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Abstract 

Intercellular communication is of vital importance to all organisms, as it facilitates 

the exchange of bioactive molecules between cells. Recently, a group of nanoparticles 

known as extracellular vesicles (EVs), have come to the forefront as novel mediators of 

this exchange. EVs represent a heterogeneous collection of lipid-bound nanostructures 

of diverse subcellular origin. Upon their release from cells, EVs have the capacity to travel 

through the extracellular environment, and then fuse with and deliver their contents to 

recipient cells, altering their behaviour. Of the biomolecules present in the EV-repertoire, 

RNAs are an important group, but the extent of their involvement in cell-cell 

communication remains elusive. 

In the first chapter of this thesis, I explore some of the accumulated knowledge in 

the field of EV biology, with a particular focus on EV biogenesis pathways and their RNA 

and RNA-binding protein (RBP) repertoire. In the second chapter, we present evidence 

on the important role of sphingolipid metabolism in the EV-mediated release of RNA and 

RBPs from cells. To investigate the functions that ceramide-dependent EV biogenesis 

pathways play in the recruitment of cargoes for release, we utilized chemical inhibitors to 

prevent the metabolism of sphingomyelin, present in membranes, by sphingomyelinases. 

Sphingomyelinases exist in neutral (NSM) and acid (ASM) varieties, and act at different 

cellular milieus. NSM acts on the endosomal compartment, leading to the formation of 

intraluminal vesicles (and therefore exosomes), whereas ASM acts at the plasma 

membrane, resulting in the generation of microvesicles. RNA sequencing and proteomics 

analysis of human MCF7 cells and EVs revealed that inhibition of NSM resulted in an 

overall reduction of EV RBPs, similarly we observed a reduction in RNA within the EV 

population, but the RNA diversity was not affected. Contrastingly, ASM inhibition resulted 

in an overall increase in EV RBPs, however a downregulation in RNA diversity was also 

observed. Furthermore, EVs isolated from ASM-inhibited human MCF7 cells induced 

increased cell migration and protein translation phenotypes on recipient human MCF10A 
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cells. These results suggest that sphingomyelinase-driven EV biogenesis pathways are 

a major route of RBP and RNA trafficking outside of the cell. 

Mounting evidence has suggested that RNAs present in EVs may be in fragmented 

forms, with limited examples describing functional mRNAs. To investigate the full-length 

transcriptome available within EVs, the RNAs of human K562 EVs were profiled with 

Oxford Nanopore long-read RNA sequencing. Our findings showed the presence of 443 

and 280 RNAs that were respectively enriched or depleted in EVs relative to cells (log2FC 

>2 or <-2, AdjP<0.01). EV-enriched poly(A) transcripts include a variety of biotypes, 

consist of mRNAs, long noncoding RNAs, and pseudogenes. Strikingly, 10.58% of all 

reads present in EVs corresponded to known full-length transcripts, 58.13% of which were 

mRNAs. We also observed that for many well-represented coding and non-coding genes, 

diverse full-length transcript isoforms were present in EV specimens, and were reflective-

of but often in different ratio to cellular samples. These data provide novel insights into 

the EV RNA repertoire, revealing that EVs contain numerous full-length transcripts. 

The characterization of the RNA and protein repertoire of EVs remains an 

important nexus in our understanding of EVs and their role in intercellular communication. 

The results reported in this thesis represent an important contribution to the field, 

describing the role of lipid metabolism on the content of EVs, and providing transcriptome-

level evidence for the specific recruitment of full-length RNAs to sites of EV biogenesis 

for their release from cells. 
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Résumé  

La communication intercellulaire est importante pour tous les organismes, facilitant 

l'échange de molécules d'une cellule à l'autre. Récemment, un groupe de nanoparticules 

nommées vésicules extracellulaires (VE) sont devenus d’importants médiateurs de cet 

échange. Les VE sont un groupe hétérogène de nanostructures membranaires sécrétées 

par les cellules. Les VE peuvent voyager à travers l'environnement extracellulaire et 

fusionner avec d’autres cellules et leur livrer leur contenu, modifiant leur comportement. 

Parmi les biomolécules présentes dans les VE, les ARN sont un groupe sous-étudié et 

leur rôle dans la communication cellule-cellule reste nébuleuse. 

Dans le premier chapitre de cette thèse, j'explore certaines des connaissances 

accumulées dans le domaine de la biologie des VE, avec un accent sur leur biogenèse 

et leur répertoire d'ARN et de protéines de liaison à l'ARN (référées dorénavant par RNA-

binding protein, RBP). Dans le deuxième chapitre, je présente des évidences du rôle des 

céramides dans la sécrétion d'ARN et de RBP via les VE. Pour étudier le rôle des 

céramides dans le recrutement des cargaisons, j'ai utilisé des inhibiteurs chimiques pour 

bloquer la métabolisation de la sphingomyéline présente dans les membranes par les 

sphingomyélinases (SMase). Les SMase existent en types neutre (NSM) et acide (ASM), 

qui sont localisés dans des milieux cellulaires spécifiques. Les NSM agissent au niveau 

du compartiment endosomal, entraînant la formation de vésicules intraluminales (et donc 

de futurs exosomes), tandis que l'ASM agit au niveau de la membrane plasmique, 

entraînant la génération de microvésicules. Le séquençage de l'ARN et l'analyse 

protéomique des cellules MCF7 et leurs VE montrent que l'inhibition de la NSM entraînait 

une réduction globale des VE RBP, de même, nous avons observé une réduction de 

l'ARN, mais la diversité de l'ARN n'a pas été affectée. D’autre part, l'inhibition de l'ASM a 

entraîné une augmentation globale des VE RBP, mais une régulation négative de la 

diversité de l'ARN a également été observée. De plus, les VE isolés de cellules MCF7 

dont l’ASM a été inhibé induisent une traduction accrue des protéines dans des cellules 

MCF10A réceptrices et entraînent une augmentation du phénotype de migration 
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cellulaire. Ces résultats suggèrent que la vésiculation dépendante des céramides 

représente une voie majeure de trafic de RBP et d'ARN vers les VE. 

Beaucoup d’évidences suggèrent que les ARN dans les VE sont fragmentés, avec 

peu d’exemples décrivants des ARNm fonctionnels. Pour investiguer ceci, j'ai séquencé 

les ARN des VE dérivé de cellules K562 à l'aide du séquenceur MinION d’Oxford 

Nanopore. Nos résultats démontrent la présence de 443 ARNs enrichis et 280 ARNs 

appauvris dans les VE comparativement aux cellules (facteur multiplicatif log2 >2 ou <-

2, Paj<0.01). Les transits poly(A) enrichis dans les VE comprennent une variété de 

biotypes, tels les ARNm, les ARN long non-codants, et des pseudogènes. Étonnamment, 

10.58% de toutes les séquences lues correspondent à des transcrits pleine-longueur 

connus, dont 58.13% sont des ARNm. Nous avons aussi observé que, pour plusieurs 

gènes codants et non-codants fort représentées, une diversité d'isoformes est présente 

dans les populations VE et reflètent souvent les populations cellulaires, mais dans des 

ratios différents. Ces données présentent les premières évidences transcriptomiques du 

recrutement spécifique d'ARN de pleine longueur dans les VE. 

La caractérisation du répertoire d'ARN et de protéines des VE reste un angle 

important dans l’étude des VE et de leur rôle dans la communication intercellulaire. Les 

résultats rapportés dans cette thèse représentent une contribution importante dans le 

domaine, montrant à la fois l’effet du métabolisme lipidique sur le contenu des VE et 

fournissant des évidences transcriptomiques du recrutement spécifique d'ARN de pleine 

longueur aux sites de biogenèse des VE pour leur sécrétion par les cellules. 
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1.1. Introduction 

Intercellular communication refers to the diverse mechanisms utilized by cells  to 

communicate with one another, a process which is mediated via the transfer of molecular 

signals from one cell to the next. This exchange of information requires a variety of 

processes/ mechanisms, which can arise individually or in coordinated response to the 

physiological state of the cells or in the context of disease [1, 2]. This type of transmission 

of molecular instructions is utilized as a response to the cell’s constantly changing 

microenvironment, and it results in the maintenance of homeostasis or the progression of 

pathological states [1-4]. Classically, intercellular communication has been thought to be 

mediated by two general mechanisms: one driven by soluble biochemical species, such 

as hormones and cytokines, and a second which is enabled by direct cell to cell contact 

such as cellular junctions [1, 3]. More recently, however, a group of membrane-bound 

nanoparticles known as extracellular vesicles (EVs), have come to the forefront as novel 

mediators of the exchange of biological cargoes between near and distant cells [1, 2, 5]. 

Most cell types, both eukaryotic and prokaryotic, have so far been shown to release EVs 

and thus the secretion of these particles is conserved throughout evolution [6, 7]. 

Elucidating the biological role of EVs is an emerging area of research, with an 

exponentially growing body of literature pointing to the specialized roles that they play in 

the intercellular exchange of information [8-14]. EVs represent a collection of cell-

secreted lipid-bilayer nanostructures of a spherical shape, which encompass diverse 

biological origins. The designation ‘EV’ is therefore an umbrella term for a highly 
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heterogenous group of vesicles of extracellular nature. Indeed, this inherent 

heterogeneity has hindered their characterization, and thus their manipulation [15]. 

Initially thought of as a means for the cell to dispose of unwanted materials, there is an 

ever-growing body of evidence demonstrating that these nanoparticles are more than just 

a means of waste disposal mechanism [15-17]. This redefinition to an effector role has 

been largely attributed to their capacity to act as vehicles, shuttling an array of bioactive 

molecules: lipids, proteins, metabolites, and nucleic acids from one cell to the next 

FIGURE 1.1 Diagrammatic representation of the general components and physical 

characteristics of extracellular vesicles (EVs). EVs are cell secreted lipid bilayer 

nanoparticles containing a variety of molecular cargoes including lipids, nucleic acids 

(RNA, DNA), their binding partners (RBPs), signalling molecules, enzymes, and other 

structural components. Depending on their mode of biogenesis, EVs may present a 

diversity of different architectural elements and bioactive factors. These features are 

incorporated through regulated sorting mechanisms, and they directly dictate the fate and 

function of EVs upon their release from cells to the extracellular space.  
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(Figure 1.1) [18].  Upon release from their cells of origin, EVs have the capability to travel 

through the extracellular environment over both short and long distances, then fuse with 

and deliver their contents to recipient cells. These contents are then able to induce 

phenotypic changes, which alter the behaviour of recipient cells as a response to normal 

homeostatic processes or because of pathological conditions [15, 18-21]. Reports about 

their involvement in cancer, for example, have begun to shed light on their participation 

in the induction of tumour formation via the transfer of oncogenic signals that stimulate 

cell proliferation, angiogenesis, and metastasis [22-27]. Because of EVs’ unique abilities, 

diverse composition, innate heterogeneity, and diverse cellular origins, one can presume 

that their role in cell-cell communication may be vast and is only beginning to be 

unravelled. 

1.2. A Short History of Extracellular Vesicles 

While the experiments that definitively described EVs as unique structures with 

biologically relevant properties were first carried out in the 1980s and 1990s, there exist 

reports which can be retrospectively interpreted as hinting at the existence of these 

entities dating before the 20th century (reviewed elsewhere by Hargett and Bauer, 2013) 

[28, 29]. These early studies focused on the investigation of blood coagulation, and over 

the next centuries would lead to the discovery of what we now call EVs (Figure 1.2). The 

first reports in which EVs were isolated can be attributed to experiments performed by 

Erwin Chargaff  and Randolph West in the 1940s, which demonstrated that high speed 

sedimentation (31,000 × g) of plasma supernatant not only shortened its clotting time, but 

that this clotting activity could be attributed to a ‘particulate fraction’ which sedimented at 
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this speed [30, 31]. These observations can be construed as the beginning of EV biology 

in the modern sense; however, it would be more than 20 years before another scientist, 

Peter Wolf, would put a face to this particulate material [32]. Using electron microscopy, 

Wolf showed that these particles – which he described as ‘platelet dust’ – had a diameter 

of 20 to 50 nm, and that they displayed a density of 1.020 to 1.025 g/mL [32]. In a 1971, 

further images of these particles were published by Neville Crawford. He demonstrated 

that these particles, which had been isolated from platelet-free plasma, contained lipids 

and that they carried ATP and proteins as cargoes. He called these particles 

‘microparticles’ [33]. These ground-breaking studies provided the first sets of 

experimental data pointing to the existence of cell-free nano-entities of possible biological 

relevance. 

FIGURE 1.2 Timeline of selected landmark achievements in the field of EV biology. 

From coagulation factors to critical players during intercellular communications, the field 

of EV biology has a long history. While the field took a more formal shape at the beginning 

of the 1980s, its major phases of expansion have taken place over the last 15 years.  
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In the 1960s and 1970s, multiple electron microscopy studies provided further 

happenstance evidence to the existence of nanostructures consistent with EVs [34-37]. 

As an interesting development, in 1974 Núñez et al. reported on the presence of 

‘extracellular vesicles’ in the thyroid glands of bats during awakening from hibernation 

and further showed that multivesicular bodies (MVBs) exhibited a localization to the apical 

plasma membrane [37]. Moreover, they proposed that these MVBs may fuse with the 

plasma membrane, releasing their vesicles [37]. In 1975, Albert J. Dalton published a 

paper detailing the presence of ‘microvesicles’ in foetal bovine serum (FBS), and further, 

provided evidence that similar structures were present in a suspension culture of human 

Iymphoblastoid cells [38].  

From the 1980s to the end of the millennium, various expansions in the field laid 

the foundation to a more detailed understanding of the biology of EVs. In 1983, two 

seminal studies were published describing the release of intraluminal vesicles during 

reticulocyte maturation, resulting in the loss of the Transferrin Receptor [39, 40]. Later, 

Rose Johnstone would propose the term ‘exosomes’ to describe these vesicles [41]. In 

1991, Johnstone would go on to publish a study that indicated that exosomes may be 

utilized by cells as a way to rid themselves of transmembrane proteins that they no longer 

needed [17]. This idea of EVs serving only as a mechanism of waste disposal would 

propagate globally for the next decade [29]. Nevertheless, many important strides were 

made in the understanding of the biology of EVs, including: evidence for the diffusion of 

proteins across vesicle membranes [42], the presence and activity of flippases [43], the 

discovery of several important structural components (Rab, ARF, tetraspanins) [44, 45], 
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the presence of active enzymes [46, 47], and the altered number of EVs in the context of 

disease [48-50]. In the late 1990s, two landmark studies were published which presented 

the potential of harnessing EVs as anti-tumoral vaccines [51, 52]. These marked a turning 

point in the field, as they provided evidence that EVs could act as agents able to directly 

influence recipient cells. 

In the first decade of the 21st century, many important contributions were made to 

the field of EV biology. These included the first descriptions of the EV proteome and 

lipidome [53-56], the role of EVs in the immune system [57, 58], the EV-mediated transfer 

of functional nucleic acids [59-61], and the ability of tumour cells to ‘share’ oncogenic 

proteins [62]. Moreover, a growing body of evidence has highlighted EVs as potential 

sources of biomarkers in a variety of pathological ailments, and many recent reviews have 

been written about the topic [63-68]. The growing body of literature pointing to the 

significant roles that EVs may play in the biology of cells, their possible use as delivery 

systems, and their significance as biomarkers has catapulted the field into the mainstream 

scientific consciousness. As a testament to the overwhelming interest in EVs, the number 

of articles in PubMed mentioning the term ‘extracellular vesicles’ (or exosomes, 

microvesicles, oncosomes) has grown from  under 6,000 by 2009 to over 44,600 at the 

time of this writing. A timeline of selected landmark achievements is show in Figure 1.2. 

1.3. Biogenesis and Classification of Extracellular Vesicles 

The biogenesis of EVs is multifaceted, involving multiple intracellular 

compartments and different regulatory pathways [15]. As a result, the term ‘EV’ is quite 
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generic and only describes an ever-expanding heterogenous population of cell-secreted 

nanoparticles that are delimited by a membrane composed of a lipid bilayer. This has, of 

course, made it very difficult to study EVs as a group, and much more so specific 

subpopulations of them [15, 69]. Adding further complexity, many different names have 

been used to describe EVs in the literature, particularly in the early years, and in many 

cases EVs were assigned names based on their cells of origin (e.g. synaptic vesicles, 

dexosomes, prostasomes) [69]. Nevertheless, significant advances have been made in 

the field to better define subpopulations of EVs through concerted efforts via the use of 

biochemical, immunological, electron microscopy, and omics approaches to name a few. 

The categorization of EVs is multifactorial, being broadly defined by their biogenesis 

process, size, and functions [70]. Currently, EVs can be classified into two main 

categories: exosomes and microvesicles (shedding bodies). However, the term shedding 

bodies may also apply to apoptotic bodies formed upon programmed cellular death [7, 

70, 71].  

The classification of EVs has been largely hindered due to numerous limitations in 

the current methods used to isolate them, both from tissue culture supernatants and other 

biofluids, resulting in a heterogenous of EVs population of unknown origin [72, 73]. 

Furthermore, the overlapping size ranges, similar morphological features, and diversity in 

content make precise nomenclatures a herculean task [74]. Nevertheless, a number of 

extensive studies have been performed to identify molecular markers associated to 

various EV subpopulations [72, 75-77]. The defining feature of the two main categories 

of EVs relates to their modes of biogenesis, with each group being formed at distinct 
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intracellular sites (Figure 1.3). It must be noted, however, that both modes share common 

intracellular machineries and membrane-trafficking processes [15]. 

FIGURE 1.3 Biogenesis modes of extracellular vesicles. Extracellular vesicles form 

at distinct cellular locations, forming two major groups. Depending on their mode of 

biogenesis they are assigned different names and can be of distinct sizes. Nevertheless, 

they exhibit an overlap in size range. Exosomes arise from invaginations of the endosome 

limiting membrane, forming the intraluminal vesicle components of the multivesicular 

endosome (MBE). The MBE then fuses with the plasma membrane, releasing exosomes. 

Exosomes are typically between 40-160 nm in diameter. Microvesicles are generated at 

the plasma membrane. They arise from the outward budding and fission of the plasma 

membrane. Microvesicles are typically between 50-1000 nm in diameter. 
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1.3.1.  The Biogenesis of Exosomes 

Exosomes are a class of intraluminal vesicles of about 40-160 nm in diameter, 

which arise from the inward budding of the endosomal compartment, leading to formation 

of intraluminal vesicles (ILVs) during the maturation process of multivesicular endosomes 

(MVEs). These MVEs are then able to fuse with the cell membrane via association with 

actin, microtubules, and related molecular motors, thus leading to a release of their 

contents (EVs) into the extracellular environment (Figure 1.3) [15, 70]. Exosomes are 

generated by inward invaginations occurring on the limiting membrane of the endosomal 

compartment, and this process can be driven by different mechanisms and sorting 

machineries. These machineries are intricately involved in both the sorting of cargoes, as 

well as the mechanical processes driving the budding and fission of these invaginations 

into the lumen, thus forming ILVs [70]. The driving processes behind these invaginations 

involve two main mechanisms, the endosomal sorting complex required for transport 

(ESCRT)-dependent and the ESCRT-independent pathways. As the name implies, the 

ESCRT-dependent pathway relies on the activity of ESCRT-associated machineries. The 

ESCRT-independent pathways, on the other hand, require the enzymatic metabolism of 

sphingolipids by sphingomyelinases or the activity of transmembrane tetraspanins 

(Figure 1.4) [7, 15, 70]. 

During ESCRT-dependent EV biogenesis, the ESCRT complex acts in a stepwise 

fashion, with the various components acting in concert, one after the next. First, ESCRT-

0 and ESCRT-I subunits gather ubiquitylated transmembrane proteins found within the 
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limiting membrane of the endosome, and then associated with ESCRT-II,  recruit ESCRT-

III which control the budding and fission of the microdomain [15, 78-80]. Other accessory 

proteins have also been implicated in this pathway including popular EV-markers such as 

Syntenin and ALIX, which act to bridge cargoes [81]. Additionally,  exosomes may be 

generated through the metabolism of sphingomyelin by Neutral type II sphingomyelinase 

(NSM) (encoded by SMPD3), which converts the sphingolipids present in the limiting 

membrane of the endosome to ceramide and phosphorylcholine [82]. The accumulation 

of ceramides leads to the formation of microdomains that in turn impose a negative 

curvature on the membrane [83]. Additionally, the resulting ceramides may be further 

metabolized to sphingosine-1‑phosphate, which in turn activates the Gi‑protein-coupled 

sphingosine-1‑phosphate receptor necessary for the sorting of cargoes to ILVs [84]. 

