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ABSTRACT 

Exosomes are secreted vesicles involved in signaling processes. The biogenesis of a class of 

these extracellular vesicles depends on syntenin, and on the interaction of this cytosolic 

protein with syndecans. Heparanase, largely an endosomal enzyme, acts as a regulator of the 

syndecan-syntenin-exosome biogenesis pathway. The upregulation of syntenin and 

heparanase in cancers may support the suspected roles of exosomes in tumor biology. 
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Abbreviations 

ALIX ALG-2-interacting protein X 

CD cluster of differentiation 

CTF C-terminal fragment 

ESCRT endosomal-sorting complex required for transport

EV extracellular vesicle 

ILV intraluminal vesicle 

MVB multivesicular body  

PDZ postsynaptic density 95/disc-large/zona occludens

SDC syndecan 



  

Important messages, inserted into an envelope 

Exosomes are small vesicles of endosomal origin, composing part of the complex collection 

of extracellular vesicles (EVs) that cells secrete. They contain various membrane and 

cytoplasmic components (i.e. membrane lipids and receptors, small GTPases, mRNAs and 

ncRNAs, etc) commonly designated as cargo, with a composition that reflects the state of the 

cell of origin (Skog et al., 2008). Pending on the nature of that cargo, the presentation of these 

vesicles to ‘recipient’ cells can sometimes ‘reprogram’ the latter (Valadi et al., 2007). 

Exosomes are therefore thought to play an important role in intercellular communication 

(Simons and Raposo, 2009; Colombo et al., 2014). This notion stems mostly from the field of 

cancer cell biology. For example, tumor-derived exosomes stimulate the formation of a pre-

metastatic niche (Peinado et al., 2012), and exosomal communication between cancer-

associated fibroblasts and the primary tumor stimulates breast cancer cell motility and 

metastasis (Luga et al., 2012). Yet, the potential impact of exosomes extends far beyond 

cancer, including maintaining the stemness of progenitor cells and their participation in 

processes of tissue regeneration, inflammation and neurodegeneration (Théry et al., 2002; 

Fevrier et al., 2004; Rajendran et al., 2006; Hergenreider et al., 2012; Schneider and Simons, 

2013; Schiro et al., 2014). Several recent contributions provide an in depth review on the 

biology of EVs (Tkach and Théry, 2016; van Niel et al., 2018).  

 

The making of an exosome 

The mechanisms that control the biogenesis of exosomes and the sorting of specific cargo into 

these vesicles are only partially understood. Exosome biogenesis begins with the invagination 

of the plasma membrane leading to the formation of primary endocytic vesicles, and the 

fusion of these vesicles with each other to create the early endosomal compartment. While 

early endosomes mature into late endosomes, exchanging RAB5 for RAB7 and retaining a 

select subset of the endocytosed cargo they contain, a second invagination of the endosomal 

membrane occurs (but this time away from the cytosol) leading to the formation of so-called 

intraluminal vesicles (ILVs). Late endosomes that contain multiple (up to 30) ILVs are 

designated as multivesicular endosomes/bodies (MVE/MVBs). When MVBs fuse with 
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sequester membrane cargo at the endosomal delimiting membrane, while ESCRT-III drives 

membrane budding and actual scission of intraluminal vesicles. It is important to note that 

originally the ESCRT machinery was found to drive the sorting of ubiquitin-conjugated 

membrane proteins into vesicles that bud into the lumen of a distinct set of MVEs that 

ultimately fuse with lysosomes rather than with the plasma membrane, resulting in the 

degradation of their vesicular contents (Raiborg and Stenmark, 2009). Sorting of proteins into 

exosomes, however, appears to occur independently of cargo ubiquitination (Buschow et al., 

2009; Babst, 2011), and only a selected number of ESCRT components appear involved in 

exosome formation (Baietti et al., 2012; Colombo et al., 2013). It is also important realizing 

that the mechanisms of cargo-sorting and membrane-budding and abscission are intimately 

intertwined. Clearly, also lipids have important and pleiotropic effects. That includes 

phosphoinositides, and in particular a role of these lipid signalling-intermediates (and thus of 

signalling processes) in recruiting ESCRT components with sorting functions to endosomal 

membranes (Raiborg et al., 2001). Other studies have pointed to ceramide (Trajkovic et al., 

2008) and other lipids (i.e. lysobisphosphatidic acid and phosphatidic acid) as mediators of 

ILV and exosome biogenesis (Laulagnier et al., 2004; Matsuo et al., 2004; Ghossoub et al., 

2014; Egea-Jimenez and Zimmermann, 2017). Possibly these lipids are driving the lateral 

segregation of cargo into specialized endosomal membrane regions able to bend inwards. A 

more extensive and in depth review of what is known about the mechanisms involved in the 

biogenesis of these particular membrane domains and organelles can be found in several 

recent reviews (Hanson and Cashikar, 2012; Yang and Gould, 2013; Hurley, 2015; 

Schöneberg et al., 2017; Mathieu et al., 2019). 

