Mechanisms of Exosome Biogenesis | Encyclopedia.pub

Mechanisms of Exosome Biogenesis

Subjects: Biochemistry & Molecular Biology
Contributor: Nicolas Cheuk Hang Lau , Judy Wai Ping Yam

Exosomes are nanometer-sized vesicles released by different cells that are important in the normal functioning of
the body. In cancer, exosomes have been found to promote tumor growth and metastasis by carrying functional
biomolecules and acting on different target sites in the body. Understanding the mechanism by which cancers

modulate exosome secretion is crucial to studying cancer biology and developing new therapeutic approaches.

regulation cancer endocytosis

| 1. Mechanisms of Exosome Biogenesis

The pathway of exosome biogenesis is the most well-studied among the subsets of extracellular vesicles (EVSs).
Given their functional importance and the translational applications focused on exosomes exclusively, a

mechanistic understanding of exosome biogenesis and absorption is necessary to form functional hypotheses.

In general, exosome biogenesis is preceded by endocytosis, resulting in the formation of early endosomes. Several
mechanisms cause the early endosome to incorporate cargo into intraluminal vesicles (ILVs), forming
multivesicular bodies (MVBs) or late endosomes W. During maturation, MVBs may import cargoes from other
organelles, including the trans-Golgi network (TGN), endoplasmic reticulum (ER) and other cytosolic compartments
(28 further modifying the composition of ILVs. MVBs may fuse with lysosomes, resulting in degradation &,
Alternatively, MVBs are transported to the plasma membrane, followed by membrane fusion, releasing ILVs as
exosomes. The exosomes travel across extracellular space and reach a recipient cell, where several factors
mediate the interaction between the exosome and the recipient cell 2. Internalized exosomes are incorporated into
early endosomes following the typical endosomal pathway and may be released again through recycling

endosomes 8. The overview of exosome biogenesis is depicted in Figure 1.
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Figure 1. Overview of exosome biogenesis. Endocytic vesicles are generated by (1) clathrin-mediated endocytosis
(CME), (2) caveolin-dependent endocytosis (CDE) and (3) clathrin- and caveolin-independent endocytosis. After
the fusion of endocytic vesicles to form early endosomes, (4) ILVs are generated by ESCRT-dependent and
ESCRT-independent pathways, resulting in the formation of multivesicular bodies (MVBSs). (5) Cargoes are sorted
into ILVs from various organelles, including the trans-Golgi network (TGN), endoplasmic reticulum (ER) and
mitochondria. (6) MVBs can then fuse with lysosomes and undergo lysosomal degradation. (7) Alternatively, MVBs
are trafficked towards the plasma membrane and (8) undergo membrane fusion for the extracellular release of ILVs

as exosomes.

To summarize, exosome biogenesis consists of endosome formation, MVB formation, cargo sorting and
extracellular release, while exosome absorption consists of targeting to the recipient cell, internalization and re-
release. Each step is regulated by molecular pathways and environmental factors, leading to changes in the
amount, composition, and eventually the dynamics of exosomes in a biological system. Despite sharing these
common steps, exosomes isolated from biofluids are still highly heterogeneous due to cell-type-specific regulation
of biogenesis and absorption, as well as the intracellular heterogeneity of MVBs and ILVs, the mechanisms for

which will be highlighted in this section.

| 2. Endosome Formation
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Early endosomes are the precursors of MVBs. Although a crucial condition for subsequent steps, it has yet to be
sufficiently characterized in the context of exosome biogenesis. There are multiple pathways of endocytosis,
including clathrin-mediated endocytosis (CME), caveolin-dependent endocytosis (CDE) and clathrin- and caveolin-
independent endocytosis &, The mechanism for CME has been reviewed in detail elsewhere . In short, a FCH
domain only (FCHO) initiation complex is formed on the plasma membrane, forming a clathrin-coated pit. These
proteins, along with adaptor protein 2 (AP2) and cargo-specific adaptor proteins, mediate cargo selection, followed
by clathrin coat assembly and dynamin-mediated vesicle scission. The clathrin coat is finally disassembled by the
ATPase heat shock cognate 70 (HSC70) and auxilin 4. Other pathways include CDE, the clathrin-independent
carriers/GPI-AP-enriched early endosomal compartments (CLIC/GEEC) pathway and the ARF6-associated
pathway. Though the detailed mechanism of these pathways are not well defined, the reorganization of the actin
cytoskeleton appears to play a central role in endosome formation, especially in pathways independent of clathrin