Finally, several members of the tetraspanin protein family, including CD63, CD9, CD81, 

and CD82, have been implicated in ESCRT-independent formation of ILVs. They are 

thought to act on the formation of ILVs by acting in unison with other tetraspanins and 

cytosolic proteins to induce the generation of microdomains on the membrane of the 

endosome [85]. Moreover, these various tetraspanins have been shown to be intimately 

involved in the sorting of cargoes to EVs in several contexts [86-91].  

1.3.2.  The Biogenesis of Microvesicles 

Microvesicles constitute a group of EVs shed directly from the plasma membrane 

of cells, and whose formation mechanisms include many components also implicated in 

the generation of exosomes [92, 93]. Vesicles of this type may range in size from about 
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50-1000 nm in diameter, in the case of microvesicles (also called microparticles or 

ectosomes) (Figure 1.3), but may up to 10 µm in diameter in the case of large 

oncosomes, a subtype of EVs released by cancer cells [6, 15, 70, 94]. The biogenesis of 

these vesicles depends on the reorganization of molecular components within the plasma 

FIGURE 1.4 ESCRT-dependent and ESCRT-independent modes of EV biogenesis. 

Extracellular vesicles are generated through two main mechanisms. The first mechanism 

utilizes various machineries of the endosomal sorting complex required for transport 

(ESCRT). The ESCRT machineries systematically recruit each other along with other 

accessory factors. Membrane curvature occurs as a result of this process, followed by 

fission. This mechanism is known as the ESCRT-dependent pathway. The second 

mechanism employs a family of enzymes known as sphingomyelinases (NSM/ASM). 

Sphingomyelinases metabolize sphingolipids present in membranes to ceramide and 

phosphorylcholine. The resulting ceramides interact with each other and result in curvature 

and fission. This mechanism is known as the ESCRT-independent pathway.   
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membrane of cells, resulting in the budding and fission. These components may include 

changes in the protein and lipid composition, as well as levels of Ca2+ [95]. Indeed, several 

Ca2+-dependent molecular machines (e.g. flippases, scramblases, Calpain) are known to 

drive membrane reorganization, leading to the exposure of phosphatidylserine at the 

membrane’s outer leaflet, and resulting in a physical curving that favors budding and 

fission [62, 96]. Mutations in Anoctamin 6 (ANO6), a transmembrane protein associated 

with lipid scramblases, has been shown to partially abrogate the release of microvesicles, 

however microvesicles may still be released even when lipid asymmetry is maintained 

[96, 97]. Regulators of actin dynamics, such as members of the Rho family of small 

GTPases and the Rho-associated protein kinase (ROCK) have also been shown to 

regulate microvesicle production in certain cancer cells [98]. Additionally, microvesicle 

shedding can arise from actin and myosin interactions followed by ATP-dependent 

contractions in cancer cells [99]. 

Acid sphingomyelinase (ASM) (encoded by SMPD1) has been reported as 

contributing to the budding of microvesicles from the plasma membrane (Figure 1.4) [82, 

100]. ASM is an enzyme typically associated with the lysosome, but also commonly found 

in the plasma membrane as a result of the fusion of the lysosome to membrane [101]. In 

cells that express P2X7, an ATP receptor, ASM is thought to induce the microvesicle 

formation upon the receptor’s activation. After activation, an Scr-protein tyrosine kinase 

can interact with P2X7 leading to the rapid phosphorylation of P38 MAP kinase, and as 

result the translocation of ASM to the outer leaflet of the plasma membrane [56, 102-104]. 
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Once there, ASM is able to convert sphingolipids extracellularly and the resulting 

ceramides perturb the membrane curvature as previously described with NSM [105].  

1.4. Cargo Sorting to Sites of Extracellular Vesicles Biogenesis 

The cargoes present in EVs are specific to their cells of origin, the physiological 

state of the cells, their modes of biogenesis, and the stimuli that drive their production 

[95]. All of these conditions also reflect on their associated components, and their relative 

abundance in the extracellular milieu [106]. Their cargoes, as previously noted, are also 

highly involved in their biogenesis processes and act in an overlapping fashion at different 

intracellular locations. For instance, the ESCRT machinery plays a critical role in both the 

membrane rearrangements required for the formation of ILVs, as well as the sorting of 

ubiquitylated proteins into invagination pockets during EV formation [70, 107]. 

Despite the varied efforts to understand the sorting of cargoes to EVs, the 

mechanisms utilized by cells remain an enigma [108, 109]. Studies investigating the 

nature of the cargoes present in EVs have shown that some proteins require post-

translational modifications (PTMs), such as ubiquitylation, in order for sorting to be carried 

out by ESCRT machineries, tetraspanin microdomains, and associated components [110, 

111]. In fact, the ubiquitous detection of PTMs in protein cargoes of EVs is well 

documented and numerous common types have been identified [111]. Their abundance 

provides an interesting paradigm as they can act as critical tools required for the rapid 

regulation of membrane plasticity, and sorting of components in and out of EVs. PTMs 

identified in EV cargoes include ubiquitylation [112-114], SUMOylation [115-117], 
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deamination [118], glycosylation [119],  and phosphorylation [119, 120] among others. 

Other, previously not considered, machineries may also be necessary for EV sorting to 

occur. For instance, a recent study demonstrated that the autophagy-related protein 

MAP1LC3B (LC3), typically associated with lysosomal degradation, is involved in the 

packaging of RNA binding proteins (RBPs) and small non-coding RNAs into EVs (termed 

LC3-Dependent EV Loading and Secretion (LDELS)) [121]. This development highlights 

the alternative routes that the cell may utilize to sort cargoes for release outside the cell.  

1.4.1.  RNA Sorting to Sites of Extracellular Vesicle Biogenesis 

RNAs represent a fascinating group of cargoes in EVs both for their diversity, and 

their marked selective recruitment. Although the transcriptomic profiles of EVs broadly 

reflect the nature of their parental cells, they exhibit their own unique identities and 

enrichment for specific RNA species and biotypes [94, 122, 123]. Indeed, the RNA 

repertoire identified in EVs include multiple biotypes such as messenger RNAs (mRNAs), 

microRNAs (miRNAs), ribosomal RNAs (rRNAs), long non-coding RNAs (lncRNAs), small 

nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), circular RNAs (circRNAs), 

transfer RNAs (tRNAs), vault RNAs (vtRNAs), Y-RNAs, and Piwi-interacting RNAs 

(piRNAs) [60, 124]. This diversity in RNA molecules highlights the extensive pathways 

they may affect, and their incorporation into EVs may serve as a protective and efficient 

mechanism for transferring these genetic signals to recipient cells by preventing their 

degradation [125, 126]. The distinctive transcriptomic identity of EVs relative to their 
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parental cells, therefore, demonstrate that specific RNA sorting mechanisms underly their 

recruitment to sites of EV biogenesis. 

Cellular asymmetry is an important and pervasive feature in cells, as it permits 

them to organize their components into discreet compartments [127]. One of the 

instruments used by cells to organize their genetic products involves the subcellular 

localization of RNA molecules, a tightly regulated process that modulates the distribution 

of RNAs from their sites of transcription to specific locations inside the cell and beyond 

[128]. This subcellular targeting of RNA molecules is a highly conserved layer of gene 

regulation that is typically mediated by cis-regulatory motifs (CRMs) intrinsic of the RNA 

molecules, which are recognized by trans-acting RBPs. These ribonucleoprotein (RNP) 

complexes then dictate the localization route and local delivery of RNA molecules (Figure 

1.5) [127-130]. The mechanisms involved in the recruitment of RNAs to sites of EV 

biogenesis are intricate and require interplay of different molecular machineries, including 

the formation of RNPs [109, 131]. In recent years, it has become increasingly evident that 

RBPs play a major role in the enrichment of RNAs into EVs. Furthermore, sequence 

features of the RNA, such as RNA sequence motifs, have been shown to be important 

for EV targeting. In fact, several studies have identified unique RNA motifs involved in the 

association of RNAs to individual RBPs [131], and a recent study identified various 

sequences in microRNA that determined their release via EVs or their retention in cells 

[132]. These findings confirm that RNA-RBP interactions can determine the loading of 

specific RNA species into EVs.  
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FIGURE 1.5 RNA localization and sorting to sites of extracellular vesicle biogenesis. 

(1-3) RNA is transcribed from genomic DNA via RNA Polymerase II in association with 

transcription factors (TFs). Next, RNA-binding proteins interact with nascent RNA transcripts 

in various maturation processes including splicing, 50-capping, polyadenylation and folding. 

Following various maturation steps, mature RNA is exported from the nucleus via nuclear 

pores to the cytoplasmic space, where its life cycle may proceed. (4-6) Subsets of RNA 

transcripts are selectively recruited to sites of exosome-biogenesis via the use of post-

translationally modified RBPs (e.g., SUMOylated hnRNPA2B1). These RNAs are 

incorporated into endosomal bodies via invagination processes that lead to the formation of 

intraluminal vesicles (ILVs) sequestered within multivesicular endosomes (MVEs). Next, 

MVEs fuse with the cell membrane and release exosomes to the extracellular space. (7, 8) 

Subsets of RNA transcripts are selectively recruited to sites of microvesicle-biogenesis via 

the use of post-translationally modified RBPs. Microvesicles or shedding bodies arise from 

the outward blebbing of the cell membrane. Next, a fission process leads to the release of 

these microvesicles to the extracellular milieu. (9) Alternatively, RNA may not be sorted to 

these vesicular bodies at all and is rather transported to various subcellular compartments 

for localized translation of their encoded proteins. Figure reproduced from Bovaird, S., 

Padilla, J.C.A. et al., Biological functions, regulatory mechanisms, and disease relevance 

of RNA localization pathways. FEBS Lett, 2018. 
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1.4.2.  RBPs Implicated in the Sorting of RNAs Into Extracellular Vesicles  

Over the years, hundreds of RBPs have been identified in reported EV proteomes. 

Yet, only a small number of them have conclusively been shown to be required for the 

EV targeting of specific RNA species [131]. One of the first RBPs described as an 

essential player in the sorting of RNAs into EVs was the Heterogeneous nuclear 

ribonucleoprotein (hnRNP) A2/B1 (hnRNPA2B1). This study revealed that a SUMOylated 

form hnRNPA2B1 was required for this activity to occur, and that this protein directly 

interacted with a GGAG motif located in the 3’-end of certain EV-enriched miRNAs [133]. 

Since then, numerous members of the hnRNP family of proteins have been identified as 

key players in the release of various RNAs via EVs. hnRNPs represent a large family of 

ubiquitously expressed RBPs associated with various facets of nucleic acid metabolism 

including: stabilization, maturation, alternative splicing, transcriptional regulation, 

transport, and translation regulation [134]. Their large portfolio of regulatory activities 

during the life cycles of RNAs has been widely reported, and their dysregulation has been 

implicated in a variety of diseases [134]. Perhaps not surprisingly, several members have 

now been identified as key players in the sorting of RNAs to EVs. These include: 

hnRNPC1 [135], hnRNPK [121, 136, 137], and SYNCRIP (hnRNPQ) [138]. Of these, 

hnRNPC1 and SYNCRIP have been linked to the exit of specific miRNAs [135, 138]. 

Moreover, SYNCRIP was found to recognize an EV-enriched GGCU consensus motif, 

and its cargoes did not overlap those of hnRNPA2B1 [138]. hnRNPK, on the other hand, 

has been implicated in the export of the lncRNA 9H1 during colorectal cancer progression 
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[136]. It has also been shown that this RBP requires LDELS for its secretion through EVs, 

and that this activity is dependent NSM [121]. 

Apart from hnRNP members, several other RBPs have been described. The Y-box 

binding protein (YBX1) is an RBP known to interact with a variety of non-coding RNA 

biotypes such as lncRNAs, Y-RNAs, miRNAs, and spliceosomal RNAs to name a few 

[131]. YXB1 activity has been implicated in the release of a variety of small RNA classes 

through EVs, including tRNAs, Y-RNAs, and vtRNAs [139, 140]. Furthermore, there is 

evidence that its activity may require recurrent hairpin structures found in the 3’-

untranslated region (3’-UTR) of EV mRNAs [141]. Another RBP, the Human antigen R 

(HuR), has been shown to accelerate the release of release of miRNAs through EVs 

[142]. The Insulin-like growth factor 2 mRNA-binding protein 1 (IGF2BP1) is a conserved 

RBP, and its overexpression has linked to poor prognosis in lung adenocarcinoma [143]. 

IGFBP1 has been linked to the sorting of RNA cargoes to EVs release by metastatic 

melanoma [144]. Small hairpin RNA (shRNA) knockdown of this RBP resulted in the 

differential enrichment of pro-metastatic genes in the EV transcriptome. Intriguingly, the 

enriched motifs (A/C)AGGGG and AUGACGUA were reported as upregulated and down 

regulated, respectively [144]. Annexin A2 (ANXA2), a calcium-dependent phospholipid 

binding protein, is a non-conventional RBP known to impact the metabolism and transport 

of both coding and non-coding RNAs [145]. ANXA2 has been found to play an important 

role in the sorting of a variety of miRNAs into EVs, and its binding efficiency appears to 

be modulated by Ca2+ [146]. The Major vault protein (MVP) is an RBP component of the 

vault complex, which binds vtRNAs. This complex has been linked to multi-drug 
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resistance through as yet poorly understood mechanisms [147, 148]. The associated 

components form large structures which are known for shuttling small molecules  and 

proteins from the nucleus to cytoplasm [149, 150]. Intriguingly, MVP has been detected 

in EVs from variety of cell lines and biological fluids [131]. In one study, silencing of this 

RBP has been found to reduce by ~50% the amounts of EV-derived RNAs from human 

epithelial cells [137]. However, it must be noted that a recent publication has found that 

the vault complex may be released to the extracellular space in an EV-independent 

manner [77]. 

1.5. EV RNA Molecules and Their Roles in Disease 

EVs are active participants in the physiological and pathogenic states of their 

recipient cells. These effects are mediated by their cargoes, including RNA [18, 69, 124, 

151]. Upon their release into recipient cells, the RNA cargoes are actively involved in the 

induction of in a variety cellular process, including phenotypic changes associated in the 

proliferation of diseases such as cancer [61, 151]. The idea of extracellular RNA’s 

influence in intercellular communication has been bounced around for decades [152]. Yet, 

only recently has evidence emerged detailing the regulatory effects that both coding and 

non-coding RNA may have on recipient cells [25, 60, 109, 153, 154]. Apart from these 

regulatory effects on recipient cells, EV RNAs also hold great potential as biomarkers for 

an ever-growing list of diseases [155-159].  
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1.5.1.  EV RNAs in Cancer 

The tumour microenvironment (TME) refers to an organ-like structure composed 

of a dynamic collection of cancerous and non-cancerous cells actively interacting to 

promote the reorganization and expansion of tumours [160]. The TME is essential in 

tumour biology, playing key roles in tumorigenesis and response to treatment. EVs are 

crucial members of the TME, acting bidirectionally in the exchange of molecular signals 

that enhance the proliferation, migration, and invasion of cancer cells [161, 162]. 

Moreover, they can induce phenotypic reprogramming of non-malignant cells to enhance 

tumour growth [163, 164]. Numerous studies have focused on the content and biological 

activity of EVs in cancer, and it is becoming quite apparent that they are active agents in 

the progression of associated pathologies [160, 163, 164]. The nucleic acid content of 

EVs can therefore be used as biomarkers for a growing number of cancers [162, 165-

168]. 

The RNA cargoes of EVs have become increasingly implicated as an important 

aspect of tumorigenesis. For example, oncogenic RNAs can be transferred from cancer 

cells to their non-malignant counterparts in the TME, changing their phenotypic behaviour 

[163]. In one study, mononuclear cells were converted into a leukemia-like phenotype, a 

process which was mediated by the transfer of miR-146b-5p by EVs derived from chronic 

myelogenous leukemia cells [169]. A rapid cell death phenotype was also recently 

reported as arising from the EV-based transfer of RNY5 fragments to recipient primary 

cells, suggesting that these RNAs may play a role in establishing a favourable cancer 
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niche [131, 170]. Functional mRNAs of EGFRvIII, a highly tumorigenic mutant variant of 

the Epidermal growth factor receptor (EGFR), has been reported in EVs derived from 

glioblastoma cells [61]. MicroRNAs such as miR-200,  a known regulator of the 

mesenchymal-to-epithelial transition (MET), and thus the promotion of metastasis, has 

been identified in EVs [23]. Another, miR-181c, known for promoting perturbations of the 

blood-brain barrier, and thereby aiding in brain metastases, has also been reported [171]. 

Other non-coding RNAs such as the lncRNA TUC339 has been linked to tumour cell 

adhesion and growth [172]. Therapy resistance in cancer has also been linked to EVs, 

for instance cancer-associated fibroblast and adipocytes release miR-21-containg EVs 

that induce paclitaxel resistance in ovarian cancer cells, inhibiting their apoptosis [173]. 

1.5.2.  EV RNAs in Neurodegenerative Disorders 

Neurodegenerative disorders are progressive age-associated diseases causing 

irreversible damage to tissues of the central nervous system [174-176]. Multiple diseases 

can fall under this term, including amyotrophic  later sclerosis (ALS), Parkinson’s disease 

(PD), Huntington disease (HD), and Alzheimer’s disease (AD). These diseases are 

currently augmenting as result of the extended lifespan of the aging population, as well 

as environmental conditions such as pollution [177]. Characteristic of these diseases is 

the increased necrosis and dysfunction of neuronal cells, which in turn compromises 

cognitive and motor functioning. Furthermore, oxidative stress caused by an 

accumulation of free radicals has been critically linked to the pathogenesis of such 

disorders [177-179]. EVs are of particular interest in neurological disorders because of 
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their ability to package misfolded proteins and nucleic acids associated to the progression 

of these diseases, moreover they have been shown to be able to cross the blood-brain 

barrier [180, 181]. As these diseases are typically characterized by the spread of these 

features, the intercellular transport of the same is to be expected.  

Let-7 is a highly conserved miRNA implicated in a variety of pathological afflictions 

including neurodegenerative disorders [182]. This miRNA has been detected in the 

cerebrospinal fluid (CSF) of PD patient, and it has also been shown to be overexpressed 

in models of PD [183, 184]. EV-mediated release of Let-7  in neurons has been implicated 

in the activation of Toll-like receptor 7 (TLR7), resulting in neurodegeneration [185]. In 

ALS, the differential expression of miRNAs in CSF, blood serum, and plasma of patients 

and healthy controls has been noted in multiple studies [186-190]. The cellular sources 

of these miRNAs are yet to confirmed; however, their pathogenic activity is beginning to 

be unravelled.  In one study, astrocytes derived from ALS patients with c9orf72 mutation 

were shown to release EVs containing miRNAs capable of afflicting the maintenance and 

survival of recipient motor neurons [191]. Abundantly expressed in the brain, miR-125b-

5p has been shown to be upregulated in the CSF of young onset AD patients [192]. This 

miRNA has been implicated in a variety of processes associated with the progression of 

AD including tau hyperphosphorylation, and defects in associative memory [193]. Finally, 

given  the detection of differentially expressed of circulating miRNAs in ALS patient fluids, 

and the non-invasive nature of these tests, EVs represent a potential source of ALS 

biomarkers [194, 195].  
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1.6. Extracellular Vesicles as Drug Delivery Vehicles 

The physiological and delivery properties of EVs, as well as their ability to 

incorporate a diversity of cargoes, make them incredibly appealing as natural vehicles for 

the transport of therapeutic agents. Additionally, EVs may be isolated from  a variety of 

cell types such as mesenchymal stem cells, which are regenerative and non-

inflammatory, or red blood cells which can be easily loaded with cargoes [196-198]. EVs 

from other cell types, such as dendritic cells, can present antigens that can activate the 

immune response, making them particularly useful in the development of vaccines [199, 

200]. It is no surprise then, that the selective incorporation of a wide array of gene 

products, including RNAs, is an emerging area of EV biology research. 

