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ABSTRACT  
 

In recent years, growing interest has focused on Extracellular Vesicles 

(EVs) as regulators of cell-to-cell communication: EVs are able to 

promote changes in gene expression and behavior of recipient cells in 

several pathophysiological processes by transferring their specific 

informational cargo of molecules. EVs cargo does not simply reflect 

the cell of origin content, but rather is defined by dynamic and 

selective cell-specific loading mechanisms. In particular, it is well 

recognized that EVs-mediated transfer of microRNAs contributes to 

intercellular communication, however, the knowledge about 

molecular mechanisms regulating selective and dynamic miRNA-

loading in EVs is limited to a few specific RNA-binding proteins 

(RBPs) interacting with specific sequence determinants. Moreover, 

although several sequence motifs causing intracellular retention have 

been disclosed, the identification of interacting proteins remains 

unaddressed. Starting from this body of evidence, we focused on the 

investigation of molecular players responsible for miRNAs 

intracellular retention. 

Here, the RBP Poly-C-binding protein 2 (PCBP2, also known as 

hnRNPE2 or αCP2) was identified as a direct interactor of an 

intracellular retention (CELL) motif: RNA immunoprecipitation (RIP) 
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after UV cross-linking, coupled to RNA pull-down followed by 

proteomic analysis, demonstrated that this protein directly binds to 

miRNAs embedding this sequence and mutagenesis of the motif 

proved the specificity of its binding. Functionally, PCBP2 knock-

down allows the EV-loading of specific intracellular microRNAs. 

Furthermore, a second requirement for PCBP2 specific binding was 

identified in SYNCRIP, a previously characterized miRNA EV-loader. 

SYNCRIP and PCBP2 may contemporarily bind to miRNAs endowed 

of both hEXO and CELL motifs, as demonstrated by RIP and EMSA 

assays. Mechanistically, SYNCRIP knock-down appears to limit 

PCBP2 recruitment. 

Overall, this body of evidence highlights that multiple 

proteins/miRNA interactions govern miRNA compartmentalization 

and, specifically, extends PCBP2’s known pleiotropic functions to that 

of intracellular determinant of miRNAs retention, as a dominant 

inhibitor of SYNCRIP function. 
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INTRODUCTION 
 

EXTRACELLULAR VESICLES 

 
Extracellular vesicles (EVs) are a heterogeneous group of membrane-

bound particles released by cells into the extracellular space, 

evolutionarily conserved from bacteria to humans and plants1-3, 

differing in size, cargo, surface characteristics and intracellular origin4. 

Based on their biogenesis, EVs are classified into two main 

populations: microvesicles and exosomes5. 

Microvesicles (MVs), formerly called 'platelet dust', have a role in cell–

cell communication in various cell types, including cancer cells, where 

they are generally called oncosomes. Microvesicles range in size from 

50 nm to 1000 nm in diameter but can be even larger (up to 10 µm) in 

the case of oncosomes. They are generated by the outward budding 

and fission of the plasma membrane and the subsequent release of 

vesicles into the extracellular space6. 

Exosomes, characterized by a range in size from 30 nm to 150 nm of 

diameter, are, instead, intraluminal vesicles (ILVs) formed by the 

inward budding of the endosomal membrane during maturation of 

multivesicular endosomes (MVEs), which are intermediates within 
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the endosomal system, and secreted upon fusion of MVEs with the 

cell surface7. 

Apoptotic bodies that form when cells fragment during programmed 

cell death are also categorized as EVs; they are the largest of EV 

groups, with a typical size spanning between 1000 and 5000 nm. These 

vesicles contain DNA fragments, histones, chromatin remnants, 

cytosolic fractions, and degraded proteins. Typically, apoptotic bodies 

are cleared by phagocytic cells8 (figure 1). 

Because these EV subtypes can be difficult to distinguish from each 

other on the basis of biochemical preparations, the latest classification 

guidelines recommend describing purified EVs as “small” and 

“large” EVs9. 

Despite a different pathway of biogenesis, exosomes and 

microvesicles display a similar appearance, overlapping size and 

often common composition that make it difficult to ascertain their 

origin once isolated from the extracellular medium or from biological 

fluids. EVs are highly abundant in cytoskeletal, cytosolic, heat shock 

and plasma membrane proteins, as well as in proteins involved in 

vesicle trafficking (e.g. tetraspanins, 14.3.3 proteins, Tsg101 and Alix), 

while intracellular organelle proteins are less abundant10.  

These proteins, present in the majority of EVs, reflect vesicle 

localization, cellular origin and mechanisms of secretion. For these 

reasons, some of them, although not specifically present in 
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microvesicles or exosomes, are used as markers to distinguish the 

different EVs subpopulations on the basis of their abundance and/or 

the specific contemporary expression. For example, the combination 

of the tetraspanins CD9, CD63 and CD81 is used as a marker for 

exosomes, while the combination of CD9, CD63 and CD82 identifies 

microvesicles. Moreover, while Tsg101 and Alix are more abundant in 

exosomes as they are components of the endosomal trafficking, 

Calnexin is considered a marker for microvesicles as it is a component 

of the ER, through which the proteins incorporated into microvesicles 

pass11. 

In addition to the proteins already mentioned above, EVs contain 

MHC class I and II molecules, membrane transport and fusion 

proteins (e.g., GTPases, annexins, flotillin, Rab2, Rab7, Rab11). 

Lipid rafts, such as glycosylphosphatidylinositol anchored proteins 

(LBPA) and flotillin, are highly enriched in exosomes. Moreover, 

metabolic enzymes, such as GAPDH, enolase 1, PKM2, and PGK1, 

and molecules involved in signal transduction, such as protein 

kinases, 14-3-3, and G proteins, have been detected11,12. 

With respect to the EVs’ molecular cargo, it is characterized by 

proteins, RNA, lipids and DNA and varies depending on the cell of 

origin, tissue types and pathophysiological conditions. 

Indeed, apart from proteins, EVs also contain RNAs, including 

messenger RNAs (mRNAs), microRNAs (miRNAs)13, long non-
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coding RNAs (lncRNAs)14, as well as mitochondrial DNA15, small 

fragments of single-stranded DNA and large fragments of genomic, 

double-stranded DNA encompassing all chromosomes16,17. 

 
Figure 1. Main features of extracellular vesicles 
EVs comprise a heterogeneous population of membrane vesicles of various 
origins characterized by different size, morphology and cargo content 
(From Lee, Y.J. et al.  Exp Mol Med 2024) 

 

1.1 Exosomes biogenesis 

 
Exosomes are generated as ILVs within the lumen of endosomes 

during their maturation into MVEs, a process that involves specific 
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sorting machineries. These machineries first segregate cargoes on 

microdomains of the MVEs limiting membrane, with consequent 

inward budding and fission of small membrane vesicles containing 

sequestered cytosol (figure 2). 

The protein sorting of ILVs is a highly regulated process depending 

on the endosomal sorting complex required for transport (ESCRT) 

machinery18. The ESCRT pathway involves the coordinated action of 

all four ESCRT complexes (ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-

III), which act in a stepwise manner, in conjunction with disassembly 

and deubiquitylating enzymes present on the endosome membrane. 

This process also involves the ESCRT accessory protein VPS419. 

ESCRT-0, -I, and -II complexes are equipped with ubiquitin-binding 

domains that allow them to capture ubiquitinated cargo20. Moreover, 

ESCRT-I, -II, and -III play crucial roles in membrane remodeling for 

ILVs binding. To complete exosome biogenesis, ESCRT-II induces the 

formation of ESCRT-III filaments, which facilitate the severing of the 

nascent exosome neck from the endosome membrane21. ESCRT-III is 

thought to be directed to the vesicle bud neck, either by sensing 

negative membrane curvature or by promoting membrane bending, 

to facilitate the separation of ILVs from the endosome membrane22.  

The ATPase VPS4 interacts with ESCRT-III to facilitate the final stages 

of ILVs formation by promoting membrane scission, resulting in the 

leakage of ILVs into the multivesicular bodies (MVB) lumens. 
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Importantly, the deletion of multiple ESCRT protein subunits or VPS4 

can significantly impact exosome biogenesis, leading to alterations in 

exosome number, size, and protein composition to varying extents. 

The roles of ESCRT proteins in ILVs biogenesis are conserved, as 

evidenced by studies in budding yeast, where deletion of ESCRT 

proteins results in pre-vacuolar, endosomal compartments that lack 

ILVs23. 

Exosomes can also be formed in an ESCRT-independent manner: the 

first ESCRT-independent mechanism of exosome biogenesis was 

shown to require generation of ceramide by neutral type II 

sphingomyelinase (nSMase2), which hydrolyses sphingomyelin to 

ceramide24. Ceramide may then allow the generation of membrane 

subdomains, which impose a spontaneous negative curvature on the 

membranes25. Recently, activated Rab31 GTPase was identified as the 

trigger for membrane budding within these domains26. 

A second class of molecules, the tetraspanins, participates in various 

steps of the exosome biogenesis pathway, such as in directing cargo 

toward multi vesicular bodies (MVBs), compartmentalizing 

endosomal membrane into functional domains named tetraspanin-

enriched microdomains (TEMs), and increasing exosome secretion of 

certain compounds, such as beta-catenin27,28. Recent structural 

analysis of the tetraspanin CD81 revealed a cone-like structure with 

an intramembrane cavity that can accommodate cholesterol and that 
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is likely to be shared by other tetraspanins. Clustering of several cone-

shaped tetraspanins in combination with different transmembrane 

and cytosolic proteins could induce inward budding of the 

microdomain in which they are enriched29. 

Additional ESCRT-independent mechanisms contribute to the 

targeting of selective soluble or membrane-associated cargoes to 

exosomes. For example, the sequestration of cytosolic proteins into 

ILVs can result from co-sorting with other proteins, such as the 

chaperones heat shock 70 kDa protein (HSP70) and heat shock cognate 

71 kDa protein (HSC70), which are found in exosomes derived from 

most cell types30. 

Moreover, recent insights have shed light on variation in ESCRT 

pathway as the syndecan-syntenin-ALIX pathway: in MCF7 breast 

cancer cells, syntenin, a cytoplasmic adapter protein, recruits ALIX to 

MVBs, where its interaction with ESCRT-III induces ILVs formation. 

Regulation of syndecan-syntenin-ALIX-mediated exosome biogenesis 

involves activation of the oncogenic tyrosine kinase SRC that 

phosphorylates syndecan1, syntenin, and ALIX, thereby stimulating 

exosome biogenesis31,32. 
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Figure 2. Biogenesis of exosomes 
Several sorting machineries involved in the different steps required for 
generating exosomes 
(Modified from Van Niel G. et al., Nat. Rev. Mol. Cell Biol., 2018) 

 

1.2 The release of exosomes 

 
MVEs are primarily destined to fuse with lysosomes as a protein 

degradation mechanism (in addition to the ubiquitin-proteasome 

system)33; however, mechanisms preventing their degradation and 

allowing MVEs’ secretion exist, thereby enabling exosomes’ release 

(figure 3). The regulation of the balance between degradative and 

secretory capacity of MVEs remains largely unexplored, but the 

establishment of this balance undoubtedly affects cell function. For 

example, lysosomal degradation defects that promote exosome 

secretion have been shown to enable efficient elimination of unwanted 

and/or defective proteins such as amyloids in the context of 
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neurodegenerative diseases34. A first level of regulation of the balance 

is probably mediated by the sorting machineries at the level of MVEs. 

In fact, while the different components of the ESCRT machinery are 

generally associated with the degradative pathway of MVEs, the 

syndecan-syntenin-Alix pathway seems to be restricted only to 

exosome secretion. Conversely, ISGylation (a ubiquitin-like 

modification) of the ESCRT-I component TSG101 induces its 

aggregation and degradation, being sufficient to impair exosome 

secretion35. 