or caveolin coating [,

| 3. MVB Formation and Cargo Encapsulation

The endosomal sorting complex required for transport (ESCRT)-dependent pathway has been well studied for its
involvement in ILV generation. The ESCRT machinery comprises ESCRT-0, -I, -Il and -1ll complexes and Vps4 (.
ESCRT-0 binds to ubiquitinated cargoes via the hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs)
subunit, while binding to phosphatidylinositol-3-phosphate (PI3P) on endosomal membranes, resulting in cargo
enrichment on the limiting membrane of endosomes B2, ESCRT-I is recruited to ESCRT-0 via the interaction of
the ESCRT-I subunit, tumor susceptibility gene 101 (Tsgl01) protein, with Hrs. This is followed by ESCRT-II
binding to ESCRT-I. Together, they promote the inward budding of the endosomal membrane. Recruited by
ESCRT-II, the ESCRT-III subunits Vps20, Snf7, Vps2 and Vps24 are sequentially assembled and promote the
growth of the Snf7 polymer around the neck of the inward bud, driving further deformation, membrane fission and
the formation of ILV 1. The ESCRT-III subunit Did2 then replaces Vps24 and activates ATP hydrolysis by Vps4,

resulting in the cleavage and disassembly of the ESCRT-IIl complex 111,

Numerous ESCRT-associated machinery cooperate with ESCRT in the formation of ILVs. Non-canonical ESCRT-
dependent pathways, such as the Syndecan-Syntenin-Alix pathway and the his domain protein tyrosine
phosphatase (HD-PTP) pathway also recruit ESCRT-IIl and VPS4 for the budding and scission of ILVs. The
Syndecan—Syntenin—Alix pathway is initiated by the presence of the ubiquitous transmembrane protein Syndecan,
recruiting Syntenin, which in turn binds Alix 22 Proteins that are recognized by Syndecan, Syntenin or Alix are
preferentially sorted into exosomes, such as fibroblast growth factor receptor (FGFR), lysyl-tRNA synthetase and
tetraspanins, including CD9, CD63 and CD81 121314l The phosphorylation of Syntenin by proteins and the
cleavage by heparinase regulates the activity of the Alix-dependent pathway L2167 The HD-PTP pathway is
initiated by the binding of HD-PTP to ESCRT-0, recruiting ESCRT-IIl and VPS4, thus re-entering the typical
ESCRT-dependent pathway 8. Components of the ESCRT pathway may interact with cargoes to promote their
exosomal sorting; namely, the interaction of BAG6 and beta-catenin with Tsg1l01 and ESCRT-III, respectively,

mediates their exosomal secretion 121120
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The ESCRT-independent pathway involves a combination of lipid raft components, which together regulate the
budding and formation of ILVs [21[22]. The neutral sphingomyelinase 2 (nSMase2)-ceramide pathway involves the
conversion of sphingomyelin to ceramide by nSMase2, which allows ceramide to self-associate into raft-like
macrodomains, leading to a negative membrane curvature that favors inward budding [23l. Microtubule-associated
protein 1 light chain 3 (LC3), a well-known marker of autophagy, is located on the limiting membrane of MVBs and

recruits the FAN protein, which promotes nSMase2-mediated ceramide production 241231,

Other lipid raft components, such as cholesterol, caveolin-1 and flotillins, have been linked to exosome secretion
and the ILV sorting of cargoes 261271128129 proteins that promote cholesterol transfer to MVBs, such as ORP1L
and STARD3, positively regulate the formation of ILVs 2789 Wwhile the precise mechanism of how cholesterol
mediates ILV formation is unknown, cholesterol is found to promote flotillin 2 secretion in oligodendroglial cells, and
flotillin-1 knock-down inhibits caveolin-1 secretion in PC-3 cells 2Bl Thus, it is attractive to hypothesize whether
cholesterol, caveolin-1 and flotillins constitute an alternative pathway of ILV formation, and whether they are related
to ESCRT or ESCRT-independent machinery. However, cholesterol can have different effects on exosome release
depending on the cell type; therefore, mechanistic studies using consistent cell types are preferred before a

pathway can be confidently established.