The loading of RNAs into EVs can be done using two main approaches: 

endogenously whereby the donor cell is modulated to increase the inclusion of specific 

RNAs at EV-biogenesis sites, or exogenously whereby the RNAs are incorporated on a 

previously isolated EV population [151]. During the endogenous loading approach, cells 

may be altered to overexpress a particular RNA of interest increasing its incidence in the 

resulting EV population [201]. The RNAs may also be modified to include specific 

sequences recognized by RBPs known to be enriched in the EV population [202]. A 

variety of approaches have been tested to incorporate RNAs into EVs exogenously 

including electroporation [203, 204], sonication [205], the use of transfection reagents 

[206], and the inclusion of a lipophilic moiety [207]. However, the extent to which 

additional RNA can be added to purified EVs may be limited, as they are inherently 

already packed with other cargoes. 
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Aside from loading with cargoes, other biological aspects also need to be 

considered. These include the amounts of EVs that can be produced by donor cells, their 

stability, the targeting of specific cell populations, and increasing the cytosolic release of 

RNAs in recipient cells. As the isolation of EVs typically requires copious amounts of cells 

and reagents, it is imperative that cells are stimulated to produce as many EVs as 

possible. Depending on the context of the cells, several different approaches can be used 

to induce an increase in released EVs. For example,  EV production can be increase by 

elevating the intracellular levels of Ca2+ via the treatment with monesin or serotonin [208, 

209]. Low pH, hypoxia, and oxidative stress have also been reported as factors increasing 

EV release [210-212]. Increasing the targeting of EVs to specific cell population also 

poses a significant challenge, as previous reports have noted that EVs delivered in vivo 

are rapidly cleared by cells in the lungs, liver, spleen, and kidneys [213-215]. As such, 

EVs need to be re-engineered to include specific ligands such as proteins, lipid moieties, 

antibodies, or RNA aptamers that would improve cellular uptake in the clinically relevant 

cell population [216]. The cytosolic delivery of RNAs inside recipient cells poses another 

problem in the use of EVs as transport vehicles. This is because EVs can be accepted 

by cells through the endosomal pathway and, thus, may be degraded by the lysosome 

before their cargoes can be released [217, 218]. It has been suggested that this effect 

can be ameliorated by the inclusion of pH-sensitive fusion proteins in the membranes of 

EVs, thereby enhancing membrane fusion to the endosome luminal membrane [151]. 

This effect can also be bypassed by direct fusion of EVs to the plasma membrane of 
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recipient cells, a process which has been shown to increase with the presence of certain 

cargoes such as Syncytin 1 and Syncytin 2 [219]. 

Notwithstanding the many inherent difficulties of using EVs as drug delivery 

vehicles, they present a plethora of advantages over other mediums. This can include 

being able to be isolated from an assortment of sources, acting as protective vehicles for 

nucleic acids or other bioactive agents, displaying surface antigens in their membranes, 

and when isolated from individual patients can be immune neutral. It is no wonder then 

that there is an enthusiastic response to the use of EVs for the delivery of therapeutic 

RNAs and proteins for various clinical ailments. In fact, numerous studies have been 

conducted (or are on-going) both at the pre-clinical, as well as the clinical level [151]. 

Diseases being target with EV-mediated delivery mechanisms include Huntington 

disease [220], osteoporosis [221], Parkinson disease-associated neurodegeneration 

[202], the treatment of bone tissue defects (ClinicalTrials.gov ID NCT05520125), and 

COVID-19 moderate-to-severe acute respiratory distress syndrome (ARDS) 

(NCT05125562), among others. 

1.7. Rational and Objectives 

Extracellular vesicles are critical players in the exchange of information between cells. 

However, their heterogenous nature has made it difficult to ascertain the contributions of 

individual EV populations during this essential phenomenon. Although progress has been 

made to better define EV populations based on their modes of biogenesis, much work 

remains to be done in order to elucidate the key features and cargoes conferred by each. 

file:///C:/Users/jcapa/Documents/McGill%20University/Doctoral%20Thesis/Thesis%20Drafts/ClinicalTrials.gov
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This thesis aims to provide novel insights into the role of EV biogenesis pathways on the 

loading of RNA and protein cargoes for export from cells. Furthermore, it reports on the 

full-length transcriptome present in the heterogenous EV population. 

The first objective of this thesis was to determine the role of sphingolipid metabolism 

on the recruitment of RNA and protein cargoes for export in EVs. As EVs can be 

generated through various intracellular mechanisms, we sought to explicitly investigate 

the role of sphingomyelinases at sites of EV biogenesis, thereby infering their roles in 

cargo loading. Sphingomyelin metabolism is derived from a family of enzymes including 

neutral and acid sphingomyelinase variants, all of which metabolize lipids to ceramide – 

a critical factor in the membrane remodelling mechanisms used by cells for EV 

generation. Interestingly, the activity of these enzyme variants can occur at the endosome 

or the plasma membrane. Both of these locations are contributors to two different EV 

populations: exosomes and microvesicles, respectively. By inhibiting these enzyme 

variants individually, we were able to see unique cargo features attributed to each mode 

of biogenesis, and in so doing provide insights into the heterogenous EV populations 

released by human MCF7 epithelial adenocarcinoma cells. 

 The second objective of this thesis was to define the full-length transcriptome of 

EVs. Although EV-mediated transfer of full-length functional RNAs to recipient cells has 

been described in various contexts, there are currently no reports on the available full-

length RNAs carried by EVs. Furthermore, it has been assumed that many RNAs present 

within EVs may present in fragmented form. Using Oxford nanopore RNA sequencing, 
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we investigated the polyadenylated population of RNAs present in EVs in human K562 

chronic myelogenous leukemia cells. Nanopore sequencing provides a unique platform, 

as it allows us to study the transcriptome of EVs in their native lengths. This allowed us 

to identify EV-enriched full-length RNAs, to discover novel transcripts, and to determine 

the population of RNAs mapping to their known full-length sequencing. This preliminary 

study provides a first transcriptome-level report of full-length polyadenylated RNAs, as 

determined by long-read RNA sequencing, present in human EVs. 

 

1.8. Chapter I References 
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2.1. Abstract 

An important process in intercellular communication involves the release of 

membrane-bound extracellular vesicles (EVs), which can fuse with and influence other 

cells. These properties are conferred by the preloading of EVs with bioactive cargoes, but 

the means of this selective packaging remain unclear. The biogenesis of EVs is a 

regulated process, driven by mechanisms at specific subcellular milieus. 

Sphingomyelinases (SMases), which metabolize sphingomyelin in membranes, play a 

role in EV biogenesis. Their metabolic product, ceramide, induces invaginations at the 

endosome or blebbing from the plasma membrane, both important in EV-generation. 

Here, we sought to evaluate the impact of sphingomyelinase inhibition on EV protein and 

RNA cargoes. Human MCF7 cells were treated with the neutral sphingomyelinase 

inhibitor GW4869 or the acid sphingomyelinase inhibitor FTY720. EVs were then purified 

from conditioned media of control or inhibitor-treated cells and characterized by a variety 

of approaches including LC-MS/MS and RNA-sequencing. Ceramide inhibition result in 

morphological and phenotypic changes of the heterogenous EV-population. Strikingly, 

GW4869 resulted in a depletion of nanoparticles, as well as a reduction in EV RNA and 

protein content, with marked reduction in endosomal, spliceosomal and translation related 

proteins. Proteomics analyses revealed a reduction of the overall RNA-biding proteins 

(RBPs) in GW4869 treated EVs. By contrast, FTY720 treatment, which appears to reduce 

plasma membrane derived vesicles, elicited the opposite response, leading to a marked 

accumulation of RBP-associated machineries within the EV population. RNA sequencing 

revealed higher differential expression of RNA biotypes in FTY720 EVs. Furthermore, 
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FTY720 EVs induced increased cell migration and protein translation on recipient 

MCF10A cells. These results suggest that ceramide-dependent vesiculation represents a 

major route of RBP and RNA trafficking outside of the cell, via endosomal pathways. 
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2.2. Introduction 

Most cells have the capacity to emanate signals that alter their surrounding 

environment. Extracellular vesicles (EVs), a heterogenous group of membranous 

nanoparticles, have come to the forefront as novel mediators of the exchange of biological 

information between near and distant cells [5, 7]. Upon release from cells, EVs can act 

as molecular shuttles travelling through the extracellular environment and then fusing-

with and delivering molecules capable of altering the behaviour of recipient cells [19, 20].  

The activity of EVs is conferred by the preloading of EVs with bioactive molecular 

cargoes derived from their cells of origin, of which coding and non-coding RNAs are a 

select regulatory class [25, 60, 109, 153, 154]. The incorporation of these RNA molecules 

into EVs may can serve as a protective and efficient means of transferring these genetic 

signals to local and distant microenvironments by preventing their degradation [125, 126]. 

The RNA profiles observed in EVs are indicative of, but not identical to, their parental 

cells, and evidence has emerged of distinct RNA profiles in subpopulations of these 

nanostructures [94, 122]. The mechanisms of this selective packaging are important for 

both the biomarker and effector functions of EVs, but they remain to be fully characterized. 

The biogenesis of EVs is driven by diverse and highly orchestrated mechanisms, 

locally occurring within endosomal compartments and at the plasma membrane of cells. 

Depending on their mode of biogenesis, EVs may take on specific nomenclatures.  

Exosomes describe EVs arising from the inward budding of the endosomal compartment 

during the maturation process of multivesicular bodies (MVBs), which then fuse with the 



34 

 

cell membrane and release exosomes into the extracellular environment [15]. Another 

group of EVs, microvesicles, arise from the outward blebbing of the plasma membrane 

as a result of actin and myosin interactions followed by ATP-dependent contractions [99]. 

This process results in the fission and release of microvesicles into the extracellular 

space. Overlapping both of these EV subpopulations is a metabolic pathway involving 

sphingomyelinases, a family of enzymes able to convert sphingomyelin, a sphingolipid 

present in membranes, to ceramide and phosphorylcholine [82, 100, 222]. The resulting 

ceramides induce the formation of large microdomains which result in membrane budding 

and/or invaginations, and thereby, the formation of intraluminal vesicles (at the 

endosome) or microvesicles (at the plasma membrane).  

Sphingomyelinases have been reported as important enzymes capable of 

metabolizing sphingolipids to ceramide and phosphorylcholine [82, 100, 222]. The role 

played by these enzymes in the release of EVs seems distinct, with different 

sphingomyelinases likely functioning at separate intracellular milieus. Neutral 

sphingomyelinases (NSM) have been described as acting on the exosome population 

birthed from endosomal networks, playing a key role in the invagination processes 

required for the biogenesis of intraluminal vesicles (ILV) [82]. Conversely, acid 

sphingomyelinase (ASM) has been reported as contributing to the budding of 

microvesicles from the plasma membrane [82, 100]. Several pharmacological inhibitors 

of sphingomyelinases have been reported in the literature, showing varying degrees of 

success in the abrogation of EV release [223]. GW4869, a well-known cell permeable 

non-competitive inhibitor of NSM, has been shown to reduce ILV formation and decrease 
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EV release [82, 121]. Another compound, FTY720 (Fingolimod/Gilenya®) has been 

reported as an inhibitor of microvesicle formation at the plasma membrane. This effect is 

thought to result by making ASM separate from lipid membrane, driving its proteolytic 

degradation [100, 222]. 

Due to the differing action of SMases, we sought to evaluate the impact of 

sphingomyelinase inhibition on EV molecular cargoes. To investigate the role of 

sphingomyelinase-dependent vesiculation on the EV proteome and transcriptome, we 

treated the human epithelial adenocarcinoma cell line, MCF7, with either GW4869 or 

FTY720 at doses that do not impair cell viability. EVs were then harvested from the cell-

conditioned media and analysed with a variety of biochemical, phenotypic, omics  and 

functional assays. 
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2.3. Methodology 

2.3.1.  Cell Culture 

Human MCF7 epithelial adenocarcinoma cells were cultured in Minimum Essential 

Medium MEM 1x (Corning, MT10010CV) supplemented with 10% fetal bovine serum 

(FBS), 0.1 mM non-essential amino acids (Thermo Fisher, MT25025CI), 1 mM sodium 

pyruvate (Wisent, 600-110-EL), 100 U mL-1 penicillin and 100 µg mL-1 streptomycin 

(Wisent, 450-202-EL). The cells were grown under incubation conditions of 37 °C and 

humidified 5% CO2 atmosphere. 

Human MCF10A non-malignant breast epithelial cells in a 1:1 mixture of 

Dulbecco's Modified Eagle Medium (DMEM) (Wisent, 319-016-CL) and Ham’s F12 

Medium (Wisent, 318-010-CL). The media mixture is supplemented with 5% horse serum 

(HS), 20 ng mL-1  human epidermal growth factor (hEGF) (Wisent, 511-110-UM), 500 µg 

mL-1 hydrocortisone (Sigma-Aldrich, H0888-1G), 10 µg mL-1 insulin (Gibco, 12585014), 

100 ng mL-1 cholera toxin from Vibrio cholerae (Sigma-Aldrich, C8052-.5MG), 100 U ml-1 

penicillin and 100 µg ml-1 streptomycin (Wisent, 450-202-EL). The cells were grown under 

incubation conditions of 37 °C and humidified 5% CO2 atmosphere. 

2.3.2.  Cell Culture for EV-Isolation  

MCF7 epithelial adenocarcinoma cells were cultured in Minimum Essential Media 

MEM 1x (Thermo Fisher, MT10010CV) supplemented with 0.1 mM non-essential amino 

acids (Thermo Fisher, MT25025CI), 1 mM sodium pyruvate (Wisent, 600-110-EL), 100 U 
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ml-1 penicillin and 100 µg ml-1 streptomycin (Wisent, 450-202-EL), and 10% EV-depleted 

FBS (dFBS). dFBS was prepared via tangential flow filtration (TFF) using the Labscale 

TFF System (Millipore-Sigma) equipped with a Pellicon XL50 ultrafiltration module with a 

300 kDa Ultracell membrane (Millipore-Sigma, PXC300C50).  

2.3.3.  Treatment of Cells With EV-Inhibitor Drugs for Purification of EVs  

EV-isolation media was supplemented with either EV-inhibitor drugs or vehicle: 

0.2% DMSO (Sigma-Aldrich, D8418-100ML),  or 10 µM GW4869 (Sigma-Aldrich, D1692-

5MG), or 5 µM FTY720 (Sigma-Aldrich, SML0700-5MG). MCF7 cells were plated 

overnight starting at 1.2×107 cells/ T-175 flask in a total of 5 flasks per condition in 

complete media. The following day, the media was removed, and the cells were rinsed 

twice with sterile PBS 1x (Wisent, 311-011-CL). The appropriate EV-isolation media was 

then added to each flask series and the cells were incubated for 1 h at 37°C in humidified 

5% CO2 atmosphere. Following this first incubation, the media was removed, and the 

cells were rinsed once more with sterile PBS 1x. The appropriate EV-isolation media was 

then added to each flask series and the cells were incubated for 36 h at 37 °C in 

humidified 5% CO2 atmosphere. After 36 h, the cell-conditioned media was collected, 

along with a sample of cells. The cells were assessed for ≥90% cell viability by Trypan 

blue exclusion assay. The cell-conditioned media was then used for purification of EVs. 

All experiments were carried out in triplicates. 



38 

 

2.3.4.  Extracellular Vesicle Isolation via Iodixanol Gradient Fractionation  

EVs were purified from cell conditioned media using established methodologies 

[224] with a few modifications. Briefly,  the collected cell-conditioned media was cleared 

of cells and large debris by centrifugation at 500 × g for 10 min, and 2000 × g 20 min 

respectively. The supernatant was collected and then concentrated  by centrifugation at 

2000 × g with a 100,000 NMWL molecular cutoff Amicon Ultra-15 Centrifugal Filter Unit 

(Millipore-Sigma, UFC910024) to a volume of 1.8 mL. Next, OptiPrep (iodixanol) Density 

Gradient Medium (Sigma-Aldrich, D1556-250ML) was used to generate a non-continuous 

density gradient consisting of 5% (2.5 mL), 20% (3 mL), and 30% (4.5 mL, sample) 

iodixanol. The density gradient was then ultracentrifuged for 2.5 h at 200,000 × g to 

separate EVs from other extracellular materials. After centrifugation, 1 mL fractions were 

carefully collected (10 fractions total) and then diluted in PBS 1x, followed by a second 

round of ultracentrifugation at 150,000 × g for 1.5 h to pellet EVs and other materials. All 

steps were performed at 4 °C. Fractions 3 to 6 were defined as EV-containing fractions, 

based on nanoparticle quantifications and immunolabelling with CD81 and pooled 

together. 

2.3.5.  EV Samples Preparation for Western Blotting 

EVs were isolated by an immune isolation technique using the EasySep Human 

Pan-Extracellular Vesicle Positive Selection Kit (STEMCELL Technologies, 17891), 

which utilizes CD9, CD81 and CD63 antibodies. Briefly, cell-conditioned media was 

cleared of cells and large debris by centrifugation at 500 × g for 10 min, and 2000 × g 20 
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min respectively. The supernatant was collected and then concentrated  by centrifugation 

at 2000 × g with a 100,000 NMWL molecular cutoff Amicon Ultra-15 Centrifugal Filter Unit 

(Millipore-Sigma, UFC910024) to a volume of 0.5 mL. EVs were then captured using 

conjugated beads with the three tetraspanin antibodies in the kit. The EV captured beads 

were washed and dissolved in RIPA buffer. Cell lysates were also prepared with RIPA 

buffer. SDS-PAGE was conducted using 10% polyacrylamide gel. For western blotting, 

following primary antibodies were used: anti-LaminB2 (abcam, ab151735), anti-Tsg101 

(GeneTex, GTX118736), anti-CD81 (GeneTex, GTX101766). Goat anti-rabbit IgG-HRP 

(Jackson lab, 31460) secondary antibody was used at 1:5,000 dilution. 

2.3.6.  Nanoparticle Tracking Analysis (NTA)  

MCF7 cells were plated in 6-well plates at an initial concentration of 600,000 cells 

per well and incubated for overnight at 37 °C in humidified 5% CO2 atmosphere. The 

plating media was then removed and replaced with EV-isolation media containing vehicle 

or EV-inhibitor drugs using the approach described previously. The cells were then 

incubated for an additional 36 h. After the incubation period, the cell-conditioned media 

was recovered and it was cleared of cells and large debris by centrifugation at 500 × g for 

10 min, and 2000 × g for 20 min respectively. The supernatant was collected and used 

for Nanoparticle Tracking Analysis (NTA) via the NanoSight NS500 (Malvern Panalytical) 

system. NTA was performed with the 532 nm laser by way of three 30 s recordings at 37 

°C. Data processing and analysis was done using the NanoSight NTA software v3.0 

(Malvern Panalytical). All experiments were carried out in triplicates. 



40 

 

2.3.7.  Transmission Electron Microscopy (TEM)  

Purified EVs were imaged by Transmission Electron Microscopy (TEM) through a 

uranyl acetate negative stain approach. Gradient purified EV samples from were 

resuspended in PBS 1x and then combined 1:1 with a 5% glutaraldehyde solution (2.5% 

final concentration) for fixation. 5 µL of the fixed EV samples were then loaded to 

previously discharged formvar-coated copper grids and allowed to adhere for 3 min. The 

sample containing grids were then 3 times with water and then placed in droplets of 2% 

uranyl acetate and incubated for 1 min. The grids were then wash 3 more times with 

water, blotted to remove excess water, and air dried for 30 mins. The samples were then 

imaged on the FEI Tecnai T12 120kV (Field Electron and Ion Company) transmission 

electron microscope. 

2.3.8.  EV Isolation via Size Exclusion Chromatography  

Purification of labelled EVs was carried out using size exclusion chromatography 

(SEC). MCF7 cells were plated in 6-well plates at an initial concentration of 600,000 cells 

per well and incubated for overnight. The plating media was then removed and replaced 

with growth media containing dFBS and the cells were incubated for an additional 36 h. 

After the incubation period, the cell-conditioned media was recovered and it was cleared 

of cells and large debris by centrifugation at 500 × g for 10 min, and 2000 × g for 20 min 

respectively. The supernatant was collected and then concentrated to 100 µL via a 

100,000 NMWL molecular cutoff Amicon Ultra-0.5 Centrifugal Filter Unit (Millipore-Sigma, 

UFC510096). The concentrated media was recovered and utilized for EV-labelling 
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experiments (section 2.3.9) followed by purification of EVs using SEC using qEVsingle 

columns (Izon Science, SP2-USD) according to the manufacturer’s recommendations. 

Briefly, 100 µL of stained nanoparticles are loaded on the column and allowed to elute. 

Next, 900 µL of 0.1 µm-filtered PBS 1x is loaded and allowed to elute, for a combined 1 

mL void volume. Finally, 600 µL of 0.1 µm-filtered PBS 1x are loaded and recovered as 

the nanoparticle-enriched fraction. 

2.3.9.  EV-RNA Labeling  

50 µL of concentrated media was incubated with 50 µL 0.1 µm-filtered PBS 

containing 100 µM Syto RNASelect (Thermo Fisher, S32703) (final concentration 50 µM) 

at room temperature for 2 h in the dark. Next, EVs were recovered via SEC which also 

removed the unbound dye. 