 

The reception of an exosome  

Once released into the extracellular space, exosomes can reach recipient cells and present or 

deliver their contents to elicit functional responses. Exosome-mediated intercellular 

communication requires docking of the vesicles at the plasma membrane, followed by the 

activation of surface receptors and signalling, or their fusion with target cells, at the cell 

surface or in endosomal compartments, following internalization (French et al., 2017). For 

example, exosomes may remain bound to the cell surface via integrins and from there activate 

intracellular signalling pathways, initiating cell migration (Sung et al., 2015; Purushothaman 

et al., 2016). Exosomes may also be internalized, by multiple pathways: i.e. receptor mediated 
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reach multivesicular endosomes, where they likely mix with endogenous intraluminal 

vesicles. Fusion of the multivesicular endosomes with the lysosome will lead to the 

degradation of these exosomes. Possibly, if not likely this is the major fate of any internalized 

exosome. Yet, exosomes docked either at the plasma membrane or at the limiting membrane 

of early and late endosomes can probably also ‘back-fuse’ with that membrane, releasing their 

intraluminal contents into the cytoplasm of the recipient. That process is currently poorly 

understood, but is of major importance for delivery of intraluminal cargoes such as 

microRNA (miRNA).  

 

Virus-like vesicles, exosome-like viruses? 

It should be clear that in many aspects both the biogenesis and secretion of exosomes and the 

ways by which these vesicles ‘transduce’ recipient cells is reminiscent of the life cycle of 

viruses. Moreover, some viruses exploit the host mechanisms of membrane bending and 

abscission to egress from cells. Human immunodeficiency virus-1 (HIV-1) and Equine 

Infectious Anemia Virus (EIAV), for  example, exploit components of the ESCRT machinery 

to bud, directly from the plasma membrane or in MVBs (Strack et al., 2003; Fujii et al., 2007; 

Morita et al., 2011; Hurley and Cada, 2018).  The P(T/S)AP motifs and the LYPxnL motifs 

present in the late domain proteins of these retroviruses interact directly with, respectively, 

TSG101 (an ESCRT-I component) and with ALIX (an auxiliary component of the ESCRT 

machinery, bridging TSG101 in ESCRT-I and CHMP4 in ESCRT-III), and these interactions 

are essential for virus release. There is thus even a strong mechanistic analogy between viral 

budding and ILV/exosome formation. In addition, some viruses use the same mechanisms as 

extracellular vesicles, and sometimes these vesicles themselves to enter cells. It thus comes as 

no surprise that exosomes are often considered as ‘natural, endogenous’ viruses, and that the 

distinction between viruses and extracellular vesicles has even become somewhat ‘semantic’. 

The concept was well formulated and summarized in the ‘Trojan exosome’ hypothesis, now 

already fifteen years ago (Gould et al., 2003). More than ever this conceptual framework 

remains valid (Wurdinger et al., 2012; Nolte-'t Hoen et al., 2016). As we will discuss, also the 

link of heparanase to exosome biology will underscore this notion.  
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Former contributions from our laboratories strongly implicate the syndecan heparan sulfate 

proteoglycans and their cytoplasmic adaptor syntenin in the biogenesis of exosomes. The 

syndecans (SDCs) compose a family of type-1 membrane-spanning proteins, exposing 

heparan sulfate (HS) chains with versatile properties at the cell surface and an evolutionary 

highly conserved small intracellular domain (ICD) in the cytosol. HS has numerous ligands, 

including various morphogens, adhesion molecules and growth factors, e.g. Wnts, fibronectin 

and fibroblast growth factors (FGFs) to name a few (Fuster and Esko, 2005; Lindahl and 

Kjellen, 2013). HS plays an important role in the docking of these factors to cognate 

signalling receptors, e.g. the binding of FGF2 to FGF-Receptor1 (FGR1), qualifying the cell 

surface proteoglycans as ‘co-receptors’. HS and SDCs in particular are also intimately 

involved in several processes of endocytosis and vesicular trafficking that depend on cellular 

context and type of ligand (Lambaerts et al., 2009; Sarrazin et al., 2011; Christianson and 

Belting, 2014). Yet, the biological effects of the SDCs do not solely rely on their HS chains. 

Direct interactions of their protein cores, in particular of their conserved transmembrane and 

cytoplasmic domains, but also of their ectodomains, are now well characterized (Beauvais and 

Rapraeger, 2010; Beauvais et al., 2016). Of particular importance, in the present context, is 

that all SDCs feature a strictly conserved EFYA sequence at their cytosolic C-terminus. 

Syntenin is a protein that binds to the syndecan-ICD, via that C-terminal structure (Grootjans 

et al., 1997). Syntenin is a small, 298 amino acid cytosolic protein that contains two 

PSD95/Dlg/zonula occludens 1 (ZO-1) (PDZ) domains in tandem, surrounded by a 100 amino 

acid N-terminal and a 25 amino acid C-terminal region. The two PDZ domains of syntenin are 

both necessary and sufficient for syntenin membrane localization and high-affinity interaction 

with SDCs (Grootjans et al., 2000; Zimmermann et al., 2001). Of note, the syntenin PDZ 

domains also interact with phosphatidylinositol 4,5-bisphosphate (PIP2) (Zimmermann et al., 

2002) and, pending on the activation of ARF6 and PIPK, syntenin-PIP2 interaction controls 

the endocytic recycling of SDCs and of SDC-associated complexes, i.e. FGF2-FGFR1 

complexes, from late recycling endosomes back to the cell surface (Zimmermann et al., 