MVEs fated to exosomes secretion need to move toward the plasma 

membrane: there are a few key players in this vesicular traffic system: 

actin filaments and microtubules, along which the vesicles move, 

motor proteins, such as kinesin and dynein, which directly facilitate 

the movement, and Rab family of small GTPases which recruit and 

activate the motor proteins36. The main RAB GTPases that have been 

shown to be involved in the production and secretion of exosomes are 

RAB27A and B. Specifically, RAB27B regulates the motility of MVEs 

towards the plasma membrane, while both RAB27 isoforms are 

involved in the step following MVE transport, represented by the 

docking at the plasma membrane to promote the fusion propaedeutic 

to the exosome secretion. The role of RAB27A in MVE docking 

involves rearrangement of sub-membrane actin cytoskeleton, a step 

that is common to all mechanisms involving vesicular secretion37. 
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Exosome secretion requires the fusion of MVEs with the plasma 

membrane to release ILVs as exosomes, a process probably mediated 

by SNARE proteins and synaptotagmin family members38. In MCF-7 

breast cancer cells, syntaxin-4, SNAP-23, and VAMP-7 are the 

SNAREs responsible for exosome secretion and SNARE complex 

consisting of these SNAREs can drive membrane fusion in vitro. 

Deletion of any of these SNAREs in MCF-7 cells did not affect MVBs’ 

biogenesis and transportation, indicating their specific involvement in 

the following steps driving the MVBs–plasma membrane fusion. In 

addition, syntaxin-4, SNAP-23, and VAMP-7 play equivalent roles in 

exosome secretion in both HeLa cervical cancer cells and A375 

melanoma cells, suggesting their conserved function in exosome 

secretion39. Additional SNARE proteins involved in exosome 

secretion, such as the synaptobrevin homologue Ykt640, in Drosophila, 

syntaxin 5 in C. elegans41 and syntaxin 1a42 in mammals, again reflect 

the diversity of regulators that could be involved in exosome 

secretion, most likely depending on the organism, the cell type or the 

MVEs’ subtype. 
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Figure 3. Intracellular trafficking of extracellular vesicles  
The generation of EVs requires tuned regulation of multiple intracellular 
trafficking steps that influence the targeting of cargoes to the site of 
extracellular vesicle biogenesis and the fate of the multivesicular endosome 
(MVE) from which these vesicles originate. 
(From Van Niel G. et al., Nat. Rev. Mol. Cell Biol., 2018) 

 

1.3 Fate of extracellular vesicles in recipient cells 

 
Once released into the extracellular space, extracellular vesicles can 

reach recipient cells and deliver their contents to elicit functional 

responses and promote phenotypic changes that will affect their 
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physiological or pathological status. Extracellular-vesicle-mediated 

intercellular communication requires docking at the plasma 

membrane, followed by the activation of surface receptors and 

consequent signaling, vesicle internalization (endocytosis) or their 

fusion with target cells11 (figure 4).  

The transmembrane ligands on exosome surface can directly bind to 

the surface receptors on the recipient cell and generate downstream 

signaling cascade to activate the target cell. This is a common route to 

mediate immunomodulatory and apoptotic functions. Exosomes 

released from dendritic cells activate T lymphocytes through MHC-

peptide complex and bind to Toll-like receptor ligands on bacterial 

surface to activate bystander dendritic cells and to enhance immune 

responses43,44. 

Exosomes can also fuse with the plasma membrane and release their 

content directly into the cytosol of target cells. This includes hemi-

fusion stalk formation between hydrophobic lipid bilayers of the 

exosome and plasma membrane followed by an expansion forming 

one consistent structure. Families of SNAREs and Rab proteins likely 

mediate this fusion, as shown in several studies on cell membrane45. 

Uptake via endocytosis can be categorized into different types of 

endocytotic processes, including clathrin-mediated endocytosis, 

caveolin-mediated endocytosis, lipid raft-mediated endocytosis, 

macropinocytosis, and phagocytosis. The uptake of EVs may be 
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dependent on the cell type and its physiologic state, and on the 

presence of ligands on the surface of the EVs, recognizing receptors 

on the surface of the cell or vice versa46. 

Clathrin-mediated endocytosis is a stepwise assembly of various 

transmembrane receptors and ligands. This process is characterized 

by the involvement of the triskelion scaffold (clathrin), leading to the 

formation of clathrin-coated vesicles7; the internalized vesicles 

undergo uncoating and fuse with endosomes47. This mode of EVs 

entry occurs in most cell types. 

Caveolin-mediated endocytosis is mediated by integral membrane 

proteins named caveolins, which create small flask- or omega-shaped 

plasma membrane invaginations called caveolae. Caveolae enable 

internalization of caveosomes, which are large vesicles enriched in 

highly hydrophobic and detergent-resistant membrane lipids 

containing cholesterol and sphingolipids48,49. 

Lipid raft-mediated endocytosis is a major endocytic mechanism to 

shift cargo into early endosomes and influence EVs uptake. Lipid rafts 

are detergent-resistant membrane microdomains enriched in 

cholesterol, sphingolipids, and glycosylphosphatidylinositol-

anchored proteins. They act not only as organizing centers for the 

assembly of signaling molecules, but also affecting membrane fluidity 

and mediating membrane protein trafficking50.  
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Phagocytosis typically engulfs large particles, such as bacteria and 

dead cells, but can also internalize small particles like EVs51. 

Phagocytosis is an actin-mediated mechanism and a receptor-

mediated event that is often performed by specialized cells such as 

macrophages. Phagocytosis is a stepwise process whereby cell 

membrane deformations encircle the bulk extracellular particles, 

forming phagosomes that eventually direct internalized cargo to 

lysosomes46. Meanwhile, macropinocytosis uses actin-driven 

lamellipodia to induce inward plasma membrane invaginations that 

get pinched off to form intracellular compartments called 

macropinosomes. They are growth factor-dependent and result in the 

nonspecific uptake of extracellular soluble molecules, nutrients, and 

antigens52. 

Upon internalization, exosomes follow the endocytic pathway and 

reach MVEs, which, in most cases, are targeted to the lysosomes. In 

this way, degradation of proteins and lipids carried by exosomes can 

provide a relevant source of metabolites to the recipient cell. 

However, in some cases, the internalized vesicles may escape 

digestion by back fusion with the limiting membrane of the MVEs, 

thereby releasing their contents into the cytoplasm of the recipient 

cell7,53. 
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Figure 4. Fate of extracellular vesicles in recipient cells 
In the recipient cell exogenous extracellular vesicles will bind to the cell 
surface and can undergo various fates. 
(From Van Niel G. et al., Nat. Rev. Mol. Cell Biol., 2018) 

 

1.4 Extracellular vesicles in pathophysiological 
conditions 

 
Extracellular vesicles (EVs) are increasingly being recognized as 

mediators of intercellular communication by transferring their 

specific informational cargo of molecules, promoting changes in gene 

expression and cell behavior of recipient cells. For this reason, EVs are 

considered as signalosomes for several core biological processes in 

both physiological and pathological conditions54. 

EVs may activate immune responses or suppress inflammation in a 

tolerogenic manner, thereby participating in immune surveillance. 
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EVs confer immune suppression by several mechanisms: they can 

enhance the function of regulatory T cells, suppress natural killer (NK) 

and CD8+ cell activity, and inhibit monocyte differentiation into 

dendritic cell (DC) as well as DC maturation. By contrast, the effects 

of immune activation can be mediated by EV-promoted proliferation 

and survival of hematopoietic stem cells and the activation of 

monocytes, B cells and NK cells55,56. In blood circulation, EVs 

participate in the coagulation cascade by providing a surface for the 

assembly of clotting factors57. In addition, in the brain, neurons can 

communicate via the secretion of EVs, which contribute to local and 

distal synaptic plasticity58. 

EVs also take part in stem cell maintenance and plasticity, and they 

appear to have an essential role in the repair of injured tissue owing 

to their neoangiogenic, anti-apoptotic and cell proliferation-

stimulating properties59. 

However, the same abilities of EVs that underline their important 

roles in the maintenance of normal physiology can also induce a worse 

clinical course in pathological conditions, such as in cancer 

progression and metastasis formation, in the generation and 

progression of neurodegenerative diseases, in cardiovascular 

diseases, as well as in infectious diseases60. 

EVs play decisive roles in cancer development by transferring 

oncogenes, regulating cancer-stroma interactions, developing the pre-
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metastatic niche and encouraging angiogenesis. Moreover, tumor-

derived exosomes (TDEs) and tumor microenvironment exosomes 

(TMEs) may carry pro-EMT (pro-epithelial-mesenchymal transition) 

cargoes that include EMT inducers, like TGF-b, b-catenin or miRNAs. 

All this content confers mesenchymal properties to epithelial cells and 

promotes the initial phase of tumor metastasis, when in situ tumor 

cells acquire the ability to migrate out of the primary tumor site, 

invading basement membrane and entering the circulatory system, 

and guarantees tumor-microenvironment crosstalk61,62. 

In infectious diseases, accumulating studies have shown that viruses 

could modulate their infection ability and pathogenicity through 

regulating the components and functions of EVs; in hepatitis C virus 

(HCV) infection, EVs are enriched in miRNAs targeting key 

components of immunoregulatory signaling pathways and antiviral 

interferon-mediated responses. Functionally, these structural EVs 

modifications lead to inhibition of NK cells degranulation; however, 

this effect is reverted after direct-acting antivirals (DAA) therapy63. 

Recently, Montaldo and collaborators demonstrated that EVs derived 

from plasma of HCV-infected patients display a profibrogenic ability 

on hepatic stellate cells, responsible for liver fibrosis, causing their 

transdifferentiation/activation. Structurally, these vesicles are 

enriched in pro-fibrogenic proteins and contain lower levels of 

antifibrogenic miRNAs compared to healthy donor EVs. Notably, also 
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in response to a sustained virological response due to a DAA therapy, 

the antifibrogenic cargo and the EVs activity remain unchanged64. 

 

1.5 Mechanisms for the selective loading of 
miRNAs into EVs 

 
As discussed before, EVs include proteins, lipids, DNA, mRNAs, and 

noncoding RNAs. As important noncoding RNAs, miRNAs have 

attracted considerable attention, due to their regulatory roles in gene 

expression at the post-transcriptional level, and due to the observation 

that, among small RNAs, the proportion of miRNAs results to be 

higher in EVs than in their parental cells65. Generally, sorting 

mechanisms of miRNAs into EVs are classified as active or passive 

RNA-loading processes66. Passive loading into EVs strongly depends 

on the intracellular concentration of a certain miRNA, and its 

enrichment in EVs is exclusively source cell-conditioned67,68. On the 

other hand, the presence of an active, or selective, loading mechanism 

of miRNAs into EVs is indicated by an enrichment of a certain miRNA 

in EVs that is not necessarily mirrored in the overall miRNA content 

of the source cell69,70. Although the specific molecular mechanisms 

controlling this selective sorting of miRNAs into EVs are still poorly 
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understood, current research has highlighted several new insights 

about this biological process. 

Neutral sphingomyelinase 2 (nSMase2) was the first reported 

molecule involved in miRNA sorting into EVs; some evidence shows 

that nSMase2 can regulate the content of miR-210 in exosomes derived 

from cancer cells and mesenchymal stem cells. nSMase2 can also 

regulate the entry of miR-10b into exosomes derived from metastatic 

breast cancer cells71,72. Moreover, inhibition of nSMase2 greatly 

reduces secretion of miR-16 and miR-146a within exosomes without 

any change in cellular miRNA levels. Likewise, overexpression of 

nSMase2 increases the abundance of miR-16 and miR-146a in 

exosomes with no effect on cellular miRNAs levels73. 

The vacuolar protein sorting-associated protein 4 (Vps4A) is required 

for normal endosomal trafficking and MVBs sorting but has also 

recently been implicated in cancer. In this regard, hepatocellular 

carcinoma cells (HCC) overexpressing Vps4A show elevated 

exosomal levels of miR-27b-3p and miR-92a-3p74. On the other hand, 

inhibition of Vps4A in HEK293 cells causes reduced levels of EV-

loaded miR-92a and miR-15075.  

Currently, research has shown that KRAS oncogene form (wild-type 

or mutant) may influence the profile of miRNAs both in exosomes and 

their parental cells: for instance, miR-100 shows a higher expression 

level in mutant exosomes, while miR-10b is more highly expressed in 
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wild-type exosomes, and miR-320 families are enriched in both 

mutant and wild-type KRAS exosomes, suggesting that miR-320 

families may be sorted into exosomes, regardless of the KRAS type76. 