2.3.10. Nanoflow Cytometry of EVs  

Nanoflow cytometry of EVs was carried out using a CytoFLEX flow cytometer 

(Beckman-Coulter) equipped with violet (405 nm), blue (488 nm) and red (640 nm) 

wavelength lasers. Acquisition and analysis of data was carried out using the CytExpert 

2.4 software (Beckman-Coulter) using the parameters detailed on Table 1. The violet side 

scatter (V-SSC) was utilized using the 405 nm laser along with a gain of 100 on V-SSC 

and a threshold of 950 on the violet channel. The samples were loaded to 10 µL using a 

slow sample flow rate of 10 µL/min. Background signal was calculated by acquiring 0.1 
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µm-filtered PBS (EV suspension buffer) at the same rate. All experiments were carried 

out in triplicates. 

Table 2.1 Parameters utilized for nanoflow cytometry using CytoFLEX  

Volume to Record 10 µL 

Sample Flow Rate 10 µL/min 

Acquisition Setting 

Gain 

FSC 22 

SSC 254 

Violet SSC 100 

FITC 3000 

APC 3000 

Threshold 

Channel Violet 

Manual, 950>0 (Height) 

 

2.3.11. Sample Preparation and Protein Precipitation for LC-MS/MS  

EVs were purified from MCF7 cells under the vehicle (0.2% DMSO) or drug 

conditions (10 µM GW4869 or 5 µM FTY20) using the gradient fractionation approach 

previous described. Pelleted EVs and their cells of origin were resuspended in TRIzol 

reagent (Thermo Fisher, 15596018) to allow for simultaneous isolation of proteins and 

RNA from the same samples as per the manufacturer’s recommendations. Briefly, the 

cellular and EV samples were  homogenized in 500 µL of TRIzol reagent, followed by the 

addition 100 µL of chloroform (VWR, BDH1109-4LG) and centrifuged at 12,000 × g for 

15 min. Following the centrifugation step, the aqueous phase is saved for RNA isolation 

and the interphase and organic phase is processed for protein precipitation as described 
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by the manufacturer. For the extracellular vesicle samples (EV), protein extracts were re-

solubilized in 20 µL of 8 M urea with vortexing on a Mixmate (Eppendorf) at 1200 RPM 

for 10 minutes and sonication in a water bath for 10 minutes. For the whole cell protein 

extracts (WC), 100 µL of 8 M urea, 50 µL of 0.1% SDS and 50 µL of acetonitrile were 

added to each sample. The same procedure as the EV samples was used to re-solubilize 

WC samples. Proteins were reduced by adding 5.0 µL (EV) or 50 µL (WC) of the reduction 

buffer (45 mM DTT, 100 mM ammonium bicarbonate) for 30 min at 37°C, and then 

alkylated by adding 5.0 µL (EV) or 50 µL (WC) of the alkylation buffer (100 mM 

iodoacetamide, 100 mM ammonium bicarbonate) for 20 min at 24°C in the dark.  Prior to 

trypsin digestion, 75 µL of 50 mM ammonium bicarbonate was added to EV samples to 

reduce the urea concentration under 2 M for the digestion step. For the WC samples, 175 

µL of 50 mM ammonium bicarbonate was added to reduce the urea concentration under 

2 M but also to reduce the concentration of SDS (0.01%) and acetonitrile (10%). 20 µL 

and 25 of the trypsin solution (100 ng/µL of trypsin sequencing grade from Promega) was 

added to EV and WC samples, respectively. Protein digestion was performed at 37°C for 

18 h. Protein digests were dried down in vacuum centrifuge and stored at -20 °C until LC-

MS/MS analysis.  

2.3.12. LC-MS/MS  

Prior to LC-MS/MS, two different sample cleaning methods were used. EV protein 

digests were re-solubilized under agitation for 15 min in 10 µL of 0.2% formic acid. 

Desalting/cleanup of the digests was performed using C18 ZipTip pipette tips (Millipore, 
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Billerica, MA). Eluates were dried down in vacuum centrifuge and stored at -20 °C until 

LC-MS/MS analysis. WC protein digests were acidified with trifluoroacetic acid for 

desalting and removal of residual detergents by MCX (Waters Oasis MCX 96-well Elution 

Plate) following the manufacturer’s instructions. After elution in 10% ammonium 

hydroxide /90% methanol (v/v), samples were dried down with in vacuum centrifuge and 

stored at -20 °C until LC-MS/MS analysis. EV and WC samples were reconstituted under 

agitation for 15 min in 15 µL and 120 uL of 2%ANC-1%FA, respectively, and between 2 

and 6 uL was loaded into a 75 μm i.d. × 150 mm Self-Pack C18 column installed in the 

Easy-nLC II system (Proxeon Biosystems). The buffers used for chromatography were 

0.2% formic acid (buffer A) and 100% acetonitrile/0.2% formic acid (buffer B). Peptides 

were eluted with a two slope gradient at a flowrate of 250 nL/min.  Solvent B first increased 

from 2 to 35% in 124 min and then from 35 to 85% B in 12 min.  The HPLC system was 

coupled to Orbitrap Fusion mass spectrometer (Thermo Scientific) through a Nanospray 

Flex Ion Source. Nanospray and S-lens voltages were set to 1.3-1.8 kV and 60 V, 

respectively. Capillary temperature was set to 250 °C. Full scan MS survey spectra (m/z 

360-1560) in profile mode were acquired in the Orbitrap with a resolution of 120,000 with 

a target value at 3e5. The 25 most intense peptide ions were fragmented in the HCD 

collision cell and analysed in the linear ion trap with a target value at 2e4 and a normalized 

collision energy at 29. Target ions selected for fragmentation were dynamically excluded 

for 30 sec after two MS/MS events. 
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2.3.13. Proteomics Bioinformatics Analyses  

LC-MS/MS raw data were analysed with the MaxQuant software (version 1.6.17.0). 

MS/MS spectra were searched against the human proteome of the Uniprot database (July 

10, 2020 release) supplemented with MaxQuant’s contaminants option. ITMS match 

tolerance was set at 0.5 Da, ITMS de novo tolerance was set at 0.25 Da while deisotoping 

tolerance was set at 0.15 Da. A maximum number of 2 missed cleavages by trypsin was 

allowed with a maximum of 5 modifications per peptide. Carbamidomethylation of 

cysteine residues was set as a fixed modification, whereas methionine oxidation was set 

as variable modifications. False-discovery rate (FDR) for peptides and proteins was set 

at 1% with a minimum peptide length at 7 and a minimum of 1 unique peptide was 

required. Match between runs was enabled with a match time window of 2.5 minutes and 

an alignment time window of 20 minutes. Whole cell and isolated extracellular vesicles 

raw data were analysed separately. MaxQuant results were next analysed in R (www.r-

project.org) with the MSstats package [225]. Once imported to the MSstats format, the 

data was processed by MSstats with “highQuality” featureSubset, min_feature_count set 

at 2, while remaining parameters were set as default. Statistical contrasts were also 

performed by MSstats with the groupComparison function. Statistically significant 

proteins (adjusted p-value ≤ 0.05 and Log2 fold change ≤ -1 or ≥ 1) from extracellular 

vesicles contrasts were selected, and each protein was Z-scored separately among EV 

and WC samples using mean proteins intensities. Unidentified proteins among triplicate 

conditions were considered as biologically missing and accordingly assigned a mean 

intensity value of 0. With the ComplexHeatmap R package [226], a heatmap was 

http://www.r-project.org/
http://www.r-project.org/
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generated by performing a first round of clustering with the “complete” agglomeration 

method on EV samples with Euclidean distances. After extracting 6 EV clusters, each 

cluster of proteins was individually re-clustered using the “complete” agglomeration 

method on EV and WC samples on Euclidean distances. Pearson correlations were 

calculated with mean proteins intensities in R with the stats package and plotted with the 

corrplot package, whereas MDS (Multidimensional scaling) analyses were performed with 

the limma package [227]. Overrepresentation analyses (ORA) of GO-BP (biological 

processes) were executed on the g:Profiler website (biit.cs.ut.ee/gprofiler/gost) on 

statistically significant EV_FTY720 or EV_GW4869 proteins (adjusted p-value ≤ 0.05 and 

Log2 fold change ≤ -1 or ≥ 1) while applying the Benjamini-Hochberg FDR correction 

method. A network-based visualization and simplification of statistically significant GO-

BP (adj. p-value ≤ 0.05) was next performed. GO-BP with term sizes of less than 500 

genes were loaded in Cytoscape’s EnrichmentMap application [228] where similar GO-

BP were organized in clusters. Each Clusters was next simplified by assigning a resuming 

GO-BP in Adobe Illustrator (Adobe Inc.). GraphPad Prism (GraphPad Software Inc.) was 

used to generate volcano plots of differentially expressed proteins in cells, as well as sub-

heatmaps of peptide intensities (relative Z-score) of FTY720 EV downregulated proteins 

associated to cell junction assembly or the ESCRT complex. 

2.3.14. Sample Preparation and RNA Isolation for RNA Sequencing  

EVs were purified from MCF7 cells under the vehicle (0.2% DMSO) or drug 

conditions (10 µM GW4869 or 5 µM FTY20) using the gradient fractionation approach 

file:///C:/Users/jcapa/Documents/McGill%20University/Doctoral%20Thesis/Thesis%20Drafts/biit.cs.ut.ee/gprofiler/gost
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previous described. Pelleted EVs and their cells of origin were resuspended in TRIzol 

reagent (Thermo Fisher, 15596018) to allow for simultaneous isolation of proteins and 

RNA from the same samples as per the manufacturer’s recommendations. Briefly, the 

cellular and EV samples were  homogenized in 500 µL of TRIzol reagent, followed by the 

addition 100 µL of chloroform (VWR, BDH1109-4LG) and centrifuged at 12,000 × g for 

15 min. Following the centrifugation step, the aqueous phase is processed for RNA 

purification using the RNA Clean & Concentrator-5 system (Zymo Research, R1013) and 

in-column DNaseI treatment. All steps were performed according to the manufacturers’ 

protocols. The RNA was eluted in nuclease-free water and quantified by Nanodrop and 

Bioanalyser. After the extraction of RNAs, the samples were ribodepleted followed by 

library preparation with the KAPA RNA HyperPrep Kit with RiboErase (HMR) (Roche, 

8098140702). Next, starting with 1 µg of total RNA for cellular samples or 2-6ng of total 

RNA recovered from EV samples from drug-induced conditions, the libraries were 

amplified for 7 and 16 PCR cycles respectively. The libraries were quantified by qPCR 

and were loaded at equimolar concentrations for the sequencing on the Novaseq platform 

with the kit NovaseqS4 at a coverage of 35M paired-end reads per sample. 

2.3.15. Transcriptomics Bioinformatics Analyses  

FASTQ sequencing files were assessed for quality control with FastQC (The 

Babraham Institute: https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The 

generated RNA sequencing libraries were mapped to the human reference genome 

(GRCh38), with GENCODE v34 gene annotation, using the STAR alignment tool [229]. 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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The mapped reads per gene were counted using featureCounts [230]. Genes differentially 

enriched in EV and cell lysate samples were determined by pairwise comparison using 

DESeq2 [231, 232]. To do this, count tables from featureCounts were used after removing 

genes with <10 reads in any of the samples. We used a threshold of P.adj ≤0.05 and log-

fold-change (LFC) ≥2 to determine significant hits. The significant hits were further 

assessed for gene ontology (GO) enrichment analysis using the FuncAssociate software 

v3.0 [233]. 

2.3.16. Protein Synthesis Assay  

MCF10A cells were plated at 20,000 cell/well of a 96-well plate and were incubated 

until confluent at 37 °C in humidified 5% CO2 atmosphere. Once confluent, and directly 

before addition of MCF7 EVs, the MCF10A cells were wounded with the Incucyte 96-well 

WoundMaker Tool (Essen Bioscience, 4563) as per the manufacturer’s recommended 

protocol. EVs were purified from MCF7 cells under the vehicle (0.2% DMSO) or drug 

conditions (10 µM GW4869 or 5 µM FTY20). Briefly, 1.2×107 MCF7 cells were plated 

overnight starting in a T-175 flask for each condition. On the following day, the plating 

media was removed and replaced with EV-isolation media containing vehicle or EV-

inhibitor drugs using the approach previously described, and the cells were incubated for 

36 h at 37 °C in humidified 5% CO2 atmosphere. The cell-conditioned media was 

recovered and processed for the isolation of EVs using SEC as described previously. 

Purified EVs were resuspended in equal volumes of PBS and volumetric equivalents were 

added to MCF10A cells. An equal volume of blank PBS with was also added as second 
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control. MCF10A cells were then incubated up to 3, 6, 18, and 24 hours, after which time 

the media was replaced with fresh EV media containing 20 µM O-propargyl-puromycin 

(OPP), a component in the Click-iT™ Plus OPP Protein Synthesis Assay Kit (Molecular 

Probes, C10456) and incubated for an additional 30 minutes. The cells were then fixed 

with a solution of freshly prepared 3.7% formaldehyde (Fisher Chemical, Cat. No. F79-1) 

in PBS and labelled via click chemistry for imaging with the Click-iT™ Plus OPP Protein 

Synthesis Assay Kit (Molecular Probes, C10456) as per the manufacturer’s 

recommended protocol. Image acquisition of fluorescently-labeled cells was carried out 

with the ImageXpress Micro High-Content Screening (HCS) Microscopy system 

(Molecular Devices, LLC) and image analysis was done using the MetaXpress 3.1 

software (Molecular Devices). GraphPad Prism (GraphPad Software Inc.) was used for 

statistical analysis. 

2.3.17. Cell Proliferation Assay  

MCF10A cells were plated at 20,000 cell/well of a 96-well plate and were incubated 

until confluent at 37 °C in humidified 5% CO2 atmosphere. Once confluent, and directly 

before addition of MCF7 EVs, the MCF10A cells were wounded with the Incucyte 96-well 

WoundMaker Tool (Essen Bioscience, 4563) as per the manufacturer’s recommended 

protocol. EVs were purified from MCF7 cells under the vehicle (0.2% DMSO) or drug 

conditions (10 µM GW4869 or 5 µM FTY20). Briefly, 1.2×107 MCF7 cells were plated 

overnight starting in a T-175 flask for each condition. On the following day, the plating 

media was removed and replaced with EV-isolation media containing vehicle or EV-
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inhibitor drugs using the approach previously described, and the cells were incubated for 

36 h at 37 °C in humidified 5% CO2 atmosphere. The cell-conditioned media was 

recovered and processed for the isolation of EVs using SEC as described previously. 

Purified EVs were resuspended in equal volumes of PBS and were mixed with 5-ethynyl-

2'-deoxyuridine (EdU) component of the Click-iT™ EdU Cell Proliferation Kit for Imaging 

(Invitrogen, C10337), to a final concentration of 10 µM. Volumetric equivalents  of the 

drug induced EVs with EdU were added to MCF10A cells. An equal volume of blank PBS 

with EdU was also added as second control. MCF10A cells were then fixed at 3, 6, 18, 

24 and 40 hours with a solution of freshly prepared 3.7% formaldehyde (Fisher Chemical, 

Cat. No. F79-1) in PBS and labelled via click chemistry for imaging with the Click-iT™ 

EdU Cell Proliferation Kit (Invitrogen, C10337) as per the manufacturer’s recommended 

protocol. Image acquisition of fluorescently-labeled cells was carried out with the 

ImageXpress Micro High-Content Screening (HCS) Microscopy system (Molecular 

Devices, LLC) and image analysis was done using the MetaXpress 3.1 software 

(Molecular Devices). GraphPad Prism (GraphPad Software Inc.) was used for statistical 

analysis. 

2.3.18. Scratch-Wound Cell Migration Assay  

MCF10A cells were plated at 20,000 cell/well of a 96-well plate and were incubated 

until confluent at 37 °C in humidified 5% CO2 atmosphere. Once confluent, and directly 

before addition of MCF7 EVs, the MCF10A cells were wounded with the Incucyte 96-well 

WoundMaker Tool (Essen Bioscience, 4563) as per the manufacturer’s recommended 
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protocol. EVs were purified from MCF7 cells under the vehicle (0.2% DMSO) or drug 

conditions (10 µM GW4869 or 5 µM FTY20). Briefly, 1.2×107 MCF7 cells were plated 

overnight starting in a T-175 flask for each condition. On the following day, the plating 

media was removed and replaced with EV-isolation media containing vehicle or EV-

inhibitor drugs using the approach previously described, and the cells were incubated for 

36 h at 37 °C in humidified 5% CO2 atmosphere. The cell-conditioned media was 

recovered and processed for the isolation of EVs using SEC as described previously. 

Purified EVs were resuspended in the same volume of PBS and volumetric equivalents 

were added to wounded MCF10A cells. An equal volume of PBS was also added as 

second control. The cells were then live imaged hourly over 24 hours with an Incucyte 

Microscope (Sartorius) to evaluate for the effects the divergent bioactive cargoes in EVs 

as induced by the differing drug induced conditions. The Incucyte software Scratch 

Wound Analysis Software Module (Sartorius) was used for the calculation of percentage 

of Relative Wound Density (%RWD), while GraphPad Prism (GraphPad Software Inc.) 

was used for statistical analysis. 
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2.4. Results 

2.4.1.  Sphingolipid Metabolism Is required for the Release of RNA from Cells 

Through EVs 

To assess the physical and phenotypic effects of SMase inhibitors on EVs, we first 

evaluated the impact of these compounds on the viability and proliferation of the human 

epithelial adenocarcinoma cell line MCF7. To reduce the risk of contamination of the EV 

populations by apoptotic bodies, titrations were carried out with each compound to assess 

their most appropriate usage concentrations on MCF7 cells. We chose 5 µM for FTY720 

and 10 µM for GW4869, which resulted in ≥ 95% cell viability in both cases after 36 h 

(Figure 2.1 B, Figure S2.1 A), the time at which EVs are recovered from cell-conditioned 

media. The drug vehicle, DMSO, was used as the control condition in a volumetric 

equivalent percentage to cell culture media. Moreover, the relative number of cells at the 

time of EV-harvesting was not impacted by either drug treatment (Figure S2.1 B). 

Western blots of EVs and their cells of origin demarcated the samples’ purity by the 

presence the of known EV markers TSG101 and CD81 in EVs, while the negative marker 

LaminB2 was absent from EV samples (Figure 2.1 C). These results suggested that the 

usage of inhibitor compounds does not completely prevent the release of EVs, a 

conclusion further supported by Nanoparticle Tracking Analysis (NTA) of cell-conditioned 

media. NTA quantifications showed drug-defined profiles of nanoparticle sizes (Figure 

2.1 D), with the control samples having a median size range of 135 ± 3.3 nm while 

treatment samples had a mean size 162.6 ± 5.0 nm and 161.6 ± 2.6 nm for GW4869 and 
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FTY720, respectively. Transmission electron micrographs (TEM) of iodixanol gradient-

purified EVs displayed nanoparticles exhibiting morphological characteristics of EVs and 

a diversity in sizes (Figure 2.1 E). TEMs were further quantified using the software tool 

TEM ExosomeAnalyser [234]. The results revealed EVs of diverse sizes under all 

conditions, with a statistically significant trends both for a larger particle diameter in 

samples arising from GW4869 treated cells and a reduced mean particle area in EVs 

samples resulting from FTY720 treatments (Figure S2.1 C-D). Furthermore, the particle 

population statistics denoted a size range of 32.90 - 566.3 nm  for the control, 49.12 - 

579.4 nm for GW4869-, and 44.75 - 337.7 nm for FTY720-samples. The morphological 

effects observed on EV populations prompted us to investigate both their relative 

numbers, as well as their RNA cargoes. Nanoflow cytometry was utilized to investigate 

number of nanoparticles (events) recorded in 10 µL of samples stained for RNA with 

SYTO RNASelect and recovered using size exclusion chromatography (SEC). The 

nanoflow cytometry profiles demarcated specific effects of the inhibitors on the EV 

population, with an increase in total particles detected per milliliter in FTY720 samples 

(Figure 2.1 F), as well as decreases in in the number of RNA-positive particles (per million 

events) under both GW4869 and FTY720 conditions, with GW4869 treatments resulting 

in the most pronounced reduction (Figure 2.1 G). We conclude that the treatments with 

inhibitors of neutral (GW4869) and acid (FTY720) sphingomyelinases lead to distinctive 

alterations in EV biogenesis.  
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FIGURE 2.1 Ceramide is required for the recruitment of RNAs to EVs. A. Outline of 

the EV-isolation protocol used unless otherwise stated. B. Cellular viability of MCF7 cells 

after treatment with sphingomyelinase inhibitor drugs over 36 h. Control (DMSO vehicle) 

and treated cells had a cell viability >95%, with no statistical significance as calculated by 

ordinary one-way ANOVA on GraphPad Prism. C. Representative Western blot of cell 

and EV samples isolated from control and drug treatments. The samples were probed for 

EV markers TSG101 and CD81 and the negative control marker LaminB2. D. 