2005). Syntenin probably occurs in alternative ‘open’ and ‘closed’ configurations, likely 

involving intramolecular interactions between the N-terminal and C-terminal domains of the 

protein and potentially controlling its further intermolecular interactions and recruitment to 

cell surfaces. Importantly, the N-terminal domain of syntenin can directly interact with ALIX 

(Baietti et al., 2012). This interaction occurs via three LYPxnL motifs present in the syntenin 

N-terminal domain that bind the ALIX ‘V domain’, and is thus reminiscent of the ALIX 



interaction with late viral domains of HIV-1 and EIAV (see above). In vitro BIACore 

experiments indicate that recombinant SDCs, syntenin and ALIX proteins can assemble in a 

tripartite complex. In counterpart, in cellulo gain- and loss-of-function experiments indicate 

that SDCs, syntenin and ALIX work together in exosome formation and composition. The 

whole of the results suggests a model whereby the clustering of endocytosed SDCs is 

recruiting syntenin, and syntenin is adapting syndecans and syndecan-associated cargo to 

ALIX and ESCRT proteins (in particular the CHMP4 proteins of the ESCRT-III complex that 

bind ALIX), all working together in the budding and abscission of endosomal membranes to 

form ILVs and sequestering particular cargo in these ILVs (Baietti et al., 2012; Hurley and  

Odorizzi, 2012). For example, in the presence of FGF2, SDC, syntenin and ALIX control the 

exosomal release of FGFR1. They also control the exosomal release of CD63, a tetraspanin 

that is often used as a marker of exosomes, but not that of CD9 or that of flotillin-1 (both also 

often used as ‘exosomal markers’). Of note, like syndecans, CD63 (but not CD9) also binds to 

syntenin, via a PDZ-BM (Latysheva et al., 2006). Importantly, the production of these SDC-

CD63-syntenin exosomes depends on the HS chains of the syndecans and the participation of 

this HS in the lateral interactions of the syndecans with specific ligands (like FGFs) that lead 

to their clustering, and from there the recruitment of syntenin. At least in some types of cells 

and under some conditions, the SDC-syntenin-ALIX connection is an important path that 

controls up to 50% of the vesicles that are secreted by the cells. Possibly this relates to the 

versatility of the syndecans as co-receptors, and the multitude of signaling processes that 

require the assistance of HS. Importantly, the participation of SDC-syntenin-ALIX in ILV 

budding and exosome formation also depends on the activation of ARF6, but in this case on 

PLD2, an enzyme synthesizing phosphatidic acid, as ARF6 effector (Ghossoub et al., 2014). 

Altogether, these observations poise syntenin as critical ‘checkpoint’ in the control of the 

trafficking of syndecan and syndecan-associated endosomal cargo, sending these back to the 

cell surface or to ILVs and exosomes. Of note, ILV formation, initiated by signaling, 

ultimately subtracts signaling receptors from the cytosol and terminates their contacts with 

cytosolic signal transducers and effectors. Thus, the SDC-syntenin connection potentially 

further extends the role of HSPGs in the control of signaling, far beyond their roles as co-

receptors and involvement in signal initiation: sustaining signaling (by recycling) versus 

terminating signaling (via ILV formation) in cis, and transferring signaling cargo (via 

exosomes) for potential use in trans. 

 



Heparan sulfate involvement in exosome internalization 

Exosome internalization can be studied by confocal microscopy and flow cytometry, using 

labeled vesicles. For example, using vesicles marked by a fluorescent dye (PKH) with long 

aliphatic tails that are incorporated into the lipid membrane of the vesicles, in principle 

labeling all vesicles in the population, or using vesicles that are loaded with specific eGFP-

cargo, potentially representing only a specific subset of the exosomes. This way, it can be 

shown that (in several different types of cells) exosome uptake is dose-dependent and 

saturable, vesicle accumulation increasing with incubation time and being inhibited by 

incubation at 4 °C and by the presence of excess, unlabeled exosomes. The group of Matthias 

Belting has demonstrated that such internalized exosomes co-localize inside cells with HS-

epitopes and with cell-surface HSPGs of the syndecan and glypican type. Exosome uptake is 

significantly inhibited by added HS and heparins, in a dose-dependent way and in a specific 

manner, closely related chondroitin sulfate having no effect. In addition, multiple mutant cell 

types, deficient in enzymes involved in HS-synthesis and modification, provide genetic 

evidence of a receptor function of HSPG in exosome uptake. Similarly, enzymatic depletion 

of cell-surface HSPG (by treating recipient cells with bacterial heparinases, removing all HS 

from the cells) or pharmacological inhibition of endogenous PG biosynthesis (by xyloside) 

significantly attenuate exosome uptake. Although to a certain extent some intact HSPGs are 

sorted to and associate with exosomes, similar enzyme treatments of the vesicles suggest that 

exosome-associated HSPGs have no direct role in exosome internalization. Finally, isolated 

exosomes bind to heparin-substituted beads. Thus, added HS inhibits cellular uptake of 

exosomes through competition with cell-surface HSPGs for exosome binding. It is important 

to note that even in the presence of added heparin or HS-depletion from cells, significant 

