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Heparanase activates the syndecan-syntenin-ALIX exosome
pathway
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Exosomes are secreted vesicles of endosomal origin involved in signaling processes. We recently showed that
the syndecan heparan sulfate proteoglycans control the biogenesis of exosomes through their interaction with synten-
in-1 and the endosomal-sorting complex required for transport accessory component ALIX. Here we investigated the
role of heparanase, the only mammalian enzyme able to cleave heparan sulfate internally, in the syndecan-synten-
in-ALIX exosome biogenesis pathway. We show that heparanase stimulates the exosomal secretion of syntenin-1, syn-
decan and certain other exosomal cargo, such as CD63, in a concentration-dependent manner. In contrast, exosomal
CD9, CD81 and flotillin-1 are not affected. Conversely, reduction of endogenous heparanase reduces the secretion of
syntenin-1-containing exosomes. The ability of heparanase to stimulate exosome production depends on syntenin-1
and ALIX. Syndecans, but not glypicans, support exosome biogenesis in heparanase-exposed cells. Finally, hepara-
nase stimulates intraluminal budding of syndecan and syntenin-1 in endosomes, depending on the syntenin-ALIX in-
teraction. Taken together, our findings identify heparanase as a modulator of the syndecan-syntenin-ALIX pathway,
fostering endosomal membrane budding and the biogenesis of exosomes by trimming the heparan sulfate chains on
syndecans. In addition, our data suggest that this mechanism controls the selection of specific cargo to exosomes.
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sion. Tumor-derived exosomes stimulate pre-metastatic
niche formation [6] and exosomal communication be-
tween cancer-associated fibroblasts and the primary tu-

Introduction

Exosomes are extracellular vesicles of endosomal

origin, with a size ranging from 40 to 100 nm, secreted
by cells. These vesicles contain various membrane and
cytoplasmic components — mRNA, miRNA, lipids, acti-
vated receptors, kinases and other proteins — commonly
designated as cargo. Transfer of cargo to recipient cells
after the uptake of extracellular vesicles plays an import-
ant role in intercellular communication [1-3]. Although
involved in many aspects of physiology and disease, the
function of exosomal transfers has been studied mostly
for immunological processes [4, 5] and tumor progres-
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mor stimulates breast cancer cell motility and metastasis
[7].

Despite recent progress, exosome biogenesis and the
mechanisms controlling sorting of specific cargo into
exosomes are only partially understood at the molecular
level. Intraluminal budding of the limiting membrane of
multivesicular bodies (MVBs) — a type of late endo-
somes — creates intraluminal vesicles (ILVs) that are re-
leased in the extracellular space as exosomes upon fusion
of MVBs with the cell membrane [1]. Several mecha-
nisms have been suggested to control intraluminal bud-
ding. The endosomal-sorting complex required for trans-
port (ESCRT) machinery regulates membrane budding
at late endosomes [8, 9]. Sequential activity of ESCRT-0,
-1, -II and -IIT complexes sorts ubiquitylated membrane
proteins into specific membrane domains, induces inward



budding and mediates membrane abscission to form ILVs
[10, 11]. Other studies have pointed to ceramide and oth-
er lipids as mediators of exosome biogenesis by driving
lateral segregation of cargo into specialized endosomal
membrane regions able to bend inwards [12, 13].

Recently, Baietti and co-workers reported that syn-
decan heparan sulfate proteoglycans and their cyto-
plasmic adaptor syntenin-1 control the formation of
exosomes. Syntenin-1 interacts directly with ALIX [14],
an auxiliary component of the ESCRT machinery [15],
through three LYPX, L motifs located in its N-terminus
and with the conserved cytoplasmic domains of the syn-
decans, via its PDZ domains. Since ALIX binds several
ESCRT proteins, syntenin-ALIX adapts syndecans and
syndecan cargo to the ESCRT budding machinery at the
MVBs. Heparan sulfate is essential to this mechanism of
exosome formation. Syndecan cargo — most probably
bound to the heparan sulfate of syndecan — is thought
to cluster syndecans and create syndecan assemblies that
recruit syntenin-1 and ALIX and subsequently support
membrane budding. This pathway allows the recruitment
of heparan sulfate-binding cargo, like FGFR1, and might
select which cargo is targeted to exosomes [14].

The importance of heparan sulfate for exosome pro-
duction implies that heparanase might influence this
process. Heparanase is the only mammalian enzyme
able to cleave heparan sulfate internally, generating short
fragments (of 10 to 20 residues) endowed with biological
activity. Elevated heparanase expression by tumor cells
correlates with increased tumor angiogenesis, tumor
invasiveness and metastasis [16-19]. Heparanase is se-
creted as an inactive precursor, proheparanase, which is
endocytosed after binding to LRP1 or mannose-6-phos-
phate receptor [20]. In late endosomes and lysosomes,
the removal of a 6 kDa fragment from proheparanase
transforms the protein into an active enzyme, an obligate
heterodimer of an 8 kDa and a 50 kDa fragment [21].
Apart from cleaving heparan sulfate, heparanase is able
to activate several signal transduction pathways inde-
pendently of its enzymatic activity, resulting in altered
gene expression, enhanced cell survival and cell migra-
tion [22-24].

Here we show that heparanase functions as an import-
ant modulator of the syndecan-syntenin-ALIX pathway
that supports the biogenesis of exosomes, affecting spe-
cific exosomal cargo.

