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Abstract: Tumor progression to a metastatic and ultimately lethal stage relies on a tumor-supporting
microenvironment that is generated by reciprocal communication between tumor and stromal host
cells. The tumor—stroma crosstalk is instructed by the genetic alterations of the tumor cells—the
most frequent being mutations in the gene Tumor protein p53 (TP53) that are clinically correlated
with metastasis, drug resistance and poor patient survival. The crucial mediators of tumor—stroma
communication are tumor-derived extracellular vesicles (EVs), in particular exosomes, which operate
both locally within the primary tumor and in distant organs, at pre-metastatic niches as the future
sites of metastasis. Here, we review how wild-type and mutant p53 proteins control the secretion, size,
and especially the RNA and protein cargo of tumor-derived EVs. We highlight how EVs extend the
cell-autonomous tumor suppressive activity of wild-type p53 into the tumor microenvironment (TME),
and how mutant p53 proteins switch EVs into oncogenic messengers that reprogram tumor-host
communication within the entire organism so as to promote metastatic tumor cell dissemination.

Keywords: extracellular vesicles; exosomes; p53; mutant p53; tumor microenvironment; metastatic
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1. The TP53 Tumor Suppressor in Cancer

The development of cancer is a multistep process involving a series of events that enable clonal
proliferation, uncontrolled growth, and finally invasion and metastasis. Cellular stress caused by a
horde of external or internal influences, such as ultraviolet radiation, hypoxia, carcinogens, oxidative
stress, and oncogene activation, may lead to DNA damage and, in consequence, to the malignant
transformation of the cell. In order to maintain or restore genomic integrity, the cell employs a number
of damage control tools. Among them, the transcription factor p53, encoded by the TP53 gene, functions
as an exceptionally sensitive sensor of cellular stresses. It is placed at the center of a multifaceted
network comprising a diverse array of p53-activating inputs and numerous outgoing effector pathways,
that range from protective antioxidant and DNA repair activities to the induction of transient cell cycle
arrest, permanent cell cycle withdrawal by senescence and the induction of cell death [1,2]. As such,
p53 ensures that cellular homeostasis is preserved, genetic errors are prevented and oncogenic insults,
responsible for inappropriate clonal outgrowth, are defeated.

Even though p53 is now considered one of our most potent tumor suppressor genes, it was
originally identified in 1979 as a protein associated with the SV40 tumor-virus large T-oncoprotein [3,4],
and was shown to induce malignant transformation in cooperation with oncogenic Ras [5-7]. It was only
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a decade later that the wild-type protein was revealed to suppresses malignant transformation, and that
mutations, present in the first p53 cDNA clones, were responsible for the observed tumor-promoting
activity [8-10]. Nowadays, genome-wide tumor sequencing studies have firmly established that
p53’s tumor-suppressive function is abrogated in approximately 50% of all cancer cells, mostly
because of missense mutations affecting up to 80% of the residues within its DNA-binding core
domain [11,12]. The generation and accumulation of highly stable mutant p53 proteins (mutp53) as
a result of missense mutations leads to the deregulation of a wide array of physiological signaling
processes and the stimulation of tumorigenesis, not only due to the loss of p53’s normal wild-type
function (loss of function; LOF), but also through a broad range of activities exerted by the mutant
protein [13,14]. p53 missense mutants bind to and inactivate wild-type proteins expressed from the
non-mutated allele in a dominant-negative fashion (dominant-negative effect, DNE), thus further
ensuring that p53 will be disabled [15]. In addition, missense mutations are neomorphic and endow
mutp53 with novel gain-of-function (GOF) properties that control tumor cell-autonomous processes,
such as cancer metabolism, stemness, response to proapoptotic signals and adaptation to oxidative
stress [13,14]. Consequently, gain-of-function promotes metastasis and chemoresistance, leading to
decreased survival in mice and humans [14,16]. It should however be noted that although we refer to
P53 mutant proteins as “mutant p53” (mutp53), more than 2000 different missense mutants have been
described in cancer patients [11]. Importantly, there is substantial evidence from mice and humans that
individual mutants differ not only in their structure, but also functionally, with respect to the extent
of loss-of-function and dominant-negative activity, and probably even more regarding the amount
and type of gain-of-function activities [16]. The p53 mutome therefore presents substantial functional
diversity, forming a “rainbow of mutants” [16,17].

Although the function of p53 to constrain malignant transformation via activation of transcriptional
programs is regarded primarily as a cell-autonomous response, p53’s regulatory activities extend
beyond the cell membrane [18]. For example, the p53-mediated regulation of numerous genes encoding
for secreted proteins enforces cellular senescence, a tumor-suppressive cellular program that involves
stable proliferative arrest and microenvironmental alterations in a non-cell autonomous manner [19].
In this process, p53 closely cooperates with NF-kB, a key pro-inflammatory transcription factor,
which drives the senescence-associated secretory phenotype (SASP), a term that collectively describes
the upregulation of enzymes that degrade the extracellular matrix (ECM) and the secretion of a
myriad of inflammatory cytokines and immune modulators, such as IGFBP-7, PAI-1, IL-6, IL-§,
and CXCL-1/GRO1, many of which control, for instance, proliferation, stemness and motility in the
microenvironment [19-24]. This example illustrates that it is a crucial part of p53’s tactic for resolving
stress and suppressing tumorigenesis to orchestrate a coordinated tissue response, via the secretion of
factors that mediate communication within the microenvironment.

Such non-cell autonomous functions of wild-type p53 are often lost, resulting in a more
tumor-permissive microenvironment, when TP53 is deleted or disrupted by nonsense or frameshift
mutations, when wild-type p53 is blocked by p53 missense mutants via their dominant-negative
effect, and when p53 is degraded by the expression of inhibitors, such as Mdm?2 or viral oncoproteins.
The neomorphic gain-of-function properties of mutp53 add additional complexity, as central secreted
factors in the immediate or distant tumor microenvironment appear to be uniquely influenced by
them. Prominent examples include the following: mutp53’s close cooperation with hypoxia-inducible
factor 1 (HIF1) in regulating the fundamental components of the basal lamina in hypoxic tumors;
the modulation of NF-kB-driven inflammatory gene expression; the hijacking of the E2F1 transcriptional
program to promote the expression and secretion of pro-angiogenic cytokines; and the regulation of
the proper folding of secreted N-glycosylated proteins in the ER through ENTPD5 [18].

2. Extracellular Vesicles—Biogenesis, Cargo and Uptake

In multicellular organisms, cells can exchange information by sending out signals composed of
single molecules or, as increasingly exemplified in the literature, via complex packets stuffed with a
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selection of proteins, lipids, and nucleic acids, called extracellular vesicles (EVs) [25]. EVs, first detected
over 50 years ago, were initially reported as cellular waste, cell homeostasis by-products or a route for
the selective elimination of macromolecules form cells [26,27]. It is only in recent years that defined
populations of these vesicles have been recognized as functional modes of intercellular communication,
and their substantial involvement in physiological and disease-related cellular activities has begun to
unravel [28]. Although EVs are highly heterogeneous in terms of their biogenesis, release pathways,
physical properties and function, the generic term EVs is currently used to denote all secreted
membrane-bound vesicles [29,30]. Based on today’s knowledge, two main subtypes are commonly
distinguished: microvesicles and exosomes (Figure 1) [29,30]. While microvesicles (typically 100 nm to
1 um in diameter) are formed by direct outward budding and fission of the cellular membrane, exosomes
(30-150 nm in diameter) are intraluminal vesicles (ILVs) of endosomal origin [29,30]. Specifically,
exosomal vesicles are generated by the inward budding of the limiting membrane of early endosomes
during the maturation of the intermediates of the endosomal system and multivesicular bodies (MVBs),
and are discharged via the fusion of MVBs with the cell surface [31,32]. Though the precise mechanism
of exosome formation and release is still in many aspects unresolved [29], the endosomal sorting
complexes required for the transport (ESCRT-I, ESCRT-II and ESCRT-III) pathway play a fundamental
role, as shown by the detection of the ESCRT subunits and accessory proteins ALG-2 interacting
protein X (ALIX), tumor susceptibility gene 101 (TSG101), and heat shock protein 90 3 (HSP903) in
exosomes of various eukaryotic cell types [33-35]. However, exosomes can also be produced in an
ESCRT-independent/sphingomyelinase-dependent fashion, as revealed by the presence of intraluminal
vesicles, loaded with the exosomal transmembrane protein tetraspanin CD63, after the depletion of
ESCRT complexes [36].
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Figure 1. Extracellular vesicle biogenesis. Microvesicles are generated by direct outward budding from
the plasma membrane. Exosomes are derived from intraluminal vesicles (ILV) generated by inward
budding of the limiting membrane of early endosomes and multivesicular bodies (MVB). Endosomal
sorting complexes required for transport (ESCRTO-III) and RNA-binding proteins are involved in
sorting cargo into ILVs.

EVs are active components of the cell—cell or cell-extracellular matrix communication, and as such,
they carry diverse cargo, composed of miscellaneous proteins, lipids and nucleic acids. Furthermore,
while cargoes are initiators and regulators of EV formation, their nature and abundance are determined
by the type of the donor cell, its state and various stimuli [28,29]. In this sense, EVs are often viewed as
a miniature version of the cell of origin, while their large assortment of bioactive contents exemplifies
their complexity and functional variety. For instance, in exosomes, more than 4400 proteins have been
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detected [37]. Among them are the following: proteins involved in the invasion and fusion processes,
such as tetraspanins (CD9, CD63 and CD81); proteins related to stress responses, such as those
belonging to the heat shock protein machinery (HSP70 and HSP90), as well as various multivesicular
body formation proteins (e.g., ALIX and TSG101) or proteins involved in exosome biogenesis
(Flotillin); cell adhesion-related glycoproteins (e.g., integrins); signaling proteins (e.g., GTPases,
kinases); growth factors and cytokines (e.g., TNF-x); metabolic enzymes (e.g., pyruvate kinase,
ATPases, fatty acid synthase) and many more [28,37]. Regardless of their protein content, exosomes
also contain varied RNA species, the most abundant of which are microRNAs (miRNAs), which are
potent regulators of gene expression. Studies showed that the miRNAs packed into exosomes frequently
undergo unidirectional transfer between cells, resulting in the generation of a local trafficking network,
which ultimately leads to phenotypic modifications of the recipient cells [38]. Finally, in terms of their
lipid content, exosomes are enriched in fatty acids, prostaglandins and leukotrienes, while they also
contain selected functional lipolytic enzymes, sufficient for the autonomous production of bioactive
lipids [37].

Once released from the donor cells, EVs can reach recipient cells at local or distant sites and deliver
their contents to stimulate functional responses and phenotypic modifications. Although the precise
mechanisms of vesicle transfer and internalization are still not fully understood, it is believed that the
target cell specificity is driven by specific interactions between proteins enriched on the EV surface and
receptors on the recipient cell’s membrane. For example, integrins found on EVs can interact with
intercellular adhesion molecules (ICAMs) at the surfaces of recipient cells. Even the interaction between
integrins and certain extracellular matrix proteins, such as laminins and fibronectin, was shown to
play an important role in the EV binding to recipient cells [39]. Other mechanisms of EV—-target cell
interactions include their uptake either by the phagocytosis or fusion of EV membranes with the target
cell’s plasma membrane [40,41].

Of note, the incorporation of cargo into EVs is considered a non-random event, and the regulated
mechanisms of selective cargo loading have been described. Even though the detailed mechanisms are
still poorly understood, protein sorting into EVs is strongly affected by the mode of vesicle biogenesis,
and is dynamically controlled by post-translational modifications such as ubiquitylation, sumoylation
or farnesylation [29,42]. Moreover, different machineries have been proposed to perform specific
nucleic acid sorting activities, including the ESCRT-II subcomplex that could act as an RNA-binding
complex [43], the tetraspanin-enriched microdomains that could sequester RNA-binding proteins
in the membrane subdomains [44], or the miRNA-induced silencing complex (miRISC) and protein
argonaute 2 (AGO2), which mediates the RNA silencing processes [29,45,46]. Different pathways of
biogenesis and cargo sorting thereby generate a diverse set of EV subtypes with a fine-tuned cargo load.
On the one hand, regulated cargo sorting might be a mode for the selective disposal of unnecessary
cell components. On the other, it likely represents a dedicated mechanism for communicating dynamic
signals to the microenvironment in order to ensure homeostasis at the tissue or organismal level.