uptake activity remained. Yet, on a functional level, exosome-mediated stimulation of cancer 

cell migration appeared to be significantly reduced in HS-deficient mutant cells, or by treating 

wild-type cells with heparin, lyase or xyloside. Thus cells use (the assistance of) HSPGs for 

internalizing exosomes and responding to these vesicles, which significantly extends the role 

of HSPGs as key receptors of macromolecular cargo (Christianson et al., 2013). Clearly, these 

data do not exclude the possibility that exosomes may also exert functional effects through 

alternative pathways, all or not involving exosome uptake. Given that several viruses have 

previously been shown to enter cells through HSPGs, these data further implicate HSPG as a 

convergence point during cellular uptake of endogenous vesicles and virus particles. Of note, 

specific HS modifications (generating structures based on 3-O-sulfate) have also been 



implicated in productive viral infection, implying fusion and access of viral contents to the 

cytosol of the cells (Shukla et al., 1999). Thus, by extension, possible additional roles for HS 

in exosome fusion are to be considered.  

Interestingly, cells that are syntenin-deficient appear to ‘resist’ transduction by recombinant 

AAV in vivo and by recombinant retrovirus in vitro (Fares et al. 2017; Kashyap et al., 

unpublished results). Compared to controls, syntenin-deficient cells internalize also lesser 

amounts of PKH-labeled exosomes. Strikingly, syntenin-deficient cells express lower 

amounts of HS at their cell surfaces, likely at least in part a reflection of the function of 

syntenin in SDC recycling. Over-expressing SDCs in syntenin-deficient cells markedly 

enhances the effectiveness of retroviral transduction. So does the re-introduction of wild-type 

syntenin, but syntenin mutants that are defective in either the recycling-function or budding-

function of syntenin do not. The latter is particularly intriguing, and remains to be explained, 

but it might be noted that the PDZ-domains of syntenin bind also avidly to nectin-1 (Garrido-

Urbani et al., 2016), along with 3-O-sulfate-substituted HSPGs, one of the several receptors 

involved in the entry of HSV-1 into cells. Syntenin controls also the post-endocytic 

trafficking of oncogenic human Papillomaviruses (Gräßel et al., 2016). Although some of the 

current evidence remains largely conjectural, all these observations would seem to place 

syntenin both at the ‘sending end’ and at the ‘receiving end’ of exosome biology.  

 

Heparanase activates the syndecan-syntenin-ALIX exosomal pathway 

Heparanase is an endoglycosidase, cleaving heparan sulfate chains at internal sites, generating 

short HS fragments (of 10 to 20 residues). It is the only mammalian enzyme with such activity 

(Vlodavsky et al., 1999). The importance of heparan sulfate for both exosome production and 

clearance implies that heparanase might influence processes of exosomal exchange. As are 

exosomes, heparanase is strongly implicated in tumor invasiveness, angiogenesis and 

metastasis (Edovitsky et al., 2004). The notion receives also support from the emerging 

evidence for the implication of heparanase in viral infection, as exemplified by herpes 

simplex virus-1 (HSV-1), one of the first viruses shown to attach to cell surface heparan 

sulfate (HS) for entry into host cells. During a productive infection, the HS moieties on parent 

cells trap newly exiting viral progenies and inhibit their release. Yet, heparanase expression is 

upregulated upon HSV-1 infection, modifying the HS present at cell surfaces, facilitating viral 



release. Thus, heparanase seems to act as a molecular switch for turning a virus-permissive 

'attachment mode' of host cells to a virus-deterring 'detachment mode' (Hadigal et al., 2015). 

Since many human viruses use HS as an attachment receptor, the heparanase-HS interplay 

may delineate a common mechanism for virus release (Takkar et al., 2017). By extension, 

such scheme might also apply to exosomes.  

Consistently, elevating heparanase expression in cells stimulates net exosome production and 

affects the composition of exosomes, enhancing the loading of these vesicles with cargo that 

potentially influences angiogenesis (Thompson et al., 2013; Roucourt et al., 2015). 

Experimentally, it is fairly easy to increase the levels of heparanase activity within cultured 

cells. When pro-heparanase is added to cells, the enzyme precursor is rapidly internalized and 

processed into active heparanase (Gingis-Velitski et al., 2004; Vreys et al., 2005). This 

conversion occurs in endosomes, where the enzyme normally remains localized (Zetser et al., 

2004). The opposite, fully suppressing endosomal heparanase activity in cells might be 

somewhat more complicated (at least with the inhibitors that are currently available), given 

that sera used for culturing cells contain substantial amounts of platelet heparanase, and given 

the long half-life of internalized heparanase. An increase in heparanase results in extensive 

trimming of the heparan sulfate on syndecan and also accelerates the endocytosis of syndecan. 

Exosomal levels of syntenin and CD63 increase markedly, but most striking is the increase in 

exosomal syndecan. Of note, most of that syndecan consists of C-terminal fragments (CTFs) 

that span the membrane but are devoid of any heparan sulfate (or chondroitin sulfate). 

Conversely, in cells that express high levels of heparanase, stable shRNA-mediated 

knockdown of the enzyme reduces the amounts of syntenin, CD63, and syndecan-CTFs 

present in exosomal fractions. 