Results
Exogenous proheparanase stimulates the production of

exosomes that contain syntenin-1
The influence of heparanase on exosome production
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and composition was examined by supplementing the
culture medium of MCF-7 cells with increasing concen-
trations of purified proheparanase (0.04-25 nM). Prohep-
aranase added to cells is internalized and processed into
active heparanase [20, 21]. Under the conditions used,
proheparanase uptake and processing were not saturated,
as documented by the increasing signals for prohepara-
nase and mature heparanase in the lysate up to 25 nM
(Figure 1A). Heparanase addition resulted in extensive
trimming of the heparan sulfate on syndecan-1 (Figure
1A). By that criterion, the effect of heparanase on the
heparan sulfate composition of the proteoglycans was
dose-dependent, but reached a maximum at 1 nM. Exo-
somes were collected from equivalent amounts of cul-
ture medium, conditioned by equal numbers of cells, for
equal lengths of time, as described before [14]. Synten-
in-1, the C-terminal fragments (CTFs) of syndecan-1 and
syndecan-4, CD63 and flotillin-1 were used as markers to
assess exosome production and composition. Previously,
syntenin-1 and the syndecans have been shown to com-
pose exosomal cargo (with most of the syndecans trans-
formed into CTFs upon integration in exosomes) and to
be key mechanistic factors in the production of MCF-
7 exosomes that contain CD63, but not of exosomes
containing flotillin-1 [14]. Exosomal levels of synten-
in-1 rose with increasing proheparanase concentrations
in the culture medium, but reached a plateau value (3-
fold increase) from 1 nM proheparanase on (Figure 1A
and 1B, P < 0.01, n = 5; see the Materials and methods
section for more information on the statistics used). As
expected [14], CTFs represented the major form of syn-
decan present in exosomes (Figure 1A). Note that an an-
tibody reacting with the ectodomain might fail to detect
syndecan CTFs and only document the presence of full-
length forms of syndecan in exosomes [25]. At maximal
proheparanase concentration, exosomal syndecan-1 CTF
increased by ~7-fold (Figure 1A and 1B, P < 0.05, n =
5). Compared to syndecan-1, the increase in syndecan-4
CTF was more modest (close to 2-fold) but significant
(Figure 1A and 1B, P < 0.05, n = 4). Exosomal CD63
increased by 3-fold (Figure 1A and 1B, P < 0.05, n = 4).
In contrast to the effect on exosomal syntenin-1 (cytoso-
lic cargo), the increase of exosomal syndecan-1 and -4
CTFs and CD63 (membrane cargo binding to syntenin-1)
showed no saturation at higher proheparanase concentra-
tions. Of note, the amount of exosomal flotillin-1 did not
change. The amounts of exosomal CD9 and CD81, two
tetraspanins commonly used as exosomal markers, were
also unaltered upon addition of heparanase (Figure 1A).
At higher concentrations, some proheparanase (probably
peripherally associated with exosomes) was present in
the exosomal fractions (Figure 1A). These results show
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Figure 1 Heparanase stimulates the production of syntenin-1-containing exosomes. (A) Exosome production was evaluated after
overnight conditioning of MCF-7 cells with increasing concentrations of proheparanase (0.04-25 nM) and compared to that of cells
not receiving proheparanase (0 nM). Exosomes were collected from equivalent amounts of culture medium, conditioned by equal
numbers of cells, for equal lengths of time. For each condition both the lysate and exosomal fractions were analyzed by western
blot, using cognate antibodies against heparanase, monitoring the conversion of proheparanase (Prohep) into mature heparanase
(Hep) and against different exosomal markers: syntenin-1 (Synt1), syndecan-1 (SDC1), syndecan-4 (SDC4), CD63, flotillin-1 (Flo1),
CD9 and CD81. Syndecan-1, which is a hybrid heparan sulfate (HS)/chondroitin sulfate proteoglycan, was analyzed using two
different approaches. In one approach, the samples were digested with both heparitinase and chondroitinase ABC, removing all
glycosaminoglycan chains and enabling visualization of the full-length syndecan core proteins (SDC1 FL) as sharp bands. In the
other approach, the samples were digested with chondroitinase ABC only, leaving the HS on the syndecans (SDC1 with HS); com-
parison of ‘SDC1 with HS’ and ‘SDC1 FL yields information on the mass of HS on syndecans. Because of the heterogeneity in HS
chain length, syndecan-1 with HS is smeared over a wide mass range in the absence of heparanase activity (and is therefore hard-
ly visible in western blot, as illustrated by lane 1 of the lysates). With increasing heparanase activity, the HS chains on syndecan-1
are trimmed to shorter chains of more or less the same length, syndecan-1 with HS migrating as one or a few bands that are read-
ily visualized in western blot (as illustrated by lane 6 of the lysates). Note that cell lysates contain mainly full-length syndecan core
proteins; the opposite is true for exosomes, where hardly any full-length syndecan is detected and C-terminal fragments (CTFs)
represent the dominant form. B-actin was used as a loading control for the lysates. Western blots are representative of five inde-
pendent experiments. (B) Histogram representing the quantification of the exosomal levels of syntenin-1 (Synt1), syndecan-1 CTF
(SDC1 CTF), CD63, syndecan-4 CTF (SDC4 CTF) and flotillin-1 (Flo1) in response to the addition of increasing concentrations (0
nM till 25 nM) of proheparanase. Values are relative to the exosomal levels measured in absence of exogenously added prohep-
aranase. Bar heights represent mean values, calculated from five independent experiments. Individual data points are shown as
white dots on top of the corresponding bars. *P < 0.1, **P < 0.05, ***P < 0.01 (Student’s t-test, assuming normal distribution of the
data points). (C) Knockdown of endogenous heparanase reduces the production of syntenin-1-containing exosomes, which can be
rescued by the addition of exogenous proheparanase. Duplicate lanes show the results of two independent experiments, run side
by side. B16-F10 cells are sham-transfected (-) or stably transfected with a shRNA targeting murine heparanase (+). To rescue the
effects of endogenous heparanase knockdown, 10 nM human proheparanase was added to the cells. Heparanase, syntenin-1,
syndecan-1 full-length (SDC1 FL), syndecan 1 CTF (SDC1 CTF) and CD63 were analyzed by western blot. Positions of molecular
weight markers (in kDa) are indicated on the right of each blot. Note that (because of differences in glycosylation) the Mr of human
heparanase is slightly larger than that of mouse heparanase.
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that addition of exogenous proheparanase specifically
stimulates the production of syndecan-, CD63- and syn-
tenin-1-containing exosomes, whereas other exosomal
markers like flotillin-1, CD9 and CD&1 are unaffected.
The effect of heparanase on exosomal syntenin was
not limited to MCF-7 cells. Proheparanase addition stim-
ulated exosomal syntenin levels also in MDA-MB-231,
MDA-MB-134 and HT1080 cells. Except for MDA-
MB-134 cells, which did not express exosomal CD63,
heparanase also stimulated exosomal CD63 levels (Sup-
plementary information, Figure S1). Heparanase had
little, or at best moderate effects on the total number of
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exosomes produced. NanoSight experiments indicated
heparanase addition to MCF-7 cells increased the num-
ber of nanoparticles (with modal diameter of ~ 120 nm)
present in exosomal fractions by ~ 30 % (Supplementary
information, Figure S2). Heparanase addition had no
detectable effects on exosome sedimentation. The distri-
bution of exosomal markers between MCF-7 cell condi-
tioned culture media materials pelleted at 10 000x (cell
fragments and cell debris) and 140 000x g (exosomes)
was unaffected (Supplementary information, Figure S3).
Of note, unlike flotillin-1, which was present in both
low- and high-speed pellets, syntenin-1, syndecan-CTFs
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and CD63 were exclusively detected in the 140 000% g
pellets. Thus, possible trivial effects of heparanase on the
physical properties of syndecan-syntenin exosomes, i.e.,
reducing their aggregation and increasing their partition-
ing in high-speed pellets during centrifugation seemed
excluded. Finally, we also excluded major effects of hep-
aranase on syntenin-exosome clearance. Recently, hep-
aran sulfate proteoglycans in recipient cells were shown
to be involved in exosome uptake or sequestration [26].
Thus, trimming of the heparan sulfate on cells by hepa-
ranase might reduce exosome uptake (re-internalization),
leading to a net increase of exosomes in conditioned me-
dia. When incubated with conditioned media containing
exosomes derived from MCF-7 cells that express eG-
FP-syntenin-1, MCF-7 cells, and also other types of cells
(e.g., U-2 OS osteosarcoma cells), bound little of the
added eGFP-syntenin-1 (i.e., did not remove significant
amounts of exosomal eGFP-syntenin-1 from the cul-
ture media). Yet, confocal microscopy indicated a small
fraction of the MCF-7 cells (and a somewhat larger frac-
tion of the U-2 OS cells) bound and internalized eGFP/

exosomes. Heparanase treatment did not reduce such
exosomal binding (Supplementary information, Figures
S4 and S5). Thus, rather than inhibiting exosome uptake,
heparanase addition appears to stimulate the biogenesis
of extracellular vesicles/exosomes.

Knockdown of endogenous heparanase reduces the pro-
duction of syntenin-1-containing exosomes

MCF-7 cells express very little or no endogenous hep-
aranase (Figure 1A, left top panel). Therefore, in order
to study the role of endogenous heparanase, B16-F10
mouse melanoma cells were used. Stable shRNA-medi-
ated knockdown of heparanase (Figure 1C) reduced the
amount of syntenin-1 in the exosomal fractions (Figure
1C). The same was observed for exosomal CD63. Hepa-
ranase knockdown also decreased the exosomal levels of
both full-length syndecan-1 and syndecan-1 CTF (Figure
1C). As in MCF-7 cells, CTFs represented the dominant
form of syndecan in B16-F10 exosomes (Figure 1C).

