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LIVE-IMAGING OF MVB-PM FUSION IN CANCER CELLS  

 

ABSTRACT | Background::  Individual cancer cells secrete thousands of 40-100nm 
membrane vesicles called exosomes that presumably originate from multivesicular 
bodies (MVBs). Besides their molecular content, MVB fusion dynamics with the 
plasma membrane (PM) are expected to determine the physiology of tumor 
exosomes but this process remains poorly understood.  
Results: Here we labelled exosomes with a pH-sensitive optical reporter (CD63-
pHluorin) and reveal with live-imaging the kinetics of SNARE-mediated fusion of 
peripheral MVBs with the PM. MVB-PM fusion events are uncommon (compared 
to rapid transport vesicle-PM fusion) but increase dramatically upon stimulation 
with cAMP-dependent protein kinase (PKA) and histamine treatment, supporting a 
direct role for G protein-coupled receptor (GPCR) signalling in exosome release. 
We identified the non-neuronal t-SNARE SNAP23 and Syntaxin-4 as mediators of 
MVB-PM fusion and inactivation of SNAP23 in invasive cancer cells reduced 
extracellular matrix remodelling and invasion. Moreover, increased SNAP23 
expression was observed in tumor tissues and correlated with increased incidence 
of metastasis  
Conclusions: Together our findings demonstrate that MVB fusion with the plasma 
membrane is a dynamic, physiologically relevant process in cancer cells that can be 
modulated by soluble factors present in the tumor microenvironment.   
 
Introduction 
Exosomes are a subtype of extracellular membrane vesicles (EVs) secreted by a wide 
variety of cells. As intercellular messengers they probably function through direct 
activation of receptor-mediated cell-signaling pathways or through transfer of 
functional biomolecules (i.e. lipids, proteins and RNA) into recipient cells. Exosomes 
released by healthy cells are involved in important biological processes such including 
development, neuronal function or participate in immune responses1,2. Exosomes 
secreted by tumor-cells, however, may increase pathogenesis by promoting 
metastasis3. Exosome physiology can be complex, for example, highly metastatic 
melanomas produce exosomes that 'educate' bone marrow progenitors to promote 
pre-metastatic niche formation and induce vascular leakiness at pre-metastatic sites3. 
However, besides distant modes of action, exosomes may also control defined steps in 
metastatic processes in the local tumor microenvironment4,5. 
Tumor cells seem to produce more EVs and exosomes than non-transformed 
counterparts6,7, and it would be interesting to understand whether this is purely 
intrinsically regulated. Indeed, tumor cells interact closely with the extracellular matrix 
(ECM) and other cell types in the tumor microenvironment (TME), participating in 
complex heterotypical interactions8. The TME comprises local activity of cytokines, 
chemokines, growth factors, biogenic amines, and receptors that are not constitutively 
expressed in healthy tissues nor present in most culture conditions9,10. It seems that the 
signaling interactions of the TME may play a crucial role in cancer progression8, 
involving neovascularization, local invasion and metastasis, processes that require the 
activity of proteolytic enzymes such as matrix metalloproteinases (MMPs)11. Although 
exosome production within tumors is linked to cancer progression, the effects of the 



CHAPTER 6 

 

TME on exosome secretion by tumor cells is understudied. Multivesicular bodies 
(MVBs), the presumed intracellular origin of exosomes, are morphologically diverse 
and versatile late-endosomal compartments that are involved in cargo recycling, 
protein degradation and function as signaling platforms12. Besides fusion with or 
maturation into lysosomes, MVBs can supposedly fuse with the plasma membrane 
(PM), resulting in the release of their intraluminal vesicles (ILVs) as exosomes into the 
extracellular space13. However, conclusive evidence for the latter phenomenon is still 
lacking and pathways controlling shedding of EVs from the PM and exosome release 
from MVBs show significant overlap14. Nevertheless, critical molecules that control 
MVB biogenesis and movement have been suggested, among which, LBPA, 
sphingolipids, syntenin and Rab-GTPases15–20. The absence of visualization tools to 
quantify MVB-PM fusion, however, complicates efforts to assign specificity to 
molecules controlling exosome release or to distinguish this from involvement in 
exosome biogenesis. Importantly, soluble agents that control MVB-PM fusion and 
exosome release, have not yet been identified2.  
As the pathways controlling exosome release dynamics remain poorly understood, 
defining the exact physiological role of exosomes in vivo is hampered2,14. Despite 
major advances in the characterization EVs and EV subtypes, most studies that are 
aimed to demonstrate a physiological role for EVs in vivo rely on in vitro isolation and 
purification of EVs. Generally this involves collection of large volumes of cultured-cell 
supernatant over time, and multiple rounds of (ultra) centrifugation, ideally in 
combination with density gradient purification21,22. A limitation of this approach is the 
inevitable loss of physiological context and the inability to directly quantify exosome 
release. Nanoparticle tracking analysis can circumvent cumbersome isolation but 
seems primarily useful for gaining insights in size-distribution and relative 
concentrations of all particles present in the fluid21. Arguably, imaging techniques have 
proven their potential in deciphering the mechanisms of exosome secretion, leading to 
the discovery of the involvement of various Rab-GTPases18,19,23. Rab27A/B, for instance, 
are involved in exosome release from some but not all cancer cells, and Rab35 controls 
exosome release in oligodendrocytes18,23. Additionally, a role for nSMase-2 has been 
suggested in the biogenesis of MVBs, exosome production16 and intercellular 
communication via miRNAs24. 
To further identify molecules and signaling pathways that are directly involved in 
exosome release, new tools are required that can monitor MVB fusion with the cellular 
plasma membrane (PM) in living cells over time. Ideally, such a tool would be 
applicable for the identification of stimulatory and inhibitory signals in the extracellular 
environment which were recently proposed to modulate exosome physiology in vivo14. 
Here we developed a technique that can follow the dynamics of exosome secretion in 
living tumor cells using a novel fluorescent reporter for MVB-PM fusion. With this 
technique we found that MVB-PM fusion events in un-stimulated tumor cells are rare 
compared to transport vesicles (TV) fusion with the PM and show delayed kinetics. 
However, MVB-PM fusion activity can be increased by addition of histamine a known 
tumor microenvironment (TME) factor that induces G protein-coupled receptor (GPCR) 
signalling. Inhibition of t-SNARE SNAP23 function in histamine-stimulated cells and 
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forced retrograde movement of MVBs reduced MVB-PM fusion events. Physiologically, 
the blocking of SNAP23 function in invasive cancer cells reduced extracellular matrix 