New evidence indicates that Alix is also involved in miRNAs’ loading 

into EVs; this has been specifically shown in human hepatic stem cell-

like cells. Alix recruits the RNA-binding protein Ago2 to the 

endosomal membrane, which in turn induces miRNA binding and 

subsequent packaging into EVs77.  

Substance P (SP) and its receptor, NK1R, are implicated in the 

expression of many miRNAs in the cytosol of human colonocytes. 

Recently, SP/NK-1R signaling has also been shown to regulate the 

sorting of exosomal miRNAs; indeed, it was reported that the level of 

exosomal miR-21 produced by human colonocytes in response to SP 

signaling was increased compared to the levels of the same miRNA 

produced by unstimulated cells78. 

In addition, some sequence modifications of a miRNA itself can also 

determine its loading into EVs: the distribution of miRNA in human 

B cell-derived exosomes is related to the post-transcriptional 

modification of its 3′ end. Indeed the 3′ end adenylation facilitates 

miRNA retention in the cell, while 3′ end urine glycation may promote 

the inclusion of miRNA into exosomes79. Moreover, an increased post-

transcriptional 3′-end uridylation of miR-2909 is the driving force for 

the recruitment of this miRNA to exosomes secreted by prostate 
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cancer cells (PC-3)80. Furthermore, adenosine kinase may be closely 

related to the addition of non-template nucleotides to the 3′ end of 

miRNAs, which has been observed in cancer cells, where it affects the 

distribution of miRNAs in the intracellular compartment and in cell-

derived secreted exosomes. However, the role of adenosine kinase in 

the post-transcriptional modification of miRNAs and their 

subsequent sorting needs to be further explored. 

 

1.5.1 RNA Binding Protein-Mediated EVs Loading 

 
Among many EV-loading influencing factors, RNA-binding proteins 

(RBPs) seem the most important81 (figure 5). 

The argonaute2 (Ago2), a component of the RISC complex, is 

implicated in miRNA binding and sorting into EVs through the 

KRAS-MEK-ERK signaling pathway. Specifically, phosphorylated 

Ago2 impairs its localization into microvesicles (MVs) and decreases 

secretion into endosomes. Conversely, inhibition of MEK and ERK has 

been shown to decrease Ago2 phosphorylation and increase Ago2 

accumulation inside exosomes. Thus, the miRNA sorting exerted by 

Ago2 appears to be controlled upstream by the KRAS-MEK-ERK 

pathway. Further, KRAS-MEK-ERK pathway-dependent 

phosphorylation of Ago2 has been demonstrated to exert some 
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specific control over the sorting of let-7a, miR-100, and miR-320a into 

exosomes82. Strengthening these findings, miR-100 levels within 

exosomes are elevated in oncogenic KRAS mutants with overactive 

phosphorylation76. Collectively, KRAS-MEK-ERK has a general 

regulatory ability over MVs and exosomal levels of Ago2, in addition 

to specific control over selected miRNAs. 

Y-Box Binding Protein 1 (YBX-1) is another protein with RNA-binding 

domains and exerts a range of functions, including mRNA splicing 

and transport. YBX-1 has been found to regulate miR-133 packaging 

into exosomes after hyperoxia/reperfusion (H/R) treatment of 

endothelial progenitor cells (EPCs). Silencing YBX-1 through siRNA 

causes decreased miR-133 localization within H/R EPC-derived 

exosomes with no change of its expression in the EPC cytosol. 

Conversely, overexpression of YBX-1 with miR-133 mimics increases 

miR-133 quantity within H/R EPC-derived exosomes83. Additionally, 

it was found that YBX-1 is required to selectively package miR-223 

into exosomes derived from HEK293T cells: YBX-1 promotion of miR-

223 entry into exosomes does not depend on a specific recognition 

motif but proceeds through the interaction between its internal cold 

shock domain and miR-22384. 

MEX3C functions as an RNA-binding E3 ubiquitin ligase to assist with 

mRNA degradation. However, recent evidence has suggested that 

MEX3C could also play a role in miRNA sorting into EVs as 
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demonstrated by assays with siRNA molecules targeting MEX3C that 

cause a decreased exosomal level of miR-451a. Since no 

complementary sequences were found between MEX3C and miR-

451a, Ago2, an interactor of MEX3C85, might act as an intermediary 

between MEX3C and miR-451a. So, this MEX3C-Ago2 complex might 

transport miR-451a into exosomes86. 

Major vault protein (MVP), a ribonucleoprotein involved in 

transporting RNA from the nucleus to the cytoplasm, is a further 

regulator of miRNAs sorting into exosomes: indeed, MVP knockout 

in CT26 colon cancer cells causes increased cellular levels of miR-193a 

but decreases its loading within CT26-derived exosomes. This MVP 

knockout is miR-193a selective because there are no observed 

expression changes of another tested miRNA, the miR-126a87. 

The La protein is another RNA-binding protein that functions as a 

transcription factor for RNA polymerase III that shuttles between the 

nucleus and cytoplasm. Cytosolic La-depleted cells are associated 

with a 4-fold reduction of miR-122 sequestration into EVs88. 
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1.5.2 Mechanisms for the selective loading of miRNAs 
into EVs depending on RBPs and sequence determinants 

 
As mentioned above, the molecular players controlling the selective 

partition of miRNAs remain largely uncharacterized although recent 

evidence highlighted mechanisms of EV-loading depending on 

sequence-specific RNA-binding proteins (figure 5).  

The hnRNPA1 protein, a ubiquitously expressed RNA-binding 

protein recognizing the UAGGG(A/U) motif, also mediates the sorting 

of miR-196a in EVs derived from cancer-associated fibroblasts (CAFs) 

through its binding to a specific motif (UAGGUA) at the 5′ end of miR-

196a89. hnRNPA1 can promote also miR-522 entry into CAFs-derived 

exosomes after deubiquitination by USP790. In addition to CAFs, 

hnRNPA1 can also promote the sorting of miR-320 for inclusion into 

EVs by recognizing specific motifs (AGAGGG) in leukemia cells91. 

SRSF1, originally identified as a splicing factor in eukaryotic cells, is 

also a shuttle between the nucleus and the cytoplasm to regulate RNA 

metabolism, miRNA processing and other cellular events 

independent of the mRNA splicing process. SRSF1 binds to miR-1246, 

the most abundant miRNA in exosomes derived from pancreatic 

cancer cells and its knockdown significantly reduces exosome miRNA 

enrichment for a majority of the selectively enriched exosome 

miRNAs, without altering the expression levels of less enriched 
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exosome miRNAs. A 6 bp miRNA motif commonly shared by the 

SRSF1-associated exosome miRNAs was also identified and this motif 

was demonstrated as specifically bound by SRSF192. 

Villarroya and colleagues identified, in primary T-cells, two motifs 

significantly over-represented in miRNA specifically sorted in EVs 

(EXO motifs), and three motifs significantly over-represented in 

miRNA retained in cells (CL motifs), all of them significantly 

responsible for miRNA destiny. Most interesting, the conversion of 

the cell-retained miR-17 CL motif into an EXO motif resulted in a 

higher EVs loading while, in the complementary experiment, the 

conversion of the EXO motif in EV-loaded miR-601 into a CL motif 

resulted in a higher cell retention of this miRNA. By performing mass 

spectrometry, they also identified the heterogeneous nuclear 

ribonucleoprotein A2B1 (hnRNPA2B1) as a protein able to bind to 

miR-198 and miR-601, embedding the GGAC EXO-motif, and to guide 

their inclusion in EVs when SUMOylated93. 

Moreover, hnRNPA2B1 specifically recognizes the AGG/UAG motifs 

and strongly interacts with MVs-associated miR-17 and miR-93, 

which share these motifs. Additionally, it has been shown that 

Caveolin-1 (Cav-1) is integral in the trafficking process into MVs of 

hnRNPA2B1 and of hnRNPA2B1-associated miRNAs. In this regard, 

under cellular stress, an upregulation of Cav-1 localization occurs in 

MV membranes, that causes an increased release of hnRNPA2B1 into 
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MVs as well as elevated levels of hnRNPA2B1-associated miRNAs in 

MVs of hyperoxia-treated cells. Conversely, Cav-1 deletion causes a 

decrease of expression of hnRNPA2B1 in MVs in response to 

hyperoxia94,95. 

With the intent of characterizing further proteins responsible for 

miRNAs loading in EVs, Santangelo and collaborators characterized 

in hepatocytes, cellular and EVs-loaded microRNA repertoires, 

identifying a profile of EVs-enriched miRNAs, among which miR-

3470a and miR-194-2-3p. Interestingly, a proteomic analysis by 

MALDI-TOF/TOF mass spectrometry (MS) on the protein pool 

associated with specific EV-miRNAs allowed to identify a new 

hnRNP,  SYNCRIP (synaptotagmin-binding cytoplasmic RNA-

interacting protein) as a specific miRNA interactor. Moreover, 

SYNCRIP was not associated with cytoplasmic miRNAs or other 

random sequences, suggesting a high level of specificity for the EVs-

derived miRNAs. A deeper analysis disclosed that SYNCRIP can bind 

to EVs-enriched miRNAs sharing the common sequence GGCU, 

named hEXO-motif, that has a functional role in EVs miRNAs sorting. 

Indeed, the inclusion of the hEXO motif in miRNA-29b allowed 

SYNCRIP direct binding to this miRNA e increased this miRNA 

loading into EVs. Structurally, SYNCRIP binds to the hEXO motif 

through its N-terminal unit for RNA recognition (NURR) domain as 
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demonstrated through the removal of the NURR domain from 

SYNCRIP that impairs SYNCRIP binding to miR-3470. 

SYNCRIP and hnRNPA2B1 display different sequence-specific EVs 

sorting capacities: hnRNPA2B1 binds to miRNAs with EXO motif and 

miRNAs with both EXO and hEXO motif, but not to miRs embedding 

only hEXO motif (e.g. miR-3470). Similarly, SYNCRIP doesn’t bind to 

miRNAs with only GGAG EXO motif. Moreover, hnRNPA2B1 

knockdown in hepatocytes does not cause a decrease in EVs loading 

of GGCU-containing miR-3470a and miR-194-2-3p, while the amount 

of miRNAs with the GGAG motif is reduced96,97. 

Recently, Garcia-Martin and colleagues showed that the miRNA 

population released in small EVs (sEVs) is clearly distinct from the 

population expressed in the cell of origin. Moreover, by using a robust 

system of five metabolically important cell types and miRNA 

profiling, they found that different miRNAs are enriched in sEVs 

depending on the cell type. By performing in silico sequence analysis, 

they identified, for each cell type, one to four motifs of 4–7 nucleotides, 

most with high G+C content, significantly associated with enrichment 

in sEVs, thus named EXO motifs. A similar analysis identified two to 

five motifs of 4–5 nucleotides in length in the cell-enriched miRNAs 

(CELL motifs) for each cell type, with low G+C content. 

These sorting/retention motifs are sufficient to modify miRNA 

distribution between cells and sEVs since the introduction of the CELL 
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motif AGAAC into the sequence of the somewhat sEV-enriched miR-

431-5p resulted in a decrease in its sEV loading while the mutation of 

the same AGAAC CELL motif in miR-140-3p, leads to doubling of its 

sEV export. On the other hand, EXO motif introduction into a highly 

cell-enriched miR-34c-5p, as well as for miR-26a, increases their sEV 

loading. 

Moreover, by performing a mass spectrometry experiment, they 

identified two additional proteins, ALYREF and FUS, as interactors of 

miR-34c or miR-26a after the introduction of a CGGGAG EXO motif 

in the miRNA sequence. Finally, ALYREF and FUS knockdown 

results in a reduction of sEVs enrichment, demonstrating their 

involvement in miRNAs sorting.  

Functionally, incorporation of EXO motifs enhances miRNA delivery 

from donor cell to recipient cells and, subsequently, the ability of the 

secreted miRNAs to inhibit target genes in recipient cells98. 

More recently, it has been demonstrated that also epitranscriptomics 

influences miRNAs extracellular compartmentalization: m6A 

modification, the addition of a methyl group to carbon 6 of adenosine 

(mediated by the METTL3/METTL14 complex) to miRNAs on RACH, 

RRACH, DRACH, and METTL3 motifs, impairs the interaction 

between the methylated miRNA fraction and AGO2 and, in turn, their 

function. Notably, the same modification enhances their extracellular 

delivery through the EV loader hnRNPA2B1 that preferentially 
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associates with methylated rather than with unmodified miRNAs.  