To rule out potential artifacts due to the stable trans-
fection and the selection process, human proheparanase

Figure 2 The effect of heparanase on exosome production depends on the modification of the heparan sulfate (HS) on syn-
decans. (A) The role of heparanase enzymatic activity on exosome production was investigated by comparing MCF-7 cells
stably expressing wild-type heparanase (WT), catalytically dead heparanase (Cat) or empty vector (@) in western blot, in the
absence (-) or presence (+) of 10 nM exogenously added proheparanase. (B) The importance of HS was analyzed by treat-
ing MCF-7 cells with RNAI targeting EXT1 and EXT2 (KD). Non-targeting RNAi (NT) was used as a control. Cells were chal-
lenged with 10 nM proheparanase (+) or left untreated (-). Heparanase activity, reducing the HS on syndecan, was apparent
from the migration of chondroitinase ABC-treated syndecan-1 present in cell lysates (SDC1 with HS). EXT1 and EXT2 knock-
down leads to the appearance of syndecan-1 that is not substituted with HS (a band running slightly > 70 kDa, after chon-
droitinase ABC digestion only), not detectable in cells treated with non-targeting RNAI, where all syndecan is substituted with
HS (and is larger than SDC FL). A small amount of the syndecan-1 still carried HS and was affected by heparanase addition
(yielding a band slightly > 100 kDa, after chondroitinase ABC digestion only), indicating an incomplete knockdown of EXT1
and EXT2. Western blots are representative of three independent experiments. (C) Quantification of the effect of EXT1 and
EXT2 knockdown. Histograms representing the exosomal levels of syntenin-1, syndecan-1 CTF, CD63 and flotillin-1 in the
different conditions tested (non-targeting RNAI, black bars; non-targeting RNAi and heparanase, dark gray bars; EXT1 and
EXT2 RNAI, light gray bars; EXT1 and EXT2 RNAIi and heparanase, white bars). Values are relative to the exosomal levels
measured in cells treated with non-targeting RNAIi and in the absence of exogenously added proheparanase. Bar heights rep-
resent mean values, calculated from three independent experiments. Individual data points are shown as white dots on top of
the corresponding bars. **P < 0.05, ***P < 0.01, n.s., not significant (Student’s t-test, assuming normal distribution of the data
points). (D) Likewise, the role of syndecans was investigated by treating MCF-7 cells with RNAi targeting syndecan-1 and -4
(KD). Non-targeting RNAIi (NT) was used as a control. Cells were treated with increasing concentrations of proheparanase (0
to 25 nM) and both the lysates and exosomal fractions were analyzed. Western blots are representative of three independent
experiments. Note that lysate and exosome samples derived from NT-and KD-treated cells, separated by a blank space in
Figure 2D, were run in the same gel, but not side by side, and that the band intensities in each row are directly comparable.
(E) The ability of glypican-1 to rescue the effect of heparanase on exosome production in absence of syndecans was investi-
gated by knocking down both syndecan-1 and -4 (KD) and overexpressing glypican-1 (GPC1) in the same cells. Glypican-1,
when deglycanated by heparitinase and chondroitinase ABC treatment (GPC1) or when unmodified (because of overexpres-
sion) has a mass of ~ 60 kDa. Treatment with chondroitinase ABC only reveals ‘GPC1 with HS’ of a mass of ~ 90 kDa in hep-
aranase-exposed cells, indicating the HS on glypican-1 is trimmed the same way as the HS on syndecans. Yet, extra glypican
fails to rescue the exosomal accumulations of syntenin and CD63. Rescue by expression of mouse syndecan-1 (SDC1) was
used as a positive control. Cells treated with non-targeting RNAi (NT) served as reference. Molecular weight markers (in kDa)
are indicated on the right of each blot. Western blots are representative of two independent experiments. Note that MCF-7
cells use mainly Man-6-P receptors for heparanase internalization, and that neither the knock down of EXT1 and EXT2 nor
the knock down of syndecans has an effect on the uptake of proheparanase and its conversion into mature active form.
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was added to the growth medium of B16-F10 cells with
the knockdown of endogenous heparanase (Figure 1C).
Addition of 10 nM exogenous human proheparanase
reversed the effect of heparanase knockdown on exo-
some production in B16-F10 cells. Levels of exosomal
syntenin-1 and CD63 returned to the levels observed in
B16-F10 cells transfected with a non-targeting sShRNA
(Figure 1C). The recovery of exosomal syndecan-1 (full-
length and CTF), in contrast, was less complete (Figure
1C). These data indicate that endogenous levels of hepa-
ranase contribute to exosome production by cells.

The influence of heparanase on exosome production de-
pends on cleavage of heparan sulfate

Heparanase influences a multitude of biological pro-
cesses; some of these effects are directed by heparan
sulfate cleavage, while others are the result of non-enzy-
matic signaling activity [16, 17, 22-24]. To distinguish
between heparanase activities, we compared exosome
production by stably transfected MCF-7 cells expressing
either wild-type or catalytically dead human heparanase
(catalytic residues mutated from glutamate to alanine,
E225A and E343A). Even though MCF-7 cells stably
expressing wild-type heparanase had a somewhat lower
expression, at protein level, than cells expressing catalyt-
ically dead heparanase (Figure 2A), levels of exosomal
syntenin-1 and CD63 in these cells were higher than in
control transfected cells and in cells producing catalyti-
cally dead heparanase (Figure 2A). The levels of exoso-
mal syntenin-1 released by cells producing catalytically
dead heparanase were equal to the levels observed in
exosomes from control-transfected cells. These observa-
tions indicate that the effect of heparanase on exosomes
mainly depends on its enzymatic activity. While exog-
enously added proheparanase (10 nM) was able to in-
crease exosomal syntenin-1 levels in control-transfected
cells and in cells stably producing catalytically dead hep-
aranase, no effect on exosomal syntenin-1 was observed
in cells stably producing wild-type heparanase (Figure
2A). In the first place, these results suggest that cells
having substantial heparanase activity cannot be fur-
ther stimulated to produce exosomes by the addition of
proheparanase, suggesting that saturation occurs at high
levels of heparanase expression. Furthermore, they indi-
cate that catalytically dead heparanase has no dominant
negative effect on heparanase in exosome formation.

The need for heparanase enzymatic activity suggests
a role for heparan sulfate in the mechanism through
which heparanase stimulates exosome production. To test
this hypothesis heparan sulfate polymerases EXT1 and
EXT?2, catalyzing the elongation of the heparan sulfate
precursor [27], were knocked down, reducing heparan
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sulfate production. Combined knockdown of EXT1 and
2 reduced the amount of heparan sulfate on syndecan, as
evident from western blots, showing a downward band
shift of syndecan-1 after enzymatic removal of its chon-
droitin sulfate while preserving the heparan sulfate (SDC1
with HS). However, a small amount of the syndecan-1
was still substituted with heparan sulfate (and modified
by added heparanase), indicating an incomplete knock-
down of EXT1 and 2 (Figure 2B). Upon knockdown of
EXT1 and 2, the levels of syntenin-1, syndecan-1 CTF
and CD63 in exosomes were reduced approximately by
half (Figure 2B and 2C). Moreover, effects of exoge-
nously added heparanase (10 nM) on exosomal synten-
in-1, CD63 and syndecan-1 CTF were nonsignificant
(Figure 2B and 2C). The small, nonsignificant effect of
exogenous heparanase was in line with the evidence for
a large but incomplete EXT 1 and 2 knockdown. Cells
treated with non-targeting RNAI, in contrast, were re-
sponsive to heparanase (Figure 2B and 2C, P < 0.05, n =
3). Of note, exosomal flotillin-1 was unaffected by EXT
1 and 2 knockdown, and unaffected by the addition of
exogenous proheparanase (Figure 2B and 2C). Thus, in
the absence of substrate (i.c., heparan sulfate) wild-type
heparanase has little or no effect on exosomes. Together,
these data suggest an important role for heparanase-mod-
ified heparan sulfate in exosome production.