Figure 1 | Method and validation  
(AA) Proposed model for the visualization of MVB-PM fusion: a pH-sensitive optical reporter (CD63-
pHluorin) is quenched when facing the acidic lumen of the MVB. Upon fusion, low luminal pH is 
immediately neutralized resulting in a sudden increase in fluorescent intensity. (BB) Immuno-fluorescent 
co-labeling of total CD63 (red) and CD63-pHluorin (green) in HeLa cells. (CC) TIRF images of a CD63-
pHluorin expressing HeLa cell at normal and elevated intracellular pH (NH4Cl superfusion). On the right, 
a heat-map revealing acidic vesicles close to the PM, obtained by subtracting the fluorescent intensity 
values of the normal pH from the high pH condition. (DD) EM images of a MVB close to the PM (left) and 
EVs aligning the PM (right), labeled with gold particles directed to GFP (10nm) in CD63-pHluorin 
expressing HeLa cells. (EE) EM image showing numerous MVBs in the cytoplasm of a CD63-pHluorin 
expressing HeLa cell. Asterisks indicate MVBs. (FF) Imaging flow cytometry of the number of MVBs per 
cell in a 2.5μm thickness optical section (n=2131 cells). (GG) Volume-distribution of endosomes based on 
analysis of whole-cell confocal scans (error bars represent s.d., n=3). The blue area accounts for 75% of 
the total number of endosomes and covers the 400-600nm diameter range. (HH) Immunogold labeling 
on purified exosomes with goldparticles directed to GFP. (II ) Western blotting analysis on untransfected 
(-) and CD63-pHluorin transfected (+) cells and purified exosomes for total CD63 and GFP. 
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remodelling and invasion consistent with exosome-mediated secretion of 
metalloproteases. Notably, high SNAP23 expression in tumor tissue correlated with 
cancer (progression) in cervical- and colon cancer.  
 
Development of a pH-sensitive reporter for MVB-PM fusion  
To overcome the current technical limitations in studying live-exosome secretion, we 
designed a pH-sensitive optical reporter (CD63-pHluorin) that allows the visualization 
of exosome release from living cells. Fusion of acidic MVBs with the PM can be 
observed by total internal reflection fluorescent (TIRF) microscopy when instantaneous 
neutralization of the luminal pH dequenches pHluorin-labeled cargo that is 
incorporated into ILVs (see schematic Fig. 1a). This approach has been successfully 
applied to characterize fusion characteristics of several secretory vesicle (SV) types 
containing transmitter-cargo in neurons25–27.  
To test this experimentally, we positioned a super-ecliptic pHluorin moiety into the first 
external loop of CD63, an integral membrane protein involved in exosomal sorting and 
strongly enriched in ILVs of MVBs28,29. Confocal imaging of fixed cells showed a near 
complete overlap with endogenous CD63 (Pearson coefficient 0.96), suggesting that 
CD63-pHluorin does not sustain trafficking defects (Fig. 1b). Next, we superfused 
living CD63-pHluorin expressing cells with NH4Cl and found that a significant 
proportion (70-90%) of CD63-pHluorin resided in acidic vesicles, turning fluorescent 
upon NH4Cl-mediated neutralization (Fig. 1c). Immunogold labeling electron 
microscopy (immuno-EM) confirmed sorting of CD63-pHluorin into ILVs of MVBs and 
its presence on the surface of exosome-like EVs (Fig. 1d, Supplementary Fig. 1a). We 
detected numerous CD63-pHluorin positive MVBs (Fig. 1e) at an estimated average of 
70 MVBs per 2.5μm thickness optical single cell section by imaging flow-cytometry 
(Fig. 1f). Accordingly, size/volume calculations based on whole-cell scans indicated 
that the majority (75%) of intracellular CD63-pHluorin-rich vesicles are in the classical 
MVB range of 400-600 nm, as shown by EM (Fig. 1g). Purification of EVs using a 
differential ultracentrifugation protocol optimized for exosome isolation22 
(Supplementary Fig. 1c) confirmed the release of CD63-pHluorin in association with 
exosomes by western blotting and immuno-EM (Fig. 1h).  
 
CD63-pHluorin visualizes MVB-PM fusion and reveals tumor exosome deposition in 
ECM 
To investigate the sensor potential of CD63-pHluorin in living HeLa cells, we 
performed time-lapse TIRF microcopy that is optimized for high-resolution detection of 
fluorescent signals at or near the PM30. In a time-lapse recording of 3 min we observed 
multiple fusion events scattered throughout the PM (Fig 2a, Supplementary Movie 1). 
In these recordings we did not observe preferential sites for MVB-PM fusion. When we 
closely monitored single fusion events, we observed localized increases in 
fluorescence signal at the PM, reminiscent of MVB-PM fusion events and exosome-
associated CD63-pHluorin release (Fig. 2b). Thus, CD63-pHluorin seems to behave as 
an optical reporter for exosome release by recording fusion events of MVBs with the 
PM. Indeed, by both RNA silencing and small molecule (GW4869) inhibition of neutral- 
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Figure 2 | Kinetic characterization of MVB-PM fusion events  
(AA) Total projection of fusion events (bright spots) over a time course of 3 minutes onto two cells (blue). 
(BB) Example of a localized sudden increase in fluorescence at the PM (highlighted in 2a) before (1), 
during the event (2), and right before disappearance of the signal (3). (CC)) Confocal analysis of CD63, 
NPY- and VAMP2-pHluorin HeLa cells treated with 2μg/ml U-drug. (DD) Effect of U-drug treatment on 
MVB-PM fusion activity. (EE) Effect of U-drug treatment on VAMP2/NPY transport vesicles PM-fusion 
activity.  (FF) Time-lapse imaging (heatmaps) of a fusion event of exosomal protein CD63-pHluorin. (GG) 
Time-lapse images of soluble (NPY-pHluorin) and membrane protein (VAMP2-pHluorin) fusion events.  
(HH) Fluorescent signal duration of NPY (avg=0.85 sec), VAMP2 (avg=2.12 sec), and CD63 (avg=106.55 
sec) fusion events. (II ) 3D-heat maps of three consecutive CD63-pHluorin fusion event frames. (JJ) 
Western blot for exosomal markers (CD63, Alix) on exosomes purified from the supernatant (soluble) 
and exosomes attached to the cell surface (PM attached), isolated after short trypsinization of the cells. 