3. Extracellular Vesicles—Function in Cancer

Apart from roles in homeostasis, EVs have been identified as pathogenicity factors in a wide
range of diseases, including cardiovascular disease, neurodegeneration and cancer [47]. In particular,
the study of exosomes in cancer has progressed at a rapid pace compared with research into their roles
in other diseases, and exosomes have been associated with most of the hallmark features of cancer [47].
Numerous studies have revealed that the EVs secreted by cancer cells transmit signals not only to
neighboring cancer cells, but also to various host cells. Tumor-released EVs impact directly on tumor
stroma cells in the primary tumor’s microenvironment and, following their dissemination via blood
circulation, initiate the establishment of metastatic niches in distant organs [48]. Processes such as the
activation of proliferative and angiogenic pathways, the silencing of tumor-suppressive signals and the
reprogramming of the immune surveillance machinery, have all been demonstrated to be influenced
by homotypic or heterotypic intercellular communication through EVs [49-51].
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3.1. EVs Shape a Tumor-Supporting Microenvironment

A prime component of the tumor microenvironment of most solid tumors is cancer-associated
fibroblasts (CAFs), a heterogeneous and plastic cell population comprising, in the simplest view,
cells negative for epithelial, endothelial and leukocyte markers with an elongated morphology and
lacking the mutations found within cancer cells [52]. CAFs play a central role in tumor progression
and metastasis by the production of growth factors and the synthesis and remodeling of the
extracellular matrix [53]. In addition, CAFs modulate the immune system and influence angiogenesis,
tumor mechanics, drug access and therapy responses [52]. CAF-derived EVs have been identified
as key mediators in many of these processes [54]. For example, EVs released from prostate CAFs
were shown to inhibit mitochondrial oxidative phosphorylation, thereby increasing glycolysis and
glutamine-dependent reductive carboxylation in cancer cells, and to shuttle metabolites into cancer
cells promoting tumor growth under nutrient stressed conditions [55]. EVs from breast CAFs were
shown to contain and transfer mtDNA to cancer stem cells, promoting estrogen receptor-independent
oxidative phosphorylation, escape from metabolic dormancy and endocrine therapy resistance [56].
Pancreatic ductal adenocarcinoma-associated CAFs are intrinsically resistant to the commonly used
chemotherapeutic drug gemcitabine, and, under chemotherapy, increase the release of EVs that promote
the proliferation and survival of the recipient epithelial tumor cells [57]. In addition, CAFs containing
a specific miRNA signature have been critically involved in colorectal cancer (CRC) development and
expansion, and by releasing exosomal Wnt induce the dedifferentiation of tumor cells and promote
drug resistance [58,59].

Another principal component of the tumor microenvironment is the immune cell compartment,
which during tumorigenesis undergoes extensive editing by malignant cells to evade the immune
response and create a well-balanced, proinflammatory environment, in which a network of distinct
immune cell subtypes cooperatively drives tumor progression. EVs were shown to be instrumental
in establishing and maintaining this immune-privileged environment. For example, exosomes
derived from mouse breast cancer cells contribute to tumor expansion by blocking the IL-2 mediated
proliferation and activation of natural killer (NK) cells [60]. Exosomes from glioblastoma cells stimulate
the differentiation of monocytes into immunosuppressive macrophages [61]. The establishment of an
immunosuppressive environment may also be mediated by the release of TGF-f3/miR-23a-containing
EVs from hypoxic tumors, which induce regulatory T cell (Treg) activity and inhibit NK cell
cytotoxicity [62].

The growth of tumors to a clinically detectable size is metabolically limited by nutrient and
oxygen diffusion, and requires the stimulation of neoplastic angiogenesis, a process which is also
stimulated by cancer cell-secreted EVs. For instance, colorectal cancer-derived exosomes with defined
cell cycle-related mRNA signatures, EVs released from glioblastoma tumors under hypoxic conditions,
or breast cancer-secreted EVs containing miR-210, can all promote vascular endothelial cell proliferation
and induce neoangiogenesis [63-65]. Furthermore, the exosome-mediated transfer of miR-105 from
tumors to the endothelium leads to the destruction of endothelial cell barriers, thus facilitating cancer
cell access to the blood stream for dissemination and metastasis [66].

3.2. EVs Stimulate Metastasis and Prime Metastatic Niches

In addition, EVs operate during the metastatic spread in tumor cell migration and invasion
of the surrounding tissue. These activities often involve a bidirectional crosstalk between tumor
and stroma cells. For example, colorectal cancer cells release miR-1246-enriched exosomes that
trigger macrophage reprograming to a tumor-supporting, M2-polarized subtype [67]. In turn,
such tumor-associated macrophages release EVs containing miR-21-5p and miR-155-5p that increase
the migration and invasion of colorectal cancer cells [68]. Likewise, exosomal miR-106b-3p is
abundantly detected in the serum of metastatic colorectal cancer patients, induces tumor cell migration,
invasion and epithelial-to-mesenchymal transition (EMT), and correlates with poor survival [69,70].
Other pro-invasive factors transported via tumor-released EVs include TGF-f3, caveolin-1, HIF1x and
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(-catenin, all of which were shown to promote EMT, extracellular matrix remodeling and metastatic
niche formation [71]. Examples come from multiple cancer types: colorectal cancer, where EVs
transfer mutated 3-catenin to modulate Wnt signaling and enhance tumor growth [72]; gastric cancer,
where EV-mediated TGF-f3 transfer and subsequent activation of the TGF-3/Smad pathway assists in
the formation of metastatic niches [73]; and nasopharyngeal carcinoma, where EVs with enhanced
levels of HIF1 o increase the migration and invasion of tumor cells [74].

One of the most interesting conceptual advances in the field of cancer metastasis is the realization
that organs of future metastasis are not passive receivers of circulating tumor cells, but are instead
selectively and actively modified by the primary tumor before metastatic spread has even occurred [75].
In this process, EVs are released by the primary tumor into the circulation and act as long-distance
messengers to instigate hospitable and immune-privileged pre-metastatic niches in distant organs
that facilitate future colonization by circulating tumor cells [76]. In mice, the administration of
exosomes derived from highly metastatic melanoma cells, prior to subcutaneous transplantation with
melanoma cells, promoted metastasis to lung and bone [77]. The exosomes transferred the receptor
tyrosine kinase MET to bone marrow progenitor cells, educated them toward a pro-vasculogenic
and pro-metastatic phenotype and recruited them to pre-metastatic sites through the upregulation
of proinflammatory molecules [77]. Vice versa, exosomes from poorly metastatic melanoma cells
reduce the metastatic burden of highly metastatic primary tumors, suggesting that nonmetastatic
exosomes may prevent metastatic disease [77]. In pancreatic cancer, exosomes direct the formation of
pre-metastatic niches in the liver [78]. Specifically, pancreatic ductal adenocarcinoma-derived exosomes
containing macrophage migration inhibition factor (MIF) are taken up by Kupffer cells, which in turn
induce the formation of a fibrotic environment via the production of fibronectin from hepatic stellate
cells and the stimulation of TGF-f secretion [78]. The altered microenvironment allows the enhanced
recruitment of bone marrow-derived macrophages, and the establishment of liver pre-metastatic niches
and finally metastases [78]. Interestingly, exosomes not only affect the extent of metastasis, but can
also direct metastasis to specific organs [39]. Mechanistically distinct integrin expression patterns
on tumor-released exosomes define the cell types with which the vesicles will fuse at distant sites,
thereby determining organotropic spreading to lung, liver or brain [39].

4. EVs as Extracellular Messengers of p53

Cancer phenotypes are primarily instructed by the genetic alterations that cause tumor
development. It is therefore not surprising that p53 as the most frequently mutated cancer gene
affects how tumor cells communicate through EVs (Figure 2). In the following sections we therefore
review, first, how wild-type p53 controls and utilizes EV-mediated cell communication, primarily to
extend its homeostatic and tumor-suppressive functions from the inside of the cell into the cellular
microenvironment. These EV-mediated activities of wild-type p53 are typically lost when p53’s
function becomes compromised in tumor cells by TP53 gene mutations or inhibitory signals. However,
as many tumors contain TP53 missense mutations that produce highly stable mutant proteins with
neomorphic gain-of-function properties, we review in a second section how p53 mutants employ EVs
in a novel, and often mutation-specific, manner, as oncogenic messengers that reprogram tumor-host
communication to promote cancer progression.

4.1. EVs Communicate Tumor Suppressive Signals of Wild-Type p53

Several decades of research have established that p53’s unique ability to provide a barrier to
malignant transformation lies within the core of its most central function, which is to sense stress
inputs and to coordinate complex effector pathways that restore cellular homeostasis and maintain
genomic stability. Besides operating primarily within cells, the activation of the p53 protein orchestrates
molecular programs leading to an increase in the export of growth-suppressive factors that spread
Pp53’s tumor suppressive action into the extracellular space (Figure 3) [18].
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Figure 2. p53 status shapes tumor-host communication via extracellular vesicles. On one side (left),
wild-type p53 induces the secretion of EVs that relay tumor suppressive signals to the microenvironment
On the other side (right), cancer-associated alterations in p53 status drive tumor progression by
neutralizing the secretory effects of wild-type p53 (LOF, loss-of-function; DNE, dominant-negative
effect) and/or by creating a mutant p53-specific EV secretome (GOEF, gain-of-function) that is likely

different for distinct missense mutations.
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Figure 3. Wild-type p53 regulates the EVs’ biogenesis, cargo and cancer functions at multiple levels to

communicate tumor-suppressive signals to the microenvironment. Stress-induced p53 transactivates

TSAP6 and the ESCRT-IIT subunit CHMPAC, resulting in increased exosome secretion [79,80]. p53 alters

exosome size and cargo via ESCRT-0 subunit HGS [81]. DNA damage-triggered p53 acetylation by
BAG6/CBP/p300 induces anti-metastatic EV cargo, causing the recruitment of tumor-suppressive
patrolling monocytes to sites of future metastasis [82]. p53 suppresses cancer-associated fibroblasts’
(CAF) proliferation by repressing exosomal TP53-targeting miRNAs [83]. p53 supports tumor cell
phagocytosis under chemoimmunotherapy by repressing the release of PD-L1-positive EVs [84].
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4.1.1. p53 Stimulates EV Secretion

One of the earliest studies demonstrating this in vitro and in vivo noted a p53-dependent
secretion of factors induced by ionizing radiation (IR), comprising the anti-angiogenic protein
thrombospondin and the anti-cancer serine protease inhibitor plasminogen activator inhibitor-2
(PAI-2) [85]. Importantly, the secretion and accumulation of these factors caused a “bystander effect” of
growth inhibition in a number of cells, suggesting that the induced export of growth suppressive stimuli
from damaged to neighboring cells potentiates a well-coordinated non-cell-autonomous p53-regulated
stress response [85]. Bystander phenomena as a means of cellular communication are mediated via the
transfer of information through gap junctions, extracellular matrix remodeling or the release of soluble
factors, and have sporadically been portrayed in tumorigenesis as well as in tumor therapy [86-88].
However, it was not until the role of EVs in such processes was exposed that dots began to connect.
For instance, the activation of p53 by IR was found to result in a dramatic alteration of the protein
secretome, prominently elevating the extracellular abundance of proteins such as HSP903, EFl«,
maspin, PGK-1, PAI-I and PRDX-1 [79]. Surprisingly, many of these factors are not encoded by p53
target genes and do not contain the NH2 signal sequence of secreted proteins, and therefore do not fulfill
the classical rules for secretion. Instead, these proteins were observed to exit the cell as exosomes, and it
was the exosome production itself that was induced by the p53 response [79]. Similarly, more recent
studies also demonstrated that exosomes derived from UV-irradiated cancer cells show altered RNA
content, and trigger mitochondrial depolarization and the death of non-irradiated cells [89].