Syndecans play a key role in the effect of heparanase on
exosome production

Previous work identified syndecans (binding synten-
in-1) among the key mechanistic components involved in
the biogenesis of exosomes containing syntenin-1 [14].
In combination with the data shown above, this suggests
a mechanistic role for heparanase-modified syndecan
in (heparanase-mediated) exosome production. MCF-7
cells express syndecan-1 and syndecan-4. Therefore, the
effect of a combined knockdown was investigated. Ab-
sence of full-length syndecan-1 and strong reduction of
full-length syndecan-4 in cell lysates (compared to MCF-
7 cells treated with non-targeting RNAi) demonstrated
effective knockdown of both syndecans (Figure 2D). Of
note, syndecan-1 and -4 knockdown did not substantially
influence heparanase uptake and processing, as judged
from the amounts of proheparanase and mature protein
in the cell lysates (Figure 2D). As expected, after knock-
down of syndecan-1 and -4, syndecan-1 CTF and syn-
decan-4 CTF were depleted from the exosomal fractions,
and, in contrast to cells treated with non-targeting RNAI,
addition of proheparanase had no detectable effect on
syndecan-1 and -4 CTF accumulation in exosomes (Fig-
ure 2D). Both exosomal syntenin-1 and CD63 decreased
upon combined syndecan-1 and -4 knockdown. More im-
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portantly, the amount of syntenin-1 and CD63 left in the
exosomal fraction upon combined syndecan knockdown
did not increase upon the addition of exogenous prohep-
aranase (Figure 2D). These results clearly demonstrate
that heparanase acts through syndecans, to exert its effect
on exosomes. As observed before (Figures 1A, 2B and
2C), levels of exosomal flotillin-1 did not respond to the
addition of proheparanase (Figure 2D), confirming that
flotillin-1 represents a heparanase-insensitive cargo. Of
note, the level of proheparanase present in the exosomal
fractions was unaffected by EXT1/2 knockdown (Figure
2B) and syndecan-1/4 knockdown (Figure 2D). These
observations indicate that this proheparanase is probably
not directly associated with syntenin-1 exosomes.

The combined knockdown of syndecan-1 and -4 re-
moves most of the heparan sulfate present at the surface
of MCF-7 cells. Glypicans (1 to 6) constitute the second
major group of membrane heparan sulfate proteogly-
cans. Unlike syndecans, glypicans do not have a trans-
membrane domain, but are linked to the membrane by a
glycosylphosphatidylinositol anchor and, therefore, are
unable to bind syntenin-1 directly. To confirm that hep-
aranase effects on exosome production depend on syn-
decans, and not on cell surface heparan sulfate per se, we
tested whether glypican-1 can compensate for the loss of
syndecan-1 and -4, using mouse syndecan-1 (resistant to
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the RNAI targeting endogenous syndecan-1) as a control.
As described above, exosomal syntenin-1, syndecan-1
CTF and CD63 were reduced upon the knockdown of
syndecan-1 and -4 (Figure 2E) and the effect of exoge-
nous proheparanase (10 nM) on the exosomal levels of
these markers was less potent than in cells treated with
non-targeting RNAi (Figure 2E). Transient expression
of mouse syndecan-1 rescued the effect of heparanase
on exosomal syntenin-1 and CD63. In contrast, transient
expression of glypican-1, although heparan sulfate-modi-
fied — and therefore restoring heparan sulfate expression
in cells with syndecan knockdown — was unable to res-
cue the effect of heparanase on exosomal syntenin-1 and
CD63 (Figure 2D). This suggests heparanase specifically
depends on syndecans to exert its effect on exosomes.

Heparanase influences the biogenesis of vesicles of en-
dosomal origin, enhancing syndecan endocytosis and
intraluminal budding

RAB7 regulates several steps in endosome traffick-
ing, including the trafficking downstream of MVB
biogenesis [28]. In MCF-7 cells, RAB7 knockdown
results in large MVBs, filled with ILVs, and reduces the
accumulation of exosomes into the extracellular space
[14]. As such, RAB7 knockdown allows for investigat-
ing whether the vesicles under study are of endosomal

Figure 3 Heparanase influences the biogenesis of vesicles of endosomal origin, enhancing intraluminal budding. (A) To in-
vestigate whether the extracellular vesicles affected by heparanase were of endosomal origin, RAB7 was knocked down (RAB7
RNAI) in MCF-7 cells. Non-targeting RNAi (-) served as a control. Cells were left untreated (-) or treated with proheparanase
(10 nM). In both experiments, heparanase activity was evaluated using the migration pattern of chondroitinase ABC-, but not
heparitinase-treated syndecan-1 present in cell lysates (SDC1 with HS). Molecular weight markers (in kDa) are indicated on
the right of each blot. Western blots are representative of three independent experiments. (B) Quantification of the effect of
RAB7 knockdown. Histograms representing the exosomal levels of syntenin-1, syndecan-1 CTF and CD63 in the different
conditions tested (non-targeting RNAI, black bars; non-targeting RNAi with heparanase, dark gray bars; RAB7 knockdown,
light gray bars; RAB7 knockdown with heparanase, white bars). Values are relative to the levels (intensities of the signals)
measured in exosomes derived from cells treated with non-targeting RNAI in the absence of proheparanase. Bar heights rep-
resent mean values, calculated from three independent experiments. Individual data points are shown as white dots on top
of the corresponding bars. **P < 0.05, n.s., not significant (Student’s t-test, assuming normal distribution of the data points).

(C) Confocal micrographs of MCF-7 cells co-transfected with mCherry-syntenin-1 (red in merge) and Cerulean-RAB

areL
5

(green in merge). Note the presence of mCherry-syntenin-1, a cytosolic protein, inside the Cerulean-RAB5“"*" endosomes
upon heparanase treatment (50 nM). (D) Confocal micrographs of MCF-7 cells co-transfected with mCherry-syntenin-1 (red
in merge), Cerulean-RAB5%®" (blue in merge) and syndecan-1 (green in merge), scoring the accumulations (budding) of
mCherry-syntenin-1 and of syndecan-1 cytoplasmic domain inside vacuoles outlined by Cerulean-RAB5%*". (E) Quantifica-
tion of intraluminal budding of mCherry-syntenin-1, as in Figure 3C, by measuring the fluorescence of mCherry-syntenin-1 in
the lumen of RAB5%*"-positive endosomes, corrected for the size of the RAB5%"*"-positive endosomes (mean gray value per
pixel). Bar heights represent mean values calculated from six independent experiments, scoring at least 30 cells per experi-
ment. Individual data points (mean luminal fluorescence intensity per individual experiment) are shown as white dots on top
of the corresponding bars. ***P < 0.01 (Student’s t-test, assuming normal distribution of the data points). (F) Quantification of
intraluminal budding of mCherry-syntenin-1 and syndecan-1 cytoplasmic domain, as in Figure 3D, by measuring the fluores-
cence intensity of mCherry-syntenin-1 and syndecan-1 cytoplasmic domain in the lumen of RAB5%*-positive endosomes.
Bar heights represent mean values calculated from three independent experiments, scoring at least 30 cells per experiment.
Individual data points are shown as white dots on top of the corresponding bars. **P < 0.05 (Student’s f-test, assuming nor-

mal distribution of the data points).
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origin. RAB7 knockdown did not influence heparanase
uptake, processing and activity (Figure 3A). However,
RAB7 knockdown abolished the heparanase-mediated
increases in exosomal syntenin-1, syndecan-1 CTF and
CD63, whereas levels of exosomal flotillin-1 were unaf-
fected (Figure 3A and 3B). Thus, heparanase affects the
production of vesicles that are of endosomal origin, the
operational definition of exosomes. Of note, consistent
with the notion that heparanase affects endosomal path-
ways, exogenous addition of heparanase or providing the
cells with heparanase activity stimulated the endocytosis
of syndecan-1 and syndecan-4 in MCF-7 cells (Supple-
mentary information, Figure S6).