(legend continues on the next page) 
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sphingomylinase 2 (nSMase-2), an enzyme previously shown to control exosome-
associated release of CD63, amyloid-β, β-catenin and secretory miRNAs to target 
cells16,24,31, we could significantly reduce the number of CD63-pHluorin reported fusion 
events in HeLa cells (Sup Fig. 1e). 
Having confirmed the trafficking and functioning of CD63-pHluorin, we studied the 
dynamics of MVB trafficking and fusion in comparison to established soluble and 
membrane-bound transport vesicle (TV) markers, neuropeptide Y (NPY)-pHluorin and 
vesicle-associated membrane protein 2 (VAMP2)-pHluorin respectively 
(Supplementary Fig. 2a). Late-endosomes are transported by motor complexes that 
respond to the cholesterol levels inside those endosomes32. Indeed, raising endosomal 
cholesterol levels with 2 μg/ml U18666A (U-drug) selectively redirected MVBs away 
form the cell-periphery, in contrast to NPY-pHluorin and VAMP2-pHluorin containing 
transport vesicles (Fig. 2c, Supplementary Fig. 1d). Thus NPY and VAMP2 vesicles but 
not late endosomes can reach the vicinity of the PM for fusion under these conditions. 
In accordance with this, the U-drug selectively reduced the number of CD63-pHluorin 
fusion events (Fig. 2d,e). These results are consistent with the notion that exosome 
release requires MVB movement to the cell surface14,18,23. More generally, our analysis 
showed that MVB-PM fusion events are rare compared to the fusion of NPY or VAMP2 
TVs with the PM (Fig. 2e).    
Next we investigated post-fusion dynamics of exosome secretion compared to soluble 
protein secretion (NPY) and plasma membrane deposition (VAMP2) (Supplementary 
Fig. 2a). For this, we compared the fluorescent signal duration of CD63-pHluorin 
fusion events at the PM with those of NPY- and VAMP2-pHluorin. Compared to the 
more sudden fluorescence release profile of the soluble secretory vesicle cargo protein 
NPY-pHluorin, HeLa cells expressing either transmembrane proteins VAMP2- or CD63-
pHluorin showed extended fluorescence signal over time after the initial fluorescence 
peak. Surprisingly, direct comparison of CD63-pHluorin fusion events with these 
established pHluorin sensors revealed that MVB-PM fusion strongly prolongs local 
fluorescent signals at the PM (Fig. 2f-h, Supplementary Movies 1-3). This may be 
explained by the slower dispersion of the externalized exosomes when compared to 
soluble cargo release (NPY-pHluorin), and/or rapid lateral membrane diffusion 
combined with endocytosis of PM-deposited VAMP2-pHluorin. Alternatively, 
fluorescent exosomes remain “stuck” at the PM as local deposits after MVB-PM fusion 
(Fig. 2f, Supplementary Movie 2). To test this possibility, we isolated exosomes from 
HeLa cell culture supernatant and from the cell surface after mild trypsinization using 
differential ultracentrifugation (Supplementary Fig. 2b). Strikingly, we detected near 
equal amounts of CD63-pHluorin and the soluble endosomal protein Alix in both EV 
fractions, suggesting that a significant proportion of tumor cell-secreted EVs remain at 
the cell surface (Fig. 2g). This finding further affirms the potential impact of exosomes 
on the local microenvironment of the cell, apart from their well-recognized role in 
distant communication3.  

Figure 2 | Kinetic characterization of MVB-PM fusion events  (continued) 
(KK) Fusion activity of HeLa cells stimulated with a cell-permeable non-hydrolyzable cAMP derivate 
(8CPT-cAMP, 400μM) (LL) and with forskolin (100μM). (MM) Total projection of fusion events as in Fig. 2a 
onto cells stimulated with histamine (100μM). (NN) Fusion activity of HeLa cells stimulated with histamine 
(100μM). (OO) Fusion activity of cells stimulated with caffeine (20mM).         
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Histamine-mediated GPCR activation triggers MVB-PM fusion 
Having confirmed the feasibility of our approach, we aimed to gain further insight into 
the mechanism of exosome release. We first investigated whether the second 
messenger cyclic AMP (cAMP) affects exosomal release by MVB-PM fusion as classical 
biochemical approaches previously suggested33. Superfusion of a cell-permeable non-
hydrolyzable cAMP derivate (8CPT-cAMP) resulted in a 2-fold increase in MVB-PM 
fusion events. Similar positive results were observed using forskolin that raises 
intracellular cAMP levels by activating adenylyl cyclase (AC), a downstream target of G-
protein-coupled receptors (GPCRs) (Fig. 2k,l).  
GPCRs represent one of the most important classes of drug targets that signal via 
second messengers like cAMP when activated Gs-alpha subunits bind to and activate 
AC34. We thus reasoned that surface GPCRs could relay physiological external triggers 
leading to exosome release. The TME may represent an abundant source of GPCR 
ligands, including bioactive peptides, biogenic amines, purins and chemokines. Since 
histidine decarboxylase (HDC), an enzyme converting L-histidine into histamine, is 
overexpressed in a wide range of tumors, including leukemia, melanoma, and breast, 
stomach, colon and lung cancer35, we considered histamine a potential candidate for 

Figure 3 | Characterization of the MVB-PM fusion complex 
(AA) Confirmation of SNAP23 knock-down at the protein level and effect of SNAP23 knock-down on 
MVB-PM fusion activity (CycloB=Cyclophilin B control). (BB,,CC) Conformation of SNAP-23 and Syntaxin-4 
knock-down at the mRNA level. (DD) Effect of the knock-down of SNAP23 and Syntaxin-4 on fusion 
activity (NTC=non targeting control), (EE) and the effect of SNAP23-phosphorylation inhibitor IKK-2 
inhibitor IV on fusion activity. (FF) Fusion kinetics of a CD63-pHluorin HeLa cell, showing the distribution 
of fusion events over time (black line) and the calcium levels (blue) during histamine stimulation (arrow). 
(GG,,HH) Fusion activity of histamine-stimulated cells incubated with a buffer with fast (BAPTA) or slow 
(EGTA) calcium-binding kinetics. (II ) Heat-maps revealing calcium responses upon histamine stimulation, 
obtained by subtracting the fluorescent intensity values before stimulation from those after 8s 
stimulation (as shown in Sup Fig. 1f). 
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GPCR mediated MVB-PM fusion. Strikingly, addition of 100 μM histamine to the 
medium strongly promoted MVB-PM fusion events while this was not observed upon 
caffeine-induced release of calcium from internal stores (Fig. 2m-o), coupling 
histamine-induced GPCR signaling with peripheral MVB-PM fusion.  