Nanoparticle Tracking Analysis (NTA) of cleared cell-conditioned media. Border thickness 

defines the standard error. E. Transmission electron micrographs of iodixanol gradient-

purified EVs. EVs were negatively stained with 2% uranyl acetate and imaged on the FEI 

Tecnai T12 120kV transmission electron microscope. F. Nanoflow cytometry 

quantifications of total detected nanoparticles isolated via size exclusion chromatography 

and recorded using the CytoFLEX platform. G. Nanoflow cytometry quantifications of 

RNA-positive nanoparticles isolated via size exclusion chromatography and recorded 

using the CytoFLEX platform. The RNA in the nanoparticles was labelled using SYTO 

RNASelect, cell-permeable stain of nucleic acids that is selective for RNA. For all bar 

graphs, unless otherwise stated, the error bars represent the standard error of the mean 

(SEM) and the statistics were calculated by ordinary one-way ANOVA (where ns=P>0.05, 

*=P≤0.05, **=P≤0.01, ***=P≤0.001, and ****= P≤0.0001) on GraphPad Prism. 
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2.4.2.  Inhibition of ASM Downregulates the RNA Diversity of EVs  

The distinguishing features of EVs released by SMase inhibitor-treated cells, and 

in particular their RNA contents, lead us to characterize their RNA and protein content 

comprehensively. A non-continuous iodixanol gradient purification approach was used to 

isolate EVs from cell-conditioned media of MCF7 cells exposed to vehicle (DMSO), 

GW4869 or FTY720 over 36 h. Purified EV samples were recovered from the iodixanol 

gradient by ultracentrifugation and washed with PBS. Cellular specimens were also 

collected to evaluate possible effects that the drugs may provoke. Cell and EV samples 

were lysed with TRIzol which facilitated the recovery of total protein and RNA contents 

from the same samples, thereby reducing the need for additional materials, and improving 

reproducibility. Quantifications from isolated EV specimens denoted a statistically 

significant increase in the isolated total RNA from FTY720 EV  samples (Figure S2.2 B), 

while no significant differences in the isolated total RNA between cellular specimens were 

observed (Figure S2.2 A). 

To assess the impact of SMase inhibitors on EV transcriptomes, we next 

performed total RNA sequencing (rRNA depleted) on biological triplicates of RNA 

samples from  cells or EVs via the Nova-seq platform, with a coverage of ~35M paired-

end reads per samples. Principal component analysis (PCA) of sequencing libraries for 

both cells and EVs revealed class specific distributions, with the cells sequestering to a 

single group, while EVs segregated into two groups consisting of DMSO/GW4869 or 

FTY720 samples, respectively (Figure 2.2 A). Further analyses of cellular and EV 
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transcriptomes  revealed minor differences in expression correlations of cellular 

specimens, while marked differences were observed for FTY720 EV specimens relative 

to GW4869 or DMSO (Figure S2.2 A). Differential expression analysis revealed an 

overall consistency in RNA expression levels across cell specimens, with EVs displaying 

their own transcriptomic identity relative to parental cells (Figure 2.2 B), as noted by an 

enrichment for specific RNA species and unique, drug-specific, expression profiles 

(Figure S2.2 D-H). Again, FTY720 EVs displayed the most distinctive expression features  

relative to the DMSO or GW486 EV samples. 

Next, each EV transcriptome was compared to their respective cellular 

transcriptomes and enriched genes were identified (Log2 fold change ≥2, AdjP≤0.01) 

according to their biotype (Figure 2.2 C). This analysis revealed mRNAs as a major cargo 

across EV samples, which were found in higher proportion in FTY720 EVs, while these 

specimens also showed a reduced relative abundance of both long non-coding RNA 

(lncRNA) and processed pseudogenes. To further investigate the unique features 

resulting from individual drug conditions, their cellular or EV transcriptomes were 

compared to DMSO controls using volcano plots. The cellular transcriptomes displayed 

only few instances of downregulated (Log2 fold change ≤-2, AdjP≤0.01) genes resulting 

from either treatment, while more substantial number of genes were upregulated (Log2 

fold change ≥2, AdjP≤0.01) in each condition, with FTY720 treatments impacting a larger 

number of genes (n=198) (Figure 2.2 D). Gene Ontology (GO) enrichment analysis of 

down- or upregulated cellular mRNAs, as measured by FuncAssociate 3.0 [233], revealed 

that upregulated genes were enriched for 2'-5'-Oligoadenylate Synthetase Activity 
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(logarithm (base 10) of the odds ratio (LOD): 3.04, Padj. 0.022). Comparison of EV 

transcriptomes using these same parameters revealed the GW4869 EVs had few 

differences to the DMSO control, while the FTY720 EVs were marked by the upregulation 

(Log2 fold change ≥2, AdjP≤0.01) of a subset of RNAs (n=111) and a major 

downregulation (Log2 fold change ≤-2, AdjP≤0.01) of RNAs (n=937) relative to control 

treatments (Figure 2.2 E). GO enrichment of downregulated and upregulated FTY720 

EV mRNAs revealed an upregulation for transcripts associated with Cholesterol 

Biosynthetic Process (LOD: 1.49, Padj. 0.004) and a downregulation of transcripts 

associated with Negative Regulation of Translation (LOD: 1.14, Padj. 0.011) and RNA 

Binding (LOD: 0.59, Padj. <0.001). Because of the possible effects of the drugs on the 

cellular expression profiles, the asymmetrical distribution of EV transcripts was compared 

to the cellular transcriptome. Firstly, the transcriptomes of GW4869 or FTY720 treated 

cells was compared to the transcriptome of the DMSO control cells to identify aberrantly 

expressed transcripts. Next, the EV transcriptomes of GW4869 or FTY720 samples was 

compared to the normalized cell expression data (Figure 2.2 F). This allowed for the 

identification of three groups of EV-detected RNAs: those upregulated in both cells and 

EVs, those upregulated in EVs but not altered in cells, and those upregulated in EVs but 

downregulated in cells. This revealed that FTY720 EV-enriched RNAs (Log2 fold change 

≥2, AdjP≤0.01) showed GO enrichment for cell cycle regulatory processes, while there 

was no specific GO enrichment for GW4869 EV-enriched RNAs. Furthermore, cellular 

transcripts upregulated in either drug condition did not display specific GO enrichment. 
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FIGURE 2.2 Inhibition of ASM downregulates the RNA diversity of EVs. A. Principal 

Component Analysis (PCA) of RNA-sequencing data derived from MCF7 cellular and EV 

RNA libraries. B. Global heatmap of cellular and EV transcriptomes, with the RNAs’ 

biotype identity listed to the left (color denotes presence). C. RNA biotype distributions of 

EV transcriptomes across the different conditions studied. ‘Others’ includes a varied 

group of minor transcripts including, but not limited to, miscRNA, snRNA, snoRNA, etc. 

D. Volcano plots of cellular transcriptomes signifying the shift in expression levels in 

GW4869 or FTY720 treated specimens relative to the DMSO control group. Blue dots 

represent statistically significant downregulated transcripts (Log2 fold change ≤-2, 

AdjP≤0.01). Red dots represent statistically significant upregulated transcripts (Log2 fold 

change ≥2, AdjP≤0.01). Venn diagrams display the total number of genes upregulated or 

downregulated in each condition and their overlap. Gene groups which displayed specific 

Gene Ontology (GO) enrichment (FuncAssociate 3.0) are labelled, with respective 

logarithm (base 10) of the odds (LOD) ratio and Padj. listed. E. Volcano plots of EV 

transcriptomes signifying the shift in expression levels in GW4869 or FTY720 treated 

specimens relative to the DMSO control group. Blue dots represent statistically significant 

downregulated transcripts (Log2 fold change≤-2, AdjP≤0.01). Red dots represent 

statistically significant upregulated transcripts (Log2 fold change ≥2, AdjP≤0.01). Venn 

diagrams display the total number of genes upregulated or downregulated in each 

condition and their overlap. Gene groups which displayed specific Gene Ontology (GO) 

enrichment (FuncAssociate 3.0) are labelled, with respective logarithm (base 10) of the 

odds (LOD) ratio and Padj. listed. F. Dot plots of transcripts asymmetrically distributed 

between FTY720 or GW4869 EVs relative to their respective parental cells’ 

transcriptomes normalized to DMSO control cellular transcriptome. Upper red boxes 

represent statistically significant upregulated transcripts (Log2 fold change ≥2, 

AdjP≤0.01). Gene groups which displayed specific Gene Ontology (GO) enrichment 

(FuncAssociate 3.0) are labelled, with their respective logarithm (base 10) of the odds 

(LOD) ratio and Padj. listed. 
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2.4.3.  Neutral and Acid Sphingomyelinases Affect Opposing EV biogenesis 

Pathways  

To improve our understanding of the role that sphingomyelinases play on the 

diversity of the EV proteome, and in particular its RNA-binding protein (RBP)-repertoire, 

we performed LC-MS/MS on MCF7 EVs and their cells of origin. After the recovery of 

RNA, proteins were precipitated from the TRIzol organic phase. To estimate the available 

protein material between samples, cells or EV specimens were initially loaded in 

equivalent volumes and their Total Ion Current (TIC) chromatograph area was recorded, 

which represents the sum of the intensities of all spectral peaks within the same scan. 

Sample injection volumes were then adjusted for the loading of equal sample amounts 

(cells or EVs). TIC chromatograph data revealed little differences in total isolated protein 

samples between the different cellular specimens (Figure S2.3 A). At the EV level, the 

GW4869 samples showed a reduction in total isolated protein levels, while FTY720 

samples showed a marked increase (Figure S2.3 B). These results mirrored the 

quantified total EV nanoparticles and RNA contents described above (Figure 2.1 F-G, 

Figure S2.2 B). Multidimensional scaling (MDS) and Pearson correlations of cellular 

proteomes revealed high degrees of similarity (all ≥94%) suggesting that the drug 

treatments had little effects on proteome composition (Figure 2.3 A, Figure S2.3 C). By 

contrast, EV specimens displayed lower correlations between treatment groups but 

formed discreet, drug defined, clusters by MDS (Figure 2.3 A, Figure S2.3 C). To 

highlight proteomic differences between all cellular specimen groups, analyses were 

performed with the aid of volcano plots. The cellular proteomes revealed an upregulation 
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of a few autophagy associated proteins (Log2 fold change ≥1, AdjP≤0.05) by both 

sphingomyelinase inhibitor treatments relative to the DMSO controls (Figure 2.3 B). 

These results suggest that the identified EV-specific effects are not related to aberrant 

protein expression induced by the drugs in their cells of origin. To globally assess the 

characteristics of the proteomic data of the different EV groups, a clustering analysis of 

statistically significant proteins was performed. Inclusion in the analysis required that the 

identified protein accounted for a statistically significant change in expression (Log2 fold 

change ≥1 or ≤-1, Padj. ≤0.05) in at least one of the comparison groups (DMSO vs 

GW4869/ DMSO vs FTY720). The heatmaps, displaying peptide intensities (relative Z-

score), of clustered EV proteins demonstrate discrete movements in the expression of 

proteins in EVs depending on the inhibitor used relative to the DMSO control (Figure 2.3 

C). Several of the clustered protein groups demonstrated opposite expression changes 

in GW4869 vs FTY720 treated samples, suggesting specialized functions of neutral vs 

acid sphingomyelinases. To further investigate the associated cellular machineries 

affected as a response to sphingomyelinase inhibition, GW4869 and FTY720 EV proteins 

were analysed with the ClueGO plugin [235] on Cytoscape [236]. Using a similar 

approach, only significant EV proteins were included, but the proteins were further 

separated into up- and downregulated classes. This allowed us to generate a network of 

associated protein clusters based on GO terms related to biological function, which 

revealed the unique classes of proteins affected by either treatment (Figure 2.3 D). For 

instance, proteins associated with cell junction assembly, plasma membrane dynamics, 

and cell division regulation (Figure 2.3 E, green nodes) were uniquely downregulated in 
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the FTY720 EV proteome. Interestingly, several members of the endosomal sorting 

complex required for transport (ESCRT) were also depleted (Figure 2.3 E), pointing to a 

potential role for ASM in this endosomal EV biogenesis pathway. Strikingly, FTY720 EVs 

showed an enrichment for proteins associated with autophagy, RNA binding proteins, 

RNA nuclear export and translation regulation (Figure 2.3 E, red nodes). By contrast, the 

GW4869 EV proteome was depleted for proteins associated with autophagy, lipid 

metabolism, RNA regulatory processes, translation, and protein folding at the ER (Figure 

2.3 F). Indeed, focused analyses of RBP expression signatures revealed that most these 

factors were downregulated in response to GW4869 (Figure S2.3 D). 
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FIGURE 2.3 Neutral and acid sphingomyelinases affect different EV biogenesis 

pathways. A. Multidimensional scaling (MDS) of LC-MS/MS proteomics data derived 

from MCF7 cellular and EV purified proteins. B. Volcano plots of cellular proteomes 

signifying the shift in expression levels in GW4869 or FTY720 treated specimens relative 

to the DMSO control group or relative to each other. Blue dots represent statistically 

significant downregulated transcripts (Log2 fold change ≤-1, AdjP≤0.05). Red dots 

represent statistically significant upregulated transcripts (Log2 fold change ≥1, 

AdjP≤0.05). C. Clustered heatmap analysis of peptide intensities (relative Z-score) of EV 

proteomes. Blue lines denote lower association, while red lines denote higher association 

of each protein relative to the other two groups. D. Cytoscape ClueGO analysis of 

statistically significant downregulated (green/purple) or upregulated (red) EV proteomic 

data displaying a GO (biological process) network of associated protein clusters. E.  

Heatmap of peptide intensities (relative Z-score) of FTY720 EV downregulated proteins 

associated to cell junction assembly or the ESCRT complex. Blue denotes lower 

association, while red denotes higher association of each protein relative to the other two 

groups. F. Heatmap of peptide intensities (relative Z-score) of GW4869 EV 

downregulated proteins associated to sphingolipid metabolism or autophagy. Blue 

denotes lower association, while red denotes higher association of each protein relative 

to the other two groups. 
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2.4.4.  RBPs as Major Differentially Regulated EV Cargoes in Response to 

NSM or ASM Inhibition  

As a group, RBPs are crucial cellular regulators involved in all facets of RNA 

metabolism. Strikingly, we observed opposite effects of SMase inhibitors on RBP levels 

within EVs. Indeed, inhibition of NSM with GW4869 results in a pronounced 

downregulation of identified RBPs relative to both DMSO (n=153) and FTY720 (n=274) 

EV specimens (Figure 2.4 A-B). By contrast, a sizeable fraction of RBPs were 

preferentially exported within EVs as response to FTY720 treatment (n=94) (Figure 2.4 

C). As the proteomic data pointed to the opposing effects of SMase inhibitors on the EV 

proteome, and in particular the striking downregulation of RBPs from the GW4869 EVs, 

we sought to explored whether individual components of bipartite ribonucleoproteins 

(RNPs) modules are impacted similarly by SMase inhibition and whether this was 

consistent with the behaviour or RNA biotypes normally bound by these RNP 

machineries. 

Although the impact of NSM inhibition on the EV RNA repertoire was limited, some 

specific examples do appear. For instance, the secretion of various 7SL RNA family 

members (e.g. RN7SL1, RN7SL3 and varied 7SL pseudogenes), the RNA components 

of the Signal Recognition Particle (SRP) involved in targeting translation of mRNAs 

encoding signal peptides to the ER, exhibit a significantly decreased expression in 

GW4869 EVs, while they were strongly increased in FTY720 EVs (Figure S2.2 H). By 

contrast, these expressions alterations were observed at the cellular transcriptomic level  
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(Figure S2.4 A). 7SL RNAs play an important scaffolding role for the SRP and, quite 

interestingly, all SRP proteins respond similarly to their RNA counterparts at the 

proteomic level (Figure 2.4 D), with SRP proteins showing robust depletion in GW4869 

EVs and marked over-representation in FTY720 EVs. 

Intriguingly, several mRNAs associated with the negative regulation of translation 

such as SAMD4A, AGO1, and NCL are downregulated in the transcriptomes of FTY720 

EVs, but not affected in GW4869 EVs (Figure 2.4 E). Again, expression of these 

transcripts was generally similar across cellular specimens (Figure S2.4 B). Another 

interesting example is that of small nuclear ribonucleoproteins (snRNPs) associated with 

spliceosomal activity. The EV proteomic reveals that secretion of several spliceosomal 

RBPs is downregulated in response to GW4869, while the opposite is true for FTY720 

samples (Figure 2.4 F). This dichotomy is also observed at the transcriptomic level, with 

spliceosomal snRNAs decreasing in GW4869 EVs. However, apart from a few examples 

such as RNVU1-31 and RNVU1-29, there is no increase for these RNAs in FTY720 EVs. 

As with the previous examples, these expression variations were generally not observed 

in the cellular transcriptome samples (Figure S2.4 C). 
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FIGURE 2.4 NSM is essential for the export of RBPs and their binding partners. A.-

B. Volcano plots of EV proteomes signifying the shift in RBP expression levels in GW4869 

or FTY720 treated specimens relative to the DMSO control group or relative to each other. 

Blue dots represent statistically significant downregulated transcripts (Log2 fold change 

≤-1, AdjP≤0.05). Red dots represent statistically significant upregulated transcripts (Log2 

fold change ≥1, AdjP≤0.05). C. Volcano plots of EV proteomes signifying the shift in RBP 

expression levels between GW4869 and FTY720. Blue dots represent statistically 

significant downregulated transcripts (Log2 fold change ≤-1, AdjP≤0.05). Red dots 

represent statistically significant upregulated transcripts (Log2 fold change ≥1, 

AdjP≤0.05). D.  (Left) Heatmap of peptide intensities (relative Z-score) of SRP protein in 

EVs. Blue denotes lower association, while red denotes higher association of each protein 

relative to the other two groups. (Right) Expression (TPM) of 7SL RNAs in GW4869 and 

FTY720 EVs relative to the DMSO control. E. Expression (TPM) of RNAs associated to 

the negative regulation of translation in GW4869 and FTY720 EVs relative to the DMSO 

control. F.  Heatmap of peptide intensities (relative Z-score) of snRNP-binding proteins in 

EVs. Blue denotes lower association, while red denotes higher association of each protein 

relative to the other two groups. (Right) Expression (TPM) of snRNAs in GW4869 and 

FTY720 EVs relative to the DMSO control. 
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2.4.5.  FTY720 EVs Enhances Protein Translation in Recipient Cells  

The EV-mediated intercellular transfer of RNA molecules and RNP machineries 

can present key determinants of the biological impact of EVs on recipient cells [2, 151, 

161, 237, 238]. In light of the differential impact of SMase inhibitors on EV protein and 

RNA cargo, this led us to test whether these treatments altered the effects these EVs may 

have when transferred onto recipient cells. For this, we developed a co-culture system 

allowing us to quantify the phenotypic response of the recipient cell line, human MCF10A, 

to EVs isolated from control or inhibitor-treated MCF7 cells. Starting with equal number 

of cells, volumetrically equivalent samples of SEC-purified EVs in PBS were obtained 

from MCF7 treated with vehicle (DMSO), GW4869 or FTY720. The quantity of proteins 

present within the samples was assessed by Qubit protein assays prior to loading on 

recipient MCF10A cells (Figure 2.5 A). These showed minimal differences in the total 

protein available. Additionally, a volumetric equivalent of PBS was used as a negative 

control. Guided by the noted depletion or increase of the SRP components induced by 

drug treatments, we first tested for possible impacts of EVs on translational responses in 

recipient cells. Using high content screening microscopy as an output, we quantified the 

intensity of O-propargyl-puromycin (OPP)-labelled foci in MCF10A cells co-cultured with 

EV specimens. Our quantifications revealed that MCF10A cells co-cultured with FTY720 

EVs showed an increased foci intensity signal starting at 6 hours (Figure S2.5 A), an 

effect that was sustained up to 24 hours (Figure 2.5 B). By contrast, no effects on 

MCF10A cell translational activity were observed with EVs from DMSO or GW4869 

treated cells. The increased export of cell division associated RNAs in FTY720 EVs 
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prompted us to investigate the possible effects in cell division. Using a similar approach, 

we utilized 5-ethynyl-2'-deoxyuridine (EdU) to label nascent DNA in recipient cells and 

thereby quantify cell proliferation. Quantification of percentage of new cells across the 

different conditions revealed only slight increase in the percentage of new MCF10A cells 

after co-cultured with FTY720 EVs over time (Figure S2.5 B), but this only becomes 

statistically significant at 40 hours (Figure 2.5 C). We also sought to quantify the migratory 

response of MCF10A cells upon co-culture with MCF7-derived EVs by performing 

scratch-wound assays using the Incucyte live cell imaging system (Figure S2.5 C). 