The syndecan-syntenin-ALIX exosome pathway af-
fects intraluminal budding at the limiting membrane of
endosomes [13, 14], a process generating MVBs and
thereby critical for the formation of exosomes. To test
whether heparanase affects intraluminal budding (of
endosomal syndecan and associated syntenin) we took
advantage of the Q79L mutant of RABS5, which leads to
enlarged endosomes resembling MVBs. As such this mu-
tant allows for studying intraluminal budding at the res-
olution of light microscopy [29]. We transiently co-ex-
pressed Cerulean-RAB5Y"" with mCherry-syntenin-1
and, using confocal microscopy, investigated the effect
of heparanase on the concentration of mCherry-synten-
in-1 in large endosomes outlined by Cerulean-RAB5%"
(Figure 3C). We found that upon addition of exogenous
heparanase the mean fluorescence intensity of mCher-
ry-syntenin-1 in the lumen of Cerulean-RAB5?”" endo-
somes increased by 43% (Figure 3C and 3E, P < 0.01,
n = 6). Similar observations were made when Cerule-
an-RAB5?"", mCherry-syntenin-1 and syndecan-1 were
co-expressed in MCF-7 cells. The mean fluorescence
intensity of mCherry-syntenin-1 and (immunofluorescent
signals for) syndecan-1 (cytoplasmic domain) inside the
lumen of Cerulean-RAB5Y*"-positive endosomes in-
creased by 51% (Figure 3D and 3F, P < 0.05, n = 3) and
103% (Figure 3D and 3F, P < 0.05, n = 3), respectively.
Together, these data underpin the notion that exogenous
heparanase impacts intraluminal budding and therefore
exosome biogenesis.

Heparanase acts through syntenin-1, ALIX and the syn-
tenin-ALIX interaction to stimulate intraluminal budding

Along with syndecans, syntenin-1 and ALIX are key
mechanistic components in the production of exosomes,
influencing intraluminal budding into MVBs [14]. To
investigate the roles of syntenin-1 and ALIX in the effect
of heparanase on exosome production, syntenin-1 (Fig-
ure 4A) and ALIX (Figure 4B) were knocked down in
MCEF-7 cells, in the presence or absence of exogenously

added proheparanase. Reducing the syntenin-1 or ALIX
expression levels in cells had no significant influence on
the uptake and processing of proheparanase, and on the
trimming of syndecan by heparanase, as judged from the
amount of internalized heparanase and the migration of
heparan sulfate-modified syndecan-1, respectively (Fig-
ure 4A and 4B). Knockdown of syntenin-1 reduced the
effect of heparanase on exosomal levels of syndecan-1
CTF and CD63 (Figure 4A). ALIX knockdown also
markedly reduced the stimulatory effect of heparanase on
exosomal syntenin-1, CD63 and syndecan-1 CTF (Fig-
ure 4B). Exosomal levels of flotillin-1 were unaffected
by syntenin or ALIX knockdown or the addition of ex-
ogenous proheparanase (Figure 4A and 4B). These data
indicate that heparanase exerts its effects on exosomes
through syntenin-1 and ALIX.

We also investigated the importance of ALIX for
heparanase-stimulated intraluminal budding. ALIX was
knocked down in MCF-7 cells co-expressing Cerule-
an-RAB5?" and mCherry-syntenin-1, and intraluminal
budding of mCherry-syntenin-1 was measured in the
presence or absence of exogenously added prohepara-
nase and compared to the budding in cells treated with
non-targeting RNAI, used as control (Figure 4D). As
observed before (Figure 3C and 3E), in cells treated with
non-targeting RNAi heparanase stimulated the intralu-
minal fluorescence intensity of mCherry-syntenin-1 by
roughly 50% (Figure 4D and 4F, P < 0.01, n = 3). ALIX
knockdown reduced the basal level of intraluminal bud-
ding of mCherry-syntenin-1 by 30% (P < 0.01, n = 3).
Moreover, ALIX knockdown abolished the effect of hep-
aranase on intraluminal budding of mCherry-syntenin-1
(Figure 4D and 4F).

Finally, we tested whether syntenin-ALIX interaction
was required for the effect of heparanase. Syntenin-1
and ALIX interact directly through three LYPX,L motifs
in the N-terminal domain of syntenin-1, which is essen-
tial in the syndecan-syntenin-ALIX exosomal pathway
[14]. To this end, MCF-7 cells were co-transfected with
Cerulean-RAB5?”", syndecan-1 and either wild-type
mCherry-syntenin-1 or the mCherry-syntenin-1-AALIX
mutant. In this mutant, the three LYPX L motifs have
been changed to LAAX L, abolishing the interaction be-
tween syntenin-1 and ALIX [14]. Intraluminal budding
of mCherry-syntenin-1 and syndecan-1 was studied in
the presence or absence of exogenously added prohep-
aranase (Figure 4C). As observed before (Figure 3D
and 3F), heparanase augmented the concentration (i.e.,
fluorescence intensity) of wild-type mCherry-syntenin-1
and syndecan-1 in the lumen of RAB5%""-positive en-
dosomes by ~ 50 % and 100 %, respectively (Figure 4C
and 4E, P <0.05, n = 3). Compared to the levels of intra-
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luminal fluorescence measured in cells expressing wild-
type syntenin-1, basal levels of intraluminal budding of
mCherry-syntenin-1-AALIX (i.e., budding in the absence
of heparanase) were lower by 35% (P <0.01, n = 3, Fig-
ure 4C and 4E). Of note, heparanase did not stimulate
the intraluminal budding of mCherry-syntenin-1-AALIX.
Moreover, in the presence of mCherry-syntenin-1-AA-
LIX, heparanase was not able to stimulate intraluminal
budding of syndecan-1 (Figure 4C and 4E). These exper-
iments clearly demonstrate that heparanase depends on
syntenin-1, ALIX and the direct interaction of syntenin-1
with ALIX to exert its effect on exosome biogenesis, i.e.,
acts as a modulator of the syndecan-syntenin-ALIX path-
way.

Discussion

Previously, we have shown that the syndecan-synten-
in-ALIX axis controls the biogenesis of syntenin-1-exo-
somes [14]. ALIX, through interaction with the cytoplas-
mic adaptor syntenin-1, adapts syndecans and syndecan
cargo to the ESCRT budding machinery at the level of
endosomal membranes. Heparan sulfate is essential to
this mechanism of exosome formation. Syndecan cargo
— most probably bound to the heparan sulfate of syn-
decan — is thought to cluster syndecans and create syn-
decan assemblies that recruit syntenin-1 and ALIX and
subsequently support membrane budding [14]. Recently,
Thompson and colleagues reported that heparanase stim-
ulates the release of extracellular vesicles/exosomes in a
concentration-dependent fashion and alters the composi-
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tion of these extracellular vesicles [25].

Our study shows heparanase exerts its effect on exo-
somes through the syndecan-syntenin-ALIX pathway.
First, heparanase-mediated stimulation of exosome pro-
duction depends on the syndecans (but not glypicans;
Figure 2D and 2E). Second, syntenin-1, ALIX and the
interaction of syntenin with ALIX control the effect of
heparanase (Figure 4). Third, as shown by the RAB7
knockdown (Figure 3A and 3B), the extracellular ves-
icles that are affected by heparanase are of endosomal
origin, proving these vesicles are exosomes, an issue not
addressed in the Thompson study [25]. Last, heparanase
stimulates the endocytosis of syndecan and stimulates
the accumulation of syndecan and syntenin-1 in the lu-
men of endosomes (Figure 3C to 3F). At present, it is not
clear whether heparanase stimulates the number of ILVs/
exosomes made, which are possibly ILVs/exosomes that
belong to a specific category, or stimulates the loading of
ILVs/exosomes with specific cargo or both. Heparanase
appears to only slightly stimulate the total number of
exosomes produced (Supplementary information, Figure
S2). However, if syntenin-1-exosomes constitute a minor
subpopulation of the vesicles made by non-stimulated
cells, such (small) difference might still correspond to
a large increase in syntenin-exosome numbers, where-
as other subpopulations are unaffected by heparanase.
Possible additional effects of heparanase on exosome
aggregation (Supplementary information, Figure S3) or
exosome uptake (Supplementary information, Figures
S4 and S5) have been excluded or contribute minimal-
ly to the changes in exosome composition. Contrary to