 
Histamine-induced MVB-PM fusion is SNAP23/Syntaxin-4 dependent  
To identify critical molecules that may control histamine-induced exosome release 
from MVBs., we opted to silence the expression of SNAP23 and Syntaxin-4 in CD63-
pHluorin expressing cells. SNAP23/Syntaxin-4 are core soluble NSF attachment protein 
receptor (SNARE) family members involved in membrane fusion and cargo release36. 
siRNAs against SNAP23 and Syntaxin-4 but not control cyclophylin B, a protein present 
in the secretory pathway37, strongly reduced histamine-induced MVB-PM fusion (2-3 
fold) (Fig. 3a-d). Accordingly, upon treatment of with an IKK2 inhibitor that prevents 
phosphorylation of SNAP2336,38, we measured reduced numbers of fusion events upon 
histamine-treatment (Fig. 3e).  
Since many GPCRs, including the H1 histamine receptor expressed in our cells, use a 
Ca2+ secondary messenger system39 we monitored the number of MVB-PM fusion 
events upon histamine stimulation and simultaneously measured intracellular calcium 
levels. Interestingly, unlike rapid calcium-induced SV release in neurons, we observed 
a delay of approximately 60s between calcium entry and increased MVB-PM fusion 
activity (FFiigg..  33ff ). These kinetics corresponded well with observations made with PKA 
phosphorylation40. In fact, addition of the fast Ca2+ buffer BAPTA-AM (20 µM) or the 
slow buffer EGTA-AM (200 µM) did not significantly reduce histamine-induced MVB-
PM fusion in HeLa cells (Fig. 3g-i, Supplementary Fig 1f), suggesting that histamine-
induced MVB-PM fusion functions independently from Ca2+ as a second messenger 
system. However, inhibition of Protein Kinases A and C by treatment with Ro 31-8220 
(10 µM) for 10 minutes completely blocked histamine-induced MVB-PM fusion activity 
(Supplementary Fig 1g), further establishing the importance of phosphorylation in 
MVB-PM fusion.   
Overall this mechanistic data is consistent with a model in which phosphorylation, 
presumably of SNAP23/Syntaxin 4 complexes, is required for the fusion of peripheral 
MVBs with the PM and that this is controlled by GPCR/AC/cAMP-dependent signal 
transduction pathway, 

 
Exosome-secretion stimulates invasive behavior of cancer cells 
SNAP23 is an isoform of SNAP25, the principal target (t)SNARE for synaptic vesicle 
release in neurons that is widely expressed in different tissues41 and implicated in many 
secretory processes42,43. We confirmed SNAP23 expression in six different cervix and 
colon cancer cell lines that secrete exosomes (Fig. 4a). Confocal analysis indicates that 
SNAP23 localizes (mainly) at the plasma membrane, confirming a putative function as 
t-SNARE in MVB-PM fusion in cancer cells (Fig. 4b, Supplementary Fig 1h). A 
comparable localization was observed for a c-terminal truncated SNAP23 (CΔ9) that 
forms non-functional complexes with SNARE partners, thereby acting as a dominant 
negative regulator of endogenous SNAP23 function (Fig. 4b)44. Accordingly, 
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expression of SNAP23-CΔ9 significantly reduced MVB-PM fusion activity in the human 
cervical squamous cancer cell line SiHa (Fig. 4c,d).  

Figure 4 | Effect of exosome release inhibition on invasive capacity of cervix- and colon carcinoma 
cells  
(A) Western blotting analysis on SNAP23 protein expression in 6 different cell lines. (BB) Confocal analysis 
of full-length (GFP-SNAP23-FL) and truncated (GFP-SNAP23-CΔ9) GFP-SNAP23 (in grey) transfected 
SiHa cells labeled for CD63 (red). (CC) Total projection of fusion events in CD63-pHluorin SiHa cells co-
transfected with GFP-SNAP23-FL (left) or GFP-SNAP23-CΔ9 (right) over approx. 4 minutes. (DD) 
Quantification of fusion events in CD63-pHluorin SiHa cells co-transfected with SNAP23-FL or SNAP23-
CΔ9 (right). (EE) Western blotting analysis on MMP-2, MMP-9 and CD81 in cell lysates and exosomal 
fractions of SiHa cells. (FF) Fluorescent gelatin (Texas-red) degradation assay with GFP-SNAP23-FL or 
GFP-SNAP23-CΔ9 transfected SiHa cells. On the left, images of cells expressing the indicated GFP-
SNAP23 constructs on Texas-red(TRSE)-labeled gelatin. On the right the percentage of transfected cells 
able to degrade the gelatin after 24 hours incubation (GFP-SNAP23-FL set at 100%). (GG) Transwell 
invasion assays performed on SiHa cells transfected with GFP-SNAP23-FL or GFP-SNAP23-CΔ9. (HH) 
SNAP23 mRNA expression levels in colon cancer tissues from patients with or without metastasis, and 
SNAP23 mRNA expression levels in healthy and cancer cervix tissue. (II ) Putative model coupling GPCR 
signaling activation by tumor microenvironment (TME) components to invasion of cervix and colon 
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Exosomes are considered to function as paracrine messengers, having non-cell 
autonomous effects on their environment. We observed that at least a proportion of 
exosomes does not (immediately) detach from the producing cell, suggesting these 
exosomes may exert autocrine or localized activities (Fig. 2g). We examined the 
possibility that the exosomal pathway mediates secretion of matrix remodeling 
metalloproteinases (MMPs) and studied this in invasive cervical and colon cancer cells. 
We detected MMP2 and MMP9 in the vesicle fraction (Fig. 4e, Supplementary Fig 1i), 
suggesting exosome release may influence the invasive and metastatic behaviour of 
these cells. Consistent with this premise, blocking exosome secretion in cervix cancer 
cells by expression of SNAP23-CΔ9, reduced fluorescent gelatin degradation by SiHa 
cells by almost 50% (Fig. 4f) and cervix and colon tumor cell invasion in vitro by 40% in 
SiHa and in HCT116 (Fig. 4g, Supplementary Fig 1j). Based on these observations 
and prior supporting findings4,44,45, we conclude that exosome-mediated invasion and 
migration of cervix and colon cancer cells requires SNAP23.  
To explore whether SNAP23 may have a role in solid cancer progression in vivo, we 
compared SNAP23 mRNA expression levels in 20 cervical cancers and 8 site-matched 
normal epithelial samples isolated with laser capture micro-dissection (LCM) using a 
publically available dataset. We found a 2-fold upregulation of SNAP23 mRNA levels 
in cervix tumor tissue versus healthy tissue (Geo ID database: GSE6791) (P<0.05). 
Furthermore, analysis of 18 metastatic and 72 non-metastatic colon-cancer tissues 
revealed a significant upregulation of SNAP23 mRNA levels in metastatic colorectal 
cancer cells (Geo ID database: GSE33114) (P<0.05)  (Fig. 4h). Overall, we propose that 
visualisation of MVB-PM fusion by CD63-pHluorin in tumor cells can be a useful novel 
tool for screening molecules that control tumor exosome release and physiology. 

