, sEVs derived from different 
cancer cell lines, including castration-resistant PCa cells, 
have been reported to impair T lymphocyte reactivity to 
interleukin-2, due to the presence of TGF-β1 on their sur-
face [41]. These observations have later been corroborated 
by Sadovska and colleagues, who have observed that PCa 
small vesicles can directly interact with both B and T lym-
phocytes (CD3+ and CD8+) in a 3D heterotypic spheroid 
model of the tumor [42]. More importantly, numerous find-
ings have revealed that programmed cell death ligand 1 (PD-
L1), the main driver of cancer immune evasion, is located on 
the membrane of PCa sEVs [43, 44]. In this regard, Li and 

collaborators have highlighted that PD-L1-enriched small 
vesicles are secreted by hormone-unresponsive malignant 
cells and transferred to less aggressive PD-L1-negative 
tumor cells, thus protecting the latter from the cytotoxicity 
of T lymphocytes [45]. Likewise, Poggio et al. have found 
that castration-resistant cancer-secreted small vesicles car-
rying PD-L1 significantly impair T lymphocyte activation 
and favor tumor progression in vivo; notably, the injection 
of EV-deficient PCa cells, obtained by silencing two genes 
involved in vesicular biogenesis (Rab27a and nSMase 2), 
together with an anti-PD-L1 antibody has been associated 
with a remarkable decrease in cancer growth and a parallel 
increase in mouse survival [46].

2.3.2 � Interactions with macrophages

Tumor-associated macrophages (TAMs) represent the main 
cellular components of the innate immune cell system in 
PCa microenvironment [38]. TAMs are commonly cat-
egorized in two functional subgroups: the M1 phenotype, 
endowed with proinflammatory and antitumoral activity, and 
the M2 phenotype, characterized by anti-inflammatory, pro-
tumoral, and immunosuppressive functions [47]. A polariza-
tion of TAMs from the M1 toward the M2 state is generally 
observed in cancers, and the key role of tumor-derived EVs 
in the modulation of the M1/M2 macrophage switch is now 
widely acknowledged [48, 49]. In the context of castration-
resistant PCa, cancer-secreted sEVs have been shown to 
endow THP-1 monocytes with M2-like traits through the 
activation of the Akt and STAT3 pathways [50]. Likewise, 
Mezzasoma and coworkers have demonstrated that hor-
mone-insensitive PCa EVs promote monocyte differentia-
tion into active M2 macrophages that stimulate malignant 
migration [51]. Finally, Xu and colleagues have reported 
that androgen-independent PCa cells challenged with thap-
sigargin, a guaianolide able to deplete endoplasmic reticu-
lum (ER) calcium stores and induce the ER stress-related 
unfolded protein response, can release small vesicles that 
induce macrophage M1-to-M2 transition, accompanied 
by the upregulation of PD-L1 and of multiple protumoral 
cytokines (IL-6, IL-10, and TGF-β) [52].

Based on the above observations, several investigations 
have been performed to address the role of PCa EV cargo in 
the communication with TAMs. Regarding the protein con-
tent of these vesicles, αvβ6 integrin and chemokine (C-X-C 
motif) ligand 14 (CXCL14), highly expressed in metastatic 
PCa, have been shown to be transferred to monocytes and to 
confer them M2-like properties, thus contributing to tumor 
progression [53, 54]. Likewise, high mRNA levels of ring 
finger protein 157 (RNF157), a well-known E3 ubiquitin 
ligase which couples the PI3K and MAPK pathways with 
the cell cycle [55], have been detected in PCa sEVs, through 
which they are transmitted to macrophages; in these cells, 



1615Cancer and Metastasis Reviews (2024) 43:1611–1627	

RNF157 ubiquitinates the histone deacetylase-1 (HDAC1), 
initiating the M2 polarization process [56]. Similar results 
have been obtained in two recent studies exploring the role 
of miR-let-7 family, especially miR-let-7b and miR-let-
7b-5p, in PCa immune evasion [57, 58]; on the other hand, 
Zhang and colleagues have recently reported that sEV-shut-
tled miR203 not only suppresses hormone-responsive PCa 
invasion in vitro and in vivo but it also triggers macrophage 
switch toward the M1 state, stimulating the accumulation of 
IL-1β, IL-6, IL-12, CXCL9, and CXCL10 in the TME and 
facilitating cancer eradication [59].

A new body of evidence has recently clarified the effects 
of TAM-shed EVs on tumor behavior [60]. In PCa, it has 
been found that sEV-packaged miR-95 from TAMs is taken 
up by malignant cells, where it interacts with the oncogenic 
transcription factor JunB and favors cancer proliferation, 
EMT, and invasion; in accordance with these data, increased 
miR-95 expression in PCa tissues correlates with worse clin-
icopathological features [61].

2.3.3 � Interactions with other immune cells

PCa EVs are also known to affect the activity of natural 
killer (NK) cells, the main effectors in innate immunity; den-
dritic cells (DC), responsible for initiating antigen-specific 
immune responses; and myeloid-derived suppressor cells 
(MDSC), crucial mediators of immunosuppression. Specifi-
cally, Lu and coworkers have recently shown that circulating 
small vesicles in PCa patients can upregulate natural killer 
cell protein group 2A (NKG2A) in NK cells, thus block-
ing their cytotoxicity after prostatectomy [62]. It has also 
been observed that PCa sEVs inhibit the functions of DC 
cells through the transfer of prostaglandin E2 (PGE2) [63]. 
Finally, in an in vivo study, small vesicles from PCa have 
been demonstrated to promote the recruitment of MDSC 
cells into the TME, by increasing the expression of the 
chemokine receptor 4 (CXCR4) [64]; on the other hand, 
MDSC-derived sEV-carried S100A9, a calcium-binding 
protein with proinflammatory/protumoral properties, has 
been found to increase castration-resistant PCa aggressive-
ness via the circMID1/miR-506-3p/MID1 cascade [65].

2.4 � PCa‑endothelium interplay

Angiogenesis, the formation of new blood vessels from pre-
existing ones, supplies cancer cells with oxygen, nutrients, 
and growth factors to support their proliferative, invasive, 
and metastatic behavior [66]. Of note, there is growing evi-
dence that EVs regulate this process in different tumors, 
including PCa [67].

Integrins, the heterodimeric transmembrane receptors 
composing the cell-ECM adhesion structures, are known 
to play a pivotal role in endothelial cell proliferation and 

migration, thereby contributing to tumor angiogenesis [68]. 
Intriguingly, αvβ6 integrin has been shown to be upregulated 
in different malignancies, including primary and metastatic 
PCa [69]. Dr. Languino’s group has observed that elevated 
levels of this protein are expressed in PCa sEVs and are 
transmitted to αvβ6-negative tumor cells to boost their 
migratory potential [70]. More recently, the authors have 
also demonstrated that PCa vesicles that are uploaded with 
αvβ6 significantly increase the proliferation, junction for-
mation, and tube forming capacity of human microvascular 
endothelial cells (HMEC1), supporting the key role of this 
integrin in tumor vascularization [71].

Leucine-rich α-2 glycoprotein 1 (LRG1) is a member of 
the leucine-rich repeat (LRR) protein family characterized 
by eight repeat sequences. It plays a crucial role in tumor 
evolution by favoring angiogenesis, based on its ability to 
enhance endothelial cell proliferation and invasion and to 
modulate the expression/activity of proangiogenic factors, 
such as TGF-β, angiopoietin-1, and VEGF-A [72]. In this 
regard, Liu and coworkers have demonstrated that LRG1 is 
overexpressed not only in castration-resistant PCa tissues 
but also in their small vesicles; remarkably, these particles 
are able to promote tube formation of human umbilical vein 
endothelial cells (HUVECs) in vitro [73].

Phosphoglycerate mutase 1 (PGAM1) is a key glycolytic 
enzyme that catalyzes the conversion of 3-phosphoglycer-
ate into 2-phosphoglycerate. Of note, this protein has been 
reported to be involved in the mechanisms of cancer growth 
and metastasis [74]. Recently, it has been detected in meta-
static PCa sEVs, by which it is carried to recipient HUVECs 
to promote their proliferative and angiogenic activity via 
γ-actin (ACTG1) remodeling [75].

Vesicular miRNAs have also been shown to be implicated 
in the angiogenic program occurring in PCa microenviron-
ment. Specifically, Prigol and colleagues have highlighted 
that androgen-independent tumor-released small vesicles 
promote endothelial cell invasiveness and tube-forming 
efficiency via transfer of miR-27a-3p [76].

Although reports about the impact of EVs on PCa angio-
genesis remain sparse, current data indicate that they might 
significantly influence the tumor-endothelium interactions.

3 � Biological roles of EVs in the horizontal 
communication between PCa cells

PCa is characterized by a striking intratumor cellular hetero-
geneity and plasticity [77, 78]. In the last decade, numerous 
findings have highlighted the important role of PCa EVs in 
the remodeling of the characteristics of surrounding malig-
nant and non-malignant prostate cells through the horizontal 
transfer of their molecular cargo (Fig. 2).
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Hypoxia is commonly associated with poor prognosis in 
PCa [79]. Intriguingly, PCa cells grown in hypoxic condi-
tions secrete increased numbers of sEVs that are taken up 
not only by surrounding stromal cells but also by adjacent 
epithelial cells in the tumor mass. In particular, it has been 
reported that vesicles from hypoxic tumor cells confer inva-
sive and stem-like features to their normoxic counterpart; 
these effects are mediated by the activation of MMPs and 
enhanced synthesis of protumoral biofactors (TNFα, TGF-β, 
IL-6) as well as by a deep rearrangement in the epithelial 
adherens junctions [17].

EMT, the transition toward a mesenchymal phenotype, 
and NED, the transdifferentiation into a neuroendocrine-
like state, represent crucial steps in PCa evolution [80–82]. 
Remarkably, EVs are profoundly implicated in the regulation 
of both these processes. For example, vesicles isolated from 
both solid and liquid biopsies of PCa patients have been 
found to educate normal prostate recipient cells toward a 
malignant invasive condition characterized by E/N-cadherin 
switch, vimentin overexpression, and IL-8 hyperproduction 
[83]. Moreover, sEVs from mesenchymal-like PCa cells 
have been shown to transmit plastic features, including 
increased migration and stemness, to their epithelial coun-
terpart through the inhibition of AR, PSA, and ERG protein 
synthesis and the parallel activation of TGF-β pathway [84]. 
On the other hand, Lin et al. have demonstrated that sEVs 
secreted from enzalutamide-treated PCa cells are enriched 
with adipocyte differentiation-related protein (ADRP), 
which induces NED when horizontally transferred to neigh-
boring tumor cells [85]. Parallelly, Patel and colleagues have 
found that suppression of miR-200c-3p correlates with 
upregulation of TBX2, a NED-related T-box transcription 

factor regulating SOX2 and N-MYC expression; of note, low 
levels of miR-200c-3p have been observed in small vesicles 
from TBX2-overexpressing PCa cells, allowing the propaga-
tion of neuroendocrine-like features across the entire tumor 
bulk [86].

EVs also play a key role in the lateral transmission of PCa 
drug resistance. Indeed, it has been reported that sEVs from 
castration-resistant cancer cells promote the conversion of 
androgen-sensitive cells into the aggressive hormone-inde-
pendent phenotype through the activation of heme oxyge-
nase-1 (HMOX1), a rate-limiting enzyme of heme degrada-
tion [87]. In addition, miR-222-3p has been observed to be 
exchanged between castration-unresponsive and responsive 
PCa cells via small vesicles, favoring the dissemination of 
drug tolerance by activating mTOR signaling through tar-
geting of midnolin [88]. In line with these observations, 
Corcoran and coworkers have highlighted that sEVs from 
docetaxel-resistant PCa cells are able to confer chemo-
therapy insensitivity to parental tumor cells, partly due to 
their MDR-1-enriched molecular cargo [89]. Conversely, it 
has been pointed out that EVs produced by non-cancerous 
prostate epithelial cells can revert drug resistance in campto-
thecin- and paclitaxel-unresponsive malignant cells, suggest-
ing that they may serve as useful tools for the management 
of the most aggressive forms of PCa [90].

Long non-coding RNAs (lnc-RNAs) are ncRNAs 
defined by their length (more than 200 nucleotides) and 
grouped in different subclasses according to their biogen-
esis, function, and structure. They lack protein-coding 
activity and act as regulators of gene expression, thereby 
participating to several physiological and pathological 
processes, including cancer [91]. Remarkably, different 

Fig. 2   Schematic representation 
of the biological functions of 
EVs in the horizontal com-
munication between PCa cells 
and surrounding non-cancerous 
and cancerous prostate cells. 
EVs released by PCa cells 
can induce tumorigenesis in 
surrounding benign prostate 
epithelial cells and promote the 
proliferation and invasion of 
other tumor cells. Moreover, 
PCa cells characterized by an 
aggressive (castration-resistant - 
CRPC, neuroendocrine-like 
- NE-like, or chemoresistant) 
phenotype release EVs able to 
transfer their peculiar malignant 
traits to neighboring cancer 
cells
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lncRNAs have been shown to be dysregulated in PCa [92, 
93]. In particular, Wang and coworkers have reported that 
the lncRNA MYU is overexpressed in PCa tissues, where 
it serves as a tumor-promoting factor. Castration-resistant 
PCa cells overexpressing MYU release sEVs loaded with 
high levels of this lncRNA, which is transferred to naїve 
tumor cells to boost their proliferative and migratory abil-
ity; mechanistically, MYU binds to miR-184 and upregu-
lates c-Myc expression [94]. Similarly, it has been demon-
strated that the lncRNA PCSEAT (PCa-specific expression 
and EZH2-associated transcript) is upregulated in hor-
mone-independent malignant cells and is endowed with 
oncogenic properties. Specifically, PCSEAT promotes PCa 
cell growth by sponging miR-143 and miR-24–2-5p, thus 
regulating the expression of the histone methyltransferase 
EZH2 (polycomb group protein enhancer of zeste homolog 
2). Intriguingly, PCSEAT-negative cancer cells treated 
with small vesicles from their PCSEAT-overexpressing 
counterpart exhibit a highly aggressive phenotype [95]. 
Finally, it should be emphasized that sEV-carried lncR-
NAs also participate to the horizontal communication 
between androgen-independent and androgen-dependent 
PCa cells. Indeed, Jiang and coworkers have reported that 
the lncRNA HOXD-AS1 is highly present in hormone-
insensitive cells as well as in their vesicles; when taken up 
by hormone-responsive cells, vesicular HOXD-AS1 signif-
icantly increases tumor migration, by inducing E-cadherin 
downregulation and vimentin upregulation [96].