Importantly, the catalytic activity of heparanase is required and heparan sulfate must be 

provided by syndecan. Indeed, glypicans, heparan sulfate proteoglycans that are linked to the 

cell surface via glycosylphosphatidylinositol (and thus cannot directly interact with syntenin), 

cannot substitute for syndecan and restore the effect of heparanase on exosomes. Knockdown 

of the small GTPase RAB7 abolishes the heparanase-mediated increase in exosomal syntenin, 

syndecan CTFs, and CD63, confirming that heparanase affects the production of vesicles that 

are of endosomal origin, the operational definition of exosomes. Furthermore, heparanase 

stimulates the endosomal budding of syntenin and syndecan, and requires ALIX for these 

effects. Thus, heparanase is an activator of the syndecan-syntenin-ALIX pathway of exosome 



biogenesis (Roucourt et al., 2015). In contrast, using exosomes loaded with eGFP-syntenin 

and various recipient cells, added heparanase appears to have little or no effect on (syntenin) 

exosome uptake. Yet, this aspect has been less investigated, and, as already stated, might also 

depend on the donor and the repertoire of exosome-associated membrane proteins and cargo. 

Finally, and also of note, exosomal flotillin-1 and exosomal levels of CD9 and CD81, two 

tetraspanins also commonly used as exosomal markers, are not affected by heparanase. The 

specificity of the heparanase effect underpins the hypothesis of multiple different exosomal 

populations formed through specific biogenesis pathways, one of which is the syndecan-

syntenin-ALIX pathway (Friand et al. 2015; Kowal et al., 2016). 

 

Heparanase, integrating syndecan lateral associations and spatial constraints? 

How might heparanase influence syndecan-dependent endosomal membrane budding? The 

initial clustering and introduction of the syndecans in endocytic pathways likely depends on 

the lateral associations of these molecules with ligand, explaining the need of HS that is 

present on syndecan. An important second concept is that syntenin is recruited to membranes 

by clustered 'bait', engaging both the PDZ domains of syntenin (Grootjans et al., 2000; 

Zimmermann et al., 2001). Thus, reaching the local concentration of syndecan-ICD required 

for recruiting syntenin might require the remodelling of the syndecans by heparanase and 

ultimately their conversion into a membrane embedded C-terminal fragment that lacks HS. 

Finally, membrane budding and endosomal filling likely also imply a reduction of repulsive 

forces in the endosomal luminal space. Heparanase might have impact at several levels of 

such scheme (David and Zimmermann, 2015; Roucourt et al., 2015; Stoorvogel, 2015). A 

first consideration is that lateral interactions engaging the HS chains of the proteoglycans 

sometimes depend on HS remodelling. In the case of HS-assisted FGF-FGFR signaling, for 

example, it is striking that bacterial heparitinase (Zhang et al., 2001), and likewise 

mammalian heparanase (Kato et al., 1998; Reiland et al., 2006), can generate HS-fragments 

endowed with biological activity, where that activity is rare or even not present in the intact 

parent HS-chain. At least in the particular case of FGF2-FGFR1, crystal structures reveal that 

in order for two trimeric FGF-FGFR-HS complexes to assemble and confront one another in 

hexameric signaling units, the specific HS-structures that foster and stabilize the formation of 

FGF-FGFR complexes need to occupy a terminal position in each of the two HS chains that 

are engaged in the formation of a signaling unit (Schlessinger et al., 2000). In other words, 



HS-supported FGF-FGFR interfaces will bring together or cluster two different heparan 

sulfate chains, in opposing orientations, pending on occupying the ‘end-structures’ of these 

chains. In that scheme, pending on the presence of FGF and FGFR, heparanase, converting 

the HS chains on SDC into shorter chains with the required end-structures, leads to the 

clustering of SDCs. In short, heparanase potentially ‘activates’ the lateral HS-mediated 

associations of the syndecans, inducing the SDC clustering that can recruit syntenin. In that 

specific context, it might be worth reminding that FGF2 stimulates the production of 

exosomes that contain FGFR1 (along SDC-CTFs and syntenin), and that the down-regulation 

of syndecans or syntenin attenuates such effect of FGF2 (Baietti et al., 2012). A variant on 

that theme may be provided by lacritin, an epithelial mitogen that activates PLD-mTOR 

(Wang et al., 2006) and is linked to autophagy (Wang et al., 2013). This mitogen specifically 

binds to syndecan-1, and not syndecan-4, via heparanase-modified HS and the concomitant 

exposure of a binding site in the syndecan-1 core protein (Ma et al., 2006; Zhang et al., 2013). 