Mechanistically, p53 controls EV secretion at multiple levels. First, in response to stress p53
transactivates the tumor suppressor activated pathway-6 (TSAP6) gene, encoding a 5-6 transmembrane
protein that facilitates cell cycle arrest and apoptosis [90]. However, TSAP6 was also found to
interact with the histamine-releasing factor (also known as TCTP) and increase its exosomal secretion,
suggesting a p53-inducible role in the selective transport of proteins to the exosome, or a more general
role in regulating exosome production [91]. In line with the role of TSAP6 as a mediator of DNA
damage-inducible exosome secretion downstream of p53, the overexpression of TSAP6 facilitates the
production of exosomes independent of p53 status [79]. This notion is reinforced by the severe in vivo
defects in DNA damage-induced p53-dependent exosome secretion in TSAP6-deficient knockout
mice [92]. Intriguingly, TSAP6 knockouts show a diminished p53-dependent apoptotic response to
Y-irradiation in the spleen [92], suggesting that p53-TSAP6-dependent exosome secretion contributes
to the exceptionally high radiation sensitivity of hematopoietic tissues. How TSAP6 increases exosomal
protein secretion has not yet been delineated. Nevertheless, TP53 gene mutations in cancer cells
are expected to compromise or ablate these effects of wild-type p53 on TSAP6-dependent exosome
production, and TSAP6 expression alone is sufficient to restore DNA damage-inducible exosome
secretion to p53-null cells [79]. Notably, studies from colorectal cancer patients, however, found no
correlation between tissue p53 protein expression, TSAP6 (nRNA and protein) and plasma exosome
levels, indicating that perhaps different mechanisms exist in different cancer entities [93].

In addition to TSAP6 induction, p53 also profoundly impinges on the intracellular vesicle
trafficking system by regulating basic components of the endosomal compartment. Endosomes have a
number of functions in cells, ranging from the internalization of the membrane proteins and receptors
into multivesicular bodies, to the production of exosomes and autophagic vesicles. It is in the course
of this process that choices are made on whether cargo will be trafficked outside the cells via EVs or
into lysosomes for degradation and autophagic vesicles. p53 directly transactivates expression of the
ESCRT-II subunit CHMP4C [80]. ESCRT-III consists of oligomers or polymers of small «-helical CHMP
proteins, of which CHMP4 paralogues are the most abundant components. ESCRT-III is recruited
by ESCRT-II and constitutes the key functional component in driving membrane constriction. This is
achieved through the formation of membrane-binding spirals that mediate membrane deformation
and scission, in cooperation with the AAA-ATPase VPS4 [94]. This canonical ESCRT pathway can be
intersected by syntenin and the ESCRT accessory protein ALIX (also known as programmed cell death
6-interacting protein), which bridge cargoes and the ESCRT-III subunit CHMP4 [29,95]. In addition,
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p53 transactivates Caveolin-1 (CAV1), one of the main constituents of the Caveolae membrane vesicles
responsible for the internalization of membrane receptors such as EGER [80]. As such, the functions of
the endosome compartment, exosome biogenesis, endosome production, receptor internalization and
recycling increase as a result of the DNA damage-induced p53 response [80]. It is believed that these
mechanisms enable p53 to better shut down cell growth and division, and communicate stress signals
to other cells in the microenvironment so as to elicit a coordinated homeostatic tissue response [80].

4.1.2. p53 Controls EV Size

Another study comprehensively profiled exosomal proteins released from parental, wild-type
p53-expressing HCT116 cells versus p53-knockout derivative cells, or cells transfected with the p53
R273H mutant [81]. Among more than 140 deregulated proteins, the hepatocyte growth factor-regulated
tyrosine kinase substrate (HGS, also known as HRS or VPS27) stands out as it was consistently
increased in the exosomes secreted from wild-type compared to p53 mutant or null cells [81]. Moreover,
in colorectal cancer patients, the mutational loss of wild-type p53 function correlated with reduced HGS
mRNA levels [81]. HGS forms a heterotetrameric, multivalent ubiquitin-binding complex with STAM,
often referred to as ‘ESCRT-0’, and mediates the entry of ubiquitylated cargoes into the intraluminal
vesicles of the multivesicular body [94]. Consistent with its role in exosome biogenesis, HGS levels were
previously shown to determine the number and size of the secreted vesicles, which is dependent on the
amount of loaded cargo [96]. Interestingly, EVs from both p53-deficient and p53-mutant HCT116 cells
were smaller in size, and this effect could be recapitulated by HGS depletion in parental, p53 wild-type
HCT116 cells, suggesting that the p53-HGS axis might control exosome size [81]. Nevertheless, given the
lack of in vivo data, the significance of these findings in tumor progression still remains elusive.

4.1.3. p53 Promotes EV Loading with Anti-Metastatic Cargo

Although EVs have frequently been shown to draw on both ends of the equilibrium that defines
tumor suppression and tumorigenesis, the precise mechanisms behind the proclivity towards one
direction or the other have remained obscure [77,97-99]. A recent mouse model of experimental
melanoma metastasis identified the chaperone Bcl-2-associated anthogene 6 (BAG6) as a molecular
toggle that determines the secretion of EVs with anti- or pro-metastatic cargo [82]. BAG6 is a regulator
of T- and NK-cell activity and an essential co-factor for the CBP/p300 acetyltransferase which acetylates
histones and p53 [100-102]. Intriguingly, EVs derived from BAG6-deficient and BAG6-containing
melanoma cells differ significantly in their protein and mRNA cargo, and mice conditioned with these
EVs develop distinct molecular changes in their lungs [82]. On one hand, EVs from BAG6-proficient cells
promote the expression of anti-tumorigenic factors, such as the metalloproteinase inhibitor 3 (TIMP3),
interleukin 10 (IL10) or chemokine CXCL13, and give rise to the accumulation of anti-tumorigenic
patrolling monocytes [82]. On the other hand, BAG6-KO EVs stimulate the upregulation of transcripts
associated with the accumulation of neutrophils, which are key players in the formation of pre-metastatic
niches [82,103]. Intriguingly, the recruitment of neutrophils or tumor-promoting macrophages at distant
organ sites is considered to be a defining moment for the EV-dependent promotion of metastasis [78,98].
Mechanistically, the BAG6-dependent release of anti-tumor EVs was found to require direct BAG6
association with the CBP/p300 acetylase, and subsequent translocation into the cytoplasm to acetylate
P53 [82,84]. Of note, the nuclear import of BAG6 and CBP/p300 in response to starvation triggers the
acetylation of nuclear p53 and autophagy [104]. Given that autophagy is often considered mutually
exclusive with the release of exosomes [105], this suggests a key role for BAG6 nucleo-cytoplasmic
shuttling in controlling CBP/p300 availability in the two compartments, and switching p53 functions
between autophagy and exosome production. Like p53, BAG6 is also more directly involved in
EV biogenesis. Upon DNA damage, BAG6 co-immunoprecipitates with components of the ESCRT
machinery, in particular HGS, ALIX and TSG101, which has been shown to be dependent on its late
endosomal motif P(S/T)AP [82]. In view of all this, future investigations are expected to shed more
light on the BAG6/CBP/p300-p53 axis and how it is affected by pro-metastatic p53 mutations.
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4.1.4. p53 Suppresses the Generation of Cancer-Associated Fibroblasts through EVs

Exosomes released from wild-type p53 cancer cells are not only instrumental in recruiting
tumor-suppressive immune cells, but also limit the activation of fibroblasts into cancer-associated
fibroblasts that stimulate cancer growth and metastasis through the synthesis and remodeling
of the extracellular matrix and the production of pro-angiogenic growth factors [52]. The loss or
mutation of p53 in colorectal cancer cells was shown to stimulate via exosomes the proliferation
and tumor-supporting function of co-cultured fibroblasts by reducing their p53 expression [83].
Mechanistically, these pro-tumorigenic, fibroblast-stimulating effects of the exosomes released by
wild-type p53-deficient colorectal cancer cells are explained by an upregulation of multiple exosomal
miRNAs, including miR-1249-5p, miR-6737-5p and miR-6819-5p, which all target the TP53 mRNA [83].
Of note, the intracellular expression levels of these miRNAs were not increased by p53 depletion,
suggesting a wild-type p53-controlled mechanism that decreases the sorting of selected miRNAs
into exosomes.

4.1.5. p53 Supports Chemoimmunotherapy Responses through EVs

Cancer progression and metastasis is associated with the development of therapy resistance,
which is often dictated by complex interactions between malignant cells and the immune compartment.
In a recent study on the chemoimmunotherapy of B cell malignancies, wild-type p53 was found to play
a crucial role in the successful phagocytic elimination of cancer cells by macrophages [84]. As shown in
primary patient samples with wild-type p53 status, the combination treatment with chemotherapy and
anti-CD20 antibodies results in highly antibody-dependent cellular phagocytosis, [84]. This effect is
lost as a result of p53 mutations, indicating that wild-type p53 modulates the communication between
cancer cells and the tumor microenvironment by driving the phagocytic capacity of tumor-fighting
macrophages [84]. In this scenario, p53 operates as a functional switch that suppresses the release
of EVs, which transfer immune checkpoint molecules, in particular programmed-death ligand 1
(PD-L1) [84]. Inactivation of p53 not only results in the secretion of increased numbers of EVs, but also
in EV cargo alterations, and particularly, the elevated expression of vesicular PD-L1, which drives
resistance to therapeutic targeting and can be overcome with an anti-PD-L1 immune checkpoint
inhibitor [84].

4.2. EVs Communicate Tumor-Promoting Signals from Mutant p53

As TP53 is most frequently affected by missense mutations that not only disrupt the wild-type
p53 functions described above, but often simultaneously create neomorphic gain-of-function activities
that operate in metastasis and therapy resistance, it is conceivable that mutant p53 proteins actively
reprogram EV-based tumor cell communication. Indeed, in the last few years several reports have
revealed that mutant p53 modulates the EV secretome, with remarkable effects on the composition of
the microenvironment at the primary tumor and even at sites of future metastasis (Figure 4).
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Figure 4. p53 mutants (mutp53) employ EVs to communicate signals to the host microenvironment
that promote tumor growth and metastasis. p53 mutants induce the secretion of EVs enriched
in selected miRNAs; miR-1246-enriched EVs, due to hnRNPa2bl SUMOylation, reprogram
macrophages to a tumor-supporting M2-like phenotype [67], while the mutp53-induced secretion of
miR-21-3p/miR-769-3p EVs activates cancer-associated fibroblasts (CAFs) to secrete cytokines and
enhance tumor cell motility via an epithelial-to-mesenchymal transition (EMT) [106]. Via p63 and Rab35,
p53 mutants fine-tune exosomal PODXL levels, thereby increasing RCP/DGKo-dependent, pro-invasive
integrin recycling in recipient tumor cells and fibroblasts, which leads to enhanced invasion and
creates pro-invasive extracellular matrix (ECM) alterations in distant organs resembling pre-metastatic
niches [107]. p53 DNA contact mutants, via RCP, increase exosomal HSP90«x secretion, leading to
pro-metastatic extracellular matrix remodeling via MMP2 [108].

4.2.1. Mutant p53 Effects on EV miRNA Cargo

In one of the first of these studies, mutp53 in colorectal cancer cells was shown to initiate through EV
cargo alterations a positive feedback with macrophages that promotes tumor growth and metastasis [67].
In detail, colorectal cancer cells expressing mutp53 were found to secrete exosomes selectively enriched
in several miRNAs, including miR-1246. Of note, the miR-1246 expression in the tumor cells was
not altered by p53 status. Instead, mutp53 was found to increase miR-1246 sorting into exosomes
by promoting the SUMOylation of the RNA-binding protein hnRNPa2b1, which binds to specific
motifs in miRNAs and drives their sorting into vesicles [109]. Eventually, miR-1246-enriched exosomes
are taken up by adjacent macrophages leading to their reprogramming into an anti-inflammatory,
tumor-supportive M2-like phenotype characteristic of tumor-associated macrophages (TAMs) [67].
Consistently, the immunohistochemistry of colorectal cancer samples revealed a prominent presence of
TAMs at the invasive front of the mutp53 tumors. Moreover, macrophages co-cultured with p53-mutant
colorectal cancer cells demonstrate enhanced extracellular matrix degradation, possibly due to the
increased motile and invasive properties caused by reprogramming. Along with changes in cell
migration and invasion, the miR-1246-dependent reprogramming of macrophages induces secretion
of, among other factors, IL-10, TGF-3, and matrix metalloproteinases, generating an anti-inflammatory
microenvironment, the recruitment of immunosuppressive Tregs, the epithelial-to-mesenchymal
transition of tumor cells and increased tumor growth and metastasis. When wild-type p53 tumor
cells were subcutaneously injected into mice, together with macrophages that had been previously
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co-cultured with mutp53-expressing colon cancer cells, tumors grew faster, with increased metastatic
burdens for the lung and liver. Importantly, these observations were recapitulated with macrophages
transfected with miR-1246 mimics and blocked by the miR-1246 inhibitor, identifying miR-1246 as the
responsible exosomal cargo. While this study highlights an intriguing non-cell-autonomous mechanism
whereby mutp53 cancer cells promote tumor growth and metastasis through the active modulation
of immune cells within the tumor microenvironment, it immediately raises the question of whether
this exosome-mediated crosstalk is exclusive for macrophages, whether other (immune) cells in the
tumor stroma are also affected by exosomal miR-1246, and whether other mutp53-enriched exosomal
miRNAs play a similar or distinct role.