Thus, the hnRNPA2B1’s ability to bind to miRNAs in a sequence-

specific manner is extended to its ability to act as an m6A reader. 

Moreover, in recipient cell, methylated miRNAs delivered via EVs 

need a demethylation step mediated by the RNA demethylase FTO to 

rescue their function and act on their target mRNAs99. 

 
 
Figure 5. Summary of miRNA sorting into EVs  
RNA binding proteins bind specific miRNAs and selectively shuttle them into 
EVs. Membranous proteins are also involved in the miRNA sorting 
mechanism 
(From Groot M. et al Cells. 2020) 
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HETEROGENEOUS NUCLEAR 
RIBONUCLEOPROTEINS (hnRNPs) 

 
Heterogeneous nuclear ribonucleoproteins (hnRNPs) are a highly 

evolutionarily conserved family of ubiquitously expressed RNA-

binding proteins that share a wide array of nucleic acid targets as well 

as cellular and molecular functions. The hnRNP family encompasses 

over 20 proteins designated A through U, with varying molecular 

weights, ranging from 34 to 120 kDa, abundantly present in the 

nucleus and found in association with proteins to form hnRNP 

particles; they are able to translocate to the cytosol upon post-

translational modification or by the recruitment of other hnRNPs100. 

The most important domains of hnRNP family proteins are 

represented by the RNA-binding motifs, which mediate general and 

specific interactions of the proteins with nucleic acids including RNAs 

and single-strand DNAs (ssDNA). In fact, there are different kinds of 

RNA-binding motifs in distinct hnRNPs and each hnRNP has one or 

more RNA-binding modules101 (figure 6). 

The most prevalent and highly conserved RNA-binding motif is the 

RNA recognition motif (RRM), which is approximately 90 amino acids 

long, forming a β1-α1-β2-β3-α2-β4 topology. The hallmark of the 

RRM is the presence of two highly conserved sequences referred to as 
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RNP1 and RNP2, which are separated by about 30 amino acids. RNP1 

in the β3 strand and RNP2 in the β1 strand directly interact with RNA, 

resulting in the binding of RNA to the β sheet surface. In addition, the 

two external β sheets, the loops, and the C- and N-termini can 

promote the RNA-binding affinity and facilitate recognition for 

specific nucleotide sequences. The RRM modules are found in most of 

the hnRNPs, except for hnRNP K, E, and U, and are necessary and 

sufficient for RNA binding with high affinity and specificity102. 

The K homology (KH) domain, originally found in hnRNP K, is 

structurally different from the RRM and is characterized by a 45 

amino acid repeat that can be split into two groups. The Type I KH 

domains have a βα extension in their C-terminus, whereas the Type II 

KH domains have an αβ extension in their N-terminus. The core 

region of the KH domain is characterized by three-stranded 

antiparallel β-sheets together with three α-helices (βααββα). 

Therefore, several copies of KH domains within a given protein are 

required for achieving greater RNA/ssDNA binding affinity and 

specificity103. In this frame, among all hnRNPs, the hnRNP K and 

hnRNP E1/E2 contain three KH domains that mediate the binding of 

hnRNPs to single-strand nucleic acids104. 

The RGG domain, which consists of several Arg-Gly-Gly (RGG) 

repeats interspersed with aromatic residues, is an arginine- and 

glycine-rich region that was discovered in some hnRNPs. RGG 
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repeats bind to RNA directly or indirectly through the association 

with other RNA-binding motifs. Moreover, dimethylation of arginine 

residues in the RGG box is common and represents an important 

modification in regulating RNA-binding activity. The RGG domain is 

alone or concomitant with other RNA binding modules in distinct 

hnRNPs: RGG repeats domain is the only RNA-binding domain 

identified in hnRNP U responsible for nucleic acid binding, while in 

hnRNP A1 RGG box coexists with RRMs and both of them function as 

nucleic acid binding domains105. 

Next to RNA-binding motifs, hnRNPs frequently contain auxiliary 

domains, such as proline-, glycine- or acid-rich domains: the 

modularity created by the combination of RNA-binding domains 

(RBDs) and auxiliary domains increases the functional diversity of 

hnRNPs102. 

The hnRNP proteins frequently undergo post-translational 

modifications, leading to changes in biological activity and subcellular 

localization. Reported post-translational modifications on hnRNPs 

include methylation, phosphorylation, ubiquitination and 

sumoylation106. 

In general, the functions of the hnRNPs in various cellular biological 

processes are based on their nucleic acid binding properties 

recognizing a wide range of RNA and ssDNA sequences, along with 

following formation of nucleotide-protein complexes that mediate 
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ssDNA or RNA processing. The hnRNPs assembling on DNA 

participate in DNA repair, chromatin remodeling, telomere 

maintenance, and gene transcription107. Meanwhile, the hnRNPs 

interacting with the RNA take part in every step of RNA metabolism 

including mRNA splicing, capping and polyadenylation, trafficking, 

translation, and turnover108. 

The expression levels of hnRNPs are altered in many types of cancer, 

suggesting their role in tumorigenesis. In addition to cancer, many 

hnRNPs were found to be associated with various neurodegenerative 

diseases, such as spinal muscular atrophy (SMA), amyotrophic lateral 

sclerosis (ALS), Alzheimer’s disease (AD) and fronto-temporal lobe 

dementia (FTLD)100. 

 

Figure 6. The hnRNP family 
Structure of hnRNPs with multiple modules.  
(From Geuens, T et al V.2016) 
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2.1 SYNCRIP: structure and functions 

 
SYNCRIP, also named hnRNPQ, is an evolutionarily conserved 

hnRNP across eukaryotic organisms characterized by a molecular 

weight of 73 kDa. SYNCRIP exists in different splicing isoforms, three 

of which are the most representative: hnRNP Q3, hnRNP Q2, and 

hnRNP Q1. 

SYNCRIP contains three conserved RRM domains flanked by a highly 

conserved N-terminal acidic domain reported to mediate the 

interaction with Apobec protein, and a long, unstructured, less 

conserved C-terminus, which has been reported to mediate the 

interaction with synaptotagmins and a G-quartet RNA109-111. 

Interaction between SYNCRIP and RNA targets is mediated not only 

by the three RRM domains but also by the N-terminal region that is 

joined to the RRM domains by an αββ motif, creating a continuous 

surface. This N-terminal domain named NURR (N-terminal unit for 

RNA recognition), as described previously, interacts with the hEXO 

motif mediating SYNCRIP-miRNA recognition, thus miRNA loading 

into EVs. Moreover, the NURR and RRM domains act together to 

achieve a specific and high-affinity interaction with the SYNCRIP 

RNA targets: the contacts between the NURR and RRM1 domains 

position the RRM domains 5′ of the NURR domain on the bound RNA 

sequence97.  
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In addition to the role in miRNA EVs loading, SYNCRIP exerts 

different roles in the regulation of gene expression at the post-

transcriptional and translational level, from pre-mRNA splicing and 

RNA editing to cytoplasmic mRNA transport for internal ribosome 

entry site (IRES)-mediated translational activation and mRNA 

degradation112-114. 

Due to its pleiotropic role, this protein is involved in several biological 

processes, such as neural and muscular development and homeostasis 

of hematopoietic stem and progenitor cells115,116. In the nervous 

system, for example, SYNCRIP takes part in the growth of 

neuromuscular junctions and in the nascent axons111. For this reason, 

dysfunctions of SYNCRIP are causative of different neuro-

degenerative disorders and cardiomyopathies114. 

SYNCRIP is also involved in several types of cancer: in acute myeloid 

leukemia, SYNCRIP interacts with the RBP MSI2, which is a central 

regulator of cancer stem cell fate117; in colorectal cancer SYNCRIP 

guarantees cellular proliferation through the formation of a complex 

with Galectin-3 that stabilizes SYNCRIP118. In HCC, SYNCRIP is an 

important prognostic marker: high expression level of this protein 

positively correlates with a negative prognosis (as reported in the 

Human Protein Atlas, https://www.proteinatlas.org). 

More recently, an additional role for the RNA binding protein 

SYNCRIP has been described in the modulation of EMT/MET 
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(epithelial to mesenchymal transition/ mesenchymal to epithelial 

transition) dynamics in liver, in which the involvement of 

transcription factors and ncRNAs has already been described119-124: 

SYNCRIP, in hepatocytes, acts as a “mesenchymal” gene, being 

induced by TGFβ and positively modulating the EMT. Indeed, 

SYNCRIP silencing limits the induction of the mesenchymal program 

and maintains the epithelial phenotype. In HCC invasive cells, 

SYNCRIP knockdown induces a mesenchymal–epithelial transition 

(MET), negatively regulating their mesenchymal phenotype and 

significantly impairing their migratory capacity. Moreover, during 

EMT/MET dynamics, SYNCRIP knockdown impacts the expression of 

a set of miRNAs with pro- or anti-EMT properties, suggesting the 

possible involvement of this RNA binding protein in their 

transcriptional regulation125. 

 

2.2 PCBP2: structure and functions 

 
Poly(rC)-binding protein 2 (PCBP2), also named hnRNPE2, is an 

RNA-binding protein able to interact with the poly(C) in a sequence-

specific manner and with high affinity. PCBP2 is part of PCBPs family 

including PCBP1, PCBP3, PCBP4 and hnRNP K, characterized by the 

presence of KH-domains104 (figure 7A). PCBP2 contains three KH 
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domains which are separated by variable length insert sequences; the 

structure of each KH domain consists of three α-helices and an 

antiparallel β-sheet that fold according to a β1α1α2β2β3α3 motif. The 

KH domain is the consensus RNA-binding domain and recognizes 

and combines with RNA, C-rich regions of ssDNA, and dsDNA. 

PCBP2 KH1 domains can dimerize on exposed surfaces opposite from 

nucleotide-binding sites, PCBP2 KH2 domain folds might be similar 

to that of KH1 and PCBP2 KH3 may also interact with the same 

nucleotide sequence but it is unable to dimerize126,127. Moreover, 

PCBP2 has two types of nuclear localization signal (NLS) sequences 

that are responsible for transporting proteins from the cytoplasm to 

the nucleus: NLS1 is located between the KH2 and KH3 domains, and 

NLS2 is located on the KH3 domain. PCBP2 is predominantly 

localized to the nucleus but the PCBP2 splice variant and PCBP2-KL 

are localized both in the nucleus and in the cytoplasm128.  

Due to its affinity for the Poly(C), PCBP2 can bind to the promoters of 

multiple genes to regulate gene transcription: PCBP2 specifically 

binds to a specific region on the promoter of hereditary breast cancer 

susceptibility gene (BRCA1) to regulate BRCA1 transcription129 (figure 

7B). 

At the post-transcriptional level, PCBP2 can bind with high affinity, 

through its KH domains, to the pyrimidine-rich 3′untranslated region 

(3′UTR) of collage α-globin mRNA with a consequent increase in 
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mRNA stability (figure 7C). PCBP2 is also constituent of a stabilizing 

complex on the UTR of the β-globin mRNA that exhibits many of the 

properties of the α-complex130. On the contrary, PCBP2 negatively 

regulates and suppresses the expression of the mRNA for the G 

protein-coupled receptor 56 (GPR56), which modulates mechanical 

overload-induced muscle hypertrophy. In this regard, PCBP2 

enhances GPR56 mRNA degeneration in cardiomyocytes, thus 

serving as an anti-hypertrophic factor131. 

PCBP2 is known to bind to mRNAs, exerting regulatory activity at the 

translational level (figure 7D); indeed, it can increase c-Myc internal 

ribosome entry site (IRES) activity by specifically binding to the c-Myc 

mRNA IRES in vivo and in vitro132. PCBP2 also interacts with the main 

stem-loop IV structure of the poliovirus IRES and is required for 

effective translation of poliovirus RNA in HeLa cells133. 

In recent years, PCBP2 has been reported to participate in iron 

metabolism by acting as a molecular chaperone for iron to enter 

ferritin and forming a stable complex with it134. 