Heparanase-modulated lateral syndecan associations might be initiated in endosomes, where 

heparanase resides, or, more likely, be initiated on syndecans that recycle from endosomes 

back to the cell surface (a process that is supported by PIP2-syntenin). Secondly, one might 

also have to consider the mirror aspects and side effects of these ‘fatal attractions’. SDCs are 

present at cell surfaces in such high copy number, that they probably suffice to cover the 

entire cell surface (Yanagashita and Hascall, 1992). As the HS chains are higly negatively 

charged, HSPGs will probably tend to repel each other, and be ‘locked’ in their positions 

unless engaged and ‘neutralized’ by ligand. Having extended structures, native HS chains also 

potentially bind multiple ligands at the same time. Potentially such ligands have different 

mobilities, restricting allover HSPG and ligand mobility: for example, matrix-bound SDC, 

limiting the mobility and availability of growth factors and growth factor receptor complexes 

bound and assembled on that same SDC (Mali et al., 1993). Heparanase, in contrast, leaves 

syndecan substituted with small heparan sulfate chains (possibly restricted to a single ligand) 

and thus more likely free to ‘move around’. Consistent with the above notions of potential 

heparanase effects on SDC engagements and mobility, loading cells with heparanase, 

markedly shortening the length of the HS chains on syndecan-1, significantly accelerates the 

endocytosis of that proteoglycan (Roucourt et al., 2015). Potentially, accelerated endocytosis 

is helping increasing the concentrations of endosomal syndecan up to levels required for 

recruiting syntenin. The possible importance of a reduction of the physical dimension of a 

syndecan becomes also particularly compelling when considering the dimensions of an ILV. 

The length of an extended native heparan sulfate chain (with a molecular weight of 40 kDa on 



average) is close to 50 nm. With three chains of heparan sulfate per syndecan, likely 

projecting outwards and pointing away from each other, the diameter of a syndecan may be 

close to 100 nm, which is approximately the diameter of an ILV and exosome. Trimming of 

the heparan sulfate on syndecan may thus substantially increase the number of syndecan 

molecules that can be packed in defined membrane domains and thereby help create the local 

concentration of bait (syndecan cytosolic domains) that will allow recruiting syntenin and 

along with the syntenin also ALIX and ESCRTs. Conceivably, even in ligand-induced SDC 

complexes supported by trimmed HS (with still a mass of about 7-10 kDa), the SDC-ICDs 

may remain too far apart for recruiting syntenin. Thus, obtaining the degree of clustering or 

compaction of syndecan that is sufficient for recruiting syntenin might require the cleavage of 

the protein, leaving a SDC-CTF in association with the endosomal membrane. Possibly, the 

initially mixed oligomerizations of HS-substituted SDCs and HS-free SDC-CTFs (not subject 

to self-repulsion), in the end replaced by the oligomerizations of mainly SDC-CTFs, may 

stably recruit syntenin and ALIX. In that context, one might surmise that once also ESCRT-

III is recruited, and that CHMP4 assemblies are surrounding the necks of the buds, HS 

becomes entirely dispensable for sequestring SDC-CTFs and syndecan-associated cargo in 

budding membranes. Conceivably, heparanase-mediated trimming of the HS on syndecan 

might facilitate the access of processing protease generating the SDC-CTF, potentially 

including metalloproteases and acid proteases. It is noteworthy, in that respect, that 

upregulation of heparanase also induces the shedding of syndecan-1, by metalloproteinase 

processing (Yang et al., 2007), and, inversely, that heparanase-deficient animals show an 

upregulation of metalloproteinases (Zcharia et al., 2009). It is not clear to what extent cell 

surface and endosomal activities are involved, but possibly up-regulation of processing 

protease can compensate for reduced protease-access. Furthermore, the speculative 

considerations made on molecular HSPG crowding at cell surfaces can also be made for 

endosomes, where, conceivably, internalized HSPGs might continue repelling each other, in 

the lateral plane of the limiting membranes, at the level of budding membranes, and between 

budding and limiting membranes. The most compelling spatial constraints would seem to 

occur at the level of the neck of the bud, an area of extreme membrane curvature, where 

ESCRT-III accumulates to mediate membrane fission (Schöneberg et al., 2017). HS-

persistence on limiting and budding membranes could thus potentially have a vesicle ‘back 

fusion’ effect. Inversely, HS-removal, possibly initiated at selected parts of the endosomal 

membrane, creating asymmetric distributions of mass across the bilayer and changes in 

molecular crowding, might have a ‘permissive’ effect. When endosomes are filling up with 



multiple ILVs to form MVE, there might also be a general ‘need’ for further reducing the net 

or effective negative charge of the membranes of these compacting compartments. Such 

might again be achieved by neutralizing by ligand, likely enhanced by the acidification of the 

compartment, increasing the net positive charge of all proteins without affecting the negative 

charge of the HS, or, more effectively, by reducing the mass of the HS or removing the HS on 

these membranes altogether. In that respect, heparanase, fragmenting the HS, might also 

markedly accelerate the process of HS removal by exoglycosidases. Being directed to late 

endosomes and lysosomes by secretion and recapture, possibly heparanase can allow doing so 

at a stage during endocytosis, i.e. a time window or compartment, where ILVs can still be 

diverted from lysosomal degradation and secreted as exosomes (and sole exoglycosidases 

might come ‘too late’ to complete the membrane remodelling that is required).  

 

Heparanase effects on exosomal cargo 

It is interesting to note that, upon heparanase addition, the amounts of exosomal cargo that 

composes the direct 'bait' for the PDZ domains of syntenin (i.e. syndecan CTFs and CD63) 

continue to increase with increasing heparanase concentrations, but that the effect of 

heparanase on exosomal syntenin plateaus. These findings are in line with prior observations 

that the ratio of 'bait' or cargo to syntenin in exosomes is not constant (Baietti et al., 2012). 