421

Figure 4 Heparanase acts through syntenin-1, ALIX and the syntenin-ALIX interaction to stimulate intraluminal budding. (A)
The role of syntenin-1 and (B) the role of ALIX in the effect of heparanase on exosomes were investigated by the knockdown
of syntenin-1 and ALIX (using Synt1 RNAi and ALIX RNAI, respectively) in MCF-7 cells. Non-targeting RNAi (NT) served as
a control. Cells were left untreated (-) or treated with proheparanase (10 nM). In both the experiments, heparanase activity
was evaluated using the migration pattern of chondroitinase ABC-, but not heparitinase-treated syndecan-1 present in cell
lysates (SDC1 with HS). Molecular weight markers (in kDa) are indicated on the right of each blot. Western blots are repre-
sentative of two independent experiments. Note that lysate and exosome samples derived from NT and KD cells, separated
by a blank space in A, were run in the same gel, but not side by side, and that the band intensities in each row are directly
comparable. (C) Confocal micrographs of MCF-7 cells co-transfected with wild-type mCherry-syntenin-1 (mCherry-Synt1 WT)
or with mCherry-syntenin-1 harboring mutant LYP sequences and therefore defective in ALIX-binding (mCherry-Synt1-AALIX;
red in merge), Cerulean-RAB5%*" (blue in merge) and syndecan-1 (green in merge). Intraluminal budding of wild-type and
mutant mCherry-syntenin-1 and of syndecan-1 cytoplasmic domain was scored in the presence (Hep) or absence (no Hep)
of heparanase. (D) Confocal micrographs of MCF-7 cells co-transfected with mCherry-syntenin-1 (red in merge) and Cerule-
an-RAB5Y" (blue in merge). In addition, the cells were transfected with RNAI targeting ALIX (AL/X RNAI) or with non-target-
ing RNAIi (NT RNAI). Intraluminal budding of mCherry-syntenin-1 was evaluated in the presence (Hep) or absence (no Hep)
of heparanase. (E) Quantification of intraluminal budding of mCherry-syntenin-1 and syndecan-1 cytoplasmic domain, as in
C and (F) quantitation of intraluminal budding of mCherry-syntenin-1, as in D, measuring the mean fluorescence intensity of
mCherry-syntenin-1 and syndecan-1 in the lumen of RAB5“"*"-positive endosomes (mean gray value per pixel). Bar heights
represent mean values calculated from three independent experiments, scoring at least 30 cells per experiment. Individual
data points are shown as white dots on top of the corresponding bars. **P < 0.05, ***P < 0.01 (Student’s t-test, assuming nor-
mal distribution of the data points).
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the findings of a recent study [30], knockdowns of syn-
decans or syntenin-1 in MCF-7 cells have no effect on
heparanase uptake or processing (Figures 2D and 4A).
We found that proheparanase uptake by MCF-7 cells
largely depends on mannose-6-phosphate receptor, which
possibly explains this difference (Roucourt et al., unpub-
lished data). Thus, heparanase requires syndecans and
syntenin-1 as effectors, rather than for its own routing to
endosomes and activation.

The effects of heparanase on exosome production
depend on heparan sulfate (Figure 2B), and more spe-
cifically on the cleavage of heparan sulfate (Figure 2A).
The need for heparanase enzymatic activity is also in line
with the observations of Thompson et al. [25]. Impor-
tantly, heparanase enzymatic activity does not remove
all heparan sulfate from proteoglycans. Comparison of
the migration patterns of the chondroitinase-treated hep-
aranase-exposed syndecan-1 with that of chondroitinase-
and heparitinase-treated syndecan-1 reveals that the for-
mer has a mass that is roughly 20 kDa larger, suggesting
that sizeable heparan sulfate chains remain attached to
the proteoglycan core proteins, even in the presence of
high levels of heparanase. Although the nature of the
remaining heparan sulfate is unknown, its presence on
syndecans seems to be essential for exosome formation.
Of note, the complete removal of heparan sulfate with
heparitinase abrogates syntenin-1-exosome production
[14]. Glypican, providing an alternative source of hepa-
ran sulfate and substrate for heparanase, cannot substitute
for syndecans (Figure 2E). Taken together, all elements
show that heparanase is an important modulator of the
syndecan-syntenin-ALIX exosome biogenesis pathway
by cleaving the heparan sulfate chains on the syndecans,
yielding syndecans with trimmed heparan sulfate, rather
than short free heparan sulfate fragments directly influ-
encing exosomal secretion.

Exactly how heparanase-cleaved heparan sulfate
linked to syndecans facilitates exosome formation is not
clear yet. Figure 5 models the potential mechanisms of
action. Central to the model is the concept that syntenin
is recruited to membranes by clustered ‘bait’, engaging
the tandem PDZ domains of syntenin [31]. One possible
explanation is that the newly generated heparan sulfate
ends are permissive for syndecan clustering or render
syndecan clustering more efficient. Compared to the
original non-reducing ends of non-cleaved heparan sul-
fate, these new ends are likely to be enriched in sugars
carrying one or more sulfates [32, 33], increasing the
propensity of chain-ends to be occupied by ligand. Such
change in charge distribution over the chain might stim-
ulate ligand-induced clustering of heparan sulfate chains,
and as a result syndecan clustering. Alternatively, shorter

www.cell-research.com | Cell Research

Bart Roucourt et al.

{rg

heparan sulfate chains or a reduction of the total nega-
tive charge on syndecan might diminish steric hindrance
or negative charge repulsion, respectively. Whichever
mechanism involved, all would facilitate syndecans ap-
proaching each other and the clustering of syndecans,
which has been shown to support exosome production
[14], probably by facilitating the membrane-recruitment
of syntenin-ALIX-ESCRT complexes. Thus, in the ab-
sence or in the relative shortage of heparanase activity,
the levels of syndecan that can recruit syntenin-1 might
be limiting. In addition, proheparanase and heparanase
activity accelerate syndecan internalization, possibly
enhancing the amount of endosomal syndecan (Supple-
mentary information, Figure S6). Increased levels of en-
dosomal syndecan and endosomal syndecan processing
might contribute to syndecan clustering (as described
above) and enhance the membrane-recruitment of syn-
tenin-ALIX-ESCRT complexes.

Of note, whereas the effect of heparanase on exoso-
mal syntenin-1 plateaus, the amounts of exosomal cargo
that composes the direct ‘bait’ for the PDZ domains of
syntenin (i.e., syndecan CTF and CD63) continue to in-
crease with increasing heparanase concentrations (Figure
1A and 1B). These findings correspond to previous ob-
servations that the ratio of ‘bait’ or cargo to syntenin in
exosomes is not constant [14]. Thus, while intraluminal
budding/exosome formation appears to be triggered by
the organization of syntenin bait (i.e., syndecan-CTF)
in structures of higher order, syntenin may adapt only
to a part of the bait present in these organizations. This
situation would be similar to the incorporation of viral
proteins in budding membranes, where, due to lateral
associations between coat proteins and late domains
also functioning in trans, 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
[34]. Similarly, a sizeable fraction, but not all of the syn-
tenin-dependent cargo that ends up in exosomes might
need to be directly linked to syntenin. Thus, where syn-
tenin may become limiting at some point (and exosome
numbers might stagnate), heparanase might still increase
the ‘lateral association’ or clustering of syndecans, fur-
ther stimulating the incorporation of syndecans and syn-
decan-associated proteins in exosomes. Differences in
the magnitude of the heparanase effects on recruitment
of specific syndecan CTFs to exosomes (i.e., up to 7-fold
stimulations for syndecan-1 CTF compared to the rath-
er modest influence on syndecan-4 CTF), then suggest
at least subtle differences between the syndecan family
members, i.e., differential localization, trafficking, hep-
aran sulfate composition, access of heparanase to syn-
decans or syndecan-cargo associations.