Circular RNAs (circRNAs) are a novel class of single-
stranded ncRNAs that lack the canonical 5′ end cap and 3′ 
end poly (A) tail. Unlike linear RNAs, in circRNAs the 5′ 
and 3′ ends are joined together to form a covalently closed 
continuous loop. These features confer them specific biolog-
ical properties and functions. For instance, circRNAs have 
been observed to act as miRNA sponges and key regulators 
of gene transcription or splicing; moreover, some of them 
are endowed with protein-coding functions. Recent research 
has revealed a dysregulation of circRNAs in different pathol-
ogies, including cancer [97, 98]. In PCa, different circRNAs 
have been found to be either upregulated or downregulated 
in tumor tissues, where they promote cancer growth, metas-
tasis, and drug resistance [99]. In this setting, it has been evi-
denced that sEVs from PCa patients are enriched with circK-
DM4A; treatment of PCa cells with these particles increases 
their proliferation and migration, while inhibiting apoptosis. 
Mechanistically, circKDM4A exerts its protumoral effects 
by sponging miR-338-3p, thereby leading to the overexpres-
sion of cullin 4B (CUL4B), an ubiquitin ligase known to be 
endowed with oncogenic properties [100]. Similar observa-
tions have been reported for circHIPK3 and circ-0081234, 
found to be overexpressed in small vesicles from both the 
serum of PCa patients and supernatant of PCa cells and to 
stimulate the growth and invasion of recipient tumor cells 

via miR-212/B-cell-specific MMLV insertion site-1 (BMI-1) 
and miR-1/MAP3K1 axis, respectively [101, 102].

Even though the results reviewed in this chapter are 
intriguing, additional studies are required to fully clarify 
the biological involvement of EVs in PCa drug resistance.

4 � Clinical application of EVs as diagnostic 
and prognostic biomarkers for PCa

Together with digital rectal examination and transrectal 
ultrasound scan, screening of serum prostate-specific antigen 
(PSA) is commonly used for the detection of PCa [103, 104]. 
However, as this glycoprotein is expressed in both tumor 
and non-malignant cells, it remains tissue-specific and is not 
pathology-sensitive. In particular, PSA levels can be altered 
in various non-cancerous conditions, including prostati-
tis, urinary tract infection and benign prostate hyperplasia 
(BPH), often leading to overdiagnosis and overtreatment. 
Indeed, out of the men displaying elevated PSA concentra-
tions in the blood, only 25% are diagnosed with PCa. To 
precisely correlate an increase in PSA levels with malig-
nant diseases, other aspects are generally taken into consid-
eration, such as the ratio between total PSA, free PSA, and 
pro-PSA (prostate health index test) or the combination of 
kallikrein-related peptidase 2 (hK2), intact PSA, free PSA, 
and total PSA (4-kallikrein test). Nonetheless, although 
these assays allow a better distinction between benign and 
malignant prostate gland hypertrophy and have significantly 
improved the prediction of high-grade and clinically aggres-
sive tumors, their accuracy is still suboptimal [103, 104]. 
In this context, EV molecular cargo has been widely ana-
lyzed to find novel and more specific PCa biomarkers, with 
many studies demonstrating that EV-derived DNAs, RNAs, 
proteins, and metabolites are able to discriminate between 
healthy and pathological conditions, distinguish different 
disease stages, and predict tumor prognosis or treatment 
efficacy (Table 1).

4.1 � DNA‑based biomarkers

Cancer cell-free DNA (cfDNA) represents a fraction of cir-
culating DNA that is released into the bloodstream from 
dying tumor cells. It reflects the genetic and epigenetic sta-
tus of the tumor of origin, displaying the same mutations, 
copy number alterations, chromosomal rearrangements, and 
methylations. Thus, cfDNA analyses can be employed to 
track intratumoral heterogeneity, disease progression, and 
therapy response [147]. However, the amount of cancer 
cfDNA within the entire circulating DNA may be very low, 
and ultrasensitive technologies, including digital-droplet 
PCR, BEAMing, and tagged amplicon sequencing, are 
required to detect rare tumor variants. In addition, some of 
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the genetic alterations in the cfDNA may be due to the age-
related clonal expansion of mutated hematopoietic cells. 
Remarkably, emerging evidence indicates that the DNA mol-
ecules present in plasma EVs show superiority over cfDNA 
as cancer biomarkers [148]. Indeed, Balaj and coworkers 
have recently examined the content of the lEVs derived from 
PCa patients, showing that they contain both genomic and 
complementary DNA similar to the parental tumor [149]. 
Likewise, Casanova-Salas and colleagues have found that 
sEV DNA features recapitulate matched-patient biopsies, 
also associating with clinical progression [150]. Finally, Dr. 
Lazaro-Ibanez’s group has demonstrated that the genomic 
DNA content differs across PCa EV subtypes, suggesting a 
possible selective packaging of DNA into distinct vesicular 
compartments [105]; this notion has been later confirmed 

by Vagner et al., who have shown an enrichment of genomic 
DNA in plasma lEVs compared to smaller vesicles [106]. 
Collectively, these studies warrant further research for the 
use of vesicular DNA as an additional biomarker for diag-
nosis, prognosis, and management of PCa.

4.2 � RNA‑based biomarkers

Full-length or fragmented mRNAs have been reported to 
be carried by cancer-released EVs, including those from 
PCa [141]. The molecular content of the vesicles isolated 
from the urine or the blood has already been validated as a 
source of prostate-specific mRNAs, such as the oncogenic 
fusion gene TMPRSS2:ERG [107, 151]. In particular, the 
TMPRSS2:ERG transcript found in urinary EVs has been 

Table 1

Marker type Marker name Sample Role Ref

DNA Genomic DNA Serum Diagnostic/prognostic [105–107]
mRNA TMPRSS2:ERG Urine Diagnostic [108–110]

AGR2-SV-G and SV-H Urine Diagnostic [111]
CDH3 Urine Diagnostic [112]
AR and AR-V7 Urine and serum Prognostic [113–115]
BRN2 and BRN4 Serum Prognostic [116]

miRNA miR-141, miR-375 and miR-21 Urine and serum Diagnostic/prognostic [117–122]
miR-1290 Serum Diagnostic/prognostic [118, 123]
let-7a Urine and serum Diagnostic/prognostic [121, 122]
miR-34a Serum Prognostic [124]
miR-654 and miR-379 Serum Prognostic [125]
miR-19b, miR-130b, miR-145, Urine and serum Diagnostic/prognostic [126]
miR-196a, miR-200c, miR-501,
miR-521, miR-572, miR-574,
miR-885, miR-1246 and miR-2909

lncRNA lincRNA-p21 Urine Diagnostic [127]
linc00662, CHASERR and lnc-LTBP3-11 Urine Diagnostic [128]
SAP30L-AS1 and SChLAP1 Serum Diagnostic [129]

Protein Filamin A Serum Diagnostic/prognostic [130]
PSA and PSMA Urine and serum Diagnostic/prognostic [131–134]
PD-L1, ERG, Integrin-β5, Survivin, TGF-β, p-TSC2, MAPK and mTOR Serm Diagnostic [135]
ADSV-TGM4 and CD63-GLPK5-SPHM-PSA-PAPP Urine Diagnostic/prognostic [136]
SERPINA3, LRG1 and SCGB3A1 Urine Diagnostic [137]
TM256 and LAMTOR1, VATL, ADIRF Urine Diagnostic [138]
CD5 antigen-like protein, complement C1q C Chain, leucine-rich alpha-

2-glycoprotein, pregnancy zone protein, haptoglobin and inter-alpha-
trypsin inhibitor heavy chain H2

Urine and serum Prognostic [139]

LRG1 Serum Prognostic [140]
P-gp and ABCB4 Serum Prognostic [141, 142]
Fructose-bisphosphate aldolase, cytosolic nonspecific dipeptidase, CD63, 

CD151, myosin light chain 9 and peroxiredoxin-6
Serum Prognostic [143]

Lipid Phosphatidylserine and lactosylceramide Urine Diagnostic [144]
Phosphatidylglycerol and diacylglycerol Urine Diagnostic [145]
Arachidonic acid, ceramides, phosphathidylcholines and acyl carnitines Urine Diagnostic [146]
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shown to display a significant predictive value when com-
bined with ERSPC (European Randomised Study of Screen-
ing for Prostate Cancer) risk calculator, thus exhibiting great 
potential for limiting the number of unneeded prostate biop-
sies [108]. Additional mRNAs, such as CDH3, are down-
regulated in urine-derived particles of PCa patients with 
respect to men with BPH, while others, including urinary 
EV AGR2-SV-G and SV-H, display even a better accuracy 
than PSA in PCa diagnosis [109, 110]. Importantly, AR full-
length and AR-V7 transcripts have been detected in both 
plasma and urine small vesicles from metastatic patients, 
predicting the emergence of a condition of castration resist-
ance [111–113]. Likewise, the mRNAs of BRN2 and BRN4, 
which are transcription factors commonly associated with 
neuroendocrine features of PCa, have been identified in 
circulating sEVs [114]. Despite the function that vesicular 
mRNAs might play within biofluids or recipient tissues, 
these numerous findings designate the transcript cargo of 
EVs as an intriguing source of PCa biomarkers.

miRNAs are the largest RNA population in most of the 
EVs, thus representing ideal diagnostic and prognostic 
candidates [142]. Among all the PCa EV miRNA markers, 
miR-141, miR-375, and miR-21 are the most investigated 
and demonstrate consistent trends across various studies. 
Indeed, they are upregulated in tumor small vesicles from 
both serum and urine and are crucially implicated in funda-
mental events of cancer progression, such as metastasis and 
castration resistance [115–119, 152]. In addition to these 
molecules, miR-1290 has been reported to be overexpressed 
in plasma sEVs of patients with PCa compared to those with 
BPH and to strictly correlate with poor prognosis [116, 120]. 
Similarly, let-7a shuttled by plasma small vesicles could be 
used to distinguish PCa patients with GS ≥ 8 from those 
with GS ≤ 6, while its presence in urine significantly dif-
fers in PCa patients and healthy controls [118, 119]. Finally, 
circulating sEV-carried miR-654 and miR-379 have been 
demonstrated to predict radioresistance, and decreased miR-
34a levels have been associated with docetaxel insensitiv-
ity [121, 122]. Other EV miRNAs endowed with diagnostic 
and prognostic potential are miR-19b, miR-130b, miR-145, 
miR-196a, miR-200c, miR-501, miR-521, miR-572, miR-
574, miR-885, miR-1246, and miR-2909 [123].

Recently, a prostate-specific lncRNA, the PCa gene 3 
(PCA3), has been approved as an additional test to deter-
mine the need for biopsies in PCa. Based on these prem-
ises, many studies have been conducted to characterize the 
lncRNA content of tumor-secreted EVs. In this regard, Işin 
et al. have highlighted the diagnostic utility of urine-derived 
sEV-packaged lincRNA-p21 in men with PCa [124]. Like-
wise, linc00662, CHASERR, and lnc-LTBP3-11 contained 
in urinary small vesicles have been identified by Bajo-
Santos and coworkers as PCa biomarkers [125]. Finally, 
Wang and colleagues have shown that plasma levels of 

sEV SAP30L-AS1 are upregulated in BPH, whereas sEV 
SChLAP1 is significantly overexpressed in PCa individu-
als; in particular, SAP30L-AS1 expression correlates with 
PSA values and tumor invasion, while SChLAP1 levels are 
associated with Gleason score, also helping to differentiate 
between BPH and PCa when the concentration of PSA is 
in the gray zone [126]. Altogether, these data suggest that 
the discriminative potential of EV lncRNAs may improve 
the diagnostic prediction of the malignant state for patients 
affected by PCa.

4.3 � Protein‑based biomarkers

African American men exhibit the highest PCa incidence 
and mortality rates compared to other races, making this 
tumor a challenging racial disparity disease. In this setting, 
serum EVs have been recently demonstrated to contain eth-
nically specific biomarkers that could be exploited for their 
diagnostic and therapeutic potential. Specifically, 22 sEV-
carried proteins have been found to be unique to the Afri-
can American ethnicity; among them, filamin A has been 
proposed as a novel serum small vesicle-based “protein 
signature” for potential use in the early detection and better 
prognosis of PCa in African American patients [127, 143].