Analysis of the relative wound density (RWD) showed a statistically significant increase 

in percentage of RWD (%RWD) in MCF10A cells co-cultured with FTY720 EVs (Figure 

2.5 D), while no discernible effects were observed across the other conditions. These 

results indicate that the alterations in molecular cargoes elicited by SMase inhibition can 

significantly alter the biological impact of EVs on recipient cells.  
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FIGURE 2.5 FTY720 EVs increased protein translation and induce faster migration 

phenotype in recipient cells. A. Qubit protein quantification of SEC purified EVs under 

different drug treatment conditions or DMSO control. B. Violin plots of the distribution of 

intensities (a.u.) at 24 h of OPP-labelled foci in MCF10A cells upon co-culture with EVs 

isolated from MCF7 cells treated with SMase inhibitors. C. Percentage of new cells at 40 

h as labelled by EdU in MCF10A cells upon co-culture with EVs isolated from MCF7 cells 

treated with SMase inhibitors. D. Scratch wound cell migration assay. The %RWD is 

calculated based on an image taken every hour over 24 h. For all graphs, unless 

otherwise stated, the error bars represent the standard error of the mean (SEM) and the 
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statistics were calculated by ordinary one-way ANOVA (where ns=P>0.05, *=P≤0.05, 

**=P≤0.01, ***=P≤0.001, and ****= P≤0.0001) on GraphPad Prism. 
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2.5. Discussion 

Over the last two decades, EVs have gained prominence as key regulators of 

intercellular communication [1, 2, 5]. Although progress has been made in all aspects of 

EV biology, their heterogeneity has made it difficult to ascertain the role that specific 

subpopulations may play in this exchange of information [15]. In fact, EVs may be 

generated at different subcellular compartments using a diversity of molecular 

machineries [15, 109, 239]. As such, there is an imperative need to understand the 

individual sorting mechanisms used by cells to load cargoes to EVs. Two main 

mechanisms of EV biogenesis have been described, one involving the endosomal sorting 

complex required for transport (ESCRT) (ESCRT-dependent mechanism), and a second 

driven by the metabolism of lipids by a family of enzymes called sphingomyelinases 

(ESCRT-independent mechanism) [7, 15, 70]. Of these two mechanisms, sphingolipid 

metabolism by sphingomyelinases remains an under studied aspect of EV biogenesis, 

and the role of these enzymes in the release of bioactive cargoes remains to be clarified.  

Sphingomyelinases present themselves in two different varieties: neutral (NSM) 

and acid (ASM) variants, both of which metabolize membrane-bound sphingomyelin to 

ceramide and phosphorylcholine  [102, 105, 240]. Interestingly, various reports have 

implicated these variants with the release of two distinct EV subpopulations, exosomes 

and microvesicles, suggesting that they play specialized roles during EV biogenesis [82, 

100, 222]. While the biological activity of both NSM and ASM contribute to distinct EV 

subpopulations, they do so by using similar mechanisms. This makes them interesting 
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subjects of study, particularly as it relates to cargo sorting, since exosomes and 

microvesicles may typically carry different types of cargoes [75, 77]. To investigate the 

role of these EV biogenesis pathways on the loading of RNA and protein cargoes for 

extracellular export, we inhibited the two variant enzyme classes implicated in this 

process.  

Various chemical inhibitors of sphingomyelinases have been reported in the 

literature [223, 241-246]. These resources provide an interesting avenue for functional 

dissection, as they allow for rapid investigation over genetic knockdowns which are more 

labor intensive [247]. Our approach at selecting sphingomyelinase inhibitors was focused 

on evidence that they targeted the activities of either NSM or ASM, impeding the 

biogenesis of EVs at the endosomal compartment or the plasma membrane [82, 100, 

121, 222]. Namely, NSM activity was inhibited with GW4869, and ASM was inhibited with 

FTY720. As these enzymes have been observed to affect the biogenesis of exosomes or 

microvesicles, their inhibition allows us to see their individual contributions to the 

heterogenous EV population. This permitted us to reveal the molecular signatures 

attributed to each EV subpopulation, as well the potential roles of NSM or ASM in EV 

cargo loading. 

Although both neutral and acid sphingomyelinase variants metabolize 

sphingolipids within membranes, our results highlight their unique contributions to 

assortment of cargoes within EV subpopulations. Of note, neither drug treatment resulted 

in a complete abrogation of EV release, highlighting that cells utilize multiple avenues for 
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the biogenesis of EVs (Figure 2.1 C-E). This phenomenon has been widely reported 

when inhibiting EVs using a variety of chemical or genetic knockdown approaches, 

including the drugs here reported [248-256]. Nevertheless, they each had quantifiable 

effects on the quantity, size distribution, and contents of EVs released (Figure S2.1 C-D, 

Figure 2.1 D-G). Nanoflow cytometry of single EVs provided interesting insights into the 

number of particles released, as well as the cargoes they carried (Figure S2.1 E). In 

general, the relative number particles detected by NSM inhibition was not significant 

altered relative to the control conditions, however ASM-inhibited cells released more EVs 

(Figure 2.1 F). FTY720 (Fingolimod), the ASM inhibitor used in this study, is currently 

prescribed as an immunomodulatory drug (Gilenya®) for the treatment of multiple 

sclerosis [257-259]. Plasma-derived EVs from patients treated with a first dose of this 

drug showed an increased concentration and a shift in the expression of small non-coding 

RNAs they carried [255]. However, various studies have shown that FTY720 can reduce 

the production of membrane-derived microvesicles [248, 260, 261]. In the latter study, 

endothelial and B-cell-derived microvesicles from multiple sclerosis patients were 

reduced to the levels of healthy patients after treatment with Fingolimod [261]. Nanoflow 

cytometry profiles further showed that NSM inhibition with GW4869 resulted in an over 

all reduction in the relative number of RNA positive events (particles per million) in 

contrast to the other conditions (Figure 2.1 G). Interestingly, while EV release is 

enhanced by the inhibition of ASM,  the relative number of RNA positive events indicate 

an overall reduction in the RNA-containing population (Figure 2.1 G). These results 

suggest that sphingolipid metabolism is an important component of the machineries used 
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by cells to release RNA via EVs. They also highlight that cells may utilize alternative 

routes for the generation of EVs when a particular pathway is perturbed. 

At the transcriptome level, our results show that the inhibition of sphingolipid 

metabolism affects the release of RNA in unexpected ways. While ASM inhibition seems 

to increase the available extracellular RNA, this merely because of increased EV release 

(Figure S2.2 B), and their incidence in the overall population is decreased (Figure 2.1 

G). Indeed, there is a general downregulation of RNA species affected when impeding 

the effects of this enzyme (Figure 2.2 E). These results have been partially alluded to 

previously, where EVs derived from multiple sclerosis patients treated with Fingolimod 

exhibited differential patterns of RNA expression [255, 262]. Gene ontology (GO) 

enrichment analysis of these downregulated RNAs revealed that many of these 

transcripts are associated with the negative regulation of translation and RNA binding. 

Moreover, the RNA biotypes detected in EVs have a more dramatic shift with ASM 

inhibition, with protein coding transcripts increasing and lncRNAs and pseudogenes 

exhibiting a reduction (Figure 2.2 C). In opposing effect, the quantified amounts of EV 

RNAs released after NSM inhibition is less than control EVs (Figure S2.2 B), yet there 

are negligible levels of differential expression (Figure 2.2 E). This poses various doubts 

as to the recruitment specificity of RNA species during sphingomyelinase-drive EV 

biogenesis. For instance, one would expect that a general decrease in RNA content in 

EVs by NSM inhibition would result in the downregulation of released transcripts. 

However, the cell may utilize alternative pathways to continually release transcripts via 

EVs, such as through ESCRT-dependent machineries [263] or increasing microvesicle 
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production [264]. Indeed, one study showed that treatments of human and mouse cells 

with GW4869 decreased the secretion of exosomes while simultaneously increasing the 

secretion of microvesicles from the plasma membrane [264]. It should be noted, however, 

that our EV quantifications show that there is an overall reduction of EVs released by cells 

treated with GW4869, but we make no distinction between subpopulations. On the other 

hand, one can speculate that the downregulation of RNAs resulting from ASM inhibition 

may be attributed to major shifts in the ceramide-driven activities of the cell membrane 

[265-267], whose normal function is essential for the release of all types of EVs [15, 109]. 

However, whether sphingolipid metabolism at the plasma membrane in relevant to the 

release of the non-microvesicle EV population is yet to be discerned. Another point of 

contention is the effects that the drugs may have on the cellular transcriptome, as 

changes in the baseline transcriptome may affect the levels of the secreted RNA 

population [268, 269]. While the amounts of RNAs present in cells (Figure S2.2 A) and 

global transcriptomes of cells (Figure 2.2 A-B, D, Figure S2.2 C) remains relative 

consistent in all conditions, there is a minor upregulation of RNAs as a result of either 

treatment (Figure 2.2 D). When normalizing to control cells, however, upregulated cellular 

transcripts do not display any GO enrichment suggesting stochastic effects (Figure 2.2 

F). This indicates that effects at the cellular level do not appreciably contribute to the 

differentially expressed RNAs in EVs. 

We further demonstrate that the proteomic composition of EVs is greatly impacted 

by sphingolipid metabolism. While cellular levels of protein expression remain consistent 

(Figure S2.3 A, Figure 2.3 A-B), EV proteomic composition is affected in opposing 
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directions as a result of drug treatments (Figure 2.3 C-F). In fact, discrete groups of 

proteins are down- or upregulated as a result of NSM or ASM inhibition (Figure 2.3 C), 

with the effects generally occurring in the opposite direction relative to the control group. 

This data suggests that sphingomyelin metabolism by ASM and NSM is specialized, with 

specific groups of proteins affected by their inhibition. These findings are supported by 

previous studies considering the possible role of NSM during the biogenesis of 

microvesicles, which ultimately showed that NSM activity is not required for the formation 

of microvesicles at the cell membrane [102, 264]. Rather, the ATP-induced translocation 

of ASM to the outer leaflet of the plasma membrane is require for the microvesicle 

population to form [102, 104]. Additionally, it highlights that inhibition of one pathway may 

induce the increased activity of other proteins for EV biogenesis to continue to occur. 

Focusing on the statistically significant changes to protein expression of the EV proteome, 

in both directions, we used ClueGO network analysis to investigate the associated cellular 

machineries affected (Figure 2.3 D). Our results highlight the specificity of the effects by 

either treatment, with ASM inhibition resulting in a downregulation of proteins associated 

with plasma membrane dynamics, while NSM inhibition downregulated proteins 

associated to endosomal and autophagic activity. It must be underscored that these 

changes are seen only at the EV level, with the expression levels of said proteins not 

changed at the cellular level. This indicates that sphingolipid metabolism is relevant for 

the incorporation of proteins associated to various subcellular machineries during EV 

biogenesis, with many of these likely participating during EV biogenesis to some degree. 

The effects of the inhibitor drugs on the EV proteome also make sense in the context of 
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the associated cellular machineries which are involved in the biogenesis of exosomes or 

microvesicles. For instance, exosomes are formed by ceramide-driven invaginations of 

the endosomal limiting membrane [82-84], with various other cellular complexes involved 

in their proper trafficking to the plasma membrane for their release [270]. In addition, 

components of various other mechanisms, such as the autophagy, have been implicated 

in the biogenesis of EVs [121]. We observe a downregulation of various of these 

components reflected by our data (Figure 2.3 F), implying an interruption in the normal 

biological processes associated with EV biogenesis at the endosome. Nevertheless, 

ESCRT-associated proteins are not impacted by this  inhibition (Figure 2.3 E), indicating 

ESCRT-dependent EV biogenesis remains stable. This has been previously indicated 

with EV inhibition by GW4869 [121]. Quite interestingly, ASM inhibition also 

downregulated proteins associated with the multivesicular endosome (Figure 2.3 D). This 

could be partially explained by the intricate roles of ASM in the lysosome and, in turn, 

secretory autophagy, although this remains to be better defined [271-273]. Perhaps not 

surprisingly, ASM inhibition resulted in an upregulation of various machineries associated 

to exosome release (Figure 2.3 D). The included proteins involved in the release of 

intracellular vesicles, such as those involved in the trafficking of vesicles to the plasma 

membrane, further highlighting that ASM inhibition can trigger the increased release of 

non-membrane derived EVs. Strikingly, NSM inhibition resulted in an EV population which 

displayed a downregulation for a large number of RNA binding proteins (Figure 2.3 D, 

Figure S2.3 D), in contrast to ASM inhibition which increased their release (Figure 2.3 

D, Figure S2.3 D). These results imply that extracellular trafficking of RBPs through EVs 
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is modulated by the endosomal compartment, with plasma membrane-derived EVs 

contributing minimally. 

RNA-binding proteins play essential roles in the subcellular distribution of RNAs in 

cells [128-131]. Their role in the loading of RNAs to sites of EV biogenesis has been 

investigated, but only a small number of them have been conclusively implicated in the 

loading of various RNA molecules [131]. By isolating proteins from the same EVs used 

for transcriptomic profiling, we sought to determine whether co-incidence of RBPs 

correlated to the RNA cargoes in EVs formed during the inhibition of SMase-driven lipid 

metabolism. Our results showed that the release of RBPs via EVs is highly dependent on 

sphingolipid metabolism, with NSM inhibition resulting in a major downregulation of RBPs 

within EV specimens relative to both control and ASM-inhibited samples (Figure 2.4 A-

B). By contrast, ASM inhibition increased the amounts of RBPs present within the EV 

population relative to control EV specimens (Figure 2.4 C). To further characterize the 

possible co-tracking of RBPs with their cargoes, we sought to investigate whether their 

RNA counterparts exhibited similar behaviours. At the transcriptomic level, NSM inhibition 

resulted in only minor changes to the overall expression of RNA cargoes in EVs, with 

ASM-inhibited samples showing larger changes to the overall expression of RNAs 

(Figure 2.2 E). This is counterintuitive, as one would expect that RBPs and RNAs would 

be trafficked in EVs as ribonucleoprotein (RNP) complexes, and as such RNAs in EVs 

would be downregulated in similar fashion as a response to NSM inhibition. Nevertheless, 

our data shows that the RNA content of EVs is decreased as a response to this treatment 

(Figure 2.1 G, Figure S2.2 B). Notwithstanding, some examples of this RBP-RNA co-
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trafficking can be observed in our data. For example, the RBP and RNA components of 

the Signal Recognition Particle (SRP), and of those involved in the formation of 

spliceosomal small nuclear ribonucleoprotein complexes (snRNPs), displayed similar 

trends in downregulation in EVs as a response to treatments with GW4869 (Figure 2.4 

D, Figure 2.4 F). These results indicate that certain RNP complexes may be exported in 

EVs and that, importantly, this trafficking is associated with sphingolipid metabolism at 

the endosomal compartment. 

The bioactive cargoes of EVs play key roles in the transfer of molecular signals 

from one cell to the next, altering the physiological state of recipient cells [274]. For 

instance, unshielded 7SL RNA can be exported through EVs and results in the activation 

of the viral RNA pattern cognition receptor, Retinoic acid-inducible gene I (RIG-I), in 

recipient cells [275]. As a result, recipient cells are modified in the tumor 

microenvironment to allow for more aggressive features of cancer to occur [275, 276]. As 

our data clearly showed that EV cargoes are impacted by changes to the normal activity 

of sphingomyelinases in cells, we sought to investigate whether these changes could 

affect the EVs’ ability to transmit information. Using various co-culture experiments, where 

drug-induced MCF7 EVs were incubated with a recipient cell line (MCF10A), we show 

that these differences can indeed affect the way that recipient cells respond to the co-

culture. First, MCF7 EVs from control or SMase-inhibited cells were isolated using size 

exclusion chromatography (SEC) in a volumetrically equivalent fashion. These EVs were 

then used for co-culture with MCF10A cells, a normal human epithelial cell line which has 

been used previously in similar EV co-culture setups [277-279]. Driven by noted examples 
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in our transcriptomic and proteomic data sets, namely changes in the export of 

components of the Signal Recognition Particle (SRP) (Figure S2.2 H, Figure 2.4 D), 

which targets nascent proteins containing signal peptides to the endoplasmic reticulum 

(ER) [280], we evaluated if the translational response of MCF10A to MCF7 EVs could be 

affected by the inhibition of SMases. O-propargyl-puromycin (OOP)-labelling of nascent 

peptides in MCF10A cells was quantified by the mean foci intensities observed as a 

response to their incubation with control or drug-induced MCF7 EVs. Our results showed 

that MCF10A cells incubated with EVs derived from ASM inhibitor treatments displayed 

increase foci intensities in comparison to the other conditions tested, which showed no 

effects in translation activities (Figure 2.5 B, Figure S2.5 A). This indicates that EVs 

derived from FTY720 treatments, may play a role in cellular translation phenotypes.  

Cell division associated mRNAs were a select class of transcripts upregulated in 

EVs derived from ASM inhibitor treatments (Figure 2.2 F), furthermore, our proteomics 

data indicated that cell division associated proteins were simultaneously downregulated 

by this treatment (Figure 2.3 D). To investigate whether changes in these cargoes could 

affect the baseline cell cycle activities of recipient cells, MCF10A cells were incubated 

with control or drug-induced MCF7 EVs. 5-ethynyl-2'-deoxyuridine (EdU), which 

incorporates into newly synthesized DNA, was added to MCF10A cells exposed to MCF7 

EVs to quantify the number of new cells in the population over time. Our results indicate 

that MCF10A cells incubated with EVs derived from ASM inhibition had a higher number 

of new cells in comparison to other conditions, although this effect was only observed at 

40 h (Figure 2.5 C, Figure S2.5 B). While more moderate than the translational response 
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we also observed, EVs derived from ASM inhibitor treatments may also differentially 

impact the cell proliferation dynamics of MCF10A cells.  

With the observed changes to physiological properties of MCF10A cells co-

cultured with control or drug-induced EVs, we next sought to characterize whether these 

changes could impact cell migration. We developed a scratch wound healing assay to 

quantify the relative wound density (%RWD), over time, of wounded confluent monolayers 

of MCF10A co-cultured with EVs from control or SMase-inhibited MCF7 cells (Figure 

S2.5 C). Using the Incucyte live cell imaging platform, we captured images of wounded 

cellular cultures every hour over 24 h, and then quantified the relative wound density of 

each condition over time. An equivalent volume of PBS to PBS-EV suspension was used 

as a negative control. Using this approach, we show that MCF10A cells exposed to MCF7 

EVs derived from treatments with ASM inhibitor, FTY720, displayed higher %RWD over 

time versus the other conditions investigated (Figure 2.5 D). These data indicate that 

FTY720 EVs can enhance the migratory response of MCF10A cells, an effect which can 

possibly be attributed to the changes in molecular cargoes of EVs resulting from ASM 

inhibition. 

Here, we report an in-depth characterization of the role of sphingolipid metabolism 

in the incorporation of cargoes within the heterogenous EV population. Together, the 

results here described provide compelling evidence of the importance of 

sphingomyelinase-drive lipid metabolism for the loading of cargoes during EV biogenesis. 

We show that EV biogenesis resulting from sphingolipid metabolism is enzyme variant 
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dependent (NSM versus ASM), and that the cell will use alternate routes for the 

generation of EVs when one pathway is inhibited. Our data reveals that NSM and ASM 

contribute differentially to the cargoes sorted to EVs, with NSM inhibition downregulating 

the export of RNP modules, while ASM inhibition differentially impacts the export of RNAs. 

Moreover, NSM generated EVs present as major hubs for the export of molecular cargoes 

from cells. We also provide evidence that changes to the EV population, as a result of the 

inhibition sphingomyelin metabolism pathways, can affect their communicatory potential. 

This indicates that specific subpopulations of EVs may have a higher relevance to 

intercellular communication. 
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2.7. Supplementary Figures 

FIGURE S2.1 

 

FIGURE S2.1 Ceramide is required for the recruitment of RNAs to EVs. A. Cellular 

viability of MCF7 cells after treatment with different molar concentrations of 

sphingomyelinase inhibitor drugs over 36 h. DMSO is the drug vehicle and represent the 

control group. Statistical significance was calculated by ordinary one-way ANOVA on 

GraphPad Prism. B. Relative number of cells under different conditions at the time of EV 

harvesting. Statistical significance was calculated by ordinary one-way ANOVA on 

GraphPad Prism. C. Nanoparticle diameter (nm) profiles of iodixanol-gradient purified 



95 

 

EVs as quantified by TEM ExosomeAnalyser. D. Nanoparticle area (nm2) profiles of 

iodixanol-gradient purified EVs as quantified by TEM ExosomeAnalyser. E. 