423



@ Heparanase-stimulated exosome production
424

without Hep with Hep

"T - Syndecan with
uncut HS chains . Syntenin-1 - HS-binding ligand

|- Syndecan with

heparanase-cut . Y
HS chains ALIX ‘ ESCRT complex

] Syndecan CTF

Figure 5 Schematic representation of the potential mechanism of action of heparanase in exosome biogenesis. (a) Syn-
decans are continuously internalized by cells. (b) Endocytosed syndecans are clustered by the ligands binding to their
heparan sulfate (HS) chains, a process that might already be initiated at the cell surface. (c) These syndecan assemblies
subsequently recruit syntenin, (d) ALIX and the ESCRT machinery. (e) As a result, syndecan and cargo bound to syndecan
is recruited to membrane buds protruding into the lumen of MVBs. At this stage, the extracellular portion of the syndecans is
cleaved by endosomal protease, generating syndecan CTFs. (f) The ESCRT machinery pinches off these buds and as such
liberates intraluminal vesicles, loaded with syntenin and syndecan CTFs, into the lumen of MVBs. (g) As a ligand of HS, pro-
heparanase might directly stimulate the clustering and subsequent endocytosis of syndecans at the cell membrane. (h) In
addition, and more importantly, heparanase activity trims the HS chains on syndecan, possibly regulating the engagements
and further stimulating the internalization of syndecans. Both the mechanisms lead to a higher concentration of endosomal
syndecan. (i) Trimming the HS chains on syndecans might also stimulate clustering of syndecans at the limiting membrane
of MVBs. Enhancement of the syndecan engagements, reduction of syndecan self-repulsion and effects on the dimensions
and spacing of syndecans in syndecan-ligand complexes, by the trimming of the HS on syndecan, are several possible and
non-mutually exclusive mechanisms by which heparanase may foster syndecan clustering. (j) Enhanced clustering of syn-
decans increases the recruitment and binding of syntenin-1 to endosomal syndecan assemblies and ultimately may cause the
binding of syntenin-1 to larger associations of syndecans, increasing the syndecan-syntenin stoichiometry in syndecan-syn-
tenin complexes and exosomes. Note that the diagram makes no statement on the accumulation of ALIX and ESCRTs in the
intraluminal vesicles and exosomes, which were not investigated here.
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Apart from the role of heparanase in the syndecan-syn-
tenin-ALIX exosome biogenesis pathway, our data reveal
that heparanase stimulates the targeting of specific car-
go to exosomes. While exosomal syntenin-1, syndecan
CTFs and CD63 increase with increasing heparanase
levels, exosomal flotillin-1 remains unaffected, even at
high concentrations of heparanase (Figure 1A and 1B).
This would be in line with our previous observations of
flotillin-1 not being the cargo of syntenin-1 exosomes
[14]. Of note, heparanase was reported to stimulate exo-
somal accumulation of flotillin-1 in CAG human myelo-
ma cells [25]. While remaining unexplained, differences
in the selectivity of heparanase effects might reflect the
complexity of exosome biogenesis pathways and the
differences in direct and possibly also indirect effects
of heparanase on these different pathways in different
cell lines and tissues. For example, heparanase-activated
signaling might ultimately also impact on ubiquitin-reg-
ulated budding mechanisms. Yet, similarly to flotillin-1,
exosomal levels of CD9 and CD81, two tetraspanins
commonly used as exosomal markers, are also not affect-
ed by heparanase. The specificity of the heparanase effect
in MCF-7 cells suggests that different mechanisms for
selecting exosomal cargo exist at the level of the MVBs.
Even more, it underpins the hypothesis of different exo-
somal populations formed through specific biogenesis
pathways, one of which would be the syndecan-syn-
tenin-ALIX pathway. Most probably, specific cargo is
selected through the interaction with heparan sulfate and
heparanase-trimmed heparan sulfate. Heparanase-stimu-
lated exosomal accumulation of hepatocyte growth fac-
tor and VEGF [25], two heparan sulfate-binding growth
factors, is suggestive of such a mechanism. On the other
hand, cargo like CD63 might be recruited to exosomes
through the interaction of its C-terminal PDZ-binding
motif with the PDZ domains of syntenin-1 [14]. Further
research will have to clarify to what extent the different
components of the syndecan-syntenin-ALIX pathway
participate in the selection of specific exosomal cargo
and whether this specificity is reflected in the existence
of distinctive exosomal subpopulations or merely reflects
the different pathways taking part in the biogenesis and
variable loading of the same exosomes.

Taken together, the above findings 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.
It will be of particular interest to find out the mechanisms
governing this activation, and to delineate the influence of
heparanase, i.e., the heparanase-activated syndecan-syn-
tenin-ALIX machinery, on the overall composition of
exosomal cargo, and more specifically on the exosomal
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incorporation of (phosphorylated) receptors, growth
factors and morphogens, many of which interact with
heparan sulfate and depend on heparan sulfate for activ-
ity. Intercellular communication via specific exosomal
cargo (Wntll and c-Met, respectively) has been shown
to regulate crucial processes like cancer cell motility, the
onset of metastasis [7] and premetastatic niche formation
[6]. Intriguingly, the molecular players and pathways
involved are strongly influenced by heparan sulfate, ar-
guing for a pivotal role of the syndecan-syntenin-ALIX
machinery and its modulators, like heparanase, in phys-
iological processes linked to exosomes and the transfers
of exosomal cargo.

Materials and Methods

Expression vectors and reagents

For gain-of-function and rescue experiments in cells, cDNA
(encoding full-length non-tagged human syntenin-1 and human
glypican-1) was cloned in pcDNA3.1/Zeo (Invitrogen) [35, 36].
Constructs were verified by sequencing. pcDNA3.1 encoding full
length mouse syndecan 1 was a kind gift from Prof Alan Raprae-
ger (University of Wisconsin, USA). Empty vector was used as
control. pmCherry-syntenin-1, pmCherry-syntenin-1-AALIX (YA,
PA, YA, PrA, YA, Ps A), pcDNA3.1/Zeo-syndecan-1 and
pCerulean-RAB5Y""" were described previously [13, 14]. Lentivi-
ral vector pKLO.1puro carrying a shRNA targeting the mouse hep-
aranase 3'UTR (TRCNO0000098110, obtained from BCCM/LMBP
collection, Ghent University, Belgium) was used to knockdown
mouse heparanase. pKLO.1 with non-targeting shRNA (SHC002)
served as the control. For stable heparanase expression, cDNA en-
coding wild-type or catalytically dead (E225A and E343A) human
heparanase were cloned in pMSCVpuro retroviral vector (Clon-
tech). Empty vector served as control. All RNAI targeting human
sequences (ON-Target plus for syntenin-1MQ-008270-00, syn-
decan 1 J-010621-11-0020, syndecan 4 J-003706-08-0020, EXT1
L-011030-00, EXT2 L-011031-00 and RAB7 L-010388-00) and
the non-targeting control RNAi (siSTABLE) were purchased from
Dharmacon. Rabbit polyclonal antibodies against human (Rb1)
and mouse syntenin-1 (Rb96), ALIX (Rb67), and mouse mono-
clonal antibodies against human glypican-1 (S1), human/mouse
syndecan-1/3 intracellular domain (2E9) and human syndecan-4
ectodomain (8G3) were described previously [14, 31, 37-40].
Other antibodies were from commercial sources and were used as
recommended by the manufacturer: antibodies against RAB7 (H-
50) and B-actin (AC-15) were from Santa Cruz; antibody against
the intracellular domain of syndecan 4 was from Abnova; antibod-
ies against human CD63 (MEM-259) was from Abcam; antibody
against HA (16B12) was from Covance; anti-flotillin-1 was from
BD Biosciences. A home-made HA-tagged Nanobody, binding
heparanase, in combination with anti-HA antibody, was used to
detect human and mouse (pro)heparanase. Recombinant prohepa-
ranase was purchased from the Protein Service Facility of VIB.