As reported above, both PSA and PSMA plasma levels 
have important diagnostic and prognostic value. Remark-
ably, these proteins have been found to be present in plasma 
EV samples from PCa patients, while not being detected in 
healthy men [128, 129, 153]. In particular, serum PSMA-
positive EV concentration has been successfully used to 
differentiate BPH from PCa and to distinguish tumors with 
GS ≤ 7 from those with GS ≥ 8 [128, 129]. Of note, Mitch-
ell et al. have demonstrated that PSA and PSMA are also 
expressed in the urinary small vesicles of a cohort of 24 
PCa patients [130]. Taken together, these data clearly indi-
cate that both plasma and urinary vesicular compartments 
hold promise as non-invasive sources of cancer-associated 
antigens.

In addition to well-known PCa markers, recent studies 
have been focused on the identification of new molecular 
candidates for tumor diagnosis and prognosis. Among oth-
ers, PD-L1, ERG, integrin-β5, survivin, TGF-β, and phos-
phorylated-TSC2 as well as partners of the MAP-kinase and 
mTOR pathways have emerged as differentially expressed 
endpoints in tumor-derived EVs [131]. Similarly, Sequeiros 
and collaborators have identified a two-protein combina-
tion in urinary small vesicles that classifies benign and PCa 
patients (ADSV-TGM4) and a combination of five proteins 
able to significantly distinguish between high- and low-
grade PCa individuals (CD63-GLPK5-SPHM-PSA-PAPP) 
[132]. Likewise, 18 sEV proteins have been reported to be 
differentially expressed in PCa, three of which (SERPINA3, 
LRG1, and SCGB3A1) have been shown to be consistently 
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upregulated and to add predictable value in addition to 
age, prostate size, body mass index (BMI), and PSA [133]. 
Moreover, TM256 and LAMTOR1 have been observed to be 
overexpressed in men affected by PCa compared to healthy 
male controls, displaying high sensitivity and specificity for 
the tumor both as individual biomarkers and in combina-
tion with each other [134]. Other prominent proteins are 
V-type proton ATPase 16-kDa proteolipid subunit (VATL), 
adipogenesis regulatory factor (ADIRF), and several Rab-
class members and proteasomal molecules [134]. Finally, 
Dhondt and colleagues have found hundreds of previously 
undetected proteins in the urinary small vesicles of PCa sub-
jects, providing a powerful toolbox to map uEV content and 
contaminants [154].

As previously illustrated, castration resistance represents 
a huge problem in PCa evolution. Integration of proteomics 
and metabolomics data has generated molecular signatures 
of plasma sEVs that may facilitate discrimination of CRPC 
from PCa and tumor-free men. In particular, six vesicular 
proteins, namely, CD5 antigen-like protein, complement 
C1q C Chain, leucine-rich alpha-2-glycoprotein, pregnancy 
zone protein, haptoglobin, and inter-alpha-trypsin inhibitor 
heavy chain H2, have been exclusively found in both serum 
and urine of CRPC patients, while not being present in con-
trol samples [135]. More importantly, it has been recently 
highlighted that the sEV protein LRG1 plays a crucial role 
in PCa malignant progression, suggesting that it could serve 
as a predictive indicator of castration resistance [73].

Taxanes, a class of microtubule-targeting anticancer 
agents, are currently used as the first-line chemotherapy for 
PCa. However, drug resistance develops in 40% of cases 
[136, 144]. In order to predict or monitor the emergence 
of chemoresistance, several studies have been investigating 
EV protein cargo. In this context, P-glycoprotein (P-gp) and 
ABCB4, which act as drug efflux pumps and contribute to 
reduced chemotherapy response [145, 146], have been found 
to be overexpressed in clinically docetaxel-resistant patients 
compared to treatment naïve individuals [137, 138]. On the 
other hand, fructose-bisphosphate aldolase, cytosolic non-
specific dipeptidase, CD63, CD151, myosin light chain 9, 
and peroxiredoxin-6 were elevated in EVs from both cabazi-
taxel-resistant cell lines and patients, with PI3K signaling 
activation being responsible for the development of chem-
oresistance [155].

4.4 � Lipid‑based biomarkers

Lipids play pivotal functions in cells, including energy 
storage, provision of structural support of biological mem-
branes, and signaling. All these cellular processes are criti-
cally relevant for cancer development and progression, with 
specific classes of lipids being reflective of tumor stage 
[156]. Interestingly, Skotland and colleagues have analyzed 

the lipidome of urinary sEVs in 15 PCa patients and 13 
healthy controls and have found that the levels of nine lipid 
species significantly differ between the two groups [139]. 
The highest significance is shown for phosphatidylserine 
(PS) 18:1/18:1 and lactosylceramide (d18:1/16:0), and the 
combinations of these lipids and PS 18:0–18:2 distinguish 
the two groups with 93% sensitivity and 100% specificity. A 
similar analysis has also been conducted by Yang and collab-
orators, who have found an increase in phosphatidylglycerol 
(PG) 22:6/22:6 and a significant decrease in (16:0,16:0)- and 
(16:1, 18:1)-diacylglycerol (DAG) species in men with PCa 
compared to healthy controls [140]. Finally, Clos-Garcia 
et al. have identified 76 metabolites from urinary EVs that 
exhibit significant differential abundance between PCa and 
BPH, such as arachidonic acid, ceramides, phosphatidyl-
cholines, and acyl carnitines [157]. Overall, these studies 
highlight that lipidomic analysis of urinary EVs has great 
potential for the discovery of new biomarkers of PCa.

5 � Conclusion and future directions

PCa is a major health problem with an urgent need for the 
identification of biomarkers for the early diagnosis of the 
disease, the screening of populations at higher risk, and the 
prognostic evaluation of patients’ response to treatments. 
To this purpose, the mechanisms of PCa onset and evolu-
tion have been largely investigated. In particular, a growing 
body of evidence has raised the attention on the role of EVs 
in PCa development and progression. Of note, the use of new 
technologies has significantly contributed to the characteri-
zation of the transcriptomic, proteomic, and metabolomic 
cargo of PCa vesicles and has deepened our understanding 
of the TME and of the molecular cascades implicated in dis-
ease pathogenesis. More importantly, despite the challenges 
related to the identification of clinically valuable biomark-
ers for tumors, the numerous clinical trials conducted so far 
on PCa EVs have revealed their great potential for improv-
ing diagnostic accuracy, prognostic outcome, and treatment 
response. Nonetheless, EV heterogeneity still represents 
one of the major challenges for biomarker discovery, with 
current bulk population-based methods for vesicle isola-
tion and classification often failing to provide clinically 
relevant information; analysis of EVs at the single particle 
level through digital assays, flow cytometry, nanoparticle 
tracking analysis, Raman spectroscopy, or microscopy tech-
niques may hold the key to the development of personal-
ized medicine. Hopefully, the newly identified biomarkers 
will apply to larger subgroups of patients, thus substantially 
promoting a reduction in the incidence of the malignancy. 
This could also result in enormous advances in the manage-
ment of metastatic or resistant tumors, by preventing disease 
relapse and facilitating the selection of more specific and 
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effective therapies. Last but not least, it will be interesting to 
see if liquid biopsies could gradually replace more invasive 
procedures.

Author contribution  Writing – original draft preparation, P.L., F.F.; 
writing – review and editing, P.L., S.M., G.G., L.C., F.F.; figure crea-
tion, L.C.; funding acquisition, F.F.

Funding  Open access funding provided by Università degli Studi di 
Milano within the CRUI-CARE Agreement. This research was funded 
by MIUR Progetto di Eccellenza (Department of Pharmacological and 
Biomolecular Sciences “Rodolfo Paoletti”, Università degli Studi di 
Milano). F.F. was supported by an AIRC fellowship for Italy from 
March 2020 to March 2023. Figures were created with BioRender.
com (License WZ26XH5VU7, purchased by the Department of Health 
Sciences, Università degli Studi di Milano).

Data availability  No datasets were generated or analysed during the 
current study.

Declarations 

Ethics approval and consent to participate  Not applicable.

Consent for publication  Not applicable.

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Siegel, R. L., Giaquinto, A. N., & Jemal, A. (2024). Cancer sta-
tistics, 2024. CA A Cancer Journal for Clinicians, 74(1), 12–49. 
https://​doi.​org/​10.​3322/​caac.​21820

	 2.	 Fontana, F., Marzagalli, M., Montagnani Marelli, M., Raimondi, 
M., Moretti, R., & Limonta, P. (2020). Gonadotropin-releasing 
hormone receptors in prostate cancer: Molecular aspects and bio-
logical functions. International Journal of Molecular Sciences, 
21(24), 9511. https://​doi.​org/​10.​3390/​ijms2​12495​11

	 3.	 Serritella, A. V., & Hussain, M. (2024). Metastatic hormone–
sensitive prostate cancer in the era of doublet and triplet therapy. 
Current Treatment Options in Oncology. https://​doi.​org/​10.​1007/​
s11864-​023-​01173-1

	 4.	 Fontana, F., & Limonta, P. (2021). Dissecting the hormonal 
signaling landscape in castration-resistant prostate cancer. Cells, 
10(5), 1133. https://​doi.​org/​10.​3390/​cells​10051​133

	 5.	 Fontana, F., Anselmi, M., & Limonta, P. (2022). Molecular 
mechanisms and genetic alterations in prostate cancer: From 

diagnosis to targeted therapy. Cancer Letters, 534, 215619. 
https://​doi.​org/​10.​1016/j.​canlet.​2022.​215619

	 6.	 Doyle, L., & Wang, M. (2019). Overview of extracellular vesi-
cles, their origin, composition, purpose, and methods for exo-
some isolation and analysis. Cells, 8(7), 727. https://​doi.​org/​10.​
3390/​cells​80707​27

	 7.	 Théry, C., Witwer, K. W., Aikawa, E., Alcaraz, M. J., Ander-
son, J. D., Andriantsitohaina, R., … Zuba‐Surma, E. K. (2018). 
Minimal information for studies of extracellular vesicles 2018 
(MISEV2018): A position statement of the International Society 
for Extracellular Vesicles and update of the MISEV2014 guide-
lines. Journal of Extracellular Vesicles, 7(1). https://​doi.​org/​10.​
1080/​20013​078.​2018.​15357​50

	 8.	 Bao, Q., Huang, Q., Chen, Y., Wang, Q., Sang, R., Wang, L., … 
Chen, W. (2022). Tumor-derived extracellular vesicles regulate 
cancer progression in the tumor microenvironment. Frontiers in 
Molecular Biosciences, 8. https://​doi.​org/​10.​3389/​fmolb.​2021.​
796385

	 9.	 Fontana, F., Carollo, E., Melling, G. E., & Carter, D. R. F. 
(2021). Extracellular vesicles: Emerging modulators of cancer 
drug resistance. Cancers, 13(4), 749. https://​doi.​org/​10.​3390/​
cance​rs130​40749

	 10.	 Arena, G. O., Forte, S., Abdouh, M., Vanier, C., Corbeil, D., & 
Lorico, A. (2023). Horizontal transfer of malignant traits and the 
involvement of extracellular vesicles in metastasis. Cells, 12(12), 
1566. https://​doi.​org/​10.​3390/​cells​12121​566

	 11.	 Rahbarghazi, R., Jabbari, N., Sani, N. A., Asghari, R., Salimi, 
L., Kalashani, S. A., … Rezaie, J. (2019). Tumor-derived extra-
cellular vesicles: Reliable tools for cancer diagnosis and clini-
cal applications. Cell Communication and Signaling, 17(1), 73. 
https://​doi.​org/​10.​1186/​s12964-​019-​0390-y

	 12.	 Saleem, T., Sumrin, A., Bilal, M., Bashir, H., & Khawar, M. 
B. (2022). Tumor-derived extracellular vesicles: Potential tool 
for cancer diagnosis, prognosis, and therapy. Saudi Journal of 
Biological Sciences, 29(4), 2063–2071. https://​doi.​org/​10.​1016/j.​
sjbs.​2022.​01.​012

	 13.	 Yang, D., Liu, J., Qian, H., & Zhuang, Q. (2023). Cancer-associ-
ated fibroblasts: From basic science to anticancer therapy. Exper-
imental & Molecular Medicine, 55(7), 1322–1332. https://​doi.​
org/​10.​1038/​s12276-​023-​01013-0

	 14.	 Webber, J., Steadman, R., Mason, M. D., Tabi, Z., & Clayton, 
A. (2010). Cancer exosomes trigger fibroblast to myofibroblast 
differentiation. Cancer Research, 70(23), 9621–9630. https://​doi.​
org/​10.​1158/​0008-​5472.​CAN-​10-​1722

	 15.	 Wu, T., Wang, W., Shi, G., Hao, M., Wang, Y., Yao, M., … 
Wang, J. (2022). Targeting HIC1/TGF-β axis-shaped prostate 
cancer microenvironment restrains its progression. Cell Death & 
Disease, 13(7), 624. https://​doi.​org/​10.​1038/​s41419-​022-​05086-z

	 16.	 Deep, G., & Panigrahi, G. K. (2015). Hypoxia-induced signaling 
promotes prostate cancer progression: Exosomes role as mes-
senger of hypoxic response in tumor microenvironment. Criti-
cal reviews in oncogenesis, 20(5–6), 419–434. https://​doi.​org/​10.​
1615/​CritR​evOnc​og.​v20.​i5-6.​130

	 17.	 Ramteke, A., Ting, H., Agarwal, C., Mateen, S., Somasagara, 
R., Hussain, A., … Deep, G. (2015). Exosomes secreted under 
hypoxia enhance invasiveness and stemness of prostate cancer 
cells by targeting adherens junction molecules. Molecular Car-
cinogenesis, 54(7), 554–565. https://​doi.​org/​10.​1002/​mc.​22124