PCBP2 has also been found to bind to the iron (Fe [II]) channel protein 

divalent metal transporter 1 (DMT1) to regulate the ability of DMT1 

to transport iron; knockout of PCBP2 or DMT1 leads to a decrease in 

iron uptake in cells, and PCBP2 can bind to Fe (II) transporter 

(ferroportin) to regulate Fe (II) transmembrane transportation. Thus, 

PCBP2 works as a “gateway keeper” for transmembrane iron 
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transport. Furthermore, PCBP2 can deliver Fe (II) to deoxyhypusine 

hydroxylase (DOHH) to regulate the activity of prosthetic iron-

containing enzymes in cells. Silencing of PCBP2 leads to changes in 

the structure of intracellular DOHH and loss of activity in vitro135. 

PCBP2 plays a central role also in several human cancers; high PCBP2 

expression is associated with poor prognosis and was found to 

improve HCC cell proliferation and to promote therapy resistance in 

HCC cells136. Mechanistically, PCBP2 oncogenic activity is mediated 

by interaction with Yes-associated protein (YAP), necessary for 

tumour growth137. 

PCBP2 expression is also highly expressed in advanced stages of 

glioblastoma and is associated with higher histological grade, clinical 

stage, and poorer prognosis138. Moreover, PCBP2 functions as a 

tumour promoter in facilitating glioma cell proliferation, migration, 

invasion, and EMT, while inhibiting apoptosis139,140.  

Also, in gastric carcinoma, the up-regulation of PCBP2 levels was 

associated with high disease grade, poor postoperative relapse-free 

survival, and poor overall survival rates of gastric cancer patients. In 

this context, lncRNA ST8SIA6-AS1 and lncRNA KCNQ1OT1 could 

upregulate PCBP2 expression by sponging miR-5195 and miR-145-5p, 

respectively, thereby promoting cancer progression through PCBP2 

that can facilitate cancer cell proliferation, invasion, migration and 
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inhibit apoptosis by directly binding to miR-34a, typically 

downregulated in this type of cancer76,141. 

 
 
Figure 7. The structure and molecular function of PCBP2 protein 
(A) Multi-domain structure of PCBP2 protein. (B–D) PCBP2 performs 
multiple functions, including transcription, mRNA stabilization, and 
translation enhancement.  
(From Yuan C et al. Biomed Pharmacother. 2021) 
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AIM OF THE WORK 
 

Extracellular vesicles (EVs) are important mediators of intercellular 

communication by transferring their specific informational cargo (e.g. 

nucleic acids, proteins, metabolites) from a producing to a receiving 

cell. The EVs cargo is defined by dynamic and selective cell-specific 

loading mechanisms. With respect to ncRNAs, and specifically to 

miRNAs, the molecular players controlling their selective delivery 

into EVs remain largely uncharacterized. In particular, sequence 

determinants causing miRNAs export (EXO motifs) or intracellular 

retention (CELL motifs) have been identified; however, while for EXO 

motifs different RNA-binding proteins have been characterized as 

able to directly bind to these sequences and to promote miRNA 

export, for the CELL motifs the identification of interacting proteins 

remains unaddressed. 

Based on this body of evidence, the aim of this work was the 

biochemical and functional characterization of molecular players 

involved in the recognition of specific CELL motifs and responsible 

for miRNAs intracellular retention in dependence on these consensus 

sequences. It has also been explored the balance between RBPs-

dependent miRNAs’ EV-sorting and intracellular retention. 
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Based on literature evidence and on obtained data, we pursued the 

goal to shed light on multiprotein machineries that dynamically 

govern miRNAs’ destiny. This was achieved by initially focusing on 

specific miRNAs and then by extending the observation to a broader 

repertoire of miRNAs to confirm that the observed mechanism had a 

general relevance. 

In perspective, the knowledge on the molecular players defining 

miRNAs intracellular/EVs partition could be instrumental for the 

development of RNA-based manipulations of EVs cargo that could 

have a substantial impact on intercellular communication for 

therapeutic purposes. 
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MATERIALS AND METHODS 
 

Cell culture conditions 
 
Nontumorigenic murine hepatocyte 3A cells64,142 were grown at 37°C, 

in a humidified atmosphere with 5% CO2, in RPMI 1640 medium 

(Gibco; Life Technologies) supplemented with 10% fetal bovine serum 

(FBS; Gibco-Life Technology), 50 ng/mL epidermal growth factor 

(EGF; PeproTech Inc.), 30 ng/mL insulin growth factor (IGF) II 

(PeproTech Inc.), 10 mg/mL insulin (Roche Applied Science), and 

penicillin/streptomycin, on dishes coated with collagen I (Collagen I, 

Rat Tail; Gibco Life Technology). 

 

Extracellular vesicle purification 
 
Extracellular vesicles were prepared according to International 

Society of Extracellular Vesicles (ISEV) recommendations9. 

Conditioned media (CM) from 150 mm plates, each containing 250.000 

hepatocytes, were collected after 72 hours of culture in complete 

medium containing EVs-depleted FBS. Cell-conditioned media were 

centrifuged at 2.000 g for 20 minutes at 4°C to remove dead cells and 

then at 20.000 g for 30 minutes at 4°C. Cleared supernatants were 
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passed through 0.22 µm filter membranes, ultracentrifuged in a SW32 

Ti rotor (Beckman Coulter) at 100.000g for 70 minutes at 4°C, and 

finally resuspended in PBS. The EVs resuspension was analyzed by 

Tunable Resistive Pulse Sensing (TRPS) technology using EXOID-V1-

SC (Izon Science) for size and concentration characterization. 

 

Biotin miRNA pull-down 
 
Biotin miRNA pull-down experiments were performed on 

cytoplasmic extracts. Briefly, cells were lysed in hypotonic buffer (10 

mM Tris-Cl [pH 7.5], 20 mM KCl, 1.5 mM MgCl2, 5 mM DTT, 0.5 mM 

EGTA, 5% glycerol, 0.5% NP-40, and 40 U/mL RNAsin [Promega 

Corporation, Madison, WI, USA]) supplemented with protease 

inhibitors (Roche Applied Science). Lysates were incubated on a 

rotating platform for 30 minutes at 4°C and then centrifuged at 13.000 

rpm for 30 minutes at 4°C. Protein concentration was determined with 

Protein Assay Dye Reagent (Bio-Rad Laboratories Inc., USA) based on 

the Bradford assay.  

Samples (2 mg of proteins) were incubated for 1 hour at 4°C with 10 

nmol synthetic single-strand miRNA oligonucleotides containing a 

biotin modification attached to the 5’ and via a spacer arm (IDT, 

Integrated DNA Technology) (Table 1). Dynabeads™ M-280 

Streptavidin (50 µl/sample, Invitrogen™), previously blocked with 1 
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mg/mL yeast tRNA (Roche Applied Science), were added to the 

reaction mixture for 90 minutes at 4°C, and then the beads were 

washed three times with cold lysis buffer and once with PBS. Elution 

was performed at room temperature for 5 minutes in Laemmli Buffer 

(containing 2-β mercaptoethanol and SDS). 

Detection of miRNA/RBPs interaction was evaluated by WB on 10% 

of input sample and 50% of the pulled-down samples.  

RNA pull-down assay with PCBP2 (NM_001103165) mouse 

recombinant protein (TP522190, Origene) was performed with 4 µg of 

protein. 

Name Oligonucleotide sequence 

Biotin-miR-26b-3p 
WT 

[Btn] 5’ CCUGUUCUCCAUUACUUGGCUC 3’ 

Biotin-miR-26b-3p 
no-hEXO 

[Btn] 5’ CCUGUUCUCCAUUACUUGGCGA 3’ 

Biotin-miR-31-3p  
WT 

[Btn] 5’ UGCUAUGCCAACAUAUUGCCAUC 3’ 

Biotin-miR-31-3p 
+ hEXO 

[Btn] 5’ UGCUAUGCCAACAUAUUGGGCUG 3’  

Biotin-miR-31-3p 
+hEXO no-CELL  

[Btn] 5’ UGCUAUGCCAACAUAUUUGGCUG 3’  

Biotin-miR-155b-3p 
WT 

[Btn] 5’ CUCCUACCUGUUAGCAUUAAC 3’ 

Biotin-miR-155b-3p 
no-CELL 

[Btn] 5’ CUCCUACCUGUUAGCAUGAUC 3’ 

Biotin-miR-155b-3p 
no-hEXO 

[Btn] 5’ CUCCUACCUGUUAGCAUUAGU 3’ 

Biotin-miR-365-2-5p 
WT 

[Btn] 5’ AGGGACUUUCAGGGGCAGCUGUG 3’ 

Table 1. Biotinylated RNA oligonucleotides used in pull-down experiments 
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Protein digestion, peptide purification and 
nanoLC analysis 
 
Proteins obtained from the pull-down experiments with miR-155-3p 

or random scrambled miRNA were separated on 4-12% gradient gels 

(Invitrogen™) and stained by Simply Blue Safe Stain staining. 

Fourteen sections of the gel lane were cut. Protein digestion of gel 

pieces and peptide purification were performed as previously 

described in 143. Peptides resuspended in a suitable nanoLC injection 

volume of 2.5% ACN/0.1% TFA and 0.1% formic acid were then 

analyzed by an UltiMate 3000 RSLCnano-LC system, (Thermo Fisher 

Scientific) connected on-line via a nano-ESI source to an Q Exactive 

plusTM Hybrid Quadrupole-OrbitrapTM Mass Spectrometer (Thermo 

Fisher Scientific) as in 64. Proteins were automatically identified by 

MaxQuant (v. 1.6.17.0) software. Tandem mass spectra were searched 

against the Mus Musculus dataset of UniprotKB database. 

Quantitative comparison among miR-155-3p WT and miR-155-3p no-

CELL was performed using the label-free quantification algorithm 

calculated by MaxQuant software. 
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SDS-PAGE and western blotting 
 
Cells were lysed in Triton 1X Buffer, subsequently the proteins were 

analyzed as in124. The following primary antibodies were used for 

immunoblotting: a-PCBP2 (AV40568 – Sigma Aldrich), a-SYNCRIP 

(MAB11004 – Merck Millipore), a-HSP90 (sc-13119 – Santa Cruz 

Biotech.), a-LAMP1 (ab24170 – Abcam), a-CD63 (sc-5275 – Santa Cruz 

Biotechnology), a-SYNTHENIN (ab133267 – Abcam) a-CALNEXIN 

(NB100-1965 – Novus Biologicals), a-GAPDH (MAB-374 – Merck 

Millipore) used as a loading control. The immune complexes were 

detected with horseradish peroxidase-conjugated species-specific 

secondary antiserum (α-Rabbit 172-1019 and α-Mouse 170-6516; Bio-

Rad Laboratories Inc., USA), then by enhanced chemiluminescence 

reaction (Bio-Rad Laboratories Inc., USA). Densitometric analysis of 

protein expression was performed by using the Fiji-Image J image 

processing package.  

 

RNA extraction, RT-PCR and Real-Time qPCR 
 
miRNAs were extracted by miRNeasy Mini Kit and RNeasy MinElute 

Cleanup Kit (QIAGEN), and reverse transcribed with MystiCq® 

microRNA cDNA Synthesis Mix (Sigma-Aldrich). Quantitative 

polymerase chain reaction (RT-qPCR) analyses were performed 
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according to MIQE guidelines. cDNAs were amplified by qPCR 

reaction using GoTaq qPCR Master Mix (Promega Corporation, 

Madison, WI, USA). Relative amounts, obtained with 2^(-ΔCt) 

method, were normalized with respect to the cel-miR-39 Spike-In 

(59000; NORGEN), previously added into miRNA samples. 

Total RNA was extracted by ReliaPrep™ RNA Tissue Miniprep 

System (Promega Corporation, Madison, WI, USA) and reverse 

transcribed with iScriptTM c-DNA Synthesis Kit (Bio-Rad 

Laboratories Inc., USA). Quantitative polymerase chain reaction (RT-

qPCR) analyses were performed according to MIQE guidelines. 

cDNAs were amplified by qPCR reaction using GoTaq qPCR Master 

Mix (Promega Corporation, Madison, WI, USA). Relative amounts, 

obtained with 2^(-ΔCt) method, were normalized with respect to the 

housekeeping gene 18S. Oligonucleotide sequences are reported in 

Table 3. 