Tetraspanins are integral membrane proteins that contribute to protein scaffolding in tetraspanin-enriched
microdomains, which mediate adhesion and signal transduction 2. CD63 has been found to interact with
Apolipoprotein E to promote ILV formation in melanocytes independently of ESCRT and ceramide 8. CD63 has
also been used to promote reporter cargo loading in engineered exosomes B4l Tetraspanin-6 (TSPN6) promotes
exosomal secretion in HEK293 cells by interacting with Syntenin, likely co-opting the Syntenin—Syndecan—Alix
pathway L7331 though conflicting evidence suggests that TSPN6 inhibits exosome release in MCF-7 cells due to
directing cargoes towards lysosomal degradation 8. As common exosome biomarkers, CD9 and CD81 are
enriched on exosomes, but their mechanisms are not well-defined 4. While CD9 interacts with and mediates the
exosomal secretion of CD10 [28l specific CD81 ligands appear to be abundant on tetraspanin-enriched
microdomains 29, suggesting CD81 involvement in cargo sorting. Generally, tetraspanins mediate cargo loading
into ILVs via molecular interaction, but their role in the formation of ILV, or its relevance or necessity for the ESCRT

and ESCRT-independent pathways, has yet to be clearly investigated.

| 4. Cargo Sorting to MVBs

Cargo sorting modulates the composition of ILVs and eventually exosomes. Exosomal cargo include proteins,
amino acids, lipids, metabolites, DNA and RNAs, including messenger RNA (mMRNA), microRNA (miRNA), long
non-coding RNA (IncRNA), circular RNA (circRNA) and PIWI-interacting RNA (piRNA) 449 The state of the donor
cell can impact the proteomic and lipidomic profiles of the exosomal cargo 41, As mentioned, protein cargoes are
sorted into ILVs by interacting with components of the ESCRT-dependent or ESCRT-independent pathways, such
as ESCRT-III, Alix, Syntenin-1 and ceramides [12I13]14]19[20141] | addition, Hsp90 alpha has been found to sort
into ILVs by interacting with Rab coupling protein (RCP) 42 (Figure 2).
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Figure 2. Cargo sorting mechanisms and the regulation of MVB trafficking and fusion with the cell membrane.
Proteins are sorted into ILVs by associating with ESCRT-dependent and ESCRT-independent machinery and Rab
coupling protein (RCP). Tetraspanins and PINK1 are involved in the loading of genomic DNA (gDNA) and
mitochondrial DNA (mtDNA), respectively. RNA loading is regulated by nSMase2 and RNA-binding proteins
(RBPs). Alix binds to the RBP Ago2 and promotes miRNA loading. RNA granules formed by liquid—liquid phase
separation (LLPS) contain RNAs and RBPs and promote miRNA, IncRNA and circRNA loading. MVBs can be fated
towards lysosomal degradation by translocation towards the microtubule minus-end or the perinuclear region.
Alternatively, they are fated towards secretion by translocation towards the plus-end or the cellular periphery. Actin
polymerization at invadopodia stabilizes MVB docking sites. MVB fusion is mediated by SNARE proteins, which are

regulated by Rab27 and its effectors, Slp4 and Muncl13-4.

While cell-free DNA (cfDNA) originates from various sources, a significant portion is localized on the surface or in
the lumen of EVs 42, Tetraspanins directly interact with cancer cell micronuclei, resulting in genomic DNA (gDNA)
loading to exosomes [44] Exosomal release also serves as a mechanism for removing harmful gDNA from the
cytoplasm of healthy cells 45 whereas mitochondrial DNA (mtDNA) loading is initiated by mitochondrial damage,

activating PINK1, which promotes the interaction of mitochondria and MVBs in an autophagy-independent manner
[46]

Various mechanisms have been studied for RNA loading. nSMase2, which is involved in the ESCRT-independent

pathway, has been reported to regulate the exosomal loading of miRNA in cancer cells [47]48] * sypstance P
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(SP)/Neurokinin-1 Receptor (NK1R) signaling also increases miRNA expression and exosomal loading in
colonocytes 9. |n addition, a number of RNA-binding proteins (RBPs), such as heterogeneous nuclear
ribonucleoproteins (hnRNPs), Argonaute 2 (AGO2), Y-Box-Binding Protein-1 (YBX-1), Serine and Arginine-Rich
Splicing Factor (SRSF1) and Major Vault Protein (MVP), bind to specific miRNAs motifs to facilitate their sorting to
exosomes [BAIB1EZ - Meanwhile, hnRNPs also mediate the sorting of IncRNAs B354 and ESCRT-II and
hnRNPA2B1 have been found to mediate the sorting of circRNAs [551561. Alix, well-known for its role in the ESCRT-

dependent pathway, was also demonstrated to enrich miRNA in EVs via binding to Ago2 and miRNA 27,