	 18.	 McAtee, C. O., Berkebile, A. R., Elowsky, C. G., Fangman, T., 
Barycki, J. J., Wahl, J. K., … Simpson, M. A. (2015). Hyalu-
ronidase Hyal1 increases tumor cell proliferation and motility 
through accelerated vesicle trafficking. Journal of Biological 
Chemistry, 290(21), 13144–13156. https://​doi.​org/​10.​1074/​jbc.​
M115.​647446

	 19.	 McAtee, C. O., Booth, C., Elowsky, C., Zhao, L., Payne, J., Fang-
man, T., … Simpson, M. A. (2019). Prostate tumor cell exosomes 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3322/caac.21820
https://doi.org/10.3390/ijms21249511
https://doi.org/10.1007/s11864-023-01173-1
https://doi.org/10.1007/s11864-023-01173-1
https://doi.org/10.3390/cells10051133
https://doi.org/10.1016/j.canlet.2022.215619
https://doi.org/10.3390/cells8070727
https://doi.org/10.3390/cells8070727
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.3389/fmolb.2021.796385
https://doi.org/10.3389/fmolb.2021.796385
https://doi.org/10.3390/cancers13040749
https://doi.org/10.3390/cancers13040749
https://doi.org/10.3390/cells12121566
https://doi.org/10.1186/s12964-019-0390-y
https://doi.org/10.1016/j.sjbs.2022.01.012
https://doi.org/10.1016/j.sjbs.2022.01.012
https://doi.org/10.1038/s12276-023-01013-0
https://doi.org/10.1038/s12276-023-01013-0
https://doi.org/10.1158/0008-5472.CAN-10-1722
https://doi.org/10.1158/0008-5472.CAN-10-1722
https://doi.org/10.1038/s41419-022-05086-z
https://doi.org/10.1615/CritRevOncog.v20.i5-6.130
https://doi.org/10.1615/CritRevOncog.v20.i5-6.130
https://doi.org/10.1002/mc.22124
https://doi.org/10.1074/jbc.M115.647446
https://doi.org/10.1074/jbc.M115.647446


1622	 Cancer and Metastasis Reviews (2024) 43:1611–1627

containing hyaluronidase Hyal1 stimulate prostate stromal cell 
motility by engagement of FAK-mediated integrin signaling. 
Matrix Biology, 78–79, 165–179. https://​doi.​org/​10.​1016/j.​mat-
bio.​2018.​05.​002

	 20.	 Marzagalli, M., Fontana, F., Raimondi, M., & Limonta, P. (2021). 
Cancer stem cells—Key players in tumor relapse. Cancers, 13(3), 
376. https://​doi.​org/​10.​3390/​cance​rs130​30376

	 21.	 Sánchez, C. A., Andahur, E. I., Valenzuela, R., Castellón, E. A., 
Fullá, J. A., Ramos, C. G., & Triviño, J. C. (2016). Exosomes 
from bulk and stem cells from human prostate cancer have a dif-
ferential microRNA content that contributes cooperatively over 
local and pre-metastatic niche. Oncotarget, 7(4), 3993–4008. 
https://​doi.​org/​10.​18632/​oncot​arget.​6540

	 22.	 Zhao, H., Yang, L., Baddour, J., Achreja, A., Bernard, V., Moss, 
T., … Nagrath, D. (2016). Tumor microenvironment derived 
exosomes pleiotropically modulate cancer cell metabolism. eLife, 
5. https://​doi.​org/​10.​7554/​eLife.​10250

	 23.	 Josson, S., Gururajan, M., Sung, S. Y., Hu, P., Shao, C., Zhau, H. 
E., … Chung, L. W. K. (2015). Stromal fibroblast-derived miR-
409 promotes epithelial-to-mesenchymal transition and prostate 
tumorigenesis. Oncogene, 34(21), 2690–2699. https://​doi.​org/​10.​
1038/​onc.​2014.​212

	 24.	 Wang, S., Du, P., Cao, Y., Ma, J., Yang, X., Yu, Z., & Yang, Y. 
(2022). Cancer associated fibroblasts secreted exosomal miR-
1290 contributes to prostate cancer cell growth and metastasis 
via targeting GSK3β. Cell Death Discovery, 8(1), 371. https://​
doi.​org/​10.​1038/​s41420-​022-​01163-6

	 25.	 Cao, Z., Xu, L., & Zhao, S. (2019). Exosome-derived miR-27a 
produced by PSC-27 cells contributes to prostate cancer chem-
oresistance through p53. Biochemical and Biophysical Research 
Communications, 515(2), 345–351. https://​doi.​org/​10.​1016/j.​
bbrc.​2019.​05.​120

	 26.	 Shan, G., Gu, J., Zhou, D., Li, L., Cheng, W., Wang, Y., … Wang, 
X. (2020). Cancer-associated fibroblast-secreted exosomal miR-
423–5p promotes chemotherapy resistance in prostate cancer by 
targeting GREM2 through the TGF-β signaling pathway. Experi-
mental & Molecular Medicine, 52(11), 1809–1822. https://​doi.​
org/​10.​1038/​s12276-​020-​0431-z

	 27.	 Zhang, Y., Zhao, J., Ding, M., Su, Y., Cui, D., Jiang, C., … 
Han, B. (2020). Loss of exosomal miR-146a-5p from cancer-
associated fibroblasts after androgen deprivation therapy con-
tributes to prostate cancer metastasis. Journal of Experimental 
& Clinical Cancer Research, 39(1), 282. https://​doi.​org/​10.​1186/​
s13046-​020-​01761-1

	 28.	 Matsuda, C., Ishii, K., Nakagawa, Y., Shirai, T., Sasaki, T., 
Hirokawa, Y. S., … Watanabe, M. (2023). Fibroblast‐derived 
exosomal microRNA regulates NKX3‐1 expression in andro-
gen‐sensitive, androgen receptor‐dependent prostate cancer cells. 
Journal of Cellular Biochemistry, 124(8), 1135–1144. https://​
doi.​org/​10.​1002/​jcb.​30435

	 29.	 Saha, A., Kolonin, M. G., & DiGiovanni, J. (2023). Obesity and 
prostate cancer — Microenvironmental roles of adipose tissue. 
Nature Reviews Urology, 20(10), 579–596. https://​doi.​org/​10.​
1038/​s41585-​023-​00764-9

	 30.	 Laurent, V., Toulet, A., Attané, C., Milhas, D., Dauvillier, S., 
Zaidi, F., … Muller, C. (2019). Periprostatic adipose tissue favors 
prostate cancer cell invasion in an obesity-dependent manner: 
Role of oxidative stress. Molecular Cancer Research, 17(3), 
821–835. https://​doi.​org/​10.​1158/​1541-​7786.​MCR-​18-​0748

	 31.	 La Civita, E., Liotti, A., Cennamo, M., Crocetto, F., Ferro, M., 
Liguoro, P., … Terracciano, D. (2021). Peri-prostatic adipocyte-
released TGFβ enhances prostate cancer cell motility by upregu-
lation of connective tissue growth factor. Biomedicines, 9(11), 
1692. https://​doi.​org/​10.​3390/​biome​dicin​es911​1692

	 32.	 Liotti, A., La Civita, E., Cennamo, M., Crocetto, F., Ferro, M., 
Guadagno, E., … Terracciano, D. (2021). Periprostatic adipose 

tissue promotes prostate cancer resistance to docetaxel by parac-
rine IGF‐1 upregulation of TUBB2B beta‐tubulin isoform. The 
Prostate, 81(7), 407–417. https://​doi.​org/​10.​1002/​pros.​24117

	 33.	 Fontana, F., Anselmi, M., & Limonta, P. (2023). Adipocytes 
reprogram prostate cancer stem cell machinery. Journal of 
Cell Communication and Signaling. https://​doi.​org/​10.​1007/​
s12079-​023-​00738-x

	 34.	 Fontana, F., Anselmi, M., Carollo, E., Sartori, P., Procacci, P., 
Carter, D., & Limonta, P. (2022). Adipocyte-derived extracellular 
vesicles promote prostate cancer cell aggressiveness by enabling 
multiple phenotypic and metabolic changes. Cells, 11(15), 2388. 
https://​doi.​org/​10.​3390/​cells​11152​388

	 35.	 Mathiesen, A., Haynes, B., Huyck, R., Brown, M., & Dobrian, A. 
(2023). Adipose tissue-derived extracellular vesicles contribute 
to phenotypic plasticity of prostate cancer cells. International 
Journal of Molecular Sciences, 24(2), 1229. https://​doi.​org/​10.​
3390/​ijms2​40212​29

	 36.	 Alvarez-Artime, A., Garcia-Soler, B., Gonzalez-Menendez, P., 
Fernandez-Vega, S., Cernuda-Cernuda, R., Hevia, D., … Sainz, 
R. M. (2023). Castration promotes the browning of the prostate 
tumor microenvironment. Cell Communication and Signaling, 
21(1), 267. https://​doi.​org/​10.​1186/​s12964-​023-​01294-y

	 37.	 Abd Elmageed, Z. Y., Yang, Y., Thomas, R., Ranjan, M., Mon-
dal, D., Moroz, K., … Abdel-Mageed, A. B. (2014). Neoplastic 
reprogramming of patient-derived adipose stem cells by prostate 
cancer cell-associated exosomes. Stem Cells, 32(4), 983–997. 
https://​doi.​org/​10.​1002/​stem.​1619

	 38.	 Kwon, J. T. W., Bryant, R. J., & Parkes, E. E. (2021). The tumor 
microenvironment and immune responses in prostate cancer 
patients. Endocrine-Related Cancer, 28(8), T95–T107. https://​
doi.​org/​10.​1530/​ERC-​21-​0149

	 39.	 Oh, D. Y., Fong, L., Newell, E. W., Turk, M. J., Chi, H., Chang, 
H. Y., … Lantz, O. (2021). Toward a better understanding of T 
cells in cancer. Cancer Cell, 39(12), 1549–1552. https://​doi.​org/​
10.​1016/j.​ccell.​2021.​11.​010

	 40.	 Abusamra, A. J., Zhong, Z., Zheng, X., Li, M., Ichim, T. E., 
Chin, J. L., & Min, W.-P. (2005). Tumor exosomes expressing 
Fas ligand mediate CD8+ T-cell apoptosis. Blood Cells, Mol-
ecules & Diseases, 35(2), 169–173. https://​doi.​org/​10.​1016/j.​
bcmd.​2005.​07.​001

	 41.	 Clayton, A., Mitchell, J. P., Court, J., Mason, M. D., & Tabi, 
Z. (2007). Human tumor-derived exosomes selectively impair 
lymphocyte responses to interleukin-2. Cancer Research, 67(15), 
7458–7466. https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​06-​3456

	 42.	 Sadovska, L., Zandberga, E., Sagini, K., Jēkabsons, K., Riekstiņa, 
U., Kalniņa, Z., … Linē, A. (2018). A novel 3D heterotypic sphe-
roid model for studying extracellular vesicle-mediated tumour 
and immune cell communication. Biochemical and Biophysical 
Research Communications, 495(2), 1930–1935. https://​doi.​org/​
10.​1016/j.​bbrc.​2017.​12.​072

	 43.	 Chen, G., Huang, A. C., Zhang, W., Zhang, G., Wu, M., Xu, W., 
… Guo, W. (2018). Exosomal PD-L1 contributes to immuno-
suppression and is associated with anti-PD-1 response. Nature, 
560(7718), 382–386. https://​doi.​org/​10.​1038/​s41586-​018-​0392-8

	 44.	 Hu, R., Jahan, M. S., & Tang, L. (2023). ExoPD-L1: An assistant 
for tumor progression and potential diagnostic marker. Frontiers 
in Oncology, 13. https://​doi.​org/​10.​3389/​fonc.​2023.​11941​80

	 45.	 Li, D., Zhou, X., Xu, W., Chen, Y., Mu, C., Zhao, X., … Ma, B. 
(2023). Prostate cancer cells synergistically defend against CD8 + 
T cells by secreting exosomal PD‐L1. Cancer Medicine, 12(15), 
16405–16415. https://​doi.​org/​10.​1002/​cam4.​6275