 
DISCUSSION  
The optical reporter system we present here was designed to directly monitor 
exosome secretion from MVBs in living tumor cells. We demonstrated that the CD63-
pHluorin reporter is useful for the identification of relevant signaling pathways and 
critical regulators of exosome function. In this study we employed TIRF-Microscopy 
(TIRFM) for its supra-optical vertical resolution, fusion events with the PM but could 
also be made visible with ‘regular’ epi-fluorescence26. We designed the reporter based 
on CD63 because this molecule is well recognized for enrichment in ILVs28 and is 
considered as one of the most prominent universal exosome markers14,28. However, 
positive results may also be obtained by applying our approach to other ILV cargo-
molecules that typify general and/or specific MVB subsets46.  
Due to the high sensitivity of TIRF-M, in theory small CD63-pHluorin containing 
transport vesicles may also be detected if they are sufficiently acidic and if the 
background-fluorescence at the PM is sufficiently low. Most mammalian cells however 
express a significant proportion of endogenous CD63 at the cell surface47 consistent 
with what we observed as CD63-pHluorin ‘background’ in Figure 2f. This makes it 
more likely that with our approach using CD63-pHluorin, we measure principally MVB-
PM fusion events. There are several additional arguments that support this conclusion. 
First, the vast majority of the immunogold-labeled compartments were bonafide MVBs 
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(>90%) in both size and ultrastructure as indicated by the numerous CD63-stained 
intraluminal vesicles (Supplementary Fig. 1a,b). In fact, a size-distribution analysis 
demonstrated that the majority of CD63-pHluorin compartments are (>95%) 400-
600nm (i.e. MVB) or above (Fig. 1g), which is well above the expected size of transport 
vesicles (<100nm)48. Second, a direct comparison with transport vesicles by using 
markers for soluble protein secretion (NPY) and direct deposition of proteins in the 
plasma membrane (VAMP2) clearly diverged from CD63-pHluorin fusion events (Fig. 
2c-h). Third, the decrease in the fusion rate in nSMase-2 KD cells is fully consistent with 
results obtained using conventional biochemical methods that in other studies that 
showed nSMase-2 controls exosome release (Supplementary Fig. 2e)16,24. Fourth, 
interference with a specific late-endosomal motor complex by incubation with 
U18666A32, drastically reduced CD63-pHluorin fusion events. Finally, the CD63 optical 
sensor showed similar results in a range of cell types, including cervix and colon 
epithelial tumors cells (HeLa, SiHa, Caski, HCT116, Colo-320, SW480) that are known 
to produce exosomes. In primary human stem cells however, we reported much fewer 
events, consistent with the notion that this cell type produces fewer exosomes, at least 
when grown in culture (Supplementary Movies 5-8). Compared to differential 
ultracentrifugation techniques, our strategy is unique in that it reports the vesicle 
release process from internal acidic MVBs in real-time. Arguably our approach yields 
the most conclusive evidence available that living cells release vesicles produced by 
MVBs as suggested first in reticulocytes decades ago49 and afterwards in lymphoblastic 
B cells50. Our study may help resolve long-standings issues as to whether endosome-
derived EVs are distinct from EVs of similar size and density but are produced at other 
subcellular sites such as the plasma membrane51.  
The applicability for our imaging-approach was highlighted in cervical cancer cells that 
where exposed to histamine. We identified histamine as a physiological GPCR ligand 
that rapidly triggers MVB-PM fusion and showed this was dependent on Protein Kinase 
A (PKA) (Fig. 4i). Notably, both histamine and GPCRs can be abnormally expressed in 
various cancers52,53, and transgenic mice lacking histamine-producing immune cells are 
restricted in tumor-angiogenesis by an unknown mechanism54. Since tumor exosomes 
may stimulate angiogenesis, it is possible that histamine from infiltrating immune cells 
favor a permissive tumor microenvironment by stimulating their release from the tumor 
cells.  
Our studies demonstrate that release of exosomes by living tumor cells is controlled 
by SNARE-mediated membrane fusion as could be inferred from observations that 
indicated involvement of Rab-GTPases in MVB-PM fusion and exosome release18,23. We 
identified SNAP23 and Syntaxin-4 as likely mediators for fusion of CD63-enriched 
MVBs with the PM in cervical cancer cells. SNAP23 and Syntaxin-4 are not essential for 
the constitutive exocytosis of transport vesicles in HeLa cells55. However, our 
observations are fully in line with studies showing that SNAP23 and Syntaxin-4 act 
jointly in regulated secretory processes like GLUT4 Secretory Vesicle (GSV) 
exocytosis42,43,56. Thus SNAP23/Syntaxin-4 complexes, similar to the small GTPase 
Rab27, play a role in multiple, but not all exocytotic processes. Because interfering 
with SNAP23 function inhibited the invasive capacity of tumor cells, we exposed a link 
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between MVB-mediated exosome secretion, matrix remodeling and metastasis in 
cancer patients (Fig. 5h). Findings in two independent studies agree with our 
conclusion that MVB-produced exosomes export enzymatic activity to the cell 
surface4,45. In one study it was hypothesized that localized exosomes in the ECM may 
initiate the formation of invadopodia4,45. In agreement with this speculation we found 
that a significant proportion of exosomes can be retained in the extracellular matrix 
(ECM) of tumor cells. The ECM-remodeling activity of tumor exosomes could also 
explain why mice injected with purified tumor exosomes have increased permeability 
of the lung endothelium3, underscoring the versatile actions of tumor exosomes in 
vivo.   
In summary, using a CD63-pHluorin reporter we identified key factors that control 
physiologically relevant MVB-PM fusion in cancer cells. We employed a variety of 
techniques, including small molecule inhibitors, siRNA approaches and expression of 
dominant negative constructs to influence signal transduction, MVB trafficking, and 
membrane fusion. The methods described offer new avenues for screening of 
potential drug targets to modulate the physiology of (tumor) exosomes in vitro and in 
vivo.  
 
Materials	  &	  methods	  
Plasmids|	  The   pCMV-‐CD63-‐pHluorin   plasmid  was   generated   by  modifying   the   pCMV-‐CD63   plasmid,   kind  
gift  from  Dr.  Kei  Sato  (Kyoto  University,  Japan).  We  first  amplified  the  super-‐ecliptic  pHluorin  sequence  out  
of  a  synapto-‐pHluorin  plasmid  57  using  the  primer  pair  5’-‐TAGCTCAGCTGATGGGAAGTAAAGGAG-‐3’  and  5’-‐
TCGCTCAGCTGTTTGTATAGTTCATCCAT-‐3’   to   add   PvuII   restriction   sites   at   both   ends   of   the   pHluorin  
sequence.  Next,  we  generated  pCMV-‐CD63xECI  by  inserting  a  PvuII  restriction-‐site  in  the  first  extracellular  
loop  of   CD63  between   amino   acids  Gln36   and   Leu37  by   targeted  mutagenesis   of   pCMV-‐CD63,   using   the  
QuikChange   Lightning   Site-‐Directed   Mutagenesis   Kit   protocol   (Agilent,   CA,   USA)   and  
GTGTCGGGGCACAGCAGCTGCTTGTCCTGAGTCA  as  primer.  The  final  pCMV-‐CD63-‐pHluorin  was  obtained  by  
ligating  the  pHluorin-‐insert  with  the  mutated  pCMV-‐CD63xECI  vector  after  digestion  with  PvuII,  generating  
pCMV-‐CD63-‐pHluorin.  The  GFP-‐SNAP23   full-‐length   (FL)   and  C-‐terminally   truncated   SNAP23   (GFP)SNAP23-‐
CΔ9  plasmids  have  been  described  before  44.    
  