The results were analyzed with Manager Software (Bio-Rad 

Laboratories Inc., USA) and calculated by the DC(t) method. 
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miRNA Primer sequence  
mmu-miR-23a-5p GGGGTTCCTGGGGATGGGATTT 

mmu-miR-26b-3p CCTGTTCTCCATTACTTGGCTC 

mmu-miR-31-3p TGCTATGCCAACATATTGCCATC 

mmu-miR-122b-3p AAACACCATTGTCACACTCCAC 

mmu-miR-155- 3p CTCCTACCTGTTAGCATTAAC 

mmu-miR-155-5p TTAATGCTAATTGTGATAGGGGT 

mmu-miR-181d-5p AACATTCATTGTTGTCGGTGGGT 

mmu-miR-192-5p CTGACCTATGAATTGACAGCC 

mmu-miR-214-3p ACAGCAGGCACAGACAGGCAGT 

mmu-miR-345-3p CCCTGAACTAGGGGTCTGGAGAC 

mmu-miR-365-2-5p GACTTTCAGGGGCAGCTG 

mmu-miR-3084-5p GTTGAAGGTTAATTAGCAGAGT 

Table 2. Primers for miRNA qPCR analysis 

Name Primer sequence 

PCBP2 For ACACCGGATTCAGTGGCA 
Rev TTGATTTTGGCGCCTTGACG 

SYNCRIP For ACCTTGCCAACACGTAACA 
Rev CCATAGCCTTGACACACCA 

18S For AGCACCCATTGCAACGTCTG 
Rev GCACGGCGACTACCATCG 

Table 3. Primers for gene expression qPCR analysis. 
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Co-Immunoprecipitation (co-IP) 
 
Cells were lysed with IP Lysis Buffer (150 mM NaCl, 50 mM Tris-HCl 

pH 7.5, 5mM EGTA pH 8, 50 mM NaF pH 8, 1.5 mM MgCl2, 1% 

TRITON-X100 and 10% glycerol) containing freshly added cocktail 

protease inhibitors (complete EDTA-free Protease Inhibitor Cocktail; 

Sigma Aldrich) and phosphatase inhibitors (5 mM EGTA pH 8.0; 50 

mM sodium fluoride; 5 mM sodium orthovanadate). Lysates were 

incubated on a rotating platform for 2 hours at 4°C and then 

centrifuged at 13.000 rpm for 30 minutes at 4°C. Protein concentration 

was determined with Protein Assay Dye Reagent (Bio-Rad 

Laboratories Inc., USA), based on the Bradford assay. 

2 mg of proteins (one for the specific antibody and one for the 

corresponding non-specific IgG) were precleared by adding 40 µL of 

Protein A Sepharose or Protein G Sepharose (GE HealthCare) for 3 

hours at 4°C in a total volume of 1 ml of IP Lysis Buffer in rotation. 

Then, Protein A or G Sepharose was removed by centrifugation and 

the extracts were incubated with 5 µg of specific antibody a-PCBP2 

(cod. RN025P – MBL), a-SYNCRIP (MAB11004 – Merck Millipore), 

Normal Rabbit IgG (12-370 – Merck Millipore) or Normal Mouse IgG 

(12-371 – Merck Millipore), the last two used as negative controls, to 

proceed with immunoprecipitation at 4°C overnight. Immuno-

complexes were collected adding 50 µL of Protein A or G Sepharose 
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for 3 hours at 4°C in rotation. The immunoprecipitated proteins were 

washed three times with Net Gel Buffer (150 mM NaCl, 50 mM Tris-

HCl pH 7.5, 1mM EDTA, 0.1% NP40 and 0.25% gelatin) and once with 

RIPA Buffer (150 mM NaCl, 1% NP40, 0.5% Sodium Deoxycholate, 

0.1% SDS, 50 mM Tris HCl pH 8). Finally, immunoprecipitated 

proteins were detached from Sepharose beads by adding 50 µL of 

Laemmli Buffer 2X. Samples were boiled at 95°C for 5 minutes, beads 

were eliminated by centrifugation and 10% of input sample and 50% 

of each immunoprecipitated sample were loaded on polyacrylamide 

gel and analyzed by Western Blotting. 

 

RNA Electrophoretic mobility shift assay 
(EMSA) 
 
Cells were lysed in Triton Buffer at 4°C, for 30 minutes and 4 µg of 

protein extract were incubated with 0.5 pmol of biotinylated RNA 

oligonucleotides for 30 minutes at room temperature in REMSA 

Binding Buffer, according to the manufacturer’s protocol (20158; Light 

Shift Chemiluminescent RNA EMSA Kit, Thermo Fisher Scientific). 1 

µg of each antibody was incubated with the protein-RNA complex: 

anti-PCBP2 (RN025P – MBL), anti-SYNCRIP (MAB11004 – Merck 

Millipore) for supershift and ultrashift analysis. The electrophoresis 

was performed in native 6% polyacrylamide gel in 0.5X TBE. Transfer 
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step was carried out at 25V, for 15 minutes in 0.5X TBE and the 

detection was performed following the manufacturer’s instructions. 

 

UV cross-linking RNA immunoprecipitation 
(RIP) 
 
UV cross-linking RIP was performed as reported in 124. 

Immunoprecipitated miRNAs were reverse transcribed and analyzed 

by RT-qPCR amplifications. List of primers is reported in Table 2. 

Primary antibodies for IP: a-PCBP2 (RN025P – MBL), a-SYNCRIP 

(MAB11004 – Merck Millipore) and as negative controls Normal 

Rabbit IgG (12-370 – Merck Millipore) or Normal Mouse IgG (12-371 

– Merck Millipore). 

 

Gene silencing 
 
Stable PCBP2 knockdown was achieved through infection with 

shRNAs cloned in pSUPER retro puro retroviral vector (Oligoengine). 

Viral supernatants were collected 48 hours after transfection of 293gp 

packaging cells, filtered (0.45 µm), and added to hepatocytes. At 48 

hours post-infection, selection was performed with 2 µg/mL 

puromycin for at least 1 week before analysis. The sequence of shRNA 
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scramble used as control was previously described144. The sequences 

of shRNA oligos used for cloning are reported in Table 4.  

Name Sequence 

PCBP2 Sense 
GATCCCCGAGCAGACCCATCCATAATTTCAAGAGAAT
TATGGATGGGTCTGCTCTTTTTA 
Antisense 
AGCTTAAAAAGAGCAGACCCATCCATAATTCTCTTGA
AATTATGGATGGGTCTGCTCGGG 

SYNCRIP As reported in96. 

CTR As reported in96. 

Table 4. Oligos for shRNA cloning in pSUPER.retro.puro vector 

 

Motif scanning analysis 
 
Murine mature miRNA sequences were retrieved from miRBase v22.1 

database145. The FIMO tool146 was used to scan these sequences for 

occurrences of hEXO, extended CELL and core AUUA/G CELL 

motifs, encoded as Position Probability Matrices, with parameters --

bfile --motif-- --norc and setting the p-value threshold to 0.1, 0.1 and 

0.01, respectively. Motif instances falling in the seed regions 

(nucleotides 2-7) were ignored. 
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Small RNA sequencing 
 
miRNA samples (two biological replicates per condition), to which the 

cel-miR-39 Spike-In (59000; NORGEN) was previously added, were 

sequenced at Procomcure Biotech GmbH. Sequencing libraries were 

prepared using the NEXTFLEX Small RNA-Seq Kit v4 (PerkinElmer). 

The sequencing reaction was performed on a Illumina NovaSeq 6000 

instrument in 2x40bp paired-end configuration, with a throughput of 

~40 million read pairs per sample. FastqToolkit version 2.2.5 (available 

at https://www.illumina.com/products/by-type/informatics-

products/basespace-sequence-hub/apps/fastq-toolkit.html) was used 

to remove adapter sequences from the 3’ end and to filter out reads 

whose length and average quality after trimming were < 10 and < 30, 

respectively. Only forward reads were kept for downstream analyses. 

The mirPRo software version 1.1.4 147 which utilizes NovoAlign148 as 

its alignment engine, was used to align reads to a reference composed 

of miRNA hairpin sequences downloaded from miRBase v22.1 

database with the addition of the spike-in, and to count reads 

mapping to mature miRNAs. A count matrix was assembled, 

including only mature miRNAs with one or more reads in at least two 

cell and two EV samples. Differential abundance analysis was 

performed using the DESeq2 R package149. Size factors were estimated 

directly from spike-in counts. For each mature miRNA, a likelihood 
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ratio test was conducted to assess differences between the EV/cell 

abundance ratios measured in the shPCBP2 and shCTR conditions. 

 

Statistical analyses 
 
For the qRT-PCR analysis, statistical differences were assessed with 

the one-tailed paired Student’s t-test using GraphPad Prism Version 9 

(GraphPad Software). Data are presented as mean ± SEM, and p 

values < 0.05 were considered statistically significant. For the 

statistical analysis of proteomic studies, Perseus software (version 

1.6.7.0) after log2 transformation of the intensity data was used. 

Results were considered statistically significant at p<0.05. 

 

Data availability 
 
The miRNA-seq data generated in this study have been deposited and 

are available in the GEO database under accession code GSE269709.  
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RESULTS 
 

1. PCBP2 recognizes a CELL motif and has a 
functional role in intracellular retention of 
miRNA-155-3p 

 
Aiming to identify RNA-binding proteins involved in miRNAs’ 

intracellular retention, proteins from murine non-tumorigenic 3A 

hepatocytes were used in RNA pull-down experiments coupled to 

mass spectrometry by using as specific bait the miRNA-155-3p, 

selected for the presence of the CELL-motif identified in AML12 cells98 

(figure 1A). 

Label-free nano-liquid chromatography mass spectrometry proteomic 

analysis (nLC-MS/MS) allowed to identify miR-155-3p-interacting 

proteins and label-free quantification intensities analysis identified 21 

proteins enriched in miR-155-3p pull-down with respect to miR-155-

3p mutated in the CELL motif (miR-155-3p no-CELL) (figure 1A-B): 

twelve of them are classified as RNA-binding proteins, with six 

containing at least one canonical RNA-binding domain150-153 (figure 

1C). For three of them, RNA-binding preferences are also known (i.e. 

PCBP2 prefers CU-rich sequences152,154, LARP1 recognizes the CAP 
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and the 5’ top motif in mRNAs155 and STAU1 binds to double-

stranded RNAs156. 

 

Figure 1. Proteomic identification of CELL-motif dependent miR-155-3p 
interactors 
A) Sequences of biotinylated oligos used as bait in RNA pull-down 
experiment: miR-155-3p WT and miR-155-3p devoid of CELL motif (no-
CELL). CELL motifs (WT and mutated) are in grey, hEXO motif is underlined.  
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B) Volcano plot comparing proteins bound to miRNA-155-3p no-CELL vs WT. 
Black curves represent the significant threshold at a false-discovery rate (FDR) 
of 0.05 and S0 of 0.1. PCBP2 and SYNCRIP proteins are labelled in the plot. 
C) Results of proteomic analysis of proteins differentially bound to miRNA-
155-3p no-CELL vs WT.  

 
Among these proteins, PCBP2 interaction with miR-155-3p was 

confirmed by RIP assay (figure 2A, left panel) and RNA pull-down 

followed by western blot analysis (figure 2B).  

Second evidence for the requirement of PCBP2/CELL motif 

interaction is provided by the observation on the CELL motif-devoid 

miR-365-2-5p that does not interact with PCBP2 (figure 2A, middle 

panel); RNA pull-down confirmed the absence of this interaction 

(figure 2C). In order to evaluate if PCBP2 binding was direct, we also 

performed an RNA pull-down using a PCBP2 recombinant form: in 

line with the previous results, the introduction of a specific mutation 

in the miR-155-3p CELL-motif impairs PCBP2 binding (figure 2D), 

further confirming the sequence specificity of this interaction and 

demonstrating that, at least in vitro, this binding is direct. 