	 46.	 Poggio, M., Hu, T., Pai, C.-C., Chu, B., Belair, C. D., Chang, A., 
… Blelloch, R. (2019). Suppression of exosomal PD-L1 induces 
systemic anti-tumor immunity and memory. Cell, 177(2), 414–
427.e13. https://​doi.​org/​10.​1016/j.​cell.​2019.​02.​016

https://doi.org/10.1016/j.matbio.2018.05.002
https://doi.org/10.1016/j.matbio.2018.05.002
https://doi.org/10.3390/cancers13030376
https://doi.org/10.18632/oncotarget.6540
https://doi.org/10.7554/eLife.10250
https://doi.org/10.1038/onc.2014.212
https://doi.org/10.1038/onc.2014.212
https://doi.org/10.1038/s41420-022-01163-6
https://doi.org/10.1038/s41420-022-01163-6
https://doi.org/10.1016/j.bbrc.2019.05.120
https://doi.org/10.1016/j.bbrc.2019.05.120
https://doi.org/10.1038/s12276-020-0431-z
https://doi.org/10.1038/s12276-020-0431-z
https://doi.org/10.1186/s13046-020-01761-1
https://doi.org/10.1186/s13046-020-01761-1
https://doi.org/10.1002/jcb.30435
https://doi.org/10.1002/jcb.30435
https://doi.org/10.1038/s41585-023-00764-9
https://doi.org/10.1038/s41585-023-00764-9
https://doi.org/10.1158/1541-7786.MCR-18-0748
https://doi.org/10.3390/biomedicines9111692
https://doi.org/10.1002/pros.24117
https://doi.org/10.1007/s12079-023-00738-x
https://doi.org/10.1007/s12079-023-00738-x
https://doi.org/10.3390/cells11152388
https://doi.org/10.3390/ijms24021229
https://doi.org/10.3390/ijms24021229
https://doi.org/10.1186/s12964-023-01294-y
https://doi.org/10.1002/stem.1619
https://doi.org/10.1530/ERC-21-0149
https://doi.org/10.1530/ERC-21-0149
https://doi.org/10.1016/j.ccell.2021.11.010
https://doi.org/10.1016/j.ccell.2021.11.010
https://doi.org/10.1016/j.bcmd.2005.07.001
https://doi.org/10.1016/j.bcmd.2005.07.001
https://doi.org/10.1158/0008-5472.CAN-06-3456
https://doi.org/10.1016/j.bbrc.2017.12.072
https://doi.org/10.1016/j.bbrc.2017.12.072
https://doi.org/10.1038/s41586-018-0392-8
https://doi.org/10.3389/fonc.2023.1194180
https://doi.org/10.1002/cam4.6275
https://doi.org/10.1016/j.cell.2019.02.016


1623Cancer and Metastasis Reviews (2024) 43:1611–1627	

	 47.	 Murray, P. J. (2017). Macrophage polarization. Annual Review 
of Physiology, 79(1), 541–566. https://​doi.​org/​10.​1146/​annur​ev-​
physi​ol-​022516-​034339

	 48.	 Cendrowicz, E., Sas, Z., Bremer, E., & Rygiel, T. P. (2021). The 
role of macrophages in cancer development and therapy. Can-
cers, 13(8), 1946. https://​doi.​org/​10.​3390/​cance​rs130​81946

	 49.	 Tian, J.-W., Zhang, H.-J., Li, S.-Y., Guo, Y.-L., Chen, G., & 
Yu, Z.-L. (2023). Tumor cell-derived extracellular vesicles in 
modulating phenotypes and immune functions of macrophages: 
Mechanisms and therapeutic applications. Journal of Cancer, 
14(8), 1321–1334. https://​doi.​org/​10.​7150/​jca.​84632

	 50.	 Peng, Y., Zhao, M., Hu, Y., Guo, H., Zhang, Y., Huang, Y., … 
Wang, Z. (2022). Blockade of exosome generation by GW4869 
inhibits the education of M2 macrophages in prostate can-
cer. BMC Immunology, 23(1), 37. https://​doi.​org/​10.​1186/​
s12865-​022-​00514-3

	 51.	 Mezzasoma, L., Costanzi, E., Scarpelli, P., Talesa, V. N., & 
Bellezza, I. (2019). Extracellular vesicles from human advanced-
stage prostate cancer cells modify the inflammatory response of 
microenvironment-residing cells. Cancers, 11(9), 1276. https://​
doi.​org/​10.​3390/​cance​rs110​91276

	 52.	 Xu, W., Lu, M., Xie, S., Zhou, D., Zhu, M., & Liang, C. (2023). 
Endoplasmic reticulum stress promotes prostate cancer cells to 
release exosome and up-regulate PD-L1 expression via PI3K/Akt 
signaling pathway in macrophages. Journal of Cancer, 14(6), 
1062–1074. https://​doi.​org/​10.​7150/​jca.​81933

	 53.	 Lu, H., Bowler, N., Harshyne, L. A., Craig Hooper, D., Krishn, 
S. R., Kurtoglu, S., … Languino, L. R. (2018). Exosomal αvβ6 
integrin is required for monocyte M2 polarization in prostate 
cancer. Matrix Biology, 70, 20–35. https://​doi.​org/​10.​1016/j.​
matbio.​2018.​03.​009

	 54.	 Tian, H.-Y., Liang, Q., Shi, Z., & Zhao, H. (2022). Exosomal 
CXCL14 contributes to M2 macrophage polarization through 
NF-κB signaling in prostate cancer. Oxidative Medicine and Cel-
lular Longevity, 2022, 1–12. https://​doi.​org/​10.​1155/​2022/​76166​
96

	 55.	 Dogan, T., Gnad, F., Chan, J., Phu, L., Young, A., Chen, M. J., 
… Hatzivassiliou, G. (2017). Role of the E3 ubiquitin ligase 
RNF157 as a novel downstream effector linking PI3K and 
MAPK signaling pathways to the cell cycle. Journal of Biologi-
cal Chemistry, 292(35), 14311–14324. https://​doi.​org/​10.​1074/​
jbc.​M117.​792754

	 56.	 Guan, H., Mao, L., Wang, J., Wang, S., Yang, S., Wu, H., … 
Chen, M. (2022). Exosomal RNF157 mRNA from prostate can-
cer cells contributes to M2 macrophage polarization through 
destabilizing HDAC1. Frontiers in Oncology, 12. https://​doi.​
org/​10.​3389/​fonc.​2022.​10212​70

	 57.	 Ferguson, S., Kim, S., Lee, C., Deci, M., & Nguyen, J. (2018). 
The phenotypic effects of exosomes secreted from distinct cel-
lular sources: A comparative study based on miRNA compo-
sition. The AAPS Journal, 20(4), 67. https://​doi.​org/​10.​1208/​
s12248-​018-​0227-4

	 58.	 Costanzi, E., Romani, R., Scarpelli, P., & Bellezza, I. (2020). 
Extracellular vesicles-mediated transfer of miRNA Let-7b from 
PC3 cells to macrophages. Genes, 11(12), 1495. https://​doi.​org/​
10.​3390/​genes​11121​495

	 59.	 Zhang, L.-S., Chen, Q.-C., Zong, H.-T., & Xia, Q. (2023). Exo-
some miRNA-203 promotes M1 macrophage polarization and 
inhibits prostate cancer tumor progression. Molecular and Cel-
lular Biochemistry. https://​doi.​org/​10.​1007/​s11010-​023-​04854-5

	 60.	 Zhou, M., He, X., Mei, C., & Ou, C. (2023). Exosome derived 
from tumor-associated macrophages: Biogenesis, functions, and 
therapeutic implications in human cancers. Biomarker Research, 
11(1), 100. https://​doi.​org/​10.​1186/​s40364-​023-​00538-w

	 61.	 Guan, H., Peng, R., Fang, F., Mao, L., Chen, Z., Yang, S., … 
Chen, M. (2020). Tumor‐associated macrophages promote 

prostate cancer progression via exosome‐mediated miR‐95 trans-
fer. Journal of Cellular Physiology, 235(12), 9729–9742. https://​
doi.​org/​10.​1002/​jcp.​29784

	 62.	 Lu, Y., Ho, C., Hong, J., Kuo, M., Liao, Y., Jaw, F., … Kung, H. 
(2023). NKG2A and circulating extracellular vesicles are key 
regulators of natural killer cell activity in prostate cancer after 
prostatectomy. Molecular Oncology, 17(8), 1613–1627. https://​
doi.​org/​10.​1002/​1878-​0261.​13422

	 63.	 Salimu, J., Webber, J., Gurney, M., Al‐Taei, S., Clayton, A., & 
Tabi, Z. (2017). Dominant immunosuppression of dendritic cell 
function by prostate‐cancer‐derived exosomes. Journal of Extra-
cellular Vesicles, 6(1). https://​doi.​org/​10.​1080/​20013​078.​2017.​
13688​23

	 64.	 Li, N., Wang, Y., Xu, H., Wang, H., Gao, Y., & Zhang, Y. 
(2021). Exosomes derived from RM-1 cells promote the 
recruitment of MDSCs into tumor microenvironment by 
upregulating CXCR4 via TLR2/ NF- κ B pathway. Journal of 
Oncology, 2021, 1–9. https://​doi.​org/​10.​1155/​2021/​55844​06

	 65.	 Gao, F., Xu, Q., Tang, Z., Zhang, N., Huang, Y., Li, Z., … 
Zhu, J. (2022). Exosomes derived from myeloid-derived sup-
pressor cells facilitate castration-resistant prostate cancer pro-
gression via S100A9/circMID1/miR-506–3p/MID1. Journal 
of Translational Medicine, 20(1), 346. https://​doi.​org/​10.​1186/​
s12967-​022-​03494-5

	 66.	 Lugano, R., Ramachandran, M., & Dimberg, A. (2020). Tumor 
angiogenesis: Causes, consequences, challenges and oppor-
tunities. Cellular and Molecular Life Sciences, 77(9), 1745–
1770. https://​doi.​org/​10.​1007/​s00018-​019-​03351-7

	 67.	 Huang, M., Lei, Y., Zhong, Y., Chung, C., Wang, M., Hu, M., 
& Deng, L. (2021). New insights into the regulatory roles of 
extracellular vesicles in tumor angiogenesis and their clinical 
implications. Frontiers in Cell and Developmental Biology, 9. 
https://​doi.​org/​10.​3389/​fcell.​2021.​791882

	 68.	 Weis, S. M., & Cheresh, D. A. (2011). αv integrins in angio-
genesis and cancer. Cold Spring Harbor Perspectives in Med-
icine, 1(1), a006478–a006478. https://​doi.​org/​10.​1101/​cshpe​
rspect.​a0064​78

	 69.	 Niu, J., & Li, Z. (2017). The roles of integrin αvβ6 in cancer. 
Cancer Letters, 403, 128–137. https://​doi.​org/​10.​1016/j.​canlet.​
2017.​06.​012

	 70.	 Fedele, C., Singh, A., Zerlanko, B. J., Iozzo, R. V., & Lan-
guino, L. R. (2015). The αvβ6 integrin is transferred intercel-
lularly via exosomes. Journal of Biological Chemistry, 290(8), 
4545–4551. https://​doi.​org/​10.​1074/​jbc.​C114.​617662

	 71.	 Krishn, S. R., Salem, I., Quaglia, F., Naranjo, N. M., Agar-
wal, E., Liu, Q., … Languino, L. R. (2020). The αvβ6 integrin 
in cancer cell‐derived small extracellular vesicles enhances 
angiogenesis. Journal of Extracellular Vesicles, 9(1). https://​
doi.​org/​10.​1080/​20013​078.​2020.​17635​94

	 72.	 Camilli, C., Hoeh, A. E., De Rossi, G., Moss, S. E., & Green-
wood, J. (2022). LRG1: An emerging player in disease patho-
genesis. Journal of Biomedical Science, 29(1), 6. https://​doi.​
org/​10.​1186/​s12929-​022-​00790-6

	 73.	 Liu, P., Wang, W., Wang, F., Fan, J., Guo, J., Wu, T., … Wu, D. 
(2023). Alterations of plasma exosomal proteins and motabo-
lies are associated with the progression of castration-resistant 
prostate cancer. Journal of Translational Medicine, 21(1), 40. 
https://​doi.​org/​10.​1186/​s12967-​022-​03860-3

	 74.	 Sharif, F., Rasul, A., Ashraf, A., Hussain, G., Younis, T., Sar-
fraz, I., … Ali, M. (2019). Phosphoglycerate mutase 1 in can-
cer: A promising target for diagnosis and therapy. IUBMB Life, 
71(10), 1418–1427. https://​doi.​org/​10.​1002/​iub.​2100

	 75.	 Luo, J., Yang, T., Wu, J., Lai, H., Zou, L., Chen, W., … 
Mao, X. (2023). Exosomal PGAM1 promotes prostate can-
cer angiogenesis and metastasis by interacting with ACTG1. 

https://doi.org/10.1146/annurev-physiol-022516-034339
https://doi.org/10.1146/annurev-physiol-022516-034339
https://doi.org/10.3390/cancers13081946
https://doi.org/10.7150/jca.84632
https://doi.org/10.1186/s12865-022-00514-3
https://doi.org/10.1186/s12865-022-00514-3
https://doi.org/10.3390/cancers11091276
https://doi.org/10.3390/cancers11091276
https://doi.org/10.7150/jca.81933
https://doi.org/10.1016/j.matbio.2018.03.009
https://doi.org/10.1016/j.matbio.2018.03.009
https://doi.org/10.1155/2022/7616696
https://doi.org/10.1155/2022/7616696
https://doi.org/10.1074/jbc.M117.792754
https://doi.org/10.1074/jbc.M117.792754
https://doi.org/10.3389/fonc.2022.1021270
https://doi.org/10.3389/fonc.2022.1021270
https://doi.org/10.1208/s12248-018-0227-4
https://doi.org/10.1208/s12248-018-0227-4
https://doi.org/10.3390/genes11121495
https://doi.org/10.3390/genes11121495
https://doi.org/10.1007/s11010-023-04854-5
https://doi.org/10.1186/s40364-023-00538-w
https://doi.org/10.1002/jcp.29784
https://doi.org/10.1002/jcp.29784
https://doi.org/10.1002/1878-0261.13422
https://doi.org/10.1002/1878-0261.13422
https://doi.org/10.1080/20013078.2017.1368823
https://doi.org/10.1080/20013078.2017.1368823
https://doi.org/10.1155/2021/5584406
https://doi.org/10.1186/s12967-022-03494-5
https://doi.org/10.1186/s12967-022-03494-5
https://doi.org/10.1007/s00018-019-03351-7
https://doi.org/10.3389/fcell.2021.791882
https://doi.org/10.1101/cshperspect.a006478
https://doi.org/10.1101/cshperspect.a006478
https://doi.org/10.1016/j.canlet.2017.06.012
https://doi.org/10.1016/j.canlet.2017.06.012
https://doi.org/10.1074/jbc.C114.617662
https://doi.org/10.1080/20013078.2020.1763594
https://doi.org/10.1080/20013078.2020.1763594
https://doi.org/10.1186/s12929-022-00790-6
https://doi.org/10.1186/s12929-022-00790-6
https://doi.org/10.1186/s12967-022-03860-3
https://doi.org/10.1002/iub.2100