Cell	   lines|	  HeLa,   SiHa,   HCT116,   and   SW480   cells  were   cultured   in   DMEM,   supplemented  with   10%   fetal  
bovine  serum  (FBS,  Perbio  Sciences  HyClone),  100  U/ml  penicillin  G,  100  mg/ml  streptomycin  sulphate  and  
2  mM  glutamine.  Adipose-‐derived  human  Mesenchymal  Stem  Cells   (ADSCs)  were  cultured   in  Alpha-‐MEM,  
supplemented  with  10%  FBS,  100  U/ml  penicillin  G,  100  mg/ml  streptomycin  sulphate  and  2  mM  glutamine.    
	  
Transfections|  Plasmid  transfections  were  usually  carried  out  using  Lipofectamin  2000  reagent  (Invitrogen),  
typically  on  a  12-‐well  scale  with  500ng  plasmid  and  cells  at  50-‐70%  confluency.  Cells  were  examined  after  
24h   transfection.   Adipose   derived   hMSC   were   microporated   using   the   Neon   Transfection   System  
(Invitrogen)  with  0.5  μg  of  a  plasmid  according  to  the  manufacturer’s  protocol  using  the  following  settings:  
3  pulses,  1400  V,  10ms  pulse  width.    
  
RNA	  interference|  HeLa  cells  were  seeded  on  poly-‐L-‐lysine  coated  coverslips  (ø  18mm,  Thermo  Scientific)  
at  20,000  cells  per  well  in  1  ml  of  complete  growth  medium  24  hours  prior  to  siRNA  transfection.  Cells  were  
transfected  with  5  μL  of  5  μM  (Thermo  Scientific  Dharmacon  ON-‐TARGETplus  SMARTpool)  or  7.5  μL  of  100  
μM  (Dharmacon  Accell)  siRNA,  according  to  the  manufacturer’s  protocol.  For  MVB-‐fusion  imaging  purposes,  
cells   were   transfected   with   the   CD63-‐pHluorin   plasmid   48   h   after   siRNA   transfection,   and   assessed   the  
following  day.    
Antibodies	   and	   reagents|  Monoclonal   antibodies   against   CD63   (H5C6,   BD   Biosciences),   CD81   (JS-‐81,   BD  
Biosciences),  and  Alix  (3A9,  Cell  Signal)  were  used  at  1:200.  MMP-‐2  (42-‐5D11,  Oncogene)  and  MMP-‐9  (56-‐
2A4,  Oncogene)  mouse  antibodies  were  used  1:100.  Antibodies  against  SNAP23  (rabbit,  Synaptic  Systems),  
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GFP  (rabbit,  Genscript)  and  β-‐actin  (mouse,  Santa  Cruz)  were  used  at  1:1000.  For  western  blotting,  cells  or  
exosomes  were  lysed  in  a  1%  SDS  buffer  and  equal  amounts  of  protein  were  loaded  onto  an  SDS/PAGE  gel.  
Only  gels  for  CD63  and  CD81  detection  were  run  under  non-‐reducing  conditions.    
EGTA-‐AM  (Sigma)  was  applied  at  200  μM  for  15  minutes  at  37°C,  BAPTA-‐AM  (Sigma)  was  applied  at  10  μM  
for   15   minutes   at   37°C,   Ro   31-‐8220   (EMD-‐Millipore)   was   applied   at   10   μM   for   15   minutes   at   37°C.  
Histamine      (Sigma)  was   used   at   100   μM,   caffeine      (Sigma)  was   used   at   20  mM.   IKK-‐2   inhibitor   IV   (EMD  
Millipore)  was  used  at  2.5  μM  for  5h  at  37°C.  
  
Image	  acquisition	  and	  data	  analysis	  
Imaging	  flow	  cytometry|  Cells  were  acquired  on  the  ImageStreamX  (Amnis  corp.)   imaging  flow  cytometer  
using  a  488  nm  laser  set  at  80  mW.  A  minimum  of  5000  cells  was  acquired  per  sample  at  60x  magnification  
at  a  flow  rate  ranging  between  25  and  50  cells/s.  At  this  magnification,   lateral  resolution  is  approximately  
250   nm  while   the   depth   of   the   optical   slice   is   approximately   4  mm   58   Analysis  was   performed  using   the  
IDEAS   v6.0   software   (Amnis   corp.).   A   compensation   table  was   generated   using   the   compensation  macro  
built  in  the  software  and  applied  to  the  single  staining  controls.  Proper  compensation  was  then  verified  by  
visualizing   samples   in   bivariate   fluorescence   intensity   plots.   A   template   analysis   file   to   gate   for   single  
optimally-‐focused   cells   was   prepared   and   applied   to   the   experimental   samples   in   order   to   export   this  
population  to  a  new  compensated  image  file  to  allow  merging  all  experimental  samples  within  a  single  file  
for  direct  sample  analysis.  The  peak  mask  was  used  to  detect  individual  endosomes  by  setting  a  signal-‐to-‐
noise   ratio   of   8.   Then   the   number   of   endosomes   was   calculated   using   the   feature   spot   count   on   the  
previously  computed  endosomal  (peak)  mask.  
  
TIRF-‐Microcopy|  Coverslips  were  placed  in  an  imaging  chamber  and  perfused  with  Tyrode’s  solution  (2  mM  
CaCl2,  2.5  mM  KCl,  119  mM  NaCl,  2  mM  MgCl2,  20  mM  glucose,  and  25  mM  Hepes,  pH  7.4)  and  imaged  on  
a  microscope  (Zeiss  Axiovert  200M)  equipped  with  an  EMCCD  camera  (CASCADE;  Roper  Scientific)  and  an  
illumination   unit   (Polychrome   IV;   TILL   Photonics)   for   wide-‐field   imaging   using   a   40×   1.3   N.A.   wide-‐field  
objective.  For  TIRF  imaging,  a  laser  beam  from  an  air-‐cooled  argon  ion  laser  was  coupled  into  a  100×  1.45  
N.A.   TIRF   objective   via   a   TIRF   condensor   (TILL   Photonics).   Images   were   acquired   at   3   Hz   unless   noted  
otherwise,   and   acquired   with   MetaMorph   6.2   software   (Universal   Imaging).   The   histamine-‐stimulation  
protocol  consists  of  4  min  imaging  in  total,   including  1  min  superfusion  with  100μM  histamine  in  Tyrode’s  
solution.  Intracellular  pH  was  neutralized  with  normal  Tyrode’s  solution  containing  50  mM  NH4Cl  instead  of  
NaCl.  A  barrel  pipette  (ALA-‐VM4)  was  used  to  apply  NH4

+  solution  to  the  cells.  All  imaging  experiments  were  
performed  at  RT  (21–24°C).    
  