The miR-155-3p sequence embeds also an hEXO motif, a previously 

identified SYNCRIP binding site: RIP assay (figure 2E) confirmed 

SYNCRIP binding to this miRNA. Moreover, MS/MS analysis (figure 

1B) and RNA pull-down followed by western blot analysis (figure 2B) 

demonstrated that this interaction occurs independently of the CELL 

motif mutation. Surprisingly, the introduction of a specific mutation 
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in the SYNCRIP-binding motif (miR-155-3p no-hEXO) impairs not 

only SYNCRIP binding, as expected, but also PCBP2 binding despite 

the conservation of the CELL retention motif (figure 2B). These data 

suggest a possible SYNCRIP requirement for PCBP2 binding. To test 

this hypothesis, RIP assay was performed on miR-31-3p, embedding 

the sole CELL motif: as reported, in the absence of the hEXO motif, 

PCBP2 is not able to bind this miRNA (figure 2A, right panel). 

 
Figure 2. PCBP2 recognizes the CELL motif but requires also the hEXO motif   
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A) UV-crosslinking RIP of PCBP2 protein in murine hepatocytes. RT-qPCR 
analysis for miR-155-3p, miR-365-2-5p (CELL motif-devoid) and miR-31-3p 
(hEXO motif-devoid) is shown as IP/IgG. Data are the mean ± SEM of three 
independent experiments. 
B) RNA pull-down with the WT and mutated (no-CELL, no-hEXO) miR-155-
3p followed by western blot for the indicated proteins (HSP90 is used as 
positive and GAPDH as negative controls respectively). Data are 
representative of three independent experiments.  
C) RNA pull-down with miR-365-2-5p followed by western blot for the 
indicated proteins. Data are representative of three independent experiments. 
D) RNA pull-down by using the recombinant PCBP2 protein and with WT 
and mutated miR-155-3p (no-CELL) followed by western blot for PCBP2. Data 
are representative of three independent experiments. 
E) UV-crosslinking RIP of SYNCRIP protein in murine hepatocytes. RT-qPCR 
analysis for miR-155-3p is shown as IP/IgG. Data are the mean ± SEM of three 
independent experiments. 

 
In order to clarify a possible role for PCBP2 in miRNA intracellular 

retention, the effect of PCBP2 silencing on miRNAs’ partition between 

cell and extracellular vesicles was evaluated. In brief, hepatocytes 

were infected with retroviruses expressing a short hairpin RNA 

silencing PCBP2, or a scrambled sequence as control, and 48 hours 

post-infection, stable 3A shCTR and shPCBP2 cell lines were obtained 

upon a selection step with 2 µg/mL puromycin for 1 week. Figure 3A-

B shows the significant reduction of PCBP2 mRNA and protein 
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expression levels in shPCBP2 hepatocytes compared to control cells.

 
Figure 3. PCBP2 silencing  
A) Expression levels of pcbp2 in shCTR and shPCBP2 murine hepatocytes. 
Data are shown as the mean ± S.E.M. of three independent experiments.  
B) (Left panel) Western blot analysis for PCBP2 on protein extracts from 
hepatocytes silenced for PCBP2 (3A shPCBP2) and relative control (3A 
shCTR). GAPDH has been used as loading control. The figure is 
representative of three independent experiments. (Right panel) Densitometric 
analysis of Western blot signals. Data are shown as the mean ± S.E.M. of three 
independent experiments. 

 
Then 3A shCTR and shPCBP2 cell lines were cultured for 72 hours to 

allow the production of extracellular vesicles and conditioned media 

were collected to isolate the EVs. EVs obtained by ultracentrifugation 

were characterized based on the expression of typical markers (by 

western blot) and of their size and concentration by Tunable Resistive 

Pulse Sensing (TRPS) technology using Exoid (Izon Science) (figure 

4A-B). 
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Figure 4. EVs characterization 
A) Particle diameter (nm) and concentration (particles/ml) of EVs evaluated 
by Exoid (IZON). Histograms report the concentration (particles/ml) by size 
(nm) for each of the three analyzed conditions (left panel: shCTR EVs; right 
panel: shPCBP2 EVs; bottom panel shSYNCRIP EVs).  
B) Western blot analysis for EV-specific (LAMP1-CD63-Synthenin) and 
intracellular (calnexin) markers on protein extracts from hepatocytes (WCE, 
whole cell extract) and hepatocyte-derived EVs (EVs). 

 
Notably, PCBP2 interference enhances miRNA-155-3p loading in EVs 

with respect to control cell-derived EVs (figure 5, left panel). As a 

further control that miRNAs without the CELL motif are not affected 

by PCBP2 silencing, the expression levels of miR-365-2-5p 
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(embedding the sole hEXO motif) were analyzed in EVs and cells, and 

resulted not differentially exported (figure 5, middle panel).  

 
Figure 5. PCBP2 has a functional role in intracellular retention of miRNA-
155-3p 

(left and middle panels) EV miRNA-155-3p and miR-365-2-5p levels 
in shCTR and shPCBP2 cells analyzed by RT-qPCR. Data are expressed as 
ratio of miRNA expression in EVs with respect to the intracellular 
compartment (shCTR arbitrary value 1). Results are shown as the mean ± 
S.E.M. of three independent experiments.  
(right panel) EV miRNA-155-3p levels in shCTR and shSYNCRIP 
cells analyzed by RT-qPCR. Data are expressed as ratio of miRNA expression 
in EVs with respect to the intracellular compartment (shCTR arbitrary value 
1). Results are shown as the mean ± S.E.M. of three independent experiments.  
Data are considered statistically significant with p< 0.05 (Student’s T test). *: 
p<0.05; **: p<0.01. 

 
Since miR-155-3p bears hEXO motif and, as previously demonstrated, 

is bound by SYNCRIP, we also analyzed the effect of SYNCRIP 

silencing (obtained by an shRNA approach and validated in figure 
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6A-B) on the compartmentalization of this miRNA. 

 

Figure 6. SYNCRIP silencing  
A) Expression levels of syncrip in shCTR and shSYNCRIP murine 
hepatocytes. Data are shown as the mean ± S.E.M. of three independent 
experiments.  
B) (Left panel) Western-blot analysis for SYNCRIP on protein extracts from 
hepatocytes silenced for SYNCRIP (3A shSYNCRIP) and relative control (3A 
shCTR). GAPDH has been used as loading control. The figure is 
representative of three independent experiments.  
(Right panel) Densitometric analysis of Western-blot signals. Data are shown 
as the mean ± S.E.M. of three independent experiments. 
 

As expected, SYNCRIP silencing reduces miR-155-3p export into EVs 

(figure 5, right panel); (for EVs characterization see figure 4). 

Overall, these data demonstrated that i) PCBP2 interacts with miRNA-

155-3p, as proved by RIP analysis and RNA pull-down, ii) the 

interaction is CELL-motif-dependent while an unexpected role for the 
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hEXO motif is also unveiled and iii) PCBP2 favors the intracellular 

localization of this miRNA. 

 

2. PCBP2 binding to miR-155-3p is both sequence- 
and SYNCRIP-dependent 

 
The observation that loading (hEXO) and retention (CELL) motifs are 

both present in miR-155-3p sequence prompted us to investigate the 

hypothesis of a sequence- and SYNCRIP-dependent PCBP2 binding 

ability. 

First, co-immunoprecipitation experiments demonstrated PCBP2-

SYNCRIP interaction (figure 7A) and more interestingly that both 

RBPs bind to miR-155-3p contemporarily as indicated by the ultra-

shift obtained in electrophoretic mobility shift assay (EMSA) using 

both anti-PCBP2 and anti-SYNCRIP antibodies (figure 7B). 

To challenge the hypothesis of a SYNCRIP-dependent PCBP2 binding, 

EMSA assay was performed in PCBP2-silenced and in SYNCRIP-

silenced cells. As shown in figure 7C, while the PCBP2 silencing does 

not affect SYNCRIP binding, SYNCRIP silencing impairs also PCBP2 

binding. Furthermore, RIP assay was performed on SYNCRIP-

silenced cells; as shown in figure 7D, SYNCRIP silencing impairs 

PCBP2 binding to miR-155-3p. 
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Figure 7. PCBP2 binding to miR-155-3p is both sequence- and SYNCRIP-
dependent 
A) Co-immunoprecipitation of PCBP2 and SYNCRIP. Immunoprecipitations 
with rabbit polyclonal anti-PCBP2, mouse monoclonal anti-SYNCRIP and the 
relative pre-immune IgG were performed on protein extracts from 
hepatocytes. GAPDH is used as negative control. Immunoblots representative 
of three independent experiments are shown. 
B) Electrophoretic mobility shift assay (EMSA): interactions of miR-155-3p 
with the indicated protein extracts (shifts) and Abs (anti-SYNCRIP and anti-
PCBP2) (supershift) are shown. Ultrashift shown in lane 5 demonstrates 
concurrent binding of SYNCRIP and PCBP2 to miR-155-3p.  
C) Electrophoretic mobility shift assay (EMSA): interactions of miR-155-3p 
with protein extracts from shCTR (1), shPCBP2 (2) and shSYNCRIP (3) cells 
(shifts) and Abs (anti-SYNCRIP and anti-PCBP2) (supershift) are shown. 
D) UV-crosslinking RIP of PCBP2 protein in murine hepatocytes both WT 
(shCTR) and silenced for SYNCRIP (shSYNCRIP). RT-qPCR analysis for the 
expression of miR-155-3p is shown as IP/IgG. Data are the mean ± SEM of 
three independent experiments. 
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This evidence supports the unpredictable mechanism where 

SYNCRIP binding appears a prerequisite for PCBP2 recruitment. To 

further confirm and extend this observation, several mutants of 

distinct miRNAs were designed and tested by RNA pull-down for the 

binding capacity of these two proteins.  

Results indicate that mutagenesis of the sole hEXO motif (miR26b-3p 

no-hEXO) on miR-26 backbone (bearing both hEXO and CELL motifs), 

impairs also PCBP2 binding (figure 8A) and conversely the de novo 

inclusion of a hEXO motif in miR-31-3p backbone (bearing only CELL-

motifs) (miR-31-3p +hEXO) confers a de novo PCBP2 binding ability to 

this mutant; furthermore, mutation in the CELL motif on miR-31-3p 

including the hEXO (miR-31-3p +hEXO no-CELL) impairs PCBP2 

binding (figure 8B). 
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Figure 8. hEXO and CELL motifs are propaedeutic to PCBP2 binding 
A) RNA pull-down with the WT and mutated (sequences are reported above) 
miR-26b-3p followed by western blot for the indicated proteins. Data are 
representative of three independent experiments. 
B) RNA pull-down with the WT and mutated (sequences are reported above) 
miR-31-3p followed by western blot for the indicated proteins. Data are 
representative of three independent experiments. 
Data are considered statistically significant with p< 0.05 (Student’s T test). *: 
p<0.05. 
A-B) CELL motifs (WT and mutated) are shown in grey, hEXO motifs (WT 
and mutated) are underlined. 

 
Overall, these data indicate that PCBP2 binding requires both the 

CELL motif and SYNCRIP binding; in other words, SYNCRIP binding 

is epistatic to PCBP2 recruitment. 
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3. PCBP2 functionally dominates on SYNCRIP 
EV-loading activity on a repertoire of miRNAs 
embedding CELL and hEXO motifs 

 
To extend the evidence on the role of PCBP2 in miRNA 

compartmentalization and to confirm the disclosed mechanism, 

PCBP2 and SYNCRIP functional role in miRNA EVs/cell partition was 

evaluated. First, we performed an NGS analysis of miRNAs exported 

in EVs produced by control and PCBP2-silenced murine hepatocytes; 

this wide range observation allowed the selection of further miRNAs 

differentially loaded in EVs in correlation to PCBP2 expression. Then, 

PCBP2 functional role was assessed by means of qRT-PCR performed 

on 9 miRNAs expressed in EVs and embedding both CELL and hEXO 

motifs in extra-seed position, as identified by bioinformatic motif 

scanning analysis, in comparison to 2 miRNAs embedding either the 

CELL or the hEXO motif (figure 9A). 