1624	 Cancer and Metastasis Reviews (2024) 43:1611–1627

Cell Death & Disease, 14(8), 502. https://​doi.​org/​10.​1038/​
s41419-​023-​06007-4

	 76.	 Prigol, A. N., Rode, M. P., Silva, A. H., Cisilotto, J., & Creczyn-
ski-Pasa, T. B. (2021). Pro-angiogenic effect of PC-3 exosomes 
in endothelial cells in vitro. Cellular Signalling, 87, 110126. 
https://​doi.​org/​10.​1016/j.​cells​ig.​2021.​110126

	 77.	 Haffner, M. C., Zwart, W., Roudier, M. P., True, L. D., Nel-
son, W. G., Epstein, J. I., … Yegnasubramanian, S. (2021). 
Genomic and phenotypic heterogeneity in prostate cancer. 
Nature Reviews Urology, 18(2), 79–92. https://​doi.​org/​10.​1038/​
s41585-​020-​00400-w

	 78.	 Tang, D. G. (2022). Understanding and targeting prostate cancer 
cell heterogeneity and plasticity. Seminars in Cancer Biology, 82, 
68–93. https://​doi.​org/​10.​1016/j.​semca​ncer.​2021.​11.​001

	 79.	 Mohamed, O. A. A., Tesen, H. S., Hany, M., Sherif, A., Abdelwa-
hab, M. M., & Elnaggar, M. H. (2023). The role of hypoxia 
on prostate cancer progression and metastasis. Molecular 
Biology Reports, 50(4), 3873–3884. https://​doi.​org/​10.​1007/​
s11033-​023-​08251-5

	 80.	 Fontana, F., Raimondi, M., Marzagalli, M., Sommariva, M., 
Limonta, P., & Gagliano, N. (2019). Epithelial-to-mesenchymal 
transition markers and CD44 isoforms are differently expressed 
in 2D and 3D cell cultures of prostate cancer cells. Cells. https://​
doi.​org/​10.​3390/​cells​80201​43

	 81.	 Alabi, B. R., Liu, S., & Stoyanova, T. (2022). Current and emerg-
ing therapies for neuroendocrine prostate cancer. Pharmacology 
& Therapeutics, 238, 108255. https://​doi.​org/​10.​1016/j.​pharm​
thera.​2022.​108255

	 82.	 Gogola, S., Rejzer, M., Bahmad, H. F., Abou-Kheir, W., Omarzai, 
Y., & Poppiti, R. (2023). Epithelial-to-mesenchymal transition-
related markers in prostate cancer: From bench to bedside. Can-
cers, 15(8), 2309. https://​doi.​org/​10.​3390/​cance​rs150​82309

	 83.	 Souza, A. G., B. Silva, I. B., Campos‐Fernández, E., Marangoni, 
K., F. Bastos, V. A., Alves, P. T., … Alonso‐Goulart, V. (2018). 
Extracellular vesicles as drivers of epithelial‐mesenchymal tran-
sition and carcinogenic characteristics in normal prostate cells. 
Molecular Carcinogenesis. 57(4), 503–511https://​doi.​org/​10.​
1002/​mc.​22775

	 84.	 El-Sayed, I. Y., Daher, A., Destouches, D., Firlej, V., Kostal-
lari, E., Maillé, P., … Vacherot, F. (2017). Extracellular vesicles 
released by mesenchymal-like prostate carcinoma cells modulate 
EMT state of recipient epithelial-like carcinoma cells through 
regulation of AR signaling. Cancer Letters, 410, 100–111. 
https://​doi.​org/​10.​1016/j.​canlet.​2017.​09.​010

	 85.	 Lin, L.-C., Gao, A. C., Lai, C.-H., Hsieh, J.-T., & Lin, H. (2017). 
Induction of neuroendocrine differentiation in castration resistant 
prostate cancer cells by adipocyte differentiation-related protein 
(ADRP) delivered by exosomes. Cancer Letters, 391, 74–82. 
https://​doi.​org/​10.​1016/j.​canlet.​2017.​01.​018

	 86.	 Patel, G., Dutta, S., Mahmud Syed, M., Ramachandran, S., 
Sharma, M., Rajamanickam, V., … Nandana, S. (2021). TBX2 
drives neuroendocrine prostate cancer through exosome-medi-
ated repression of miR-200c-3p. Cancers, 13(19), 5020. https://​
doi.​org/​10.​3390/​cance​rs131​95020

	 87.	 Zhang, Y., Chen, B., Xu, N., Xu, P., Lin, W., Liu, C., & Huang, P. 
(2021). Exosomes promote the transition of androgen-dependent 
prostate cancer cells into androgen-independent manner through 
up-regulating the heme oxygenase-1. International Journal of 
Nanomedicine, 16, 315–327. https://​doi.​org/​10.​2147/​IJN.​S2817​
10

	 88.	 Wang, W., Kong, P., Feng, K., Liu, C., Gong, X., Sun, T., … 
Liu, W. (2023). Exosomal miR‐222‐3p contributes to castration‐
resistant prostate cancer by activating mTOR signaling. Cancer 
Science, 114(11), 4252–4269. https://​doi.​org/​10.​1111/​cas.​15948

	 89.	 Corcoran, C., Rani, S., O’Brien, K., O’Neill, A., Prencipe, M., 
Sheikh, R., … O’Driscoll, L. (2012). Docetaxel-resistance in 

prostate cancer: Evaluating associated phenotypic changes and 
potential for resistance transfer via exosomes. PLoS ONE. https://​
doi.​org/​10.​1371/​journ​al.​pone.​00509​99

	 90.	 Wang, J. Q., DeChalus, A., Chatterjee, D. N., Keller, E. T., Miz-
okami, A., Camussi, G., … Chatterjee, D. (2015). Extracellular 
vesicle-mediated reversal of paclitaxel resistance in prostate can-
cer. Critical Reviews in Oncogenesis, 20(5–6), 407–417. https://​
doi.​org/​10.​1615/​CritR​evOnc​og.​v20.​i5-6.​120

	 91.	 Mattick, J. S., Amaral, P. P., Carninci, P., Carpenter, S., Chang, 
H. Y., Chen, L.-L., … Wu, M. (2023). Long non-coding RNAs: 
Definitions, functions, challenges and recommendations. Nature 
Reviews Molecular Cell Biology, 24(6), 430–447. https://​doi.​org/​
10.​1038/​s41580-​022-​00566-8

	 92.	 Mirzaei, S., Paskeh, M. D. A., Okina, E., Gholami, M. H., Hush-
mandi, K., Hashemi, M., … Wang, Y. (2022). Molecular land-
scape of LncRNAs in prostate cancer: A focus on pathways and 
therapeutic targets for intervention. Journal of Experimental & 
Clinical Cancer Research, 41(1), 214. https://​doi.​org/​10.​1186/​
s13046-​022-​02406-1

	 93.	 Taheri, M., Badrlou, E., Hussen, B. M., Kashi, A. H., Ghafouri-
Fard, S., & Baniahmad, A. (2023). Importance of long non-
coding RNAs in the pathogenesis, diagnosis, and treatment of 
prostate cancer. Frontiers in Oncology, 13. https://​doi.​org/​10.​
3389/​fonc.​2023.​11231​01

	 94.	 Wang, J., Yang, X., Li, R., Wang, L., Gu, Y., Zhao, Y., … Gao, S. 
(2018). Long non-coding RNA MYU promotes prostate cancer 
proliferation by mediating the miR-184/c-Myc axis. Oncology 
Reports. https://​doi.​org/​10.​3892/​or.​2018.​6661

	 95.	 Yang, X., Wang, L., Li, R., Zhao, Y., Gu, Y., Liu, S., … Gao, S. 
(2018). The long non-coding RNA PCSEAT exhibits an onco-
genic property in prostate cancer and functions as a competing 
endogenous RNA that associates with EZH2. Biochemical and 
Biophysical Research Communications, 502(2), 262–268. https://​
doi.​org/​10.​1016/j.​bbrc.​2018.​05.​157

	 96.	 Jiang, Y., Zhao, H., Chen, Y., Li, K., Li, T., Chen, J., … Gu, 
P. (2021). Exosomal long noncoding RNA HOXD-AS1 pro-
motes prostate cancer metastasis via miR-361–5p/FOXM1 axis. 
Cell Death & Disease, 12(12), 1129. https://​doi.​org/​10.​1038/​
s41419-​021-​04421-0

	 97.	 Braicu, C., Zimta, A.-A., Gulei, D., Olariu, A., & Berindan-
Neagoe, I. (2019). Comprehensive analysis of circular RNAs in 
pathological states: Biogenesis, cellular regulation, and thera-
peutic relevance. Cellular and Molecular Life Sciences, 76(8), 
1559–1577. https://​doi.​org/​10.​1007/​s00018-​019-​03016-5

	 98.	 Kristensen, L. S., Jakobsen, T., Hager, H., & Kjems, J. (2022). 
The emerging roles of circRNAs in cancer and oncology. Nature 
Reviews Clinical Oncology, 19(3), 188–206. https://​doi.​org/​10.​
1038/​s41571-​021-​00585-y

	 99.	 Liu, X., Tong, Y., Xia, D., Peng, E., Yang, X., Liu, H., … Tang, 
K. (2021). Circular RNAs in prostate cancer: Biogenesis, bio-
logical functions, and clinical significance. Molecular Therapy 
- Nucleic Acids, 26, 1130–1147. https://​doi.​org/​10.​1016/j.​omtn.​
2021.​10.​017

	100.	 Huang, G., Jiang, Z., Zhu, W., & Wu, Z. (2023). Exosomal circK-
DM4A induces CUL4B to promote prostate cancer cell malig-
nancy in a miR-338-3p-dependent manner. Biochemical Genet-
ics, 61(1), 390–409. https://​doi.​org/​10.​1007/​s10528-​022-​10251-2

	101.	 Tang, Y., Liu, J., Li, X., & Wang, W. (2021). Exosomal circRNA 
HIPK3 knockdown inhibited cell proliferation and metastasis 
in prostate cancer by regulating miR-212/BMI-1 pathway. 
Journal of Biosciences, 46(3), 69. https://​doi.​org/​10.​1007/​
s12038-​021-​00190-2

	102.	 Zhang, G., Liu, Y., Yang, J., Wang, H., & Xing, Z. (2022). Inhibi-
tion of circ_0081234 reduces prostate cancer tumor growth and 
metastasis via the miR‐1/MAP 3 K1 axis. The Journal of Gene 
Medicine, 24(8). https://​doi.​org/​10.​1002/​jgm.​3376

https://doi.org/10.1038/s41419-023-06007-4
https://doi.org/10.1038/s41419-023-06007-4
https://doi.org/10.1016/j.cellsig.2021.110126
https://doi.org/10.1038/s41585-020-00400-w
https://doi.org/10.1038/s41585-020-00400-w
https://doi.org/10.1016/j.semcancer.2021.11.001
https://doi.org/10.1007/s11033-023-08251-5
https://doi.org/10.1007/s11033-023-08251-5
https://doi.org/10.3390/cells8020143
https://doi.org/10.3390/cells8020143
https://doi.org/10.1016/j.pharmthera.2022.108255
https://doi.org/10.1016/j.pharmthera.2022.108255
https://doi.org/10.3390/cancers15082309
https://doi.org/10.1002/mc.22775
https://doi.org/10.1002/mc.22775
https://doi.org/10.1016/j.canlet.2017.09.010
https://doi.org/10.1016/j.canlet.2017.01.018
https://doi.org/10.3390/cancers13195020
https://doi.org/10.3390/cancers13195020
https://doi.org/10.2147/IJN.S281710
https://doi.org/10.2147/IJN.S281710
https://doi.org/10.1111/cas.15948
https://doi.org/10.1371/journal.pone.0050999
https://doi.org/10.1371/journal.pone.0050999
https://doi.org/10.1615/CritRevOncog.v20.i5-6.120
https://doi.org/10.1615/CritRevOncog.v20.i5-6.120
https://doi.org/10.1038/s41580-022-00566-8
https://doi.org/10.1038/s41580-022-00566-8
https://doi.org/10.1186/s13046-022-02406-1
https://doi.org/10.1186/s13046-022-02406-1
https://doi.org/10.3389/fonc.2023.1123101
https://doi.org/10.3389/fonc.2023.1123101
https://doi.org/10.3892/or.2018.6661
https://doi.org/10.1016/j.bbrc.2018.05.157
https://doi.org/10.1016/j.bbrc.2018.05.157
https://doi.org/10.1038/s41419-021-04421-0
https://doi.org/10.1038/s41419-021-04421-0
https://doi.org/10.1007/s00018-019-03016-5
https://doi.org/10.1038/s41571-021-00585-y
https://doi.org/10.1038/s41571-021-00585-y
https://doi.org/10.1016/j.omtn.2021.10.017
https://doi.org/10.1016/j.omtn.2021.10.017
https://doi.org/10.1007/s10528-022-10251-2
https://doi.org/10.1007/s12038-021-00190-2
https://doi.org/10.1007/s12038-021-00190-2
https://doi.org/10.1002/jgm.3376