Confocal	  Microscopy|  For  CLSM  analysis  cells  were  seeded  on  poly-‐L-‐lysine  coated  ø  18mm  coverslips,  fixed  
with   4%   paraformaldehyde   (20min),   permeabilized   with   0.1%   Triton-‐X   (10   min),   and   blocked   with   PBS  
containing  10%  FCS  (1h).  The  slides  were  incubated  with  the  primary  antibodies  for  30min  at  RT,  followed  
by   incubation   with   species-‐specific   fluorescence-‐conjugated   secondary   antibodies   for   30min   at   room  
temperature,  mounted  with   the  Vectashield   reagent   (Vector   Laboratories   Inc.,   CA,  USA)   and   sealed  with  
nail   polish.   All   stainings   were   imaged  with   a   Leica   DMRB  microscope   (Leica,   Cambridge,   UK).   All   images  
were   obtained   through   sequential   scanning   with   the   pinhole   set   at   1AE   (standard).   Fluorophores   were  
excited  using  488  nm  (GFP)  and  561  nm  (Alexa594)  laserlines.  
ImageJ  software  was  used  for  statistical  analysis  including  calculation  of  PCCs  59.  
Gelatin  degradation  assays  were  imaged  using  a  Leica  TCS  SP8  confocal  microscope  (Mannheim,  Germany).  
For  more  details,  see  the  gelatin  degradation  section.  
  
Immunoelectron	  Microscopy|  HeLa  cells  were  fixed  for  2  h   in  a  mixture  of  2%  paraformaldehyde  (PFA)  +  
0.2%  glutaraldehyde  in  60  mM  PIPES,  25  mM  HEPES,  2  mM  MgCl2,  10  mM  EGTA,  pH  6.9  and  processed  for  
ultrathin   cryosectioning   as   described.60   The   isolated   exosomes   were   spot   on   a   glow-‐discharged   formvar  
coated   grid   and   fixed   with   4%   PFA   to   perform   IEM.   For   immunolabelling,   the   sections/exosomes   were  
incubated  for  10  min  with  0.15  M  glycine  in  PBS  and  for  10  min  with  1%  BSA  in  PBS  to  block  free  aldehyde  
groups  and  prevent  aspecific  antibody  binding,  respectively.  Sections  were  incubated  with  anti-‐GFP  (Roche)  
followed  by  10  nm  protein-‐A  conjugated  colloidal  gold  (EMlab,  University  of  Utrecht)  all   in  1%  BSA  in  PBS.  
Next,  the  cryosections/exosomes  were  embedded  in  uranylacetate  and  methylcellulose  and  examined  with  
a  Philips  CM  10  electron  microscope  (FEI  Eindhoven,  The  Netherlands).  
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Data	  analysis|  Data  was  analysed  using   ImageJ,  using  the  JACoP  plugin  to  determine  PCCs.  Fusion  events  
are  detected  as  a  sudden  increase   in  fluorescent   intensity,  as  shown  in  Fig.  2  a-‐c  and  Sup  Movie  1.  Signal  
duration   (Fig.   2c)   is   defined   as   the   time   from   the   start   of   the   event   till   the   fluorescent   signal   is  
indistinguishable  against   the  plasma  membrane   fluorescence.  Fusion  activity   is  defined  as   the  number  of  
events   over   the   course   of   a   time-‐lapse   experiment,   which   varies   between   experiments,   but   is   typically  
between   3   and   5   minutes.   On   average   10   cells   were   imaged   per   condition.   Shown   are   representative  
experiments  replicated  in  independent  experiments.  
  
Exosome	  isolation|	  Exosomes  were  prepared  from  the  supernatant  of  24h  cultured  HeLa  cells  as  previously  
described61   and   Sup   Fig   1b.   Briefly,   exosomes  were  purified   from   the   cultured  media  with   exosome-‐free  
serum.   Differential   centrifugations   at   500   g   (2   x   10   min),   2,000   g   (2   x   15min),   10,000g   (2   x   30min)  
eliminated  cellular  debris  and  centrifugation  at  70,000  g  (60  min)  pelleted  exosomes.  The  exosome  pellet  
was  washed  once  in  a  large  volume  of  PBS,  centrifuged  at  70,000  g  for  1  h  and  re-‐suspended  in  200  μL  PBS.    
  
Cell	   invasion	   and	   gelatin	   degradation	   assays|   Cell   culture   inserts   (8.0   μM   pore-‐size)   in   24-‐well   dishes  
(Costar),  were  prepared  with   collagen.   The   lower   chamber  was   coated  with   2  μg/ml   fibronectin   and   the  
upper  chamber  with  25  μg/ml  Collagen-‐I  (BD  Biosciences).  HCT116/SiHa  cells  were  transfected  for  16  hours,  
at  which   point   they  were   lifted   and   seeded   onto   the   upper   surface   coated  with   collagen,   in   serum-‐free  
media  (100,000  cells  per  well).  The  cells  that  invaded  towards  the  chemo-‐attractant  (DMEM  containing  10%  
FBS)   in  the   lower  chamber  and  penetrated  the  collagen  and  after  48  hours  were  stained  with  calcein-‐AM  
and  quantified.  Three  fields  of  cells  per  membrane  were  counted.    
Gelatin  degradation  assays  were  performed  as  previously  described62.  Briefly,  coverslips  were  coated  with  a  
thin  layer  of  2%  gelatin  in  PBS  and  dried  overnight  at  4°C.  The  coverslips  were  then  rinsed  in  PBS  and  fixed  
in  PBS  containing  0.5%  glutaraldehyde  for  30  minutes.  They  were  then  washed  and  stained  with  Texas  red-‐X  
succinimidyl   ester   (TRSE)   (0.6   ml   TRSE   in   12   ml   of   PBS   containing   0.1   M   NaHCO3)   for   30   minutes   and  
washed.  Coverslips  were  quenched  in  DMEM  for  1  hour  and  cells  were  seeded  on  them  at  30%  confluency  
and  incubated  for  24  hours.  Degradation  areas  made  by  transfected  (GFP-‐positive)  cells  were  counted  and  
scored  as  the  percentage  of  area  degraded  per  cell  (+1  for  fully  degraded,  +0.5  for  partially  degraded,  and  0  
for   no   degradation).   Cells   were   imaged   at   37°C   and   5%   CO2   using   a   Leica   TCS   SP8   confocal  microscope  
(Mannheim,  Germany)  equipped  with  a  dry  20x  N.A.  0.7  objective.  Fluorophores  were  excited  using  488  nm  
(GFP)   and   561   nm   (TRSE)   laserlines.   Experiments   were   carried   out   in   duplo   and   were   replicated   in  
independent  experiments.    
  