The concept of an exosome-mediated mutp53 gain-of-function in the tumor microenvironment was
further extended by a recent study demonstrating the mutp53-derived activation of stromal fibroblasts,
which is also dependent on exosomal miRNA transfer, and similarly enhances the pulmonary metastasis
of colorectal cancer cells [106]. Here, the introduction of the p53 gain-of-function mutant R273H into
the (wild-type p53) colorectal cancer cell line HCT116 induced changes in the miRNA composition of
tumor cell-derived exosomes that lead to the activation of co-cultured mouse embryonic fibroblasts
(MEFs). In particular, exosome-exposed MEFs upregulated o-SMA, vimentin, and TGE-f3 expression.
Microarray analysis revealed a mutp53-induced increase in exosomal miR-21-3p and miR-769-3p
expression. Both miRNAs synergistically trigger myofibroblast activation and correlate with p53
mutations in the TCGA cohort of colorectal cancer patients. Of note, Smad?, an inhibitor of the TGF-f3
pathway and target of miR-21-3p, was inversely correlated with p53 mutations in the colorectal cancer
patient cohort, providing a potential mechanistic explanation for the activation of cancer-associated
fibroblasts. Moreover, TGF-3 is not only an activator of CAFs, but is also a potent inducer of the
epithelial-mesenchymal transition (known as EMT). EMT is associated with the disassembly of
cell-cell junctions, cell detachment, the upregulation of matrix metalloproteinases and stem cell
markers, and it ultimately leads to a migratory and invasive tumor cell phenotype with high metastatic
potential [110,111]. EMT is therefore considered central to the metastatic spreading of carcinoma
cells [112]. In line with this, mutp53 colorectal cancer xenografts showed upregulation of mesenchymal
markers and increased pulmonary metastasis. As wild-type p53 reinforces the epithelial phenotype
in a cell-autonomous manner, for example through the upregulation of miR-34 and miR-200 family
members [113-115], it is intriguing to speculate that mutant p53 establishes a non-cell-autonomous
tumor—stroma crosstalk, driven by exosomal miRNA secretion, that enhances TGF-f3 secretion by
fibroblasts, to reinforce the pro-metastatic EMT phenotype of colorectal cancer cells.

4.2.2. Mutant p53 Effects on EV Protein Cargo

Apart from stimulating the exosomal transfer of miRNAs, mutp53 was also shown to confer
pro-migratory and pro-invasive attributes to tumor and non-tumor cells by altering the exosomal
expression levels of podocalyxin (PODXL), a sialomucin and glycocalyx component that functions
as a transmembrane adhesion receptor associated with cancer aggressiveness [107]. The authors
had previously shown that mutant p53 increases tumor invasiveness in a cell-autonomous manner,
involving mutp53 inhibition of the p63/DICER/miRNA pathway, by upregulating the Rab-coupling
protein (RCP) and the diacylglycerol kinase-« (DGKo)-dependent endosomal recycling of integrins
and receptor tyrosine kinases [116-118]. Integrins are continuously endocytosed and recycled back to
the plasma membrane, and the relative rate at which integrins are trafficked through the endosomal
pathway is essential for the migratory behavior of cells [119]. Alterations in integrin trafficking can
modulate migration, which is reflected by a switch between persistent/slow and random/rapid cell
movement [120]. Interestingly, the authors noted that the mutp53 effect—but not the mutp53 protein
itself—can be transferred by exosomes to influence RCP- and DGK«x-dependent integrin trafficking and
cell migration in p53-null cells. Comparative proteome analysis of mutp53 and p53-null cells identified
PODXL to be suppressed in exosomes shed from mutp53 cells. The reduced sorting of PODXL into
exosomes is caused by the transcriptional downregulation of PODXL, dependent on mutp53’s ability to
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inhibit p63, and involves Rab35 GTPase which binds to PODXL and influences its sorting into exosomes.
The uptake of mutp53 cell-derived exosomes enhances integrin trafficking also in fibroblasts, stimulates
their migratory behavior and, probably even more importantly, causes remodeling of the extracellular
matrix into a more branched, orthogonal network that is more permissive to invasion. Intriguingly,
these exosome-mediated effects also seem to operate over long distances, as mutp53-expressing but not
p53-null subcutaneous xenografts as well as p53 mutant autochthonous pancreatic tumors triggered
pro-invasive extracellular matrix alterations in the lung that could serve as pre-metastatic niches to
facilitate metastatic colonization.

The heat shock protein HSP90o« is another protein that is secreted via exosomes in a
mutp53-dependent manner [108]. In many TP53-mutated tumor cells, mutp53 is stabilized by the
HSP90 chaperone machinery, which prevents degradation by the E3 ubiquitin ligases Mdm?2 and
CHIP [121,122]. Given the addiction of many tumor cells to the neomorphic gain-of-function activities
of mutp53 [123], HSP90 is considered a promising target for anti-cancer therapy, and HSP90 inhibitors
that trigger mutp53 degradation are currently tested in clinical trials [17,124,125]. In addition, HSP90
also exists in an extracellular form (eHSP90«) that positively correlates with tumor malignancy, tumor
cell motility and metastasis [126,127]. eHSP90« is secreted in response to certain stress stimuli by
several tumor entities, and can interact with, among others, matrix metalloproteinase-2, and promote
its stabilization and activation with the result of extracellular matrix degradation and increased
tumor cell dissemination [128]. The secretion of eHSP90x was found to be exosome-mediated and
regulated by p53 status; it is suppressed by wild-type p53, increased in the absence of p53, and further
boosted selectively by DNA contact mutants (R273H, R280K), but not by a conformation mutant
(R175H) [108]. While both types of p53 mutants stimulate migratory and invasive behavior in vitro
and increase metastasis in mouse models, only the pro-metastatic effect of the DNA contact mutant is
dependent on eHSP90«, and is neutralized by HSP90« antibodies [108]. Exosome-mediated e HSP90x
secretion is associated with the translocation of cytoplasmic HSP90«x to the plasma membrane [129].
Detailed analysis indicated that mutp53 expression or the loss of wild-type p53 enhances HSP90x
trafficking and secretion via the vesicular trafficking pathway, but does not affect exosome biogenesis
and release, suggesting that mutp53 primarily accelerates the process of HSP90« sorting to exosomes.
Furthermore, HSP90x was found to co-immunoprecipitate with RCP, which sorts cargo proteins to
Rab11A+ endosomes for vesicular trafficking [120]. The HSP90x—RCP complex is reduced by wild-type
p53 and selectively stimulated by R273H (not R175H), which mirrors changes in overall RCP mRNA
and protein expression. The invasion- and metastasis-promoting effects of mutp53 are abrogated by
RCP depletion and rescued with recombinant HSP90«, confirming the existence of a pro-invasive
pathway involving exosomal HSP90ux-secretion stimulated by mutp53 via RCP [108]. Remarkably,
the proinvasive functions of the DNA contact mutants (R273H and R280K) are more dependent on
eHSP90« than those of the conformational mutp53 (R175H), explained by their different abilities to
stimulate exosomal HSP90x secretion [108].

5. Conclusions

TP53 mutations are indisputably recognized as drivers of cancer progression to a more
aggressive, metastatic and therapy-resistant state. Although this is sufficiently explained by
numerous cell-autonomous mechanisms, results from recent years provide compelling evidence
that non-cell-autonomous activities reinforce the intracellular functions of wild-type and mutant p53 by
communicating signals to the microenvironment that elicit coordinated multicellular responses. In this
respect, TP53 mutations, resulting in loss of wild-type p53 function and/or additional novel oncogenic
properties, bring about widespread changes in reciprocal tumor-host communication by controlling
the secretion of extracellular messengers such as EVs and vesicle-bound proteins. p53 is dynamically
involved in the core of the EV biogenesis pathway, and TP53 mutations not only abrogate this effect
directly or indirectly via a dominant-negative action, but they even exert additional gain-of-function
activities that further favor tumor progression.



Int. ]. Mol. Sci. 2020, 21, 9648 14 of 20

In principle, many of these p53-imposed alterations on tumor cell EV secretion could be used
clinically for diagnostic purposes, as prognostic biomarkers or, ideally, as novel targets for the treatment
of the particularly therapeutically challenging class of p53-mutant cancers. However, many of these
described mechanisms have so far only been delineated for a small number of hotspot mutations or
for specific cancer types. Notably, among the still-limited number of studies, examples have surfaced
wherein different p53 mutants utilize distinct EV-based mechanisms to acquire oncogenic activities [108].
Considering the tremendous complexity of the TP53 mutome with its rainbow of more than 2000
functionally diverse mutants, it will certainly remain a challenging task to pinpoint p53-dependent
changes in EV secretion that are clinically relevant and characteristic for a larger number of p53 mutants
across a broad range of cancer entities.

Funding: This research was funded by Deutsche Forschungsgemeinschaft (GRK 2573/1, TRR81/3 109546710
A10, STI 182/7-1, STI 182/13-1); Deutsche Krebshilfe (70112623); Deutsche José Carreras Leukdmie Stiftung
(09 R/2018); German Center for Lung Research (DZL); von Behring-Rontgen Stiftung (65-0004, 66-LV06);
and Universitdtsklinikum Giessen und Marburg GmbH (UKGM).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Kruiswijk, F; Labuschagne, C.E.; Vousden, K.H. p53 in survival, death and metabolic health: A lifeguard
with a licence to kill. Nat. Rev. Mol. Cell Biol. 2015, 16, 393-405. [CrossRef] [PubMed]

2. Mello, S.S.; Attardi, L.D. Deciphering p53 signaling in tumor suppression. Curr. Opin. Cell Biol. 2018, 51,
65-72. [CrossRef] [PubMed]

3. Linzer, D.I; Levine, AJ. Characterization of a 54K dalton cellular SV40 tumor antigen present in
SV40-transformed cells and uninfected embryonal carcinoma cells. Cell 1979, 17, 43-52. [CrossRef]

4. Lane, D.P; Crawford, L.V. T antigen is bound to a host protein in SV40-transformed cells. Nature 1979, 278,
261-263. [CrossRef] [PubMed]

5. Eliyahu, D.; Raz, A.; Gruss, P; Givol, D.; Oren, M. Participation of p53 cellular tumour antigen in
transformation of normal embryonic cells. Nature 1984, 312, 646-649. [CrossRef] [PubMed]

6. Parada, L.F; Land, H.; Weinberg, R.A.; Wolf, D.; Rotter, V. Cooperation between gene encoding p53 tumour
antigen and ras in cellular transformation. Nature 1984, 312, 649-651. [CrossRef] [PubMed]

7. Eliyahu, D.; Michalovitz, D.; Oren, M. Overproduction of p53 antigen makes established cells highly
tumorigenic. Nature 1985, 316, 158-160. [CrossRef]

8. Finlay, C.A.; Hinds, PW.; Levine, A.J. The p53 proto-oncogene can act as a suppressor of transformation. Cell
1989, 57, 1083-1093. [CrossRef]

9. Hinds, P; Finlay, C.; Levine, A.J. Mutation is required to activate the p53 gene for cooperation with the ras
oncogene and transformation. J. Virol. 1989, 63, 739-746. [CrossRef]