1625Cancer and Metastasis Reviews (2024) 43:1611–1627	

	103.	 Balázs, K., Antal, L., Sáfrány, G., & Lumniczky, K. (2021). 
Blood-derived biomarkers of diagnosis, prognosis and therapy 
response in prostate cancer patients. Journal of Personalized 
Medicine, 11(4), 296. https://​doi.​org/​10.​3390/​jpm11​040296

	104.	 Bilal, M., Javaid, A., Amjad, F., Youssif, T. A., & Afzal, S. 
(2022). An overview of prostate cancer (PCa) diagnosis: Poten-
tial role of miRNAs. Translational Oncology, 26, 101542. https://​
doi.​org/​10.​1016/j.​tranon.​2022.​101542

	105.	 Lazaro‐Ibanez, E., Sanz‐Garcia, A., Visakorpi, T., Escobedo‐
Lucea, C., Siljander, P., … Yliperttula, M. (2014).  Differ-
ent gDNA content in the subpopulations of prostate cancer 
extracellular vesicles: Apoptotic bodies, microvesicles, and 
exosomes. Prostate 74, 1379–1390. https://​doi.​org/​10.​1002/​pros.​
22853

	106.	 Vagner, T., Spinelli, C., Minciacchi, V. R., Balaj, L., Zandian, M., 
… Di Vizio, D. (2018). Large extracellular vesicles carry most 
of the tumour DNA circulating in prostate cancer patient plasma. 
Journal of Extracellular Vesicles 7, 1505403. https://​doi.​org/​10.​
1080/​20013​078.​2018.​15054​03

	107.	 FitzGerald, L. M., Agalliu, I., Johnson, K., Miller, M. A., Kwon, 
E. M., Hurtado-Coll, A., … Huntsman, D. G. (2008). Associa-
tion of TMPRSS2-ERG gene fusion with clinical characteristics 
and outcomes: Results from a population-based study of pros-
tate cancer. BMC Cancer, 8(1), 230. https://​doi.​org/​10.​1186/​
1471-​2407-8-​230

	108.	 Leyten, G. H. J. M., Hessels, D., Jannink, S. A., Smit, F. P., 
de Jong, H., Cornel, E. B., … Schalken, J. A. (2014). Prospec-
tive multicentre evaluation of PCA3 and TMPRSS2-ERG gene 
fusions as diagnostic and prognostic urinary biomarkers for pros-
tate cancer. European Urology, 65(3), 534–542. https://​doi.​org/​
10.​1016/j.​eururo.​2012.​11.​014

	109.	 Neeb, A., Hefele, S., Bormann, S., Parson, W., Adams, F., Wolf, 
P., … Cato, A. C. B. (2014). Splice variant transcripts of the ante-
rior gradient 2 gene as a marker of prostate cancer. Oncotarget, 
5(18), 8681–8689. https://​doi.​org/​10.​18632/​oncot​arget.​2365

	110.	 Royo, F., Diwan, I., Tackett, M., Zuñiga, P., Sanchez-Mosquera, 
P., Loizaga-Iriarte, A., … Falcon-Perez, J. (2016). Comparative 
miRNA analysis of urine extracellular vesicles isolated through 
five different methods. Cancers, 8(12), 112. https://​doi.​org/​10.​
3390/​cance​rs812​0112

	111.	 Fenner, A. (2016). Exosomal AR-V7 is a marker of hormonal 
therapy resistance. Nature Reviews Urology, 13(12), 695–695. 
https://​doi.​org/​10.​1038/​nrurol.​2016.​220

	112.	 Del Re, M., Biasco, E., Crucitta, S., Derosa, L., Rofi, E., Orlan-
dini, C., … Danesi, R. (2017). The detection of androgen recep-
tor splice variant 7 in plasma-derived exosomal RNA strongly 
predicts resistance to hormonal therapy in metastatic prostate 
cancer patients. European Urology, 71(4), 680–687. https://​doi.​
org/​10.​1016/j.​eururo.​2016.​08.​012

	113.	 Woo, H.-K., Park, J., Ku, J. Y., Lee, C. H., Sunkara, V., Ha, H. K., 
& Cho, Y.-K. (2019). Urine-based liquid biopsy: Non-invasive 
and sensitive AR-V7 detection in urinary EVs from patients with 
prostate cancer. Lab on a Chip, 19(1), 87–97. https://​doi.​org/​10.​
1039/​C8LC0​1185K

	114.	 Bhagirath, D., Yang, T. L., Tabatabai, Z. L., Majid, S., Dahiya, 
R., Tanaka, Y., & Saini, S. (2019). BRN4 is a novel driver of neu-
roendocrine differentiation in castration-resistant prostate cancer 
and is selectively released in extracellular vesicles with BRN2. 
Clinical Cancer Research, 25(21), 6532–6545. https://​doi.​org/​
10.​1158/​1078-​0432.​CCR-​19-​0498

	115.	 Bryant, R. J., Pawlowski, T., Catto, J. W. F., Marsden, G., Ves-
sella, R. L., Rhees, B., … Hamdy, F. C. (2012). Changes in circu-
lating microRNA levels associated with prostate cancer. British 
Journal of Cancer, 106(4), 768–774. https://​doi.​org/​10.​1038/​bjc.​
2011.​595

	116.	 Huang, X., Yuan, T., Liang, M., Du, M., Xia, S., Dittmar, R., 
… Wang, L. (2015). Exosomal miR-1290 and miR-375 as prog-
nostic markers in castration-resistant prostate cancer. European 
Urology, 67(1), 33–41. https://​doi.​org/​10.​1016/j.​eururo.​2014.​07.​
035

	117.	 Koppers-Lalic, D., Hackenberg, M., de Menezes, R., Misovic, 
B., Wachalska, M., Geldof, A., … Bijnsdorp, I. (2016). Non-
invasive prostate cancer detection by measuring miRNA vari-
ants (isomiRs) in urine extracellular vesicles. Oncotarget, 7(16), 
22566–22578. https://​doi.​org/​10.​18632/​oncot​arget.​8124

	118.	 Endzeliņš, E., Berger, A., Melne, V., Bajo-Santos, C., 
Soboļevska, K., Ābols, A., … Linē, A. (2017). Detection of cir-
culating miRNAs: Comparative analysis of extracellular vesicle-
incorporated miRNAs and cell-free miRNAs in whole plasma of 
prostate cancer patients. BMC Cancer, 17(1), 730. https://​doi.​
org/​10.​1186/​s12885-​017-​3737-z

	119.	 Foj, L., Ferrer, F., Serra, M., Arévalo, A., Gavagnach, M., 
Giménez, N., & Filella, X. (2017). Exosomal and non-exoso-
mal urinary miRNAs in prostate cancer detection and progno-
sis. The Prostate, 77(6), 573–583. https://​doi.​org/​10.​1002/​pros.​
23295

	120.	 Xu, Y., Qin, S., An, T., Tang, Y., Huang, Y., & Zheng, L. (2017). 
MiR-145 detection in urinary extracellular vesicles increase diag-
nostic efficiency of prostate cancer based on hydrostatic filtration 
dialysis method. The Prostate, 77(10), 1167–1175. https://​doi.​
org/​10.​1002/​pros.​23376

	121.	 Corcoran, C., Rani, S., & O’Driscoll, L. (2014). miR-34a is an 
intracellular and exosomal predictive biomarker for response to 
docetaxel with clinical relevance to prostate cancer progression. 
The Prostate, 74(13), 1320–1334. https://​doi.​org/​10.​1002/​pros.​
22848

	122.	 Yu, Q., Li, P., Weng, M., Wu, S., Zhang, Y., Chen, X., … Fu, S. 
(2018). Nano-vesicles are a potential tool to monitor therapeutic 
efficacy of carbon ion radiotherapy in prostate cancer. Journal 
of Biomedical Nanotechnology, 14(1), 168–178. https://​doi.​org/​
10.​1166/​jbn.​2018.​2503

	123.	 Dong, L., Zieren, R. C., Wang, Y., de Reijke, T. M., Xue, W., 
& Pienta, K. J. (2019). Recent advances in extracellular vesicle 
research for urological cancers: From technology to application. 
Biochimica et Biophysica Acta (BBA) - Reviews on Cancer, 
1871(2), 342–360. https://​doi.​org/​10.​1016/j.​bbcan.​2019.​01.​008

	124.	 Işın, M., Uysaler, E., Özgür, E., Köseoğlu, H., Şanlı, Ö., Yücel, 
Ö. B., … Dalay, N. (2015). Exosomal lncRNA-p21 levels may 
help to distinguish prostate cancer from benign disease. Frontiers 
in Genetics, 6. https://​doi.​org/​10.​3389/​fgene.​2015.​00168

	125.	 Bajo-Santos, C., Brokāne, A., Zayakin, P., Endzeliņš, E., 
Soboļevska, K., Belovs, A., … Linē, A. (2023). Plasma and uri-
nary extracellular vesicles as a source of RNA biomarkers for 
prostate cancer in liquid biopsies. Frontiers in Molecular Bio-
sciences, 10. https://​doi.​org/​10.​3389/​fmolb.​2023.​980433

	126.	 Wang, Y.-H., Ji, J., Wang, B.-C., Chen, H., Yang, Z.-H., Wang, 
K., … Zhang, X.-L. (2018). Tumor-derived exosomal long non-
coding RNAs as promising diagnostic biomarkers for prostate 
cancer. Cellular Physiology and Biochemistry, 46(2), 532–545. 
https://​doi.​org/​10.​1159/​00048​8620

	127.	 Panigrahi, G. K., Praharaj, P. P., Kittaka, H., Mridha, A. R., 
Black, O. M., Singh, R., … Deep, G. (2019). Exosome proteomic 
analyses identify inflammatory phenotype and novel biomarkers 
in African American prostate cancer patients. Cancer Medicine, 
8(3), 1110–1123. https://​doi.​org/​10.​1002/​cam4.​1885

	128.	 Biggs, C. N., Siddiqui, K. M., Al-Zahrani, A. A., Pardhan, S., 
Brett, S. I., Guo, Q. Q., … Leong, H. S. (2016). Prostate extra-
cellular vesicles in patient plasma as a liquid biopsy platform 
for prostate cancer using nanoscale flow cytometry. Oncotarget, 
7(8), 8839–8849. https://​doi.​org/​10.​18632/​oncot​arget.​6983

https://doi.org/10.3390/jpm11040296
https://doi.org/10.1016/j.tranon.2022.101542
https://doi.org/10.1016/j.tranon.2022.101542
https://doi.org/10.1002/pros.22853
https://doi.org/10.1002/pros.22853
https://doi.org/10.1080/20013078.2018.1505403
https://doi.org/10.1080/20013078.2018.1505403
https://doi.org/10.1186/1471-2407-8-230
https://doi.org/10.1186/1471-2407-8-230
https://doi.org/10.1016/j.eururo.2012.11.014
https://doi.org/10.1016/j.eururo.2012.11.014
https://doi.org/10.18632/oncotarget.2365
https://doi.org/10.3390/cancers8120112
https://doi.org/10.3390/cancers8120112
https://doi.org/10.1038/nrurol.2016.220
https://doi.org/10.1016/j.eururo.2016.08.012
https://doi.org/10.1016/j.eururo.2016.08.012
https://doi.org/10.1039/C8LC01185K
https://doi.org/10.1039/C8LC01185K
https://doi.org/10.1158/1078-0432.CCR-19-0498
https://doi.org/10.1158/1078-0432.CCR-19-0498
https://doi.org/10.1038/bjc.2011.595
https://doi.org/10.1038/bjc.2011.595
https://doi.org/10.1016/j.eururo.2014.07.035
https://doi.org/10.1016/j.eururo.2014.07.035
https://doi.org/10.18632/oncotarget.8124
https://doi.org/10.1186/s12885-017-3737-z
https://doi.org/10.1186/s12885-017-3737-z
https://doi.org/10.1002/pros.23295
https://doi.org/10.1002/pros.23295
https://doi.org/10.1002/pros.23376
https://doi.org/10.1002/pros.23376
https://doi.org/10.1002/pros.22848
https://doi.org/10.1002/pros.22848
https://doi.org/10.1166/jbn.2018.2503
https://doi.org/10.1166/jbn.2018.2503
https://doi.org/10.1016/j.bbcan.2019.01.008
https://doi.org/10.3389/fgene.2015.00168
https://doi.org/10.3389/fmolb.2023.980433
https://doi.org/10.1159/000488620
https://doi.org/10.1002/cam4.1885
https://doi.org/10.18632/oncotarget.6983


1626	 Cancer and Metastasis Reviews (2024) 43:1611–1627

	129.	 Park, Y. H., Shin, H. W., Jung, A. R., Kwon, O. S., Choi, Y.-J., 
Park, J., & Lee, J. Y. (2016). Prostate-specific extracellular vesi-
cles as a novel biomarker in human prostate cancer. Scientific 
Reports, 6(1), 30386. https://​doi.​org/​10.​1038/​srep3​0386

	130.	 Mitchell, P. J., Welton, J., Staffurth, J., Court, J., Mason, M. 
D., Tabi, Z., & Clayton, A. (2009). Can urinary exosomes act 
as treatment response markers in prostate cancer? Journal 
of Translational Medicine, 7(1), 4. https://​doi.​org/​10.​1186/​
1479-​5876-7-4