RT-‐PCR|  Total  RNA  was  isolated  with  Trizol  reagent  (Invitrogen),  according  to  the  manufacturers’  protocol.  
RNA  was  converted  to  cDNA  using  the  AMV  Reverse  Transcriptase  System  from  Promega.  Briefly,  1  mg  RNA  
was  incubated  with  250  ng  random  primers  for  5  min  at  65°C  followed  by  cDNA  synthesis  using  five  units  
AMV-‐RT  for  45  min  at  42°C  in  a  total  volume  of  20ml.  Semi-‐quantitative  PCR  reactions  were  performed  with  
SYBR   Green   I   Master   using   the   LightCycler480   System   (Roche   Diagnostics)   and   consisted   of   10   min  
incubation  at  95°C,  followed  by  45  cycles  of  10  s  95°C,  15  s  60°C  and  15  s  72°C.  Amplification  and  melting  
curves  were  analysed  using  the  Light-‐Cycler480  Software  release  1.5.0.  The  following  primers  were  used  for  
SNAP23   RT–PCR:   Fw   5’-‐   AACCCAGGATTCTCCTCGTA   -‐3’,   Rev   5’   –   GTTGGGGTGTCCGAGTTG   -‐3’;   and   for  
Syntaxin-‐4  RT-‐PCR:  Fw  5’-‐  TTGATGAGCTCCACGAATTG-‐3’,  Rev  5’  -‐ATAGAGCCCCAGAAGGAGGA  -‐  3’.    
  
mRNA	  datasets	   and	  patient	   information|  mRNA  gene   expression  data  were  obtained   from   a  web-‐based  
bioinformatic  analysis  and  visualization  platform  of  publically  available  data  (R2,  AMC,  NL);  datasets  of  the  
cervical   cancer   patients   (Geo   ID   database:   GSE6791)   colorectal   cancer   patients   (Geo   ID   database:  
GSE33114)   were   acquired   in   January   2014.   Samples,   including   site-‐matched   normal   epithelial   samples  
(cervical),  were  isolated  with  laser  capture  micro-‐dissection  (LCM).  The  numbers  of  patients  in  each  mRNA  
data  file  are  as  follows:  cervix,  20  cancer  and  8  healthy;  colon  cancer,  18  metastatic  and  72  non-‐metastatic.  
  
Statistical	   analysis|	  We   performed   statistical   analysis   (Student’s   t-‐test   for   significance)   using   GraphPad  
Prism   version   6.0   (GraphPad   software).   Whiskers   in   the   (Tukey’s)   box-‐plots   represent   1.5   times   the  
interquartile  distance  or   the  highest  or   lowest  point,  whichever   is   shorter.  Any  data  points  beyond   these  
whiskers  are  shown  as  dots.    
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Supplemental Figure 1  
(A) EM images of a MVB (left) and EVs purified by ultracentrifugation (right), labeled with gold particles 
directed to GFP (10 nm) in CD63-pHluorin expressing HeLa cells. (B) Overview of a CD63-pHluorin 
expressing HeLa cell, labeled with gold particles directed to GFP (10 nm). Asteriks indicate MVBs (black) 
or small endosomes (white). (C) Schematic overview of the exosome purification protocol by 
ultracentrifugation. (D) Graph showing the number of acidic vesicles close to the PM in control and U-
drug treated CD63-pHluorin HeLa cells (right). (E) Effect of nSMase-2 knock-down (left) or nSMase-2 
inhibition (GW4896, 5μM) (right) on fusion activity in CD63-pHluorin HeLa cells. (F) Calcium imaging of 
cells treated with fast (BAPTA) and slow (EGTA) calcium-binding buffers. To the right, heat-maps 
revealing the increased intracellular free calcium levels, obtained by subtracting the fluorescent 
intensity values at T=0s from those at T=8s. (G) Fusion activity of cells incubated with Ro 31-8220 (10 
µM). (H) Confocal analysis of GFP-SNAP23-FL and GFP-SNAP23-CΔ9 (in grey) transfected HCT116 and 
HeLa cells labeled for CD63 (red). (I) Western blotting analysis on MMP-2, MMP-9 and CD81 in HCT116 
cell lysates and exosomal fractions. (J) Transwell invasion assays performed on HCT116 cells transfected 
with GFP-SNAP23-FL or GFP-SNAP23-CΔ9.

 

Supplemental Figure 2  
(AA)  Schematic  showing the markers used in this study for the different types of cargo delivery of vesicles  
fusing with the plasma membrane (PM).  (BB) Schematic representation of the procedure for exosome-
removal from the ECM using trypsin. In short, medium of 24-hour cell-culture is removed from the cells 
(fraction I, insert). The remaining cells are shortly trypsinized. Exosomes from the trypsin-fraction 
(fraction II, insert) and fraction I are then isolated by differential ultra-centrifugation. 
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Supplemental Movie 1 |  Time-lapse imaging of two CD63-pHluorin HeLa cells at 8x normal speed.   
  
Supplemental Movie 2 |  Time-lapse imaging of a NPY-pHluorin HeLa cell at 2x normal speed.   
 
Supplemental Movie 3 |  Time-lapse imaging of a VAMP2-pHluorin HeLa cell at 8x normal speed.   
  
Supplemental Movie 4 |  3D-heatmap time-lapse imaging of a CD63-pHluorin fusion event in HeLa 
corresponding to Fig. 2d.  
  
Supplemental Movie 5 |  Time-lapse imaging of a CD63-pHluorin (mesenchymal) stem cell at real-time 
speed, stimulated with 100μM forskolin.  
  
Supplemental Movie 6 |  Time-lapse imaging of a CD63-pHluorin SiHa cell (cervix carcinoma) at 3x 
normal speed. 
  
Supplemental Movie 7 |  Time-lapse imaging of a CD63-pHluorin HCT116 cell (colon carcinoma) at 3x 
normal speed. 
  
Supplemental Movie 8 |  Time-lapse imaging of a CD63-pHluorin SW480 (colon carcinoma) cell at 3x 
normal speed. 