10. Eliyahu, D.; Michalovitz, D.; Eliyahu, S.; Pinhasi-Kimhi, O.; Oren, M. Wild-type p53 can inhibit
oncogene-mediated focus formation. Proc. Natl. Acad. Sci. USA 1989, 86, 8763-8767. [CrossRef]

11. Donehower, L.A.; Soussi, T.; Korkut, A.; Liu, Y.; Schultz, A.; Cardenas, M.; Li, X.; Babur, O.; Hsu, TK;
Lichtarge, O.; et al. Integrated Analysis of TP53 Gene and Pathway Alterations in The Cancer Genome Atlas.
Cell Rep. 2019, 28, 1370-1384. [CrossRef] [PubMed]

12.  Leroy, B.; Anderson, M.; Soussi, T. TP53 mutations in human cancer: Database reassessment and prospects
for the next decade. Hum. Mutat. 2014, 35, 672—688. [CrossRef] [PubMed]

13. Stiewe, T.; Haran, T.E. How mutations shape p53 interactions with the genome to promote tumorigenesis
and drug resistance. Drug Resist. Updat. 2018, 38, 27-43. [CrossRef] [PubMed]

14.  Muller, P.A ; Vousden, K.H. Mutant p53 in cancer: New functions and therapeutic opportunities. Cancer Cell
2014, 25, 304-317. [CrossRef] [PubMed]

15.  Milner, J.; Medcalf, E.A. Cotranslation of activated mutant p53 with wild type drives the wild-type p53
protein into the mutant conformation. Cell 1991, 65, 765-774. [CrossRef]

16. Freed-Pastor, W.A.; Prives, C. Mutant p53: One name, many proteins. Genes Dev. 2012, 26, 1268-1286.
[CrossRef]


http://dx.doi.org/10.1038/nrm4007
http://www.ncbi.nlm.nih.gov/pubmed/26122615
http://dx.doi.org/10.1016/j.ceb.2017.11.005
http://www.ncbi.nlm.nih.gov/pubmed/29195118
http://dx.doi.org/10.1016/0092-8674(79)90293-9
http://dx.doi.org/10.1038/278261a0
http://www.ncbi.nlm.nih.gov/pubmed/218111
http://dx.doi.org/10.1038/312646a0
http://www.ncbi.nlm.nih.gov/pubmed/6095116
http://dx.doi.org/10.1038/312649a0
http://www.ncbi.nlm.nih.gov/pubmed/6390217
http://dx.doi.org/10.1038/316158a0
http://dx.doi.org/10.1016/0092-8674(89)90045-7
http://dx.doi.org/10.1128/JVI.63.2.739-746.1989
http://dx.doi.org/10.1073/pnas.86.22.8763
http://dx.doi.org/10.1016/j.celrep.2019.07.001
http://www.ncbi.nlm.nih.gov/pubmed/31365877
http://dx.doi.org/10.1002/humu.22552
http://www.ncbi.nlm.nih.gov/pubmed/24665023
http://dx.doi.org/10.1016/j.drup.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29857816
http://dx.doi.org/10.1016/j.ccr.2014.01.021
http://www.ncbi.nlm.nih.gov/pubmed/24651012
http://dx.doi.org/10.1016/0092-8674(91)90384-B
http://dx.doi.org/10.1101/gad.190678.112

Int. ]. Mol. Sci. 2020, 21, 9648 15 of 20

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Sabapathy, K.; Lane, D.P. Therapeutic targeting of p53: All mutants are equal, but some mutants are more
equal than others. Nat. Rev. Clin. Oncol. 2018, 15, 13-30. [CrossRef]

Pavlakis, E.; Stiewe, T. p53’s Extended Reach: The Mutant p53 Secretome. Biomolecules 2020, 10, 307.
[CrossRef]

Coppe, ].P; Patil, C.K,; Rodier, F; Sun, Y.; Munoz, D.P,; Goldstein, J.; Nelson, P.S.; Desprez, P.Y.; Campisi, J.
Senescence-associated secretory phenotypes reveal cell-nonautonomous functions of oncogenic RAS and the
P53 tumor suppressor. PLoS Biol. 2008, 6, 2853-2868. [CrossRef]

Kuilman, T.; Peeper, D.S. Senescence-messaging secretome: SMS-ing cellular stress. Nat. Rev. Cancer 2009, 9,
81-94. [CrossRef]

Kortlever, R.M.; Higgins, PJ.; Bernards, R. Plasminogen activator inhibitor-1 is a critical downstream target
of p53 in the induction of replicative senescence. Nat. Cell Biol. 2006, 8, 877-884. [CrossRef] [PubMed]
Wajapeyee, N.; Serra, RW.; Zhu, X.; Mahalingam, M.; Green, M.R. Oncogenic BRAF induces senescence and
apoptosis through pathways mediated by the secreted protein IGFBP7. Cell 2008, 132, 363-374. [CrossRef]
[PubMed]

Kuilman, T.; Michaloglou, C.; Vredeveld, L.C.; Douma, S.; van Doorn, R.; Desmet, C.J.; Aarden, L.A,;
Mooi, W.J.; Peeper, D.S. Oncogene-induced senescence relayed by an interleukin-dependent inflammatory
network. Cell 2008, 133, 1019-1031. [CrossRef] [PubMed]

Acosta, ].C.; O’'Loghlen, A.; Banito, A.; Guijarro, M.V.; Augert, A.; Raguz, S.; Fumagalli, M.; Da Costa, M.;
Brown, C.; Popov, N.; et al. Chemokine signaling via the CXCR2 receptor reinforces senescence. Cell 2008,
133, 1006-1018. [CrossRef] [PubMed]

Tkach, M.,; Thery, C. Communication by Extracellular Vesicles: Where We Are and Where We Need to Go.
Cell 2016, 164, 1226-1232. [CrossRef]

Wolf, P. The nature and significance of platelet products in human plasma. Br. ]. Haematol. 1967, 13, 269-288.
[CrossRef]

Johnstone, RM.; Adam, M.; Hammond, J.R.; Orr, L.; Turbide, C. Vesicle formation during reticulocyte
maturation. Association of plasma membrane activities with released vesicles (exosomes). |. Biol. Chem.
1987, 262, 9412-9420.

Zhang, Y.; Liu, Y,; Liu, H.; Tang, W.H. Exosomes: Biogenesis, biologic function and clinical potential.
Cell Biosci. 2019, 9, 19. [CrossRef]

Van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev.
Mol. Cell Biol. 2018, 19, 213-228. [CrossRef]

Doyle, L.M.; Wang, M.Z. Overview of Extracellular Vesicles, Their Origin, Composition, Purpose, and
Methods for Exosome Isolation and Analysis. Cells 2019, 8, 727. [CrossRef]

Harding, C.; Heuser, J.; Stahl, P. Endocytosis and intracellular processing of transferrin and colloidal
gold-transferrin in rat reticulocytes: Demonstration of a pathway for receptor shedding. Eur. J. Cell Biol.
1984, 35, 256-263.

Pan, B.T; Teng, K.; Wu, C.; Adam, M.; Johnstone, R.M. Electron microscopic evidence for externalization of
the transferrin receptor in vesicular form in sheep reticulocytes. J. Cell Biol. 1985, 101, 942-948. [CrossRef]
Geminard, C.; De Gassart, A.; Blanc, L.; Vidal, M. Degradation of AP2 during reticulocyte maturation
enhances binding of hsc70 and Alix to a common site on TFR for sorting into exosomes. Traffic 2004, 5,
181-193. [CrossRef] [PubMed]

Wollert, T.; Hurley, ].H. Molecular mechanism of multivesicular body biogenesis by ESCRT complexes.
Nature 2010, 464, 864-869. [CrossRef] [PubMed]

Morita, E.; Sandrin, V.; Chung, H.Y,; Morham, S.G.; Gygi, S.P; Rodesch, C.K.; Sundquist, W.I. Human ESCRT
and ALIX proteins interact with proteins of the midbody and function in cytokinesis. EMBO ]. 2007, 26,
4215-4227. [CrossRef] [PubMed]

Stuffers, S.; Sem Wegner, C.; Stenmark, H.; Brech, A. Multivesicular endosome biogenesis in the absence of
ESCRTs. Traffic 2009, 10, 925-937. [CrossRef]

Mathivanan, S.; Fahner, C.J.; Reid, G.E.; Simpson, R.J. ExoCarta 2012: Database of exosomal proteins,
RNA and lipids. Nucleic Acids Res. 2012, 40, D1241-D1244. [CrossRef]

Mittelbrunn, M.; Gutierrez-Vazquez, C.; Villarroya-Beltri, C.; Gonzalez, S.; Sanchez-Cabo, F.; Gonzalez, M.A ;
Bernad, A.; Sanchez-Madrid, F. Unidirectional transfer of microRNA-loaded exosomes from T cells to
antigen-presenting cells. Nat. Commun. 2011, 2, 282. [CrossRef]


http://dx.doi.org/10.1038/nrclinonc.2017.151
http://dx.doi.org/10.3390/biom10020307
http://dx.doi.org/10.1371/journal.pbio.0060301
http://dx.doi.org/10.1038/nrc2560
http://dx.doi.org/10.1038/ncb1448
http://www.ncbi.nlm.nih.gov/pubmed/16862142
http://dx.doi.org/10.1016/j.cell.2007.12.032
http://www.ncbi.nlm.nih.gov/pubmed/18267069
http://dx.doi.org/10.1016/j.cell.2008.03.039
http://www.ncbi.nlm.nih.gov/pubmed/18555778
http://dx.doi.org/10.1016/j.cell.2008.03.038
http://www.ncbi.nlm.nih.gov/pubmed/18555777
http://dx.doi.org/10.1016/j.cell.2016.01.043
http://dx.doi.org/10.1111/j.1365-2141.1967.tb08741.x
http://dx.doi.org/10.1186/s13578-019-0282-2
http://dx.doi.org/10.1038/nrm.2017.125
http://dx.doi.org/10.3390/cells8070727
http://dx.doi.org/10.1083/jcb.101.3.942
http://dx.doi.org/10.1111/j.1600-0854.2004.0167.x
http://www.ncbi.nlm.nih.gov/pubmed/15086793
http://dx.doi.org/10.1038/nature08849
http://www.ncbi.nlm.nih.gov/pubmed/20305637
http://dx.doi.org/10.1038/sj.emboj.7601850
http://www.ncbi.nlm.nih.gov/pubmed/17853893
http://dx.doi.org/10.1111/j.1600-0854.2009.00920.x
http://dx.doi.org/10.1093/nar/gkr828
http://dx.doi.org/10.1038/ncomms1285

Int. J. Mol. Sci. 2020, 21, 9648 16 of 20

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Hoshino, A.; Costa-Silva, B.; Shen, T.L.; Rodrigues, G.; Hashimoto, A.; Tesic Mark, M.; Molina, H.; Kohsaka, S.;
Di Giannatale, A.; Ceder, S.; et al. Tumour exosome integrins determine organotropic metastasis. Nature
2015, 527, 329-335. [CrossRef]

Christianson, H.C.; Svensson, K.J.; van Kuppevelt, T.H.; Li, J.P.; Belting, M. Cancer cell exosomes depend on
cell-surface heparan sulfate proteoglycans for their internalization and functional activity. Proc. Natl. Acad.
Sci. USA 2013, 110, 17380-17385. [CrossRef]

Svensson, K.J.; Christianson, H.C.; Wittrup, A.; Bourseau-Guilmain, E.; Lindqvist, E.; Svensson, L.M.;
Morgelin, M.; Belting, M. Exosome uptake depends on ERK1/2-heat shock protein 27 signaling and lipid
Raft-mediated endocytosis negatively regulated by caveolin-1. J. Biol. Chem. 2013, 288, 17713-17724.
[CrossRef] [PubMed]

Anand, S.; Samuel, M.; Kumar, S.; Mathivanan, S. Ticket to a bubble ride: Cargo sorting into exosomes and
extracellular vesicles. Biochim. Biophys. Acta Proteins Proteom. 2019, 1867, 140203. [CrossRef] [PubMed]
Irion, U.; St Johnston, D. bicoid RNA localization requires specific binding of an endosomal sorting complex.
Nature 2007, 445, 554-558. [CrossRef] [PubMed]