Representative nanoflow cytometry profiles as captured by the CytoFLEX platform. RNA-

positive events were detected by staining samples with SYTO RNASelect prior to 

purification through size exclusion chromatography (SEC). Percent values represent 

percentage of particles detected under FITC (RNA dye). For all bar graphs, unless 

otherwise stated, the error bars represent the standard error of the mean (SEM) and the 

statistics were calculated by ordinary one-way ANOVA (where ns=P>0.05, *=P≤0.05, 

**=P≤0.01, ***=P≤0.001, and ****= P≤0.0001) on GraphPad Prism. 
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FIGURE S2.2  
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FIGURE S2.2 Inhibition of ASM downregulates the RNA diversity of EVs. A. 

Nanodrop quantification of RNAs isolated from MCF7 cells. Statistical significance was 

calculated by ordinary one-way ANOVA on GraphPad Prism.  B. Nanodrop quantification 

of RNAs isolated from MCF7 EV. Statistical significance was calculated by ordinary one-

way ANOVA on GraphPad Prism.  C. Global transcriptome correlations of cellular and EV 

specimens. D. - F. RNA biotype-specific clustering of cellular and EV transcriptomes with 

their respective identity indicated on the left. 
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FIGURE S2.3 

 

FIGURE S2.3 Neutral and acid sphingomyelinases affect different EV biogenesis 

pathways. A. Total Ion Current (TIC) chromatograph area isolated from MCF7 cells as 

estimated by initial injection volume and total sample volume. Statistical significance was 

calculated by ordinary one-way ANOVA on GraphPad Prism. B. Total Ion Current (TIC) 

chromatograph area isolated from MCF7 cells as estimated by initial injection volume and 

total sample volume. C. Pearson correlations of cellular and EV proteomes. D. Peptide 

intensities (relative Z-score) of EV RBPs retrieved from the clustered heatmap analysis 

showin in Figure 3 C. Blue lines denote lower association, while red lines denote higher 

association of each protein relative to the other two groups. For all bar graphs, unless 

otherwise stated, the error bars represent the standard error of the mean (SEM) and the 

statistics were calculated by ordinary one-way ANOVA (where ns=P>0.05, *=P≤0.05, 

**=P≤0.01, ***=P≤0.001, and ****= P≤0.0001) on GraphPad Prism. 
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FIGURE S2.4 

 

FIGURE S2.4 NSM is essential for the export of RBPs and their binding partners. A. 

Expression (TPM) of 7SL RNAs in GW4869 and FTY720 treated cells relative to the 

DMSO control. B. Expression (TPM) of RNAs associated to the negative regulation of 

translation in GW4869 and FTY720 treated cells relative to the DMSO control. C. 

Expression (TPM) of snRNAs in GW4869 and FTY720 treated cells relative to the DMSO 

control. 
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FIGURE S2.5 
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FIGURE S2.5 FTY720 EVs increased protein translation and induce faster migration 

phenotype in recipient cells. A. Violin plots of the distribution of intensities (a.u.) (over 

time) of OPP-labelled foci in MCF10A cells upon co-culture with EVs isolated from MCF7 

cells treated with SMase inhibitors. C. Percentage of new cells (over time) as labelled by 

EdU in MCF10A cells upon co-culture with EVs isolated from MCF7 cells treated with 

SMase inhibitors. D. Outline of scratch wound healing assay. For all graphs, unless 

otherwise stated, the error bars represent the standard error of the mean (SEM) and the 

statistics were calculated by ordinary one-way ANOVA (where ns=P>0.05, *=P≤0.05, 

**=P≤0.01, ***=P≤0.001, and ****= P≤0.0001) on GraphPad Prism. 
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3. Bridging Text 

The research presented on Chapter II explores the important roles of sphingolipid 

metabolism on the biogenesis of extracellular vesicles (EVs). Importantly, it sheds light 

on the differential recruitment of molecular cargoes as a response to inhibitions of neutral 

and acid sphingomyelinases. Our findings indicate that each sphingomyelinase variant 

contributes to different EV subpopulations, and further show that specific RNAs and RBPs 

can be exported through these distinct metabolic pathways. As discussed in Chapter I, 

the sorting of RNA molecules during EV biogenesis is multilayered and involves multiple 

intracellular mechanisms. These can include the modification of lipid membranes, but can 

also involve features intrinsic to cargoes themselves, or both.  

Protein coding and non-coding RNAs are an important cargo of EVs, and 

numerous studies have implication them in EV-mediated intercellular communication. 

Interestingly, EV RNAs can display a differential enrichment relative to their cells of origin, 

and various EV RNA sequence motifs have been identified that appear to drive their 

enrichment. Furthermore, some RBPs have been identified that can regulate their 

incorporation (e.g. hnRNPA2B1). Currently, the sequence integrities of EV-trafficked is 

not clearly defined, and multiple studies suggest that mRNAs may be primarily 

fragmented. As the sequence features of RNAs are relevant to their communicatory 

potential, it is important to characterize the full-length transcripts present in EVs. To this 

end, we use Nanopore long-read sequencing to profile EV RNAs in their endogenous 

sequence lengths (Chapter III). This research further expands on the collective 
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knowledge of EV-enriched RNAs, and, importantly, shows that EVs contain full-length 

protein coding and non-coding RNAs. 

Together, these two chapters aim to provide additional insights into the RNA and 

protein cargoes trafficked within the heterogenous EV population. They provide two layers 

of additional insights: (1) the importance of lipid metabolic pathways to cargo sorting 

(RNAs and proteins), and (2) the sequence features of EV-trafficked RNAs. The findings 

from both of these chapters are important to the burgeoning field of EV biology, and are 

particularly relevant in our cumulative quest to understand how to manipulate the types 

of cargoes that can be trafficked by EVs.  
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4.1. Abstract 

While numerous studies have described the transcriptomes of extracellular 

vesicles (EVs) in different cellular contexts, these efforts have typically relied on 

sequencing methods requiring RNA fragmentation, which limits interpretations on the 

integrity and isoform diversity of EV-targeted RNA populations. It has been assumed that 

mRNA signatures in EVs are likely to be fragmentation products of the cellular mRNA 

material, and the extent to which full-length mRNAs are present within EVs remains to be 

clarified. Using long-read nanopore RNA sequencing, we sought to characterize the full-

length polyadenylated (poly-A) transcriptome of EVs released by human chronic 

myelogenous leukemia K562 cells. We detected 443 and 280 RNAs that were 

respectively enriched or depleted in EVs. EV-enriched poly-A transcripts consist of a 

variety of biotypes, including mRNAs, long non-coding RNAs, and pseudogenes. Our 

analysis revealed that 10.58% of all EV reads, and 18.67% of all cellular (WC) reads, 

corresponded to known full-length transcripts, with mRNAs representing the largest 

biotype for each group (EV=58.13%, WC=43.93%). We also observed that for many well-

represented coding and non-coding genes, diverse full-length transcript isoforms were 

present in EV specimens, and these isoforms were reflective-of but often in different ratio 

compared to cellular samples. 
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4.2. Introduction 

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

delimited nanoparticles of cellular origin [15, 281]. EVs can act as protective vehicles for 

the extracellular trafficking and delivery of bioactive cargoes, including a diverse array of 

protein, DNA, and RNA molecules [15, 151, 161]. The RNA transcriptome contained in 

EVs is reflective-of, but distinctive-from the cells of origin, and is typically comprised of 

transcripts belonging to diverse RNA biotypes, including mRNAs and various classes of 

non-coding RNAs [94, 123, 282, 283]. Upon internalization or fusion with recipient cells, 

EVs can release these transcripts and, consequently, induce specific biological 

responses in recipient cells [11, 284-287]. Indeed, the implications are wide ranging, from 

the promotion of tumorigenesis [288-290], to increased drug resistance in cancer [173, 

291, 292]. As such, characterizing the RNA repertoire of EVs is an important feature to 

understand their biological properties. 

The biological functions of RNAs are intrinsically tied to their sequence and 

structural features [293, 294]. For instance, the alternative splicing of pre-mRNAs allows 

the production of different mature mRNA isoforms from a single gene, substantially 

enhancing proteome complexity [295-297]. Moreover, different RNA isoforms may 

contain specific regulatory elements that modulate their functional properties in a variety 

of post-transcriptional regulatory processes, including RNA maturation [298], translation 

[299-301], stability [302], and subcellular localization [303]. As such, RNA sequence 

features are likely to be important determinants of secretion and of their activity in 
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recipient cells following EV-mediated transfer. Strikingly, multiple reports of EV 

transcriptomes have indicated that various classes of coding and non-coding RNAs 

appear as fragments within EVs [170, 283, 304, 305], with some exhibiting biological 

relevance [170, 306-308]. Even so, several studies have pointed to the transfer of 

functional mRNAs in recipient cells [59, 61, 309-311]. 

Recently, nanopore RNA sequencing has emerged as a powerful technology for  

the study of long-read RNA sequencing, allowing the detection of full-length transcripts 

and unambiguous mapping of isoform diversity, thereby offering a great advantage over 

traditional sequencing methods that require fragmentation of the starting RNA material 

[312-315]. Using the nanopore sequencing, we sought to compare the full-length poly-A 

transcriptome signatures of human K562 cells (WC) and EVs, in order to better 

understand the integrity and sequence features of EV transcripts. Strikingly, we show that 

EVs contain a high proportion of full-length mRNAs and non-coding RNAs, and further 

show that these transcripts can exhibit differential isoform diversity ratios in EVs versus 

their cells of origin. Thus, long-read RNA sequencing approaches offer an attractive 

approach to ascertain the sequence features of EV transcriptomes and to better predict 

their functional properties. 
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4.3. Methodology 

4.3.1. Cell Culture Conditions for EV Collection 

Human K562 Chronic Myelogenous Leukemia cells were routinely cultured in 

Roswell Park Memorial Institute (RPMI) 1640 medium with L-glutamate (Corning, 10-040-

CV) supplemented with 10% foetal bovine serum (FBS), 100 U mL-1 penicillin and 100 µg 

mL-1 streptomycin (Wisent, 450-202-EL). The cells were grown under incubation 

conditions of 37 °C and humidified 5% CO2 atmosphere.  

For EV isolations, the same conditions were used, but the media contained 10% 

EV-depleted foetal bovine serum (dFBS), rather than 10% FBS. dFBS was prepared via 

tangential flow filtration (TFF) using the Labscale TFF System (Millipore-Sigma) equipped 

with a Pellicon XL50 ultrafiltration module with a 300 kDa Ultracell membrane (Millipore-

Sigma, PXC300C50). K562 cells were plated starting at 1.75×107 cells per T-175 flask in 

35 mL of media (0.5x106 cells/mL) in a total of 5 flasks per replicate (n=3). The cells were 

incubated for 36 h at 37 °C in humidified 5% CO2 atmosphere. After 36 h, the cell-

conditioned media was collected, along with representative cellular samples. The cells 

were assessed for ≥95% cell viability by Trypan blue exclusion assay. The cell-

conditioned media was used for purification of EVs. 

4.3.2. EV Purification Approach 

The purification of K562 EVs was conducted with size exclusion chromatography. 

The collected cell-conditioned media was pre-processed to clear it of cells and large 
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debris by centrifugation at 500 × g for 10 min, and 2000 × g for 20 min, respectively. The 

cleared supernatant was collected and then concentrated by centrifugation at 2000 × g 

with a 100 kDa NMWL Amicon Ultra-15 centrifugal filter unit (Millipore-Sigma, 

UFC910024) to a volume of 0.5 mL. The samples were collected and then concentrated 

further to 100 µL using 100 kDa NMWL Amicon Ultra-0.5 centrifugal filter unit (Millipore-

Sigma, UFC510096). The final concentrated samples were recovered and used for the 

purification of EVs through size exclusion chromatography (SEC) with qEVsingle 70 nm 

columns (Izon Science, SP2-USD) following the manufacturer’s recommendations. 

Briefly, 100 µL of concentrated media was loaded on the column and allowed to elute. 

Next, 900 µL of 0.1 µm-filtered phosphate-buffered saline (PBS) 1x was loaded and 

allowed to elute, for a combined 1 mL void volume. Finally, 600 µL of 0.1 µm-filtered 

phosphate-buffered saline (PBS) 1x was loaded to the SEC column, and the eluted 600 

µL was kept as the EV-enriched fraction. Purifications of EVs was conducted in biological 

triplicates. 

4.3.3. Characterisations of Purified EV Samples 

The eluted SEC samples (n=3) were subjected to validation experiments to assess 

the presence and features of purified EVs. First, nanoparticle tracking analysis (NTA) was 

performed to verify the presence of nanoparticles of the size range in the EV preparations. 

NTA was conducted using a NanoSight NS500 system (Malvern Panalytical) equipped 

with the 532 nm laser, and by way of three 30 s recordings at 37 °C. Data processing and 

analysis was performed automatically by the NanoSight NTA software v3.0 (Malvern 
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Panalytical). The data were exported and further analysed on Microsoft Excel (Microsoft 

Corporation) and visualized on GraphPad Prism (GraphPad Software Inc). Next, the 

samples were subject to transmission electron microscopy (TEM) to corroborate the 

presence of EVs. Samples from the SEC-recovered eluates were combined 1:1 with a 

5% glutaraldehyde solution (2.5% final concentration) for fixation. 5 µL of the fixed 

samples were then loaded to previously discharged formvar-coated copper grids and 

allowed to adhere for 3 min. The sample-containing grids were washed 3 times with water, 

and then placed in droplets of 2% uranyl acetate and incubated for 1 min. The grids were 

then washed 3 more times with water, blotted to remove excess water, and air dried for 

30 mins. The grids were then imaged on the FEI Tecnai T12 120kV (Field Electron and 

Ion Company) transmission electron microscope. Sample preparation and imaging was 

carried out at the Facility for Electron Microscopy Research (FEMR) at McGill University. 

4.3.4. RNA Isolation 

For each of the experimental replicates, representative K562 cells were collected 

and pelleted at 500 × g for 5 min. The cellular pellets were resuspended in TRIzol reagent 

(Thermo Fisher, 15596018) to isolate RNA as per the manufacturer’s recommendations. 

Briefly, the samples were  homogenized in 500 µL of TRIzol reagent, after which 100 µL 

of chloroform was added (VWR, BDH1109-4LG). The samples were then centrifuged at 

12,000 × g for 15 min. Following the centrifugation, the aqueous phase was used for RNA 

purification using the RNA Clean & Concentrator-5 system (Zymo Research, R1013) with 

in-column DNaseI treatment. All steps were performed according to the manufacturers’ 



112 

 

protocols. K562 EV samples were processed using TRIzol LS reagent (Thermo Fisher, 

10296028), as it would prevent the need to pellet the samples and reduce loss of 

materials.. For RNA purification, the SEC-eluted EV samples were  homogenized in 1.8 

mL of TRIzol LS reagent, after which 480 µL of chloroform was added (VWR, BDH1109-

4LG). The samples were then centrifuged at 12,000 × g for 15 min. The aqueous phase 

was processed for RNA purification as described above, using the RNA Clean & 

Concentrator-5 system (Zymo Research, R1013) with in-column DNaseI treatment. All 

RNA samples were eluted in nuclease-free water and assessed for quality and 

concentration with Nanodrop and Bioanalyzer. 

4.3.5. Preparation of RNA Sequencing Library  

The purified cellular and EV RNA samples were utilized for preparation of 

sequencing libraries using the PCR-cDNA Barcoding Kit (Oxford Nanopore Technologies, 

SQK-PCB109), as per the manufacturer’s guidelines, with some modifications. Briefly, 

cellular and EV samples were used for the preparation of cDNA starting with 50 ng of total 

RNA, followed by PCR amplification of each of the six libraries using a unique barcode 

per sample. The samples were subjected to 14 cycles of denaturation, annealing, and 

extension, and the products were purified using RNAClean XP beads (Beckman-Coulter, 

A66514), which can be used for both RNA and DNA purification. The purification of PCR 

products was conducted using the methods outlined by Oxford Nanopore. The bead-

bound libraries were then eluted with 12 µL of Elution Buffer (EB) and quantified using 

the Qubit RNA Broad Range (BR) kit (Thermo Fisher, Q10211), as per the manufacturer’s 



113 

 

recommendations. The samples were further analysed with Bioanalyzer to assess the 

library quality.  

4.3.6. Loading and Sequencing of PCR-cDNA Libraries  

The sequencing of PCR-cDNA libraries was carried out using a MinION device 

(Oxford Nanopore Technologies, MIN-101B) equipped with a compatible Flow Cell R9.4.1 

(Oxford Nanopore Technologies, FLO-MIN106D). Each loading library consisted of one 

cellular library and one EV library in a 2:1 ratio, respectively, and to a final loading 

concentration of ~100 fmol. This ratio was chosen as cellular sequencing libraries were 

expected to be comparatively more complex to EV sequencing libraries. Briefly, 66.66 

fmol of cell library was combined with 33.33 fmol of EV library, and the volume was 

adjusted to 11 µL of Elution Buffer (EB). Next, 1 µL of Rapid Adapter (RAP) was added 

to the combined libraries, followed by a room temperature incubation of 5 min. The flow 

cell was then primed and loaded following the manufacturer’s recommendations. Primary 

data acquisition was performed using the MinION Software (Oxford Nanopore 

Technologies, MinION Release 22.05.5) with default parameters, but no local basecalling. 

The sequencing of the loaded libraries was allowed to proceed for 72 h, after which the 

resulting FAST5 files were further processed bioinformatically. 

4.3.7. Transcriptomics and Bioinformatics Analyses  

To analyse the resulting FAST5 files, the nfcore/nanoseq pipeline was used as 

described previously [316]. Briefly, basecalling was performed on FAST5 files for each 
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replicate with Guppy base caller software (Oxford Nanopore Technologies, v6.2.1) using 

a quality threshold of 7. Passing reads were then demultiplexed into individual barcodes 

using the FASTQ barcoding pipeline (demux_fast5) of the Oxford Nanopore Technologies 

Bioinformatics Platform. Demultiplexed FASTQ files were mapped to the human 

reference genome GENCODE v41 using minimap2 [317]. Counts per million reads 

mapped (CPM)-normalized BedGraph files were generated from Binary Alignment/Map 

(BAM) files using the bamCoverage tool from the deepTools suite [318]. BAM files were 

used as input to featureCounts from Rsubreads [319] for gene count and transcript 

quantifications in long-read mode using the GENCODE v41 annotation file. Next, 

differential expression analysis was performed with the DEseq2 R package [231] to 

identify significant EV-enriched or EV-depleted genes and transcripts.  

The web-based integrated Differential Expression and Pathway analysis (iDEP) 

tool [320] was used to generate a k-Means heatmap of the normalized read count data. 

GraphPad Prism (GraphPad Software Inc.) was used to generate a volcano plot depicting 

the differentially expressed EV RNAs. Overrepresentation analyses (ORA) of gene 

ontology (GO) terms were executed on g:Profiler [321] (version 

e107_eg54_p17_bf42210) with the Benjamini-Hochberg false discovery rate multiple 

testing correction method and while applying significance threshold of 0.05. The 

sequenced lncRNAs were investigated for enrichment profiles using the LncSEA platform 

[322]. Gene lists included in these analyses were filtered for EV-enrichment [Log2 fold 

change ≥2, Padj≤0.01] or EV-depletion (i.e. cell-enriched) [Log2 fold change ≤-2, 

Padj≤0.01]. Svist4get [323] was used  to visualize genomic signal tracks of selected EV-
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enriched genes. Sequence length statistics were computed using the BamSlam script 

(https://github.com/josiegleeson/BamSlam) [324], requesting to re-run mapping steps 

with specific parameters for minimap2. For representation purposes, BAM files were then 

sorted and indexed with SAMtools before merging by condition (cells and EV). Read 

coverage scores >95% of the annotated transcript was considered as full-length. 

Differential splicing and isoform analyses were conducted by using the Full-Length 

Alternative Isoform Analysis of RNA (FLAIR) tool [325]. FLAIR modules align, correct and 

collapse were successively used for mapping FASTQ files to GENCODE v41, identifying 

splice junctions. Next, isoform quantifications were made with the quantify module, and 

the output count matrix was used to plot isoform structures and the percent usage of each 

isoform in each sample for a given gene. Finally, predictProductivity was utilized to predict 

isoform productivity with output definitions as PRO (productive), PTC (premature 

termination codon), NGO (no start codon), or NST (has start codon but no stop codon). 