Indeed, the over-expressions of SDCs or CD63 markedly increase the levels of the 

corresponding SDC-CTFs or CD63 in exosomes, but do not affect the levels of syntenin and 

ALIX in these vesicles.  Thus, while intraluminal budding/exosome formation appears to be 

triggered by the organization of syntenin bait (i.e. syndecan-CTFs and CD63) in structures of 

higher order, syntenin may adapt only to a part of the bait present in these organizations. This 

situation would again be similar to the incorporation of viral proteins in budding membranes, 

where, due to lateral associations between coat proteins, late domains are also functioning in 

trans and not all individual copies of the GAG-proteins that end up in the viral coats need to 

be provided with direct links to the budding machineries (Wills et al., 1994). Similarly, a 

sizeable fraction, but not all of the syntenin-dependent cargo that ends up in exosomes might 

need to be directly linked to syntenin. Thus, where the cellular levels of syntenin may become 

limiting at some point (and exosome numbers might stagnate), heparanase might still increase 

the 'lateral association' or clustering of syndecans, further stimulating the incorporation of 

syndecans and syndecan-associated proteins in exosomes. In myeloma cells, for example, 



heparanase stimulates the accumulation of syndecan-1 and of specific cargo such as 

hepatocyte growth factor and VEGF in exosomes (Thompson et al., 2013). Whereas 

syndecan-1 is a well-known marker of plasma cells and predominates in myeloma cells, more 

remarkably, also in MCF-7 and other cells the effects of heparanase are very marked for the 

exosomal levels of SDC1-CTFs. In comparison, effects on the levels of SDC4-CTFs are more 

moderate (Roucourt et al., 2015). Such differential effect of heparanase on exosomal 

syndecan might be context-dependent, but suggests differences between the syndecan family 

members that might relate to their differential subcellular localization, trafficking, heparan 

sulfate composition, access to heparanase or syndecan-cargo associations. In particular in 

terms of that last aspect, it might be important to remind about the increasing evidence for 

extracellular lateral syndecan associations that involve their core proteins: e.g. syndecan-4 

interacting directly with EGFR (Beauvais et al., 2010; 2016); the protein tyrosine phosphatase 

CD148 binding to a region proximal to the transmembrane domain of syndecan-2 (Whiteford 

et al., 2011); the integrin-assisted syndecan-1 association with IFG1R and HER2 (Wang et al., 

2015); and finally, in myeloma cells, the heparanase-mediated trimming of the HS on 

syndecan-1 and the subsequent MMP9-mediated shedding of this syndecan, exposing a 

juxtamembrane site in  syndecan-1 that binds VEGFR2 and VLA-4, thereby coupling 

VEGFR2 to the integrin (Jung et al., 2016). Thus, pending on the receptor combination 

repertoires activated in the cells, heparanase might engage different syndecans and recruit 

specific cargo to exosomes.  

 

Heparanase as exosomal cargo 

Recently, several enzymes, including membrane-type 1 matrix metalloproteinase (MT1-MP), 

insulin-degrading enzyme (IDE), sialidase, and also heparanase, were localized on the surface 

of exosomes secreted by various cell types (Nawaz et al., 2018; Sanderson et al., 2019). For 

heparanase, such was noted both in myeloma (Thompson et al., 2013) and in epithelial cells 

(Roucourt et al., 2015), where most of the exosome-associated protein is present in enzyme 

precursor form. It is not clear what exosome component heparanase is bound to, but in 

epithelial cells exosomal heparanase resists the knock down of syndecans or heparan sulfate 

polymerase, suggesting the exosomes are not ‘heparanase-syndecan-syntenin-dependent and 

that binding involves yet to be identified exosomes and alternative receptors (Roucourt et al., 

2015). Apparently, these exosomal surface enzymes retain their activity and can degrade their 



natural substrates present within extracellular spaces. Likewise, heparanase present on the 

exosome surface can be activated, possibly after exosome uptake, and is capable of degrading 

heparan sulfate embedded within an extracellular matrix (Bandari et al., 2018). In that context 

it might also be worth reminding of the non-enzymatic function of heparanase, whereby even 

the catalytically dead enzyme supports mechanisms of cell migration and invasion (Gingis-

Velitski et al., 2004; Fux et al., 2009). Exosomes have well established functions in polarized, 

directed cell migration (Sung et al., 2015). Whether the presence of heparanase on exosomes 

may be pertinent in this context is not clear, but might deserve further investigation. 

  

Conclusion and Prospects 

Taken together, the above findings and considerations identify heparanase as a fundamental 

modulator of exosome biogenesis via the syndecan-syntenin-ALIX pathway, by cleaving and 

'activating' the heparan sulfate chains of the syndecans. Thus, heparanase-enhanced tumor 

growth might in part be mediated by syndecan-syntenin exosomal communication in the 

tumor-host environment. It is interesting to note that, more recently, heparanase and syntenin 

have both also been implicated in processes of auto-phagocytosis. Exosomes and autophagy 

are linked through the endolysosomal pathway, and a strong interplay exists between both, 

operating as ‘partners in crime’ in the context of neurodegeneration and cancer (Xu et al., 