Perez-Hernandez, D.; Gutierrez-Vazquez, C.; Jorge, I.; Lopez-Martin, S.; Ursa, A.; Sanchez-Madrid, F.;
Vazquez, J.; Yanez-Mo, M. The intracellular interactome of tetraspanin-enriched microdomains reveals their
function as sorting machineries toward exosomes. J. Biol. Chem. 2013, 288, 11649-11661. [CrossRef]
Gibbings, D.J.; Ciaudo, C.; Erhardt, M.; Voinnet, O. Multivesicular bodies associate with components of
miRNA effector complexes and modulate miRNA activity. Nat. Cell Biol. 2009, 11, 1143-1149. [CrossRef]
Groot, M.; Lee, H. Sorting Mechanisms for MicroRNAs into Extracellular Vesicles and Their Associated
Diseases. Cells 2020, 9, 1044. [CrossRef]

Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367.
[CrossRef]

Ge, R,; Tan, E.; Sharghi-Namini, S.; Asada, H.H. Exosomes in Cancer Microenvironment and Beyond: Have
we Overlooked these Extracellular Messengers? Cancer Microenviron. 2012, 5, 323-332. [CrossRef]
Tadokoro, H.; Umezu, T.; Ohyashiki, K.; Hirano, T.; Ohyashiki, J.H. Exosomes derived from hypoxic leukemia
cells enhance tube formation in endothelial cells. . Biol. Chem. 2013, 288, 34343-34351. [CrossRef]
Hoffman, R.M. Stromal-cell and cancer-cell exosomes leading the metastatic exodus for the promised niche.
Breast Cancer Res. 2013, 15, 310. [CrossRef]

Zhang, H.G; Grizzle, W.E. Exosomes: A novel pathway of local and distant intercellular communication
that facilitates the growth and metastasis of neoplastic lesions. Am. J. Pathol. 2014, 184, 28-41. [CrossRef]
[PubMed]

Sahai, E.; Astsaturov, I.; Cukierman, E.; DeNardo, D.G.; Egeblad, M.; Evans, R.M.; Fearon, D.; Greten, ER.;
Hingorani, S.R.; Hunter, T.; et al. A framework for advancing our understanding of cancer-associated
fibroblasts. Nat. Rev. Cancer 2020, 20, 174-186. [CrossRef] [PubMed]

Kalluri, R. The biology and function of fibroblasts in cancer. Nat. Rev. Cancer 2016, 16, 582-598. [CrossRef]
[PubMed]

Yang, X.; Li, Y.; Zou, L.; Zhu, Z. Role of Exosomes in Crosstalk Between Cancer-Associated Fibroblasts and
Cancer Cells. Front. Oncol. 2019, 9, 356. [CrossRef]

Zhao, H.; Yang, L.; Baddouy, ]J.; Achreja, A.; Bernard, V.; Moss, T.; Marini, ].C.; Tudawe, T.; Seviour, E.G.;
San Lucas, FA.; et al. Tumor microenvironment derived exosomes pleiotropically modulate cancer cell
metabolism. Elife 2016, 5, €10250. [CrossRef]

Sansone, P.; Savini, C.; Kurelac, I.; Chang, Q.; Amato, L.B.; Strillacci, A.; Stepanova, A.; lommarini, L.;
Mastroleo, C.; Daly, L.; et al. Packaging and transfer of mitochondrial DNA via exosomes regulate escape from
dormancy in hormonal therapy-resistant breast cancer. Proc. Natl. Acad. Sci. USA 2017, 114, E9066-E9075.
[CrossRef]

Richards, K.E.; Zeleniak, A.E.; Fishel, M.L.; Wu, J.; Littlepage, L.E.; Hill, R. Cancer-associated fibroblast
exosomes regulate survival and proliferation of pancreatic cancer cells. Oncogene 2017, 36, 1770-1778.
[CrossRef]

Savardashtaki, A.; Shabaninejad, Z.; Movahedpour, A.; Sahebnasagh, R.; Mirzaei, H.; Hamblin, M.R. miRNAs
derived from cancer-associated fibroblasts in colorectal cancer. Epigenomics 2019, 11, 1627-1645. [CrossRef]


http://dx.doi.org/10.1038/nature15756
http://dx.doi.org/10.1073/pnas.1304266110
http://dx.doi.org/10.1074/jbc.M112.445403
http://www.ncbi.nlm.nih.gov/pubmed/23653359
http://dx.doi.org/10.1016/j.bbapap.2019.02.005
http://www.ncbi.nlm.nih.gov/pubmed/30822540
http://dx.doi.org/10.1038/nature05503
http://www.ncbi.nlm.nih.gov/pubmed/17268469
http://dx.doi.org/10.1074/jbc.M112.445304
http://dx.doi.org/10.1038/ncb1929
http://dx.doi.org/10.3390/cells9041044
http://dx.doi.org/10.1126/science.aau6977
http://dx.doi.org/10.1007/s12307-012-0110-2
http://dx.doi.org/10.1074/jbc.M113.480822
http://dx.doi.org/10.1186/bcr3426
http://dx.doi.org/10.1016/j.ajpath.2013.09.027
http://www.ncbi.nlm.nih.gov/pubmed/24269592
http://dx.doi.org/10.1038/s41568-019-0238-1
http://www.ncbi.nlm.nih.gov/pubmed/31980749
http://dx.doi.org/10.1038/nrc.2016.73
http://www.ncbi.nlm.nih.gov/pubmed/27550820
http://dx.doi.org/10.3389/fonc.2019.00356
http://dx.doi.org/10.7554/eLife.10250
http://dx.doi.org/10.1073/pnas.1704862114
http://dx.doi.org/10.1038/onc.2016.353
http://dx.doi.org/10.2217/epi-2019-0110

Int. ]. Mol. Sci. 2020, 21, 9648 17 of 20

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Hu, Y.B,; Yan, C; Mu, L.; Mi, Y.L.; Zhao, H.; Hu, H,; Li, X.L.; Tao, D.D.; Wu, Y.Q.; Gong, ].P; et al. Exosomal
Wnt-induced dedifferentiation of colorectal cancer cells contributes to chemotherapy resistance. Oncogene
2019, 38, 1951-1965. [CrossRef]

Liu, C; Yu, S,; Zinn, K.; Wang, J.; Zhang, L.; Jia, Y.; Kappes, ].C.; Barnes, S.; Kimberly, R.P; Grizzle, W.E.; et al.
Murine mammary carcinoma exosomes promote tumor growth by suppression of NK cell function. J. Immunol.
2006, 176, 1375-1385. [CrossRef]

De Vrij, ].; Maas, S.L.; Kwappenberg, K.M.; Schnoor, R.; Kleijn, A.; Dekker, L.; Luider, T.M.; de Witte, L.D.;
Litjens, M.; van Strien, M.E,; et al. Glioblastoma-derived extracellular vesicles modify the phenotype of
monocytic cells. Int. ]. Cancer 2015, 137, 1630-1642. [CrossRef] [PubMed]

Berchem, G.; Noman, M.Z.; Bosseler, M.; Paggetti, ].; Baconnais, S.; Le Cam, E.; Nanbakhsh, A.; Moussay, E.;
Mami-Chouaib, F; Janji, B.; et al. Hypoxic tumor-derived microvesicles negatively regulate NK cell function
by a mechanism involving TGF-beta and miR23a transfer. Oncoimmunology 2016, 5, e€1062968. [CrossRef]
[PubMed]

Hong, B.S.; Cho, ].H.; Kim, H.; Choi, E.J.; Rho, S.; Kim, J.; Kim, ].H.; Choi, D.S.; Kim, Y.K.; Hwang, D.; et al.
Colorectal cancer cell-derived microvesicles are enriched in cell cycle-related mRNAs that promote
proliferation of endothelial cells. BMC Genom. 2009, 10, 556. [CrossRef] [PubMed]

Svensson, K.J.; Kucharzewska, P.; Christianson, H.C.; Skold, S.; Lofstedt, T.; Johansson, M.C.; Morgelin, M.;
Bengzon, J.; Ruf, W.; Belting, M. Hypoxia triggers a proangiogenic pathway involving cancer cell microvesicles
and PAR-2-mediated heparin-binding EGF signaling in endothelial cells. Proc. Natl. Acad. Sci. USA 2011,
108, 13147-13152. [CrossRef]

Kosaka, N.; Iguchi, H.; Hagiwara, K.; Yoshioka, Y.; Takeshita, F.; Ochiya, T. Neutral sphingomyelinase
2 (nSMase2)-dependent exosomal transfer of angiogenic microRNAs regulate cancer cell metastasis.
J. Biol. Chem. 2013, 288, 10849-10859. [CrossRef]

Zhou, W.; Fong, M.Y.; Min, Y.; Somlo, G.; Liu, L.; Palomares, M.R.; Yu, Y.; Chow, A.; O’Connor, S.T,;
Chin, A.R;; et al. Cancer-secreted miR-105 destroys vascular endothelial barriers to promote metastasis.
Cancer Cell 2014, 25, 501-515. [CrossRef]

Cooks, T.; Pateras, I.S.; Jenkins, L.M.; Patel, K.M.; Robles, A.I; Morris, J.; Forshew, T.; Appella, E.;
Gorgoulis, V.G.; Harris, C.C. Mutant p53 cancers reprogram macrophages to tumor supporting macrophages
via exosomal miR-1246. Nat. Commun. 2018, 9, 771. [CrossRef]

Lan,].;Sun,L,; Xy, E; Liu,L.; Hu, F,; Song, D.; Hou, Z.; Wu, W.; Luo, X.; Wang, ] ; et al. M2 Macrophage-Derived
Exosomes Promote Cell Migration and Invasion in Colon Cancer. Cancer Res. 2019, 79, 146-158. [CrossRef]
Rahman, M. A ; Barger, ].E.; Lovat, F.; Gao, M.; Otterson, G.A.; Nana-Sinkam, P. Lung cancer exosomes as
drivers of epithelial mesenchymal transition. Oncotarget 2016, 7, 54852-54866. [CrossRef]

Liu, H,; Liu, Y;; Sun, P; Leng, K,; Xu, Y,; Mei, L.; Han, P; Zhang, B.; Yao, K.; Li, C.; et al. Colorectal
cancer-derived exosomal miR-106b-3p promotes metastasis by down-regulating DLC-1 expression. Clin. Sci.
2020, 134, 419-434. [CrossRef]

Dai, J.; Su, Y;; Zhong, S.; Cong, L.; Liu, B,; Yang, J.; Tao, Y.; He, Z.; Chen, C.; Jiang, Y. Exosomes: Key players
in cancer and potential therapeutic strategy. Signal Transduct. Target. Ther. 2020, 5, 145. [CrossRef] [PubMed]
Syn, N.; Wang, L.; Sethi, G.; Thiery, ].P.; Goh, B.C. Exosome-Mediated Metastasis: From Epithelial-Mesenchymal
Transition to Escape from Immunosurveillance. Trends Pharmacol. Sci. 2016, 37, 606-617. [CrossRef]
[PubMed]

Gu, J.; Qian, H.; Shen, L.; Zhang, X.; Zhu, W.; Huang, L.; Yan, Y.; Mao, F; Zhao, C.; Shi, Y.; et al. Gastric cancer
exosomes trigger differentiation of umbilical cord derived mesenchymal stem cells to carcinoma-associated
fibroblasts through TGF-beta/Smad pathway. PLoS ONE 2012, 7, e52465. [CrossRef]

Aga, M; Bentz, G.L.; Raffa, S.; Torrisi, M.R.; Kondo, S.; Wakisaka, N.; Yoshizaki, T.; Pagano, J.S.; Shackelford, J.
Exosomal HIFlalpha supports invasive potential of nasopharyngeal carcinoma-associated LMP1-positive
exosomes. Oncogene 2014, 33, 4613-4622. [CrossRef] [PubMed]

Peinado, H.; Zhang, H.; Matei, I.R.; Costa-Silva, B.; Hoshino, A.; Rodrigues, G.; Psaila, B.; Kaplan, R.N.;
Bromberg, ]J.E; Kang, Y.; et al. Pre-metastatic niches: Organ-specific homes for metastases. Nat. Rev. Cancer
2017, 17, 302-317. [CrossRef] [PubMed]