In cells, biomolecular condensates, such as RNA granules, are formed by liquid—liquid phase separation (LLPS)
(58], Mechanistically, RNAs and RBPs contribute to RNA granule formation, which in turn contains components such
as hnRNPA2 that facilitate miRNA, IncRNA and circRNA sorting into exosomes 5833 YBX-1 also forms LLPS-
mediated condensates to promote miRNA loading into exosomes 8. In addition, post-transcriptional modifications
of mIRNA sequences, in particular 3' end adenylation and 3' end uridylation, favor the cellular retention and

exosomal release of miR-2909, respectively 611,

| 5. Extracellular Release

MVB translocation and fusion with the plasma membrane are required for the release of ILVs as exosomes. It
primarily involves SNARE proteins that are well-known for their role in mediating membrane fusion events 621,
Various upstream mechanisms regulate the structure of SNAREs in different cell types that favor the fusion of
MVBs with the plasma membrane, namely, the Fas/Fap-1/caveolin-1 cascade regulates the formation of SNARE
containing SNAP25 and VAMP5S in mesenchymal stem cells (62l while the IncRNA HOTAIR regulates the formation
of SNARE containing SNAP23 and VAMP3 in hepatocellular carcinoma (641,

As mentioned, MVBs can be fated towards the degradative pathway or the secretory pathway, based on their
eventual fusion with lysosomes or with the cell membrane. Cytoskeleton filaments are crucial for MVB transport
and docking. Actin reorganization, invadopodia formation and cortactin promote exosome secretion 6366l
Cortactin binds to Arp2/3 and to actin filaments, leading to the stabilization of MVB docking sites and promote
exosome secretion (68, Coordinately, Rab27a promotes MVB docking by preventing Coroninlb localization to
invadopodia, antagonization of cortactin and actin disassembly €€, Rab35 binds and localizes the actin-bundling
protein Fascin to actin, which facilitates actin cross-linking ©4. Accordingly, impeding Cortactin and Fascin-1
reduced EV secretion by regulating invadopodia formation 8. Microtubules, on the other hand, play a role in the
MVB fate by enabling movement towards their minus-ends or the plus-ends 8. Trafficking towards the plus-end or
the cellular periphery promotes membrane docking and the secretory fate of MVBs, whereas the minus-end is
anchored in the perinuclear microtubule-organizing center (MTOC) and promotes the lysosomal degradative fate of
MVBs.

Rab7 regulates MVB movement along cytoskeleton microtubules. Cargo movement towards the plus-end and
minus-end of microtubules is mediated by kinesin and the dynein—dynactin complex, respectively 9. Rab7 binds

to its trafficking adaptor protein, Rab-interacting lysosomal protein (RILP), to recruit the dynein motor complex, thus
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promoting the transport of Rab7-positive vesicles towards the perinuclear region /1. Cleavage of RILP due to
inflammasome activation inhibits Rab7 binding to dynein motor complex, leading to kinesin-mediated movement of
Rab7-positive vesicles to the cell periphery 2. Thus, Rab7 appears to direct MVBs towards degradation, and its
regulation alters the fate of MVBs. Rab31 recruits the GTPase-activating protein (GAP) TBC1D2B, which inhibits
Rab7, resulting in increased MVB membrane fusion and exosome secretion (Z3], Arl8b, also present on endosomal
membranes, initiates the Arl8b/SKIP/HOPS cascade to recruit another GAP TBC1D15, which inhibits Rab7 £, As
opposed to GAPs, the guanine nucleotide exchange factors (GEFs) Monla/b and NEDD8-Corola activate Rab7
by converting it to its GTP-bound state, resulting in lysosomal targeting and reduced EV secretion 4731
Additionally, induction of ISGylation via interferon-stimulating gene 15 (ISG15) overexpression was found to induce

MVB protein degradation and colocalization with lysosomes [Z8],

Rab GTPases also control the MVB distribution, membrane docking and SNARE-mediated membrane fusion. Slp4
and Muncl13-4 are downstream effectors of Rab27 that bind to and promote the formation of SNARE proteins to
mediate the fusion of MVBs with the plasma membrane [ZAIZ8I79 GEFs that regulate Rab27a/b, such as the DENN
domain-containing protein Rab-3GEP (MADD) and FAM45A, promote endosomal maturation Y8 and the
stabilization of Rab27a by KIBRA also contributes to exosome secretion 2. Rab27b regulates the trafficking of
MVBs towards the plasma membrane by its effector Slac2b [Zl. Rab11 and Rab35 enhance exosomal secretion in
leukemia and oligodendrocytes, respectively B34l Calcium ions (Ca?*) is required for the Munc13-4- and Rab11-

mediated pathways of exosome secretion [E21[88],

In summary, cytoskeleton components, such as actin filaments and microtubules, are crucial in MVB trafficking,
docking and release. These processes are regulated by Rabs, which are in turn controlled by their GEFs and
GAPs. Further study of Rabs and their effectors may help uncover viable mechanisms that modulate the volume

and composition of secreted exosomes.
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