Cells and transfection
MCF-7 (human mammary ductal carcinoma) cells were ob-
tained from ATCC. B16-F10 (mouse melanoma) cells were a kind
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gift from Prof Anton Roebroeck (KU Leuven, Belgium) Cells
were routinely grown in DMEM/F12 (1:1) medium (Life Technol-
ogies) supplemented with 10% fetal bovine serum (Life Technol-
ogies). For exosome production, cells were cultured in DMEM/
F12 (1:1) with HEPES, pH 7.3, supplemented with 0.1% BSA
(Sigma-Aldrich). For RNAi experiments (throughout the manu-
script RNA1 refers to the use of siRNA for transient knockdown),
cells were transfected at 30% confluency with 100 nM RNAI using
Oligofectamine (Invitrogen) according to the protocol provided
by the manufacturer. Cells (and exosomes produced during the 16
h of culture) were collected for analysis 48 h later. For transient
expressions (in absence of RNAI treatment), the cells were trans-
fected the day after plating with 1 pg DNA per 85-mm (56 cm?)
dish using X-tremeGENE 9 (Roche) according to instructions
provided by the manufacturer. In case cells were transfected with
both RNAi and DNA, RNAI was transfected first (using Oligofect-
amine), 1 day after plating the cells, according to the instructions
of the manufacturer. The next day (2 days after plating the cells),
cells were transiently transfected as described above. Cells and
exosomes were collected 48 h later. For creating cell lines stably
expressing wild-type or catalytically dead heparanase (E225A and
E343A), the NX-ampho retroviral packaging cell line (gift from
Prof Garry Nolan, Stanford University, USA) was transfected at a
density of 50% with pMSCVpuro encoding wild-type or catalyt-
ically dead heparanase, or pMSCVpuro empty as control, using
X-tremeGENE 9 (Roche). Retroviral particles were collected
after 48 h, filtered (Millex-HV 0.45-pm PVDF filters, Millipore)
and transferred on MCF-7 cells. This procedure was repeated the
day after and the cells were selected for transfection with 800 g/
ml hygromycin (Roche). The procedure to create B16-F10 cells
with stable knockdown of heparanase was similar, except for the
use of the MISSION lentivrial packaging mix (Sigma-Aldrich) in
combination with pKLO.1 vectors described above and 800 ng/ml
puromycin (Invivogen) selection.

Exosomes and total cell lysates

For comparative analyses, in gain- and loss-of-function studies,
exosomes were collected from equivalent amounts of culture me-
dium, conditioned by equivalent amounts of cells, for equivalent
lengths of time, as described before [14]. In brief, when reaching
70% of confluency, the cell layers were rinsed and refreshed with
DMEM/F12 with HEPES pH 7.3 supplemented with 0.1% BSA.
The same procedure was repeated 8 h later and (where indicated)
proheparanase was added to the medium. The conditioned media
containing the exosomes were collected 16 h later, pooling media
from two corresponding 85-mm culture dishes. Exosomes were
isolated from these media by three sequential centrifugation steps
at4 °C: 10 min at 800% g, to remove cells; 30 min at 10 000% g, to
remove cell debris; and 3 h at 140 000x g using a swinging bucket
SW41 Ti rotor with a & factor of 265 (Beckman Coulter), to pellet
exosomes, followed by one rinse (suspension in PBS/centrifuga-
tion at 140 000% g). Exosomal pellets were re-suspended in lysis
buffer (PBS supplemented with 1% NP40, I mM EDTA, 5 pg/ml
leupeptin, 1 pg/ml pepstatin and 1 mM phenylmethylsulphonyl
fluoride). Corresponding cell layers were washed in cold PBS, and
scraped on ice in lysis buffer. Lysates from two corresponding 85-
mm culture dishes were pooled, and cleared by centrifugation at
16 000x g, for 30 min at 4 °C. Cell lysates were normalized by
protein content, and corresponding exosome preparations were

adjusted accordingly. None of the DNA or RNAI transfections
significantly affected cell survival or growth, requiring major (>
10%) adjustments of the samples.

Western blot

To allow detection of full-length syndecan core proteins, the
samples were digested with (0.006 U/ml) heparitinase (Amsbio)
and (0.166 U/ml) chondroitinase ABC (Amsbio) for 3 h at 37 °C
in heparitinase buffer (0.1% Triton, 0.1 M NaCl, 1 mM CacCl2 , 50
mM 6-aminohexanoic acid and 50 mM HEPES, at pH 7). Samples
were fractionated in 4%-12% gradient gels (NuPAGE Novex Bis-
Tris gels, Invitrogen), electro-transferred to Hybond-C extra 0.45-
um nitrocellulose membrane (GE Healthcare Life Sciences) and
incubated with the indicated antibodies. Signals were visualized
with enhanced chemiluminescence detection reagent (GE Health-
care Life Sciences) and were quantified by densitometric scanning
using ImageJ Software (National Institutes of Health).

Fluorescence microscopy

For microscopic analysis, cells were plated on non-coated
eight-well chamber slides (Nalge Nunc International). 20 000 cells
were plated per well. The next morning (16 h after plating) medi-
um was changed to DMEM/F12 with HEPES, pH 7.3, supplement-
ed with 0.1% BSA and the cells were transfected with pmCher-
ry-syntenin-1, pmCherry-syntenin-1-AALIX, pCerulean-RAB5Y"""
and pcDNA3.1-Zeo-syndecan-1, in the combinations indicated,
using XtremeGene 9 (Roche) as described by the manufacturer.
Then, 8 h later (24 h after plating), the cells were transferred to
DMEM/F12 with HEPES, pH 7.3, supplemented with 0.1% BSA,
without or with 50 nM heparanase. After overnight incubation (40 h
after plating) the cells were fixed with PBS-4% paraformaldehyde
and mounted with Citifluor. In case cells were transfected with
both RNAi and DNA, RNAi was transfected while plating the
cells, using RNAIMAX (Life Technologies) as described by the
manufacturer. The next morning (24 h after plating) the cells were
transfected with DNA and further treated as described above.

For the immunocytochemical detection of the syndecan-1 cyto-
plasmic domain, after fixation, cells were permeabilized with 0.1%
Triton X-100 in PBS, followed by incubation in PBS-glycine 0.1
M and then blocked with PBS-1% BSA containing 10% goat se-
rum. Primary antibodies (25 pg/ml of mAb 2E9) and Alexa Fluor
488-conjugated secondary goat anti-mouse antibodies (diluted 1 in
1 000) were diluted in blocking buffer and applied successively to
cells before mounting with Citifluor.

Images were obtained using a confocal Olympus Fluoview 1 000
instrument (Olympus, Pennsylvania-Allentown, USA). The inten-
sity of the mCherry-syntenin-1 or Alexa Fluor-488 signals in the
lumen of RAB5Y" -positive endosomes, i.c., total fluorescence
corrected for the size of the lumen of the RAB5Y""-positive endo-
somes (the sum of the gray values of all the pixels in the selection
divided by the number of pixels or mean grey value per pixel), was
quantified using ImageJ.

Statistical analysis

Throughout the manuscript, Student’s #-test is used for assess-
ing statistical significance of observed differences. The Student’s
t-test assumes a normal distribution of the data. Because of the
limited number of data points per condition (maximally 5) normal
distribution of the data points could not be formally examined. For
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all statistical analyses we are assuming normal distribution of the
data points.
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