Osaki, M.; Okada, F. Exosomes and Their Role in Cancer Progression. Yonago Acta Med. 2019, 62, 182-190.
[CrossRef] [PubMed]


http://dx.doi.org/10.1038/s41388-018-0557-9
http://dx.doi.org/10.4049/jimmunol.176.3.1375
http://dx.doi.org/10.1002/ijc.29521
http://www.ncbi.nlm.nih.gov/pubmed/25802036
http://dx.doi.org/10.1080/2162402X.2015.1062968
http://www.ncbi.nlm.nih.gov/pubmed/27141372
http://dx.doi.org/10.1186/1471-2164-10-556
http://www.ncbi.nlm.nih.gov/pubmed/19930720
http://dx.doi.org/10.1073/pnas.1104261108
http://dx.doi.org/10.1074/jbc.M112.446831
http://dx.doi.org/10.1016/j.ccr.2014.03.007
http://dx.doi.org/10.1038/s41467-018-03224-w
http://dx.doi.org/10.1158/0008-5472.CAN-18-0014
http://dx.doi.org/10.18632/oncotarget.10243
http://dx.doi.org/10.1042/CS20191087
http://dx.doi.org/10.1038/s41392-020-00261-0
http://www.ncbi.nlm.nih.gov/pubmed/32759948
http://dx.doi.org/10.1016/j.tips.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27157716
http://dx.doi.org/10.1371/journal.pone.0052465
http://dx.doi.org/10.1038/onc.2014.66
http://www.ncbi.nlm.nih.gov/pubmed/24662828
http://dx.doi.org/10.1038/nrc.2017.6
http://www.ncbi.nlm.nih.gov/pubmed/28303905
http://dx.doi.org/10.33160/yam.2019.06.002
http://www.ncbi.nlm.nih.gov/pubmed/31320822

Int. ]. Mol. Sci. 2020, 21, 9648 18 of 20

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Peinado, H.; Aleckovic, M.; Lavotshkin, S.; Matei, I, Costa-Silva, B., Moreno-Bueno, G,
Hergueta-Redondo, M.; Williams, C.; Garcia-Santos, G.; Ghajar, C.; et al. Melanoma exosomes educate bone
marrow progenitor cells toward a pro-metastatic phenotype through MET. Nat. Med. 2012, 18, 883-891.
[CrossRef]

Costa-Silva, B.; Aiello, N.M.; Ocean, A.].; Singh, S.; Zhang, H.; Thakur, B.K.; Becker, A.; Hoshino, A.;
Mark, M.T.; Molina, H.; et al. Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver.
Nat. Cell Biol. 2015, 17, 816-826. [CrossRef]

Yu, X.; Harris, S.L.; Levine, A.]. The regulation of exosome secretion: A novel function of the p53 protein.
Cancer Res. 2006, 66, 4795-4801. [CrossRef]

Yu, X,; Riley, T.; Levine, A.]. The regulation of the endosomal compartment by p53 the tumor suppressor
gene. FEBS . 2009, 276, 2201-2212. [CrossRef]

Sun, Y.;; Zheng, W.; Guo, Z.; Ju, Q.; Zhu, L.; Gao, J.; Zhou, L,; Liu, F; Xu, Y.; Zhan, Q.; et al. A novel TP53
pathway influences the HGS-mediated exosome formation in colorectal cancer. Sci. Rep. 2016, 6, 28083.
[CrossRef] [PubMed]

Schuldner, M.; Dorsam, B.; Shatnyeva, O.; Reiners, K.S.; Kubarenko, A.; Hansen, H.P.; Finkernagel, F.;
Roth, K.; Theurich, S.; Nist, A.; et al. Exosome-dependent immune surveillance at the metastatic niche
requires BAG6 and CBP/p300-dependent acetylation of p53. Theranostics 2019, 9, 6047-6062. [CrossRef]
[PubMed]

Yoshii, S.; Hayashi, Y.; lijima, H.; Inoue, T.; Kimura, K.; Sakatani, A.; Nagai, K.; Fujinaga, T.; Hiyama, S.;
Kodama, T.; et al. Exosomal microRNAs derived from colon cancer cells promote tumor progression by
suppressing fibroblast TP53 expression. Cancer Sci. 2019, 110, 2396-2407. [CrossRef] [PubMed]

Izquierdo, E.; Vorholt, D.; Sackey, B.; Nolte, J.L.; Blakemore, S.; Schmitz, J.; Barbarino, V.; Nickel, N.;
Bachurski, D.; Lobastova, L.; et al. Loss of TP53 mediates suppression of macrophage effector function via
extracellular vesicles and PDL1 towards resistance against chemoimmunotherapy in B-cell malignancies.
bioRxiv 2020. [CrossRef]

Komarova, E.A.; Diatchenko, L.; Rokhlin, O.W.; Hill, ].E.; Wang, Z.].; Krivokrysenko, V.I; Feinstein, E.;
Gudkov, A.V. Stress-induced secretion of growth inhibitors: A novel tumor suppressor function of p53.
Oncogene 1998, 17, 1089-1096. [CrossRef]

Lyng, EM.; Seymour, C.B.; Mothersill, C. Production of a signal by irradiated cells which leads to a response
in unirradiated cells characteristic of initiation of apoptosis. Br. J. Cancer 2000, 83, 1223-1230. [CrossRef]
Mothersill, C.; Seymour, C.B. Cell-cell contact during gamma irradiation is not required to induce a bystander
effect in normal human keratinocytes: Evidence for release during irradiation of a signal controlling survival
into the medium. Radiat. Res. 1998, 149, 256-262. [CrossRef]

Little, ].B.; Azzam, E.I; de Toledo, S.M.; Nagasawa, H. Bystander effects: Intercellular transmission of
radiation damage signals. Radiat. Prot. Dosim. 2002, 99, 159-162. [CrossRef]

Le, M.,; Fernandez-Palomo, C.; McNeill, EE.; Seymour, C.B.; Rainbow, A.].; Mothersill, C.E. Exosomes are
released by bystander cells exposed to radiation-induced biophoton signals: Reconciling the mechanisms
mediating the bystander effect. PLoS ONE 2017, 12, e0173685. [CrossRef]

Passer, B.J.; Nancy-Portebois, V.; Amzallag, N.; Prieur, S.; Cans, C.; Roborel de Climens, A.; Fiucci, G.;
Bouvard, V.; Tuynder, M.; Susini, L.; et al. The p53-inducible TSAP6 gene product regulates apoptosis and
the cell cycle and interacts with Nix and the Myt1 kinase. Proc. Natl. Acad. Sci. USA 2003, 100, 2284-2289.
[CrossRef]

Amzallag, N.; Passer, B.J.; Allanic, D.; Segura, E.; Thery, C.; Goud, B.; Amson, R.; Telerman, A. TSAP6
facilitates the secretion of translationally controlled tumor protein/histamine-releasing factor via a nonclassical
pathway. J. Biol. Chem. 2004, 279, 46104-46112. [CrossRef] [PubMed]

Lespagnol, A.; Duflaut, D.; Beekman, C.; Blanc, L.; Fiucci, G.; Marine, ].C.; Vidal, M.; Amson, R.; Telerman, A.
Exosome secretion, including the DNA damage-induced p53-dependent secretory pathway, is severely
compromised in TSAP6/Steap3-null mice. Cell Death Differ. 2008, 15, 1723-1733. [CrossRef] [PubMed]
Silva, J.; Garcia, V.; Rodriguez, M.; Compte, M.; Cisneros, E.; Veguillas, P.; Garcia, ].M.; Dominguez, G.;
Campos-Martin, Y.; Cuevas, J.; et al. Analysis of exosome release and its prognostic value in human colorectal
cancer. Genes Chromosomes Cancer 2012, 51, 409-418. [CrossRef] [PubMed]

Vietri, M.; Radulovic, M.; Stenmark, H. The many functions of ESCRTs. Nat. Rev. Mol. Cell Biol. 2020, 21,
25-42. [CrossRef]


http://dx.doi.org/10.1038/nm.2753
http://dx.doi.org/10.1038/ncb3169
http://dx.doi.org/10.1158/0008-5472.CAN-05-4579
http://dx.doi.org/10.1111/j.1742-4658.2009.06949.x
http://dx.doi.org/10.1038/srep28083
http://www.ncbi.nlm.nih.gov/pubmed/27312428
http://dx.doi.org/10.7150/thno.36378
http://www.ncbi.nlm.nih.gov/pubmed/31534536
http://dx.doi.org/10.1111/cas.14084
http://www.ncbi.nlm.nih.gov/pubmed/31148360
http://dx.doi.org/10.1101/2020.06.11.145268
http://dx.doi.org/10.1038/sj.onc.1202303
http://dx.doi.org/10.1054/bjoc.2000.1433
http://dx.doi.org/10.2307/3579958
http://dx.doi.org/10.1093/oxfordjournals.rpd.a006751
http://dx.doi.org/10.1371/journal.pone.0173685
http://dx.doi.org/10.1073/pnas.0530298100
http://dx.doi.org/10.1074/jbc.M404850200
http://www.ncbi.nlm.nih.gov/pubmed/15319436
http://dx.doi.org/10.1038/cdd.2008.104
http://www.ncbi.nlm.nih.gov/pubmed/18617898
http://dx.doi.org/10.1002/gcc.21926
http://www.ncbi.nlm.nih.gov/pubmed/22420032
http://dx.doi.org/10.1038/s41580-019-0177-4

Int. J. Mol. Sci. 2020, 21, 9648 19 of 20

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Baietti, M.E,; Zhang, Z.; Mortier, E.; Melchior, A.; Degeest, G.; Geeraerts, A.; Ivarsson, Y.; Depoortere, F.;
Coomans, C.; Vermeiren, E.; et al. Syndecan-syntenin-ALIX regulates the biogenesis of exosomes.
Nat. Cell Biol. 2012, 14, 677-685. [CrossRef]

Edgar, J.R.; Eden, E.R.; Futter, C.E. Hrs- and CD63-dependent competing mechanisms make different sized
endosomal intraluminal vesicles. Traffic 2014, 15, 197-211. [CrossRef]

Ruivo, C.F; Adem, B.; Silva, M.; Melo, S.A. The Biology of Cancer Exosomes: Insights and New Perspectives.
Cancer Res. 2017, 77, 6480-6488. [CrossRef]

Becker, A.; Thakur, B.K.; Weiss, ].M.; Kim, H.S.; Peinado, H.; Lyden, D. Extracellular Vesicles in Cancer:
Cell-to-Cell Mediators of Metastasis. Cancer Cell 2016, 30, 836-848. [CrossRef]

Dror, S.; Sander, L.; Schwartz, H.; Sheinboim, D.; Barzilai, A.; Dishon, Y.; Apcher, S.; Golan, T.; Greenberger, S.;
Barshack, L; et al. Melanoma miRNA trafficking controls tumour primary niche formation. Nat. Cell Biol.
2016, 18, 1006-1017. [CrossRef]

Rangachari, M.; Zhu, C.; Sakuishi, K.; Xiao, S.; Karman, J.; Chen, A.; Angin, M.; Wakeham, A.; Greenfield, E.A;
Sobel, R.A.; et al. Bat3 promotes T cell responses and autoimmunity by repressing Tim-3-mediated cell death
and exhaustion. Nat. Med. 2012, 18, 1394-1400. [CrossRef]

Pogge von Strandmann, E.; Simhadri, V.R; von Tresckow, B.; Sasse, S.; Reiners, K.S.; Hansen, H.P.; Rothe, A.;
Boll, B.; Simhadri, V.L.; Borchmann, P.; et al. Human leukocyte antigen-B-associated transcript 3 is released
from tumor cells and engages the NKp30 receptor on natural killer cells. Immunity 2007, 27, 965-974.
[CrossRef] [PubMed]

Sasaki, T.; Gan, E.C.; Wakeham, A.; Kornbluth, S.; Mak, TW.; Okada, H. HLA-B-associated transcript 3
(Bat3)/Scythe is essential for p300-mediated acetylation of p53. Genes Dev. 2007, 21, 848-861. [CrossRef]
[PubMed]

Tuting, T.; De Visser, K.E. CANCER. How neutrophils promote metastasis. Science 2016, 352, 145-146.
[CrossRef] [PubMed]