2018). Heparanase was found to reside within autophagosomes, and to promote autophagy, 

rendering heparanase-overexpressing cells more resistant to stress and chemotherapy. The 

mechanism underlying this increase in autophagy is not entirely clear, but likely involves 

reduced mTOR1 activity (Shteingauz et al., 2015; Sanderson et al., 2017). Syntenin is 

suppressing high levels of autophagy, while helping to maintain the protective autophagy that 

allows tumors stem cells to resist anoikis (Talukdar et al., 2018). A possible relation between 

heparanase and syntenin in autophagy remains to be explored. Both might have synergic 

effects on signaling processes that support autophagocytosis. It might be noted that the origin 

of the membranes that lead to the formation of the phagophore and its elongation, to yield the 

double membrane that outlines the autophagosomes, remains a matter of debate, but includes 

the ER, ERGIC, Golgi, plasmamembrane and recycling endosomes (Mercer et al., 2018). Yet, 

a membrane compartment with a high luminal charge of HSPG would seem improbable. 

Conceivably, heparanase activity helps insuring a source of such membrane. The sealing of 

the double membrane around the cargo to be sequestered to form an autophagosome is 



topologically equivalent to membrane abscission during endosomal ILV and exosome 

formation, and conceivably could depend on syntenin-mediated mechanisms of recruitment. It 

might be noted that the ATG12-ATG3 complex involved in autophagocytosis binds and 

recruits ALIX (Murrow et al., 2015), and that ULK1 phosphorylates syntenin, modulating its 

non-canonical interaction with ubiquitin (Rajesh et al., 2011). Increasingly, attention is now 

also provided to non-autophagic functions of autophagy-related proteins that include 

secretion, trafficking of phagocytosed material and egress of viral particles (Cadwell and 

Debnath, 2018). Directly or indirectly, ‘secretory’ autophagy and exosome production might 

have more effectors in common than initially suspected. Possibly, some of the above 

considerations are also relevant for other modes of ‘non-conventional’ secretion; e.g., that of 

pro-inflammatory cytokines such as IL-1 (Dupont et al., 2011; Claude-Taupin et al., 2017). 

Much further work is needed, but exciting novel insight can be anticipated here. 

It will be of particular interest to delineate the influence of heparanase, i.e., the heparanase-

activated syndecan-syntenin-ALIX machinery, on the overall composition of exosomal cargo. 

Sorting of many membrane proteins into exosomes coincides with their association with 

tetraspanin membrane proteins (Andreu and Yáñez-Mó, 2014). Non-tetraspanin membrane 

proteins may piggy-back onto tetraspanin webs for their sorting into exosomes. Interestingly, 

with the help of syndecan, the tetraspanin CD63, which is highly enriched in exosomes, can 

also be recruited by syntenin (Baietti et al., 2012). The exosomal levels of CD63 are also 

modulated by heparanase. The levels of CD9, in contrast, are not. Sorting of tetraspanin webs 

at endosomes into exosomes could thus, similar to syndecans, be driven by the cytoplasmic 

adaptor syntenin, and the recruitment by syntenin of tetraspanin webs and syndecan clusters 

are thus integrated processes. All in all, a complex picture is emerging, in which both CD63 

and syndecans, and possibly other membrane proteins that associate with endosomal syndecan 

and/or tetraspanin-enriched microdomains, are sorted into exosomes by a shared syntenin-

ALIX-ESCRT machinery (Stoorvogel, 2015). 

Specific exosomal cargo (Wnt11 and c-Met, respectively) has been shown to regulate crucial 

processes such as cancer cell motility, the onset of metastasis and premetastatic niche 

formation (Luga et al., 2012; Peinado et al., 2012). Intriguingly, the signalling pathways 

involved are strongly influenced by heparan sulfate (Hacker et al., 2005; Sakata et al., 1997), 

arguing for a potential pivotal role of the syndecan-syntenin-ALIX machinery and its 

modulators, like heparanase, in physiological processes linked to exosomes and the transfers 

of exosomal cargo. Of note, syntenin supports non-canonical Wnt-signalling (Egea-Jimenez et 

al., 2016) and directional cell movements in Xenopus and zebrafish embryos (Luyten et al., 



2008; Lambaerts et al., 2012). In zebrafish embryos, the yolk syncytial layer releases 

extracellular vesicles with exosome features into the blood circulation. These exosomes are 

released in a syntenin-dependent manner, and are captured, endocytosed and degraded by 

patrolling macrophages and endothelial cells, affecting the growth of the caudal vein plexus 

(Verweij et al., 2019). Heparanase stimulates the migration of vascular endothelial cells, via 

protein kinase B/Akt activation (Gingis-Velitski et al., 2004), and is actively involved in the 

regulation of VEGF gene expression, mediated by activation of Src family members (Zetser et 

al., 2006).  Recently, c-Src, phosphorylating both syntenin and the ICD of syndecan, was 

identified as a cytosolic activator of the syntenin-exosome pathway, and syntenin-exosomes 

as a requirement for non-cell autonomous effects of c-Src on vascular endothelial cell motility 

(Imjeti et al., 2017). Conceivably, heparanase and c-Src may thus sustain a positive feedback 

loop in exosomal communication. Yet, in essence all this remains to be explored. If such 

proves to be the case, syntenin, heparanase and c-Src, all often upregulated in cancer, 

represent interesting targets for modulating exosome effects in cancer therapies. 
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