	131.	 Signore, M., Alfonsi, R., Federici, G., Nanni, S., Addario, A., 
Bertuccini, L., … Bonci, D. (2021). Diagnostic and prognostic 
potential of the proteomic profiling of serum-derived extracel-
lular vesicles in prostate cancer. Cell Death & Disease, 12(7), 
636. https://​doi.​org/​10.​1038/​s41419-​021-​03909-z

	132.	 Sequeiros, T., Rigau, M., Chiva, C., Montes, M., Garcia-Grau, 
I., Garcia, M., … Olivan, M. (2017). Targeted proteomics in 
urinary extracellular vesicles identifies biomarkers for diagnosis 
and prognosis of prostate cancer. Oncotarget, 8(3), 4960–4976. 
https://​doi.​org/​10.​18632/​oncot​arget.​13634

	133.	 Zhang, H., Zhang, G.-Y., Su, W.-C., Chen, Y.-T., Liu, Y.-F., Wei, 
D., … Yu, E. Y.-W. (2022). High throughput isolation and data 
independent acquisition mass spectrometry (DIA-MS) of urinary 
extracellular vesicles to improve prostate cancer diagnosis. 
Molecules, 27(23), 8155. https://​doi.​org/​10.​3390/​molec​ules2​72381​55

	134.	 Øverbye, A., Skotland, T., Koehler, C. J., Thiede, B., Seierstad, 
T., Berge, V., … Llorente, A. (2015). Identification of prostate 
cancer biomarkers in urinary exosomes. Oncotarget, 6(30), 
30357–30376. https://​doi.​org/​10.​18632/​oncot​arget.​4851

	135.	 Choi, W. W. Y., Sánchez, C., Li, J. J., Dinarvand, M., Adomat, H., 
Ghaffari, M., … Hosseini-Beheshti, E. (2023). Extracellular vesicles 
from biological fluids as potential markers in castration resistant 
prostate cancer. Journal of Cancer Research and Clinical Oncology, 
149(8), 4701–4717. https://​doi.​org/​10.​1007/​s00432-​022-​04391-6

	136.	 Tannock, I. F., de Wit, R., Berry, W. R., Horti, J., Pluzan-
ska, A., Chi, K. N., … Eisenberger, M. A. (2004). Docetaxel 
plus prednisone or mitoxantrone plus prednisone for advanced 
prostate cancer. New England Journal of Medicine, 351(15), 
1502–1512. https://​doi.​org/​10.​1056/​NEJMo​a0407​20

	137.	 Kato, T., Mizutani, K., Kameyama, K., Kawakami, K., Fujita, 
Y., Nakane, K., … Ito, M. (2015). Serum exosomal P-glyco-
protein is a potential marker to diagnose docetaxel resistance 
and select a taxoid for patients with prostate cancer. Urologic 
Oncology: Seminars and Original Investigations, 33(9), 385.
e15–385.e20. https://​doi.​org/​10.​1016/j.​urolo​nc.​2015.​04.​019

	138.	 Kharaziha, P., Chioureas, D., Rutishauser, D., Baltatzis, G., 
Lennartsson, L., Fonseca, P., … Panaretakis, T. (2015). Molec-
ular profiling of prostate cancer derived exosomes may reveal 
a predictive signature for response to docetaxel. Oncotarget, 
6(25), 21740–21754. https://​doi.​org/​10.​18632/​oncot​arget.​3226

	139.	 Skotland, T., Ekroos, K., Kauhanen, D., Simolin, H., Seierstad, T., 
Berge, V., … Llorente, A. (2017). Molecular lipid species in urinary 
exosomes as potential prostate cancer biomarkers. European Journal 
of Cancer, 70, 122–132. https://​doi.​org/​10.​1016/j.​ejca.​2016.​10.​011

	140.	 Yang, J. S., Lee, J. C., Byeon, S. K., Rha, K. H., & Moon, 
M. H. (2017). Size dependent lipidomic analysis of urinary 
exosomes from patients with prostate cancer by flow field-
flow fractionation and nanoflow liquid chromatography-tandem 
mass spectrometry. Analytical Chemistry, 89(4), 2488–2496. 
https://​doi.​org/​10.​1021/​acs.​analc​hem.​6b046​34

	141.	 O’Brien, K., Breyne, K., Ughetto, S., Laurent, L. C., & Breake-
field, X. O. (2020). RNA delivery by extracellular vesicles in 
mammalian cells and its applications. Nature Reviews Molec-
ular Cell Biology, 21(10), 585–606. https://​doi.​org/​10.​1038/​
s41580-​020-​0251-y

	142.	 Ferguson, S. W., & Nguyen, J. (2016). Exosomes as therapeu-
tics: The implications of molecular composition and exosomal 

heterogeneity. Journal of Controlled Release, 228, 179–190. 
https://​doi.​org/​10.​1016/j.​jconr​el.​2016.​02.​037

	143.	 Turay, D., Khan, S., Diaz Osterman, C. J., Curtis, M. P., 
Khaira, B., Neidigh, J. W., … Wall, N. R. (2016). Proteomic 
profiling of serum-derived exosomes from ethnically diverse 
prostate cancer patients. Cancer Investigation, 34(1), 1–11. 
https://​doi.​org/​10.​3109/​07357​907.​2015.​10819​21

	144.	 Berthold, D. R., Pond, G. R., de Wit, R., Eisenberger, M., & 
Tannock, I. F. (2008). Survival and PSA response of patients 
in the TAX 327 study who crossed over to receive docetaxel 
after mitoxantrone or vice versa. Annals of Oncology, 19(10), 
1749–1753. https://​doi.​org/​10.​1093/​annonc/​mdn288

	145.	 Marchetti, S., Oostendorp, R. L., Pluim, D., van Eijndhoven, 
M., van Tellingen, O., Schinkel, A. H., … Schellens, J. H. 
(2007). In vitro transport of gimatecan (7- t -butoxyimino-
methylcamptothecin) by breast cancer resistance protein, 
P-glycoprotein, and multidrug resistance protein 2. Molecular 
Cancer Therapeutics, 6(12), 3307–3313. https://​doi.​org/​10.​
1158/​1535-​7163.​MCT-​07-​0461

	146.	 Takeda, M., Mizokami, A., Mamiya, K., Li, Y. Q., Zhang, J., 
Keller, E. T., & Namiki, M. (2007). The establishment of two 
paclitaxel-resistant prostate cancer cell lines and the mecha-
nisms of paclitaxel resistance with two cell lines. The Prostate, 
67(9), 955–967. https://​doi.​org/​10.​1002/​pros.​20581

	147.	 Medina, J. E., Dracopoli, N. C., Bach, P. B., Lau, A., Sharpf, R. 
B., Meijer, G. A., … Velculescu, V. E. (2023). Cell-free DNA 
approaches for cancer early detection and interception. Journal 
for Immunotherapy of Cancer, 11(9), e006013. https://​doi.​org/​
10.​1136/​jitc-​2022-​006013

	148.	 Ramirez-Garrastacho, M., Bajo-Santos, C., Line, A., Martens-
Uzunova, E. S., Martinez de la Fuente, J., Moros, M., … Llorente, 
A. (2022). Extracellular vesicles as a source of prostate cancer bio-
markers in liquid biopsies: A decade of research. British Journal of 
Cancer, 126, 331–350. https://​doi.​org/​10.​1038/​s41416-​021-​01610-8

	149.	 Balaj, L., Lessard, R., Dai, L., Cho, Y. J., Pomeroy, S. L., … 
Skog, J. (2011). Tumour microvesicles contain retrotransposon 
elements and amplified oncogene sequences. Nature Commu-
nication 2, 180. https://​doi.​org/​10.​1038/​ncomm​s1180

	150.	 Casanova-Salas, I., et al. (2024). Circulating tumor extracel-
lular vesicles to monitor metastatic prostate cancer genomics 
and transcriptomic evolution. Cancer Cell, 42(7), 1301-1312.
e7. https://​doi.​org/​10.​1016/j.​ccell.​2024.​06.​003

	151.	 Nilsson, J., Skog, J., Nordstrand, A., Baranov, V., Mincheva-
Nilsson, L., Breakefield, X. O., & Widmark, A. (2009). Pros-
tate cancer-derived urine exosomes: A novel approach to 
biomarkers for prostate cancer. British Journal of Cancer, 
100(10), 1603–1607. https://​doi.​org/​10.​1038/​sj.​bjc.​66050​58

	152.	 Samsonov, R., Shtam, T., Burdakov, V., Glotov, A., Tsyrlina, 
E., Berstein, L., … Malek, A. (2016). Lectin‐induced aggluti-
nation method of urinary exosomes isolation followed by mi‐
RNA analysis: Application for prostate cancer diagnostic. The 
Prostate, 76(1), 68–79. https://​doi.​org/​10.​1002/​pros.​23101

	153.	 Logozzi, M., Angelini, D. F., Iessi, E., Mizzoni, D., Di Raimo, 
R., Federici, C., … Fais, S. (2017). Increased PSA expression 
on prostate cancer exosomes in in vitro condition and in can-
cer patients. Cancer Letters, 403, 318–329. https://​doi.​org/​10.​
1016/j.​canlet.​2017.​06.​036

	154.	 Dhondt, B., Geeurickx, E., Tulkens, J., Van Deun, J., Vergauwen, 
G., Lippens, L., … Hendrix, A. (2020). Unravelling the proteomic 
landscape of extracellular vesicles in prostate cancer by density‐
based fractionation of urine. Journal of Extracellular Vesicles, 
9(1). https://​doi.​org/​10.​1080/​20013​078.​2020.​17369​35

	155.	 Hishida, S., Kawakami, K., Fujita, Y., Kato, T., Takai, M., 
Iinuma, K., … Mizutani, K. (2021). Proteomic analysis of 
extracellular vesicles identified PI3K pathway as a potential 

https://doi.org/10.1038/srep30386
https://doi.org/10.1186/1479-5876-7-4
https://doi.org/10.1186/1479-5876-7-4
https://doi.org/10.1038/s41419-021-03909-z
https://doi.org/10.18632/oncotarget.13634
https://doi.org/10.3390/molecules27238155
https://doi.org/10.18632/oncotarget.4851
https://doi.org/10.1007/s00432-022-04391-6
https://doi.org/10.1056/NEJMoa040720
https://doi.org/10.1016/j.urolonc.2015.04.019
https://doi.org/10.18632/oncotarget.3226
https://doi.org/10.1016/j.ejca.2016.10.011
https://doi.org/10.1021/acs.analchem.6b04634
https://doi.org/10.1038/s41580-020-0251-y
https://doi.org/10.1038/s41580-020-0251-y
https://doi.org/10.1016/j.jconrel.2016.02.037
https://doi.org/10.3109/07357907.2015.1081921
https://doi.org/10.1093/annonc/mdn288
https://doi.org/10.1158/1535-7163.MCT-07-0461
https://doi.org/10.1158/1535-7163.MCT-07-0461
https://doi.org/10.1002/pros.20581
https://doi.org/10.1136/jitc-2022-006013
https://doi.org/10.1136/jitc-2022-006013
https://doi.org/10.1038/s41416-021-01610-8
https://doi.org/10.1038/ncomms1180
https://doi.org/10.1016/j.ccell.2024.06.003
https://doi.org/10.1038/sj.bjc.6605058
https://doi.org/10.1002/pros.23101
https://doi.org/10.1016/j.canlet.2017.06.036
https://doi.org/10.1016/j.canlet.2017.06.036
https://doi.org/10.1080/20013078.2020.1736935


1627Cancer and Metastasis Reviews (2024) 43:1611–1627	

therapeutic target for cabazitaxel‐resistant prostate cancer. The 
Prostate, 81(9), 592–602. https://​doi.​org/​10.​1002/​pros.​24138

	156.	 Fernandis, A. Z., & Wenk, M. R. (2009). Lipid-based bio-
markers for cancer. Journal of Chromatography B, 877(26), 
2830–2835. https://​doi.​org/​10.​1016/j.​jchro​mb.​2009.​06.​015

	157.	 Clos‐Garcia, M., Loizaga‐Iriarte, A., Zuñiga‐Garcia, P., 
Sánchez‐Mosquera, P., Rosa Cortazar, A., González, E., … 
Falcón‐Pérez, J. M. (2018). Metabolic alterations in urine 

extracellular vesicles are associated to prostate cancer patho-
genesis and progression. Journal of Extracellular Vesicles, 
7(1). https://​doi.​org/​10.​1080/​20013​078.​2018.​14704​42

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/pros.24138
https://doi.org/10.1016/j.jchromb.2009.06.015
https://doi.org/10.1080/20013078.2018.1470442

	The biological function of extracellular vesicles in prostate cancer and their clinical application as diagnostic and prognostic biomarkers
	Abstract
	1 Introduction
	2 Biological roles of EVs in the cell-to-cell communication within PCa microenvironment
	2.1 PCa-fibroblast interplay
	2.2 PCa-adipocyte interplay
	2.3 PCa-immune system interplay
	2.3.1 Interactions with T lymphocytes
	2.3.2 Interactions with macrophages
	2.3.3 Interactions with other immune cells

	2.4 PCa-endothelium interplay

	3 Biological roles of EVs in the horizontal communication between PCa cells
	4 Clinical application of EVs as diagnostic and prognostic biomarkers for PCa
	4.1 DNA-based biomarkers
	4.2 RNA-based biomarkers
	4.3 Protein-based biomarkers
	4.4 Lipid-based biomarkers

	5 Conclusion and future directions
	References