Sebti, S.; Prebois, C.; Perez-Gracia, E.; Bauvy, C.; Desmots, E; Pirot, N.; Gongora, C.; Bach, AS;
Hubberstey, A.V.; Palissot, V.; etal. BAT3 modulates p300-dependent acetylation of p53 and autophagy-related
protein 7 (ATG?) during autophagy. Proc. Natl. Acad. Sci. USA 2014, 111, 4115-4120. [CrossRef]

Baixauli, F.; Lopez-Otin, C.; Mittelbrunn, M. Exosomes and autophagy: Coordinated mechanisms for the
maintenance of cellular fitness. Front. Immunol. 2014, 5, 403. [CrossRef]

Ju, Q.; Zhao, L.; Gao, ].; Zhou, L.; Xu, Y.; Sun, Y.; Zhao, X. Mutant p53 increases exosome-mediated transfer
of miR-21-3p and miR-769-3p to promote pulmonary metastasis. Chin. |. Cancer Res. 2019, 31, 533-546.
[CrossRef]

Novo, D.; Heath, N.; Mitchell, L.; Caligiuri, G.; MacFarlane, A.; Reijmer, D.; Charlton, L.; Knight, J.; Calka, M.;
McGhee, E.; et al. Mutant p53s generate pro-invasive niches by influencing exosome podocalyxin levels.
Nat. Commun. 2018, 9, 5069. [CrossRef]

Zhang, S.; Wang, C.; Ma, B.; Xu, M,; Xu, S.; Liu, J.; Tian, Y.; Fu, Y.; Luo, Y. Mutant p53 Drives Cancer Metastasis
via RCP-Mediated Hsp90alpha Secretion. Cell Rep. 2020, 32, 107879. [CrossRef]

Villarroya-Beltri, C.; Gutierrez-Vazquez, C.; Sanchez-Cabo, F; Perez-Hernandez, D.; Vazquez, J;
Martin-Cofreces, N.; Martinez-Herrera, D.].; Pascual-Montano, A.; Mittelbrunn, M.; Sanchez-Madrid, F.
Sumoylated hnRNPA2B1 controls the sorting of miRNAs into exosomes through binding to specific motifs.
Nat. Commun. 2013, 4, 2980. [CrossRef]

Dongre, A.; Weinberg, R.A. New insights into the mechanisms of epithelial-mesenchymal transition and
implications for cancer. Nat. Rev. Mol. Cell Biol. 2019, 20, 69-84. [CrossRef]

Shibue, T.; Weinberg, R.A. EMT, CSCs, and drug resistance: The mechanistic link and clinical implications.
Nat. Rev. Clin. Oncol. 2017, 14, 611-629. [CrossRef] [PubMed]

Brabletz, T.; Kalluri, R.; Nieto, M.A.; Weinberg, R.A. EMT in cancer. Nat. Rev. Cancer 2018, 18, 128-134.
[CrossRef] [PubMed]

Chang, C.J.; Chao, C.H.; Xia, W.; Yang, ].Y,; Xiong, Y.; Li, C.W.; Yu, WH.; Rehman, S.K.; Hsu,].L.; Lee, H.H.; etal.
p53 regulates epithelial-mesenchymal transition and stem cell properties through modulating miRNAs.
Nat. Cell Biol. 2011, 13, 317-323. [CrossRef]

Kim, N.H.; Kim, H.S.; Li, X.Y,; Lee, I; Choi, H.S.; Kang, S.E.; Cha, S.Y.; Ryu, ].K,; Yoon, D.; Fearon, ER,; et al.
A p53/miRNA-34 axis regulates Snaill-dependent cancer cell epithelial-mesenchymal transition. J. Cell Biol.
2011, 195, 417-433. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/ncb2502
http://dx.doi.org/10.1111/tra.12139
http://dx.doi.org/10.1158/0008-5472.CAN-17-0994
http://dx.doi.org/10.1016/j.ccell.2016.10.009
http://dx.doi.org/10.1038/ncb3399
http://dx.doi.org/10.1038/nm.2871
http://dx.doi.org/10.1016/j.immuni.2007.10.010
http://www.ncbi.nlm.nih.gov/pubmed/18055229
http://dx.doi.org/10.1101/gad.1534107
http://www.ncbi.nlm.nih.gov/pubmed/17403783
http://dx.doi.org/10.1126/science.aaf7300
http://www.ncbi.nlm.nih.gov/pubmed/27124439
http://dx.doi.org/10.1073/pnas.1313618111
http://dx.doi.org/10.3389/fimmu.2014.00403
http://dx.doi.org/10.21147/j.issn.1000-9604.2019.03.15
http://dx.doi.org/10.1038/s41467-018-07339-y
http://dx.doi.org/10.1016/j.celrep.2020.107879
http://dx.doi.org/10.1038/ncomms3980
http://dx.doi.org/10.1038/s41580-018-0080-4
http://dx.doi.org/10.1038/nrclinonc.2017.44
http://www.ncbi.nlm.nih.gov/pubmed/28397828
http://dx.doi.org/10.1038/nrc.2017.118
http://www.ncbi.nlm.nih.gov/pubmed/29326430
http://dx.doi.org/10.1038/ncb2173
http://dx.doi.org/10.1083/jcb.201103097
http://www.ncbi.nlm.nih.gov/pubmed/22024162

Int. ]. Mol. Sci. 2020, 21, 9648 20 of 20

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Kim, T.; Veronese, A.; Pichiorri, F,; Lee, T.J.; Jeon, Y.J.; Volinia, S.; Pineau, P.; Marchio, A.; Palatini, J.;
Suh, S.S.; et al. p53 regulates epithelial-mesenchymal transition through microRNAs targeting ZEB1 and
ZEB2. |. Exp. Med. 2011, 208, 875-883. [CrossRef] [PubMed]

Muller, P.A.; Caswell, PT.; Doyle, B.; Iwanicki, M.P,; Tan, E.H.; Karim, S.; Lukashchuk, N.; Gillespie, D.A.;
Ludwig, R.L.; Gosselin, P,; et al. Mutant p53 drives invasion by promoting integrin recycling. Cell 2009, 139,
1327-1341. [CrossRef] [PubMed]

Muller, PA; Trinidad, A.G.; Timpson, P.; Morton, ].P,; Zanivan, S.; van den Berghe, P.V.; Nixon, C.; Karim, S.A;
Caswell, P.T.; Noll, J.E.; et al. Mutant p53 enhances MET trafficking and signalling to drive cell scattering
and invasion. Oncogene 2013, 32, 1252-1265. [CrossRef]

Muller, P.A.; Trinidad, A.G.; Caswell, P.T.; Norman, ].C.; Vousden, K.H. Mutant p53 regulates Dicer through
p63-dependent and -independent mechanisms to promote an invasive phenotype. J. Biol. Chem. 2014, 289,
122-132. [CrossRef]

Desgrosellier, ].S.; Cheresh, D.A. Integrins in cancer: Biological implications and therapeutic opportunities.
Nat. Rev. Cancer 2010, 10, 9-22. [CrossRef]

Caswell, PT.,; Chan, M.; Lindsay, A.]J.; McCaffrey, M.W.; Boettiger, D.; Norman, J.C. Rab-coupling protein
coordinates recycling of alpha5betal integrin and EGFR1 to promote cell migration in 3D microenvironments.
J. Cell Biol. 2008, 183, 143-155. [CrossRef]

Blagosklonny, M.V.; Toretsky, J.; Bohen, S.; Neckers, L. Mutant conformation of p53 translated in vitro or
in vivo requires functional HSP90. Proc. Natl. Acad. Sci. USA 1996, 93, 8379-8383. [CrossRef] [PubMed]
Li, D.; Marchenko, N.D.; Schulz, R.; Fischer, V.; Velasco-Hernandez, T.; Talos, F.; Moll, U.M. Functional
inactivation of endogenous MDM?2 and CHIP by HSP90 causes aberrant stabilization of mutant p53 in
human cancer cells. Mol. Cancer Res. 2011, 9, 577-588. [CrossRef] [PubMed]

Alexandrova, E.M.; Yallowitz, A.R.; Li, D.; Xu, S.; Schulz, R.; Proia, D.A.; Lozano, G.; Dobbelstein, M.;
Moll, U.M. Improving survival by exploiting tumour dependence on stabilized mutant p53 for treatment.
Nature 2015, 523, 352-356. [CrossRef] [PubMed]

Alexandrova, E.M.; Moll, UM. Depleting stabilized GOF mutant p53 proteins by inhibiting molecular folding
chaperones: A new promise in cancer therapy. Cell Death Differ. 2017, 24, 3-5. [CrossRef]

Bykov, VJ.N.; Eriksson, S.E.; Bianchi, J.; Wiman, K.G. Targeting mutant p53 for efficient cancer therapy.
Nat. Rev. Cancer 2018, 18, 89-102. [CrossRef]

Wong, D.S,; Jay, D.G. Emerging Roles of Extracellular Hsp90 in Cancer. Adv. Cancer Res. 2016, 129, 141-163.
[CrossRef]

Wang, X.; Song, X.; Zhuo, W.; Fu, Y.; Shi, H.; Liang, Y.; Tong, M.; Chang, G.; Luo, Y. The regulatory mechanism
of Hsp90alpha secretion and its function in tumor malignancy. Proc. Natl. Acad. Sci. USA 2009, 106,
21288-21293. [CrossRef]

Song, X.; Wang, X.; Zhuo, W.; Shi, H.; Feng, D.; Sun, Y,; Liang, Y.; Fu, Y.; Zhou, D.; Luo, Y. The regulatory
mechanism of extracellular Hsp90{alpha} on matrix metalloproteinase-2 processing and tumor angiogenesis.
J. Biol. Chem. 2010, 285, 40039-40049. [CrossRef]

Lei, H.; Venkatakrishnan, A.; Yu, S.; Kazlauskas, A. Protein kinase A-dependent translocation of Hsp90 alpha
impairs endothelial nitric-oxide synthase activity in high glucose and diabetes. J. Biol. Chem. 2007, 282,
9364-9371. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1084/jem.20110235
http://www.ncbi.nlm.nih.gov/pubmed/21518799
http://dx.doi.org/10.1016/j.cell.2009.11.026
http://www.ncbi.nlm.nih.gov/pubmed/20064378
http://dx.doi.org/10.1038/onc.2012.148
http://dx.doi.org/10.1074/jbc.M113.502138
http://dx.doi.org/10.1038/nrc2748
http://dx.doi.org/10.1083/jcb.200804140
http://dx.doi.org/10.1073/pnas.93.16.8379
http://www.ncbi.nlm.nih.gov/pubmed/8710879
http://dx.doi.org/10.1158/1541-7786.MCR-10-0534
http://www.ncbi.nlm.nih.gov/pubmed/21478269
http://dx.doi.org/10.1038/nature14430
http://www.ncbi.nlm.nih.gov/pubmed/26009011
http://dx.doi.org/10.1038/cdd.2016.145
http://dx.doi.org/10.1038/nrc.2017.109
http://dx.doi.org/10.1016/bs.acr.2016.01.001
http://dx.doi.org/10.1073/pnas.0908151106
http://dx.doi.org/10.1074/jbc.M110.181941
http://dx.doi.org/10.1074/jbc.M608985200
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	The TP53 Tumor Suppressor in Cancer 
	Extracellular Vesicles—Biogenesis, Cargo and Uptake 
	Extracellular Vesicles—Function in Cancer 
	EVs Shape a Tumor-Supporting Microenvironment 
	EVs Stimulate Metastasis and Prime Metastatic Niches 

	EVs as Extracellular Messengers of p53 
	EVs Communicate Tumor Suppressive Signals of Wild-Type p53 
	p53 Stimulates EV Secretion 
	p53 Controls EV Size 
	p53 Promotes EV Loading with Anti-Metastatic Cargo 
	p53 Suppresses the Generation of Cancer-Associated Fibroblasts through EVs 
	p53 Supports Chemoimmunotherapy Responses through EVs 

	EVs Communicate Tumor-Promoting Signals from Mutant p53 
	Mutant p53 Effects on EV miRNA Cargo 
	Mutant p53 Effects on EV Protein Cargo 


	Conclusions 
	References