In order to consider a possible impact of PCBP2 on miRNAs’ steady 

state level (resulting from variation in transcription and biogenesis), 

miRNA abundance in EVs and in the intracellular compartment was 

analyzed by qRT-PCR as EVs/cell ratio. Results indicate that PCBP2 

silencing enhances miRNAs loading into EVs (figure 9B); thus, 

highlighting a dominant PCBP2 cell-retention function on the 

confirmed SYNCRIP-dependent export (figure 9C). 
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Figure 9. PCBP2 functionally dominates on SYNCRIP EV-loading activity on 
a repertoire of miRNAs embedding CELL and hEXO motifs 
A) List of selected miRNAs embedding CELL and/or hEXO motifs; consensus 
sequences are highlighted in grey or underlined respectively. 
B)  EV miRNA levels in shCTR and shPCBP2 cells analyzed by RT-qPCR. Data 
are expressed as ratio of miRNA expression in EVs with respect to the 
intracellular compartment (shCTR arbitrary value 1). Results are shown as the 
mean ± S.E.M. of three independent experiments.  
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Data are considered statistically significant with p< 0.05 (Student’s T test). *: 
p<0.05; **: p<0.01. 
C)  EV miRNA levels in shCTR and shSYNCRIP cells analyzed by RT-qPCR. 
Data are expressed as ratio of miRNA expression in EVs with respect to the 
intracellular compartment (shCTR arbitrary value 1). Results are shown as the 
mean ± S.E.M. of three independent experiments.  
Data are considered statistically significant with p< 0.05 (Student’s T test). *: 
p<0.05; **: p<0.01; ****: p<0.0001. 

 
In order to understand the molecular mechanism, we performed RIP-

qPCR assay and we demonstrated that PCBP2 is able to bind miRNAs 

embedding the CELL and hEXO motifs (miRs-345-3p, 23a-5p, 214-3p, 

155-5p, 181d-5p, 3084-5p, 122b-3p, 192-5p, 26b-3p); conversely, the 

presence of either the sole hEXO in miR-365-2-5p or the sole CELL in 

miR-31-3p does not allow PCBP2 binding (figure 10A). As expected, 

the presence of the hEXO motif alone or in combination with the CELL 

motif is sufficient for SYNCRIP binding to all the analyzed miRNAs 

(figure 10B). 
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Figure 10. PCBP2 and SYNCRIP display a different binding capacity 
A) UV-crosslinking RIP of PCBP2 protein in murine hepatocytes. RT-qPCR 
analysis for the indicated miRNAs is shown as IP/IgG for each independent 
experiment (IgG arbitrary value 1). Data are the mean ± SEM of three 
independent experiments. 
Data are considered statistically significant with p< 0.05 (Student’s T test). *: 
p<0.05; **: p<0.01. 
B)  UV-crosslinking RIP of SYNCRIP protein in murine hepatocytes. RT-qPCR 
analysis for the indicated miRNAs is shown as IP/IgG for each independent 
experiment (IgG arbitrary value 1). Data are the mean ± SEM of three 
independent experiments. 
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Furthermore, in line with data obtained for miR-155-3p, results shown 

in figure 11 demonstrate the SYNCRIP-dependent PCBP2 binding 

assessed in hepatocytes silenced for SYNCRIP. 

Overall, these data indicate that the previously described SYNCRIP 

capacity to act as EV loader is functionally limited by the presence of 

a here-identified sequence- and SYNCRIP-dependent retention 

mechanism mediated by the RNA-binding protein PCBP2. 
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Figure 11. PCBP2 binding to miRNA embedding CELL and hEXO motif is 
SYNCRIP-dependent 
UV-crosslinking RIP of PCBP2 protein in murine hepatocytes both WT 
(shCTR) and silenced for SYNCRIP (shSYNCRIP). RT-qPCR analysis for the 
indicated miRNAs is shown as IP/IgG. Data are the mean ± SEM of three 
independent experiments. Data are considered statistically significant with p< 
0.05 (Student’s T test). *: p<0.05; ***: p<0.001. 
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DISCUSSION 
 

 
The processes controlling the selective partition of miRNAs between 

intracellular and EV compartments, in both physiology and disease, 

are still largely uncharacterized. However, it is known that the 

presence of short consensus sequences mediates miRNAs sorting: 

indeed, the CELL and the EXO motifs are responsible for intracellular 

retention or EVs sorting respectively93,98. 

With respect to miRNA EV-loading, it has also been reported that 

these sequence-dependent mechanisms of export are mediated by 

several RBPs. In particular, the proteins hnRNPA2B1, ALYREF and 

FUS have been identified and characterized at the molecular and 

functional levels as interactors and carriers of EXO-motif-embedding 

miRNAs into EVs. 

Moreover, our research group dissected the functional and structural 

role of the hnRNP SYNCRIP as a component of the hepatocytes-

derived EVs miRNA sorting machinery, allowing the EVs loading of 

a specific set of miRNAs that share the hEXO motif in their sequence96. 

While the molecular players responsible for miRNA loading into EVs 

have been partially unveiled, the mechanism involved in miRNA 

intracellular retention remains largely uncharacterized. Even if the 
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role of the CELL motifs has been demonstrated by means of functional 

assays involving the introduction/removal of these sequences into 

different miRNAs, no data are currently available on the RBPs 

involved in the recognition of these consensus motifs and thus in 

miRNA cell retention. This gap of knowledge prompted us to 

investigate the molecular players responsible for miRNAs 

intracellular retention. 

The main finding of this investigation is the identification of PCBP2 as 

a new regulator of miRNA partition between intracellular and EV 

compartments.  

PCBP2 protein is an RNA-binding protein with pleiotropic functions; 

specifically, it is a well-characterized member of the Poly-rC-binding 

proteins (PCBPs), a group of multifunctional RNA-binding proteins 

that contain three highly conserved RNA binding KH domains and 

that may shuttle between the nucleus and the cytoplasm130. A large 

body of evidence points to its role in controlling multiple processes 

including RNA maturation and trafficking, RNA editing, translational 

activation or repression and mRNA degradation104,106,157-160. 

The here provided results demonstrated that PCBP2 binds to the 

miRNA 155-3p, containing one of the CELL-motif previously 

identified by in silico sequence analysis on miRNAs retained in the 

cytoplasm of AML12 mouse hepatocytes98 (figure 2A). Moreover, 

based on small RNA sequencing performed by Santangelo and 
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colleagues, this miRNA is among the top 20 cell-retained miRNAs in 

hepatocytes96. 

PCBP2 interaction with this miRNA is dependent on the CELL motif, 

located in extra-seed position; indeed, the introduction of a CELL 

motif-specific permutation impairs PCBP2 binding to miR-155-3p 

(figures 1A-B and 2B). 

Further evidence for the requirement of PCBP2 and CELL motif 

interaction is the absence of interaction between PCBP2 and miRNA 

365-2-5p, devoid of CELL motif, and enriched in hepatocytes-derived 

EVs, based on data from96 (figure 2C). 

Interestingly, the inspection of the miR-155-3p sequence revealed the 

presence of the previously identified SYNCRIP binding site, the hEXO 

motif: biochemical assays demonstrated SYNCRIP binding to 

miRNA-155-3p and confirmed that this interaction is hEXO motif-

dependent, in line with proteomic analysis (figures 1A-B, 2B-E). 

SYNCRIP is a pleiotropic regulator of gene expression at the post-

transcriptional and translational level from pre-mRNA splicing, RNA 

editing and cytoplasmic mRNA transport to internal ribosome entry 

site (IRES)-mediated translational activation and mRNA 

degradation112-114. SYNCRIP is also involved in differentiation and in 

the progression of different types of cancers including leukemia, 

breast cancer, colorectal cancer and liver cancer117,161,162. 
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Based on the biochemical evidence obtained by RIP and RNA pull-

down with wild type and mutated oligonucleotides, the potential 

synergic or mutually exclusive binding of PCBP2 to SYNCRIP-bound 

miRNA was also evaluated. Surprisingly, PCBP2 binding to miRNA 

155-3p is not simply dependent on its specific CELL motif but also 

requires SYNCRIP; indeed, hEXO motif mutation or SYNCRIP 

silencing impair PCBP2 binding to this miRNA (figures 2B and 7C-D). 

So, we describe an unpredictable mechanism where PCBP2 binding is 

dependent on SYNCRIP recruitment to miRNA 155-3p. 

Moreover, the observation that PCBP2 and SYNCRIP bind to miRNA 

155-3p at the same time, in addition to exclude that PCBP2 and 

SYNCRIP binding is mutually exclusive, supports our observed 

mechanism (figure 7B). 

Furthermore, the absence of interaction between PCBP2 and miRNA 

31-3p, devoid of the hEXO motif, and unable to interact with PCBP2, 

provide a further proof of the validity of the proposed model (figure 

2A).  

This mechanism was also verified on miRNA 26b-3p and 31-3p by 

using specific insertion/removal mutants: PCBP2 doesn’t bind to 

miRNA 26b-3p upon the mutation of the hEXO motif despite the 

CELL motif conservation; conversely, in miRNA 31-3p, PCBP2 

acquires binding capacity to CELL motif in response to the hEXO 

introduction (figure 8). 
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The proposed mechanism of SYNCRIP, PCBP2 and SYNCRIP-

dependent PCBP2 binding to miRNA 155-3p was also extended by 

RIP analysis on further 9 miRNAs selected on the basis of an NGS 

approach and of a bioinformatic analysis (figure 9A). Overall, our data 

evidence that PCBP2 and SYNCRIP display different binding capacity 

to miRNAs: PCBP2 binds to miRNAs embedding CELL motif but also 

requires hEXO motif; conversely SYNCRIP binds miRNAs 

embedding hEXO motif, regardless the presence of the CELL motif 

(figure 10). 

Notably, the obtained results strongly suggested that the identified 

mechanism has a general relevance, being confirmed on a significant 

set of miRNAs (figure 11). 

Of note, among them, miRs-155-3p, 23a-5p, 155-5p,192-5p and 26b-3p 

display important EV-mediated functions in relation to 

pathophysiology163-166. 

For this reason, the role of PCBP2 in miRNA partition between 

intracellular compartment and EVs was evaluated. Functionally our 

results disclosed that PCBP2 promotes cellular retention of SYNCRIP-

bound miRNAs (figures 5-9B). 

The added value of this work, with respect to the state of the art on 

this topic is that while SYNCRIP EV-loading activity has been 

previously well characterized by means of both functional and 
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structural analysis, the role of PCBP2 as mediator of miRNA 

intracellular retention is here disclosed for the first time. 

The here proposed mechanism implies that the export activity of 

SYNCRIP is specifically impaired by PCBP2 and highlights that the 

miRNA partition is not only related to the presence of specific 

RBPs/export sequences interaction but depends on the equilibrium 

and on the functional interaction among different RBPs recognizing 

different sequence motifs. 

By summarizing, the final functional compartmentalization output 

appears the result of an integrated system of RNA/proteins 

interactions, here only partially unveiled, whose dynamics may 

provide elements for the explanation of the EVs miRNA cargo 

specificity and for its variation coherently to cellular plasticity. Worth 

of note, recent research highlights a further level of complexity since 

miRNA epitranscriptomic modifications, while impairing miRNA 

intracellular function, appear instrumental to miRNA loading in 

EVs99. This concept, now limited to the RBP A2B1, should be extended 

to other RBPs exerting different roles in these intricate dynamics. 

Altogether, evidence here gathered indicates that: i) PCBP2 binding 

requires both the miRNA CELL sequence and the RBP SYNCRIP, 

which in turn recognizes its specific hEXO consensus; in other words, 

SYNCRIP binding is a prerequisite for PCBP2 recruitment; ii) PCBP2 

cell retention function is dominant over the EV-loading SYNCRIP one; 
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in other words, PCBP2 impairs SYNCRIP-mediated miRNA export 

(figure 12). 

 
Figure 12. Schematic model of PCBP2/SYNCRIP dependent miRNAs 
compartmentalization. 
A) hEXO-SYNCRIP interaction promotes miRNAs secretion into EVs.  
B) SYNCRIP-dependent PCBP2-CELL motif interaction promotes miRNAs 
intracellular retention. 
 

The described multiple RNA/proteins interactions provide a further 

step in the process of clarification of the mechanisms that control 

cellular communication in pathophysiological processes. The 

knowledge of molecular players of miRNAs intracellular/EVs 

partition could be soon instrumental for the development of RNA-

based manipulations holding therapeutic perspectives with the intent 

to design and apply novel strategies for a personalized medicine. 
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