  

https://github.com/josiegleeson/BamSlam
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4.4. Results 

4.4.1. Nanopore Sequencing Exposes a Variety of RNAs in Cells and EVs 

To investigate the sequence features of an EV-targeted transcriptome, we herein 

sought to apply nanopore long-read sequencing to RNA purified from whole cells (WC) 

or EVs of the human chronic myelogenous leukemia cell line K562. For this, we employed 

a poly-A priming approach utilizing a PCR-cDNA barcoding strategy, which enables one 

to sequence full-length transcripts generated through reverse-transcription of poly-A+ 

material (Figure 1A). EVs were purified from K562 cell conditioned media through 

centrifugation-based filtering and size exclusion chromatography using qEVsingle 70 nm 

columns. Nanoparticle tracking analysis (NTA) was performed on purified EV material, 

which revealed the presence of nanoparticles ranging from 100-600 nm in diameter 

(Figure 1B). Furthermore, transmission electron micrographs of the recovered material 

revealed circular structures displaying the biconcave morphologies typically associated 

with EVs (Figure 1C). RNA isolated from EV and cellular samples was subjected to 

Bioanalyzer automated electrophoresis to assess the concentration and quality of the 

preparations, revealing standard RNA integrity values typical of such specimens (Figure 

S1A). Similar analysis of PCR-cDNA sequencing libraries showed that EVs cDNA 

specimens display a biphasic size distribution, with a broader population >700nt similar 

to cellular samples, as well as a weaker population in the ~150-200nt size range (Figure 

S1B). Initial analysis of sequencing data demonstrated an average of ~8M reads per 

sequencing run, with that an average of 62% of the raw reads passing the minimum 
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quality score during base-calling (Figure S1C). For sequencing, WC and EV libraries from 

the same replicate specimen were combined in the same flow cell at a ratio of 2:1. 

Consistent with this loading scheme, we obtained averages of 66.3% and 31.4% 

barcoded reads representing WC and EV, respectively (Figure S1D).  

Among the reads that passed quality control, a higher proportion of mappable 

reads were obtained for WC (~88%) comparted to EV (~56%) specimens, with 

unmappable reads presenting characteristics of repetitive sequences (Figure S1E). 

Further interrogation of mappable reads revealed a similar proportion (~65%) of assigned 

versus unassigned reads across all samples (Figure 1D), with ~15% of unassigned reads 

respectively being classified as either ambiguous (i.e. deriving from regions overlapping 

multiple genes) or NoFeatures (i.e. mapping to a region of the genome that does not 

contain any known gene). Principal component analysis (PCA) was performed on both 

cellular and EV triplicate libraries, revealing a segmentation based on library types 

(Figure S1G). To evaluate the overall diversity of RNAs present in the sequencing data, 

their biotype assignations were assessed in transcripts per million (TPM). The groupings 

included 3 major classes: mRNA, lncRNA, and all RNA with a ‘pseudogene’ designation, 

while all minor classes of RNAs (e.g. miRNA, snoRNA, snRNA, miscRNA) were grouped 

as ‘other’ and accounted for <1% of all assigned reads. These results showed that, in 

both cells and EVs, most transcripts detected were mRNAs or pseudogene transcripts, 

with a smaller number representing lncRNAs (2-3%). While EVs had similar proportions 

of mRNAs to pseudogene-derived transcripts (~48% each), cellular samples contained a 

higher proportion of mRNA (~56%) mRNAs versions pseudogene (~40%) transcripts 
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(Figure 1E). Next, DESeq2 normalized counts were subject to iDEP differential 

expression and pathway analysis. A k-Means heatmap was made of the top 4000 most 

variable coding genes, and their associated gene ontology (GO) enrichments for cellular 

components (CC) was determined. Unsupervised clustering revealed that EV mRNAs 

were enriched for functional classes associated with extracellular vesicles, ribosomal 

subunits, and ribonucleoprotein complexes, while WC-enriched mRNAs had functional 

signatures associated with varied intracellular compartments (Figure 1F). 
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FIGURE 3.1 Nanopore sequencing identifies a variety of RNA biotypes. A. 

Graphical experimental outline of the isolation of K562 cellular and extracellular vesicles 

(EV) total RNA, library preparation, and nanopore sequencing. B. Nanoparticle Tracking 

Analysis (NTA) of cleared cell-conditioned media. Border thickness defines the standard 

error. C. Transmission electron micrographs of iodixanol gradient-purified EVs. EVs were 

negatively stained with 2% uranyl acetate and imaged on the FEI Tecnai T12 120kV 

transmission electron microscope. D. Stalked bar graphs of the percentage of input 

cellular and EV sequencing reads with assigned or unassigned (UA) features as 
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determined by featureCounts. E. RNA biotype distributions of cellular and EV 

transcriptomes. ‘Other’ includes a varied group of minor transcripts including, but not 

limited to, miscRNA, snRNA, snoRNA, etc. F. iDEP unsupervised clustering heatmap of 

the top 4000 most variable genes in cellular and EV transcriptomes. Cellular component 

gene ontology (GO) terms associated with each cluster are represented on the right. Red 

lines denote enrichment in EVs, blue lines denote enrichment in cells. 
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4.4.2.  Nanopore sequencing reveals EV-enriched transcripts 

A deeper analysis of differentially expressed transcripts between WC and EV 

samples revealed a total of 280 and 443 transcripts that were respectively enriched within 

WC or EV samples, while 10865 RNA were similarly detected in both specimen types 

(Figure 2A-B). EV-enriched RNAs included various RNA biotypes, with lncRNA (42.9%), 

pseudogenes (35.5%), and mRNA (13.7%) representing the major classes [%TPM]. In 

WC specimens, enriched RNAs included mostly lncRNA (78.6%), with pseudogenes 

(15.6%) and mRNA (5.6%) representing smaller populations [%TPM] (Figure 2B). 

Although transcriptomic signatures across various biotypes were recorded for both 

cellular and EV specimens, the EV groups were the only class that demonstrated 

enrichment for other biotype classes, including snRNA, 5S rRNA, and Y-RNA.  

The top EV-enriched RNAs included both coding and non-coding species, which 

included 105 mRNA and 14 lncRNA (Figure 2C-D). By contrast, the top cell-enriched 

RNAs included 198 mRNA and 47 lncRNA (Figure 2F-G), marked by the presence of 

mRNAs encoding various members of the Speedy/RINGO family, which have been 

associated with the mammalian cell cycle regulation through the activation of Cyclin-

dependent kinases [326]. To determine whether the EV- or WC-enriched transcripts were 

associated to known gene ontology molecular functions, they were subjected to over-

representation analyses (ORA) with g:Profiler. Our results showed that these EV-enriched 

transcripts were associated to various molecular functions relating to RNA metabolism, 

including structural constituent of the ribosome, pre-mRNA splicing and RNA binding 
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protein mRNAs (Figure 2E, Figure S2B-C). By contrast, cell-enriched mRNAs 

associated to varied gene ontology terms relating to molecular function, including kinase 

binding, enzyme binding, and protein binding (Figure 2H, Figure S2B-C). To further 

investigate the functional attributes of WC- and EV-enriched lncRNA, analysis was 

conducted using LncSEA, a platform that combines numerous human lncRNA databases 

for enrichment analyses [322]. Our results suggest that various EV-enriched lncRNA have 

been associated with RNA binding proteins (RBPs) (Table S2.1). Interestingly, these 

RBPs were also associated to WC-enriched specimens, suggesting that they can interact 

with multiple lncRNA. 
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FIGURE 3.2 EV-enriched RNAs display GO associations to ribonucleoprotein 

complexes. A. Volcano plot of cellular and EV transcriptomes signifying the shift in 

transcript expression levels. Blue dots represent statistically significant downregulated 

EV-transcripts (Log2 fold change ≤-2, Padj≤0.01). Red dots represent statistically 

significant upregulated EV-transcripts (Log2 fold change ≥2, Padj≤0.01). B. Venn diagram 

of differentially expressed RNAs in EV vs WC (Log2 fold change ≤-2, Padj≤0.01). In the 

center are RNAs which displayed similar expression profiles in either group. Inclusion to 

this group was limited to transcripts with an average of ≥5 reads (triplicates). Differentially 

expressed RNAs are further categorized into pie charts and bar graphs, denoting their 

relative percentages in transcripts per million and their contributing RNAs, respectively. 

C-D. Bar graphs of the top 20 and top 14 EV-enriched  (Log2 fold change ≥2, Padj≤0.01) 

mRNA and lncRNA, respectively. E. Bubble plot of GO molecular function of EV-enriched 

mRNA as determined with g:Profiler. All enriched (Log2 fold change ≥2, Padj≤0.01) RNA 

considered. F-G. Bar graphs of the top 20 cell-enriched/EV-depleted (Log2 fold change 

≤-2, Padj≤0.01)  mRNA and lncRNA, respectively. H. Bubble plot of GO molecular 

function of cell-enriched mRNA as determined with g:Profiler. All enriched (Log2 fold 

change ≤-2, Padj≤0.01) RNA considered. 
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4.4.3. EVs contain full-length RNAs and display preferential isoform 

recruitment 

We next sought to interrogate our nanopore sequencing data to evaluate the 

presence of full-length RNA molecules across different biotypes, versus those which 

could represent shorter transcription or degradation products. To clarify these questions, 

we next used BamSlam, a tool developed to analyse sequence length statistics of 

nanopore long-read sequencing data [324]. Mapping to the GENCODE v41 human 

transcriptome, sequenced transcripts displayed a median primary alignment >91% for 

both cell and EV libraries (Figure 3A). Following recommendations made by BamSlam’s 

authors, we considered transcripts as “full-length” if they aligned to >95% of their 

annotated transcript. Applying these criteria revealed that ~10.6% of all identified EV 

transcripts were full-length, whereas ~18.7% of cellular RNAs were full-length (Figure 

3B,E). Moreover, the coverage fraction of the identified RNAs, relative to their isoform 

size averages, were relatively similar for WC and EV populations (Figure 3C-E). Indeed, 

most full-length transcripts fell below 5000 nt in EVs, while cellular transcripts could be 

up to 10,000 nt in length but often under 7000 nt. Notably, the median length of all unique 

EV transcripts identified was 2050 nt, while their cellular counterparts were 1683 nt 

(Figure 3C-E). These findings were reflective of the GENCODE v41-mapped reads 

(Figure S3A-B), which displayed similar size distribution profiles to those identified by 

BamSlam. This suggests that while the EV RNA repertoire may be composed of smaller 

transcripts, in comparison to the diversity of sizes displayed in cellular specimens, the 

relative occurrence of longer RNAs is more common within the EV transcriptome.  
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FIGURE 3.3 EVs contain full-length RNAs. A. Median accuracy of primary alignment 

score determined using the BamSlam algorithm. B. Histogram distribution of full-length 

reads in cells and EVs. Represented are the coverage fractions of known transcript length 

covered by each read (truncated at 0.5). The dotted lines represent the >95% coverage 

denoting full-length. Full-length cellular transcripts shown in red, full-length EV transcripts 

shown in blue. C. Density plot of cellular transcripts displaying their coverage fractions 

against known transcript lengths. The trend line represents a generalized additive model. 

D. Density plot of EV transcripts displaying their coverage fractions against known 

transcript lengths. The trend line represents a generalized additive model. E. Summary 

of statistical information as determined by BamSlam. 

 

  



128 

 

Next, we assessed whether full-length read coverage displayed differences 

between different RNA biotypes. As shown in Figure 4A, comparison of transcript 

coverage percentage sorted according to RNA biotypes revealed a general similarity in 

coverage scores between WC and EV specimens for biotypes including mRNAs, 

lncRNAs, snRNAs, snoRNAs and pseudogene-derived transcripts. However, we also 

observed fragmented RNAs across various categories, with some biotypes being more 

strongly populated by these products. Notably, RNA families made up of shorter RNA 

molecules, such as snRNAs and snoRNAs, had a higher proportion of longer full-length 

transcripts compared to mRNAs, snRNAs and pseudogene RNAs. Focusing our analyses 

on full-length RNAs across all RNA biotypes revealed that the diversity of full-length RNAs 

is markedly different between WC and EV specimens, with cells having a larger proportion 

of full-length pseudogenes (10.3%), while EVs had a higher proportion of full-length 

mRNA transcripts (58.1%) (Figure 4B-C). These findings differ from the overall 

BamSlam-identified population (Figure 4D-E), which displayed the presence of large 

proportions of transcripts corresponding to mRNA in cells and “other” RNA in EVs, but 

whose values were reduced in the full-length population, suggesting fragmented 

products. 
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FIGURE 3.4 EVs contain full-length RNAs of different biotypes. A. Density plots of 

RNA biotypes displaying the transcript coverage EVs RNAs relative to cells. B-C. Pie 

charts displaying the RNA biotype percentages of BamSlam-identified full-length RNAs 

identified in cells and EVs. C-D. Pie charts displaying the RNA biotype percentages of all 

BamSlam-identified RNAs (full-length and non-full-length) identified in cells and EVs. 
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Finally, we investigated whether EV specimens display differential recruitment of 

transcript isoforms relative to their cells of origin. Using the Full-Length Alternative Isoform 

Analysis of RNA (FLAIR) tool [325], we conducted differential splicing and isoform 

analyses of the WC and EV transcriptomes. Strikingly, various RNAs identified included 

transcript isoforms that displayed simultaneous up- and downregulation in EV or WC 

specimens, demonstrating the occurrence of transcript isoform-specific recruitments in 

the EV population (Figure S5A-B). Our results show that, depending on the gene, WC 

and EV transcript populations can exhibit different levels of similarity. I some cases, the 

isoform distributions were very similarly between WC and EV specimens, as exemplified 

by the case of RPL10 mRNA isoforms (Figure 5C). By contrast, analysis of mRNA 

isoforms derived from the ELOVL5 and HSPA9 genes revealed a striking shift in isoform 

representation in EV versus cellular specimens (Figure 5B-C). Altogether, these results 

demonstrate that EVs can carry a diversity of full-length RNAs, displaying enrichments 

for a subset of these, and can further incorporate preferred isoforms relative to their cells 

of origin. 

  



132 

 

 



133 

 

FIGURE 3.5 EVs carry differentially expressed transcript isoforms. A. Isoform 

usage analysis of ELOVL5 displaying preference for the recruitment of isoform variants 

in EVs relative to cells of origin, with variant ENST00000370913.5 showing enrichment in 

EVs. Isoform identities (as defined by FLAIR): Isoform 1: 9d9223d4-0463-4bdf-ae2c-

603abfbc8fae, Isoform 2: ENST00000542638.5, Isoform 3: a987f2f6-fdb0-4501-87c3-

9b457392a133, Isoform 4: ENST00000304434.11, Isoform 5: ENST00000370913.5, 

Isoform 6: 03f316c6-1d4c-48e5-ab63-57acbaaf3126, Isoform 7: 4a5f7dbd-8838-4359-

af96-63e1ff580847. B. Isoform usage analysis of HSPA9 displaying preference for the 

recruitment of isoform variants in EVs relative to cells of origin, with variant 4671fbc1-

2c63-4c88-af4b-90b6b1aa4277 showing enrichment in EVs. Isoform identities (as 

defined by FLAIR): Isoform 1: ENST00000677988.1, Isoform 2: ENST00000678794.1, 

Isoform 3: ENST00000678384.1, Isoform 4: ENST00000678300.1, Isoform 5: 

ENST00000677553.1, Isoform 6: ENST00000297185.9, Isoform 7: 4671fbc1-2c63-4c88-

af4b-90b6b1aa4277. C. Isoform usage analysis of RPL10 displaying recruitment of 

similar isoform types in EVs relative to cells of origin. Legend: Isoform productivity 

analysis showing ‘Productive’ (solid color), ‘Premature Termination Codon/ Unproductive’ 

(hatched color), ‘No Start or Stop Codon’ (faded color). Isoform identities (as defined by 

FLAIR): Isoform 1: 6eee3e78-fe04-4ee6-90d4-ecc361ca6e05, Isoform 2: 415620e2-

1272-483b-86eb-7d7532fe4780, Isoform 3: ENST00000344746.8, Isoform 4: 

ENST00000436473.5, Isoform 5: ENST00000369817.7, Isoform 6: 07d5ac1f-db7c-47ab-

a5e8-04a78777867e, Isoform 7: 40708139-1f87-49ca-a99a-5f5e1e0422c9. For all 

figures, isoform shading corresponds to: solid color (productive), hatched color 

(premature termination codon), or faded color (no start codon or has start codon but no 

stop codon). 
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4.5. Discussion 

Extracellular vesicles have gained prominence as novel mediators of the exchange 

of information between cells [1, 5]. This ability is bestowed by their loading with bioactive 

molecules, including RNAs, which can influence the behaviour of recipient cells [18-21]. 

While the transcripts that can be identified in EVs generally represent the RNAs found in 

parental cells, there is a marked specificity in the recruitment of particular RNA species 

to the EV population [94, 122, 123]. Indeed, our results show that EV-enriched RNAs 

included various classes of RNA biotypes including coding and non-coding varieties 

(Figure 2A-D). Interestingly, while these transcripts demonstrated GO-enrichments to 

extracellular vesicles and the extracellular space (Figure 1F, Figure S2B), they were also 

highly associated to various ribonucleoprotein complexes and included structural 

components of the ribosome and the U1 spliceosome (Figure S2B). The associated 

ribosome components included various rRNA species (e.g. RNA5S1, RNA5S2, 

RNA5S4), but also protein coding transcripts such as RPL26 and RPL23A. While 18S 

and 28S rRNAs have been previously associated extracellular vesicles [122, 327], we did 

not detect either 18S or 28S rRNA by poly-A long-read nanopore sequencing, although 

we did observe their corresponding peaks with Bioanalyzer analysis of EV-isolated RNAs 

(Figure S1A). Our results, however, show the enrichment for various 5S rRNAs. Of note, 

5S rRNAs have been previously identified as a major component of the transcriptome of 

CD24 cell surface receptor-presenting extracellular vesicles [328]. Contrastingly, 

transcripts enriched in parental cells displayed an association with various intracellular 

compartments (Figure 1F, Figure S2B). 
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Differential expression analysis of EV RNAs, relative to parental cells, uncovered 

over 443 EV-enriched and 280 cell-enriched transcripts. Various coding, non-coding, and 

pseudogene RNAs were highly enriched in EVs (Log2 fold change ≥2, Padj≤0.01). These 

included RNY1, ADAP1, HMGB1P26, RNU1-28P, RAB13, and MT1X, with RNY1 being 

the most enriched (Figure S2A). This is consistent with previous reports, including our 

own, that EVs are enrichment for various RNA biotypes such as Y-RNAs, mRNAs, 

spliceosomal RNAs, and pseudogenes transcripts [94, 170, 283, 311, 329-331]. In 

contrast, the cellular transcriptome displayed an enrichment for various members of the 

Speedy/RINGO family of non-canonical Cyclin-dependent kinases (CDKs) (Figure S2A). 

Proteins of this family have been associated with the activation of CDKs during cell cycle 

regulation and cell proliferation, moreover they may be overexpressed in various cancers 

[326, 332-334]. Although Speedy/RINGO mRNAs are detected in our K562 EV 

transcriptomes, their enrichment lies with the cellular specimens. 

There is currently no consensus as to the full nature of the RNA repertoire present 

within EVs. Moreover, various reports have pointed to populations of fragmented coding 

and non-coding transcripts [170, 283, 304-308]. However, the true extent to which full-

length transcripts may be incorporated into EVs remains unclear. Recently, Li et al. 

provided some insight into this pervasive question [155]. They developed the extracellular 

vesicle long RNA sequencing (exLR-seq) technique, whereby EV RNAs were used to 

generate sequencing libraries using the SMARTer® Stranded Total RNA-Seq Kit 

(Clontech) followed by the sequencing of 150 bp pair-end reads on the Illumina platform 

[155]. Using bioinformatic tools, they were able to show that numerous EV mRNAs 
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displayed coverage reads spanning equally along the UTRs and CDS regions, suggesting 

full-length coverage [155]. The approach here described provides more pointed evidence, 

as it employs the use of long-read sequencing technology that allowed us to investigate 

EV RNAs in their endogenous state. To investigate the proportion of full-length transcripts 

present in our sequencing data, we utilized the bioinformatic tool, BamSlam [324]. This 

allowed us to calculate sequence length statistics by mapping the sequencing reads to 

the human transcriptome (GRCh38.p13, Transcript sequences [GENCODE v41]). This 

analysis revealed that 10.58% of all reads in EVs spanned across the reported full-length 

transcript to which they mapped (Figure 3B,E). Strikingly, this was only ~8% lower than 

the population of full-length transcripts identified in their parental cells, which were 

18.67% (Figure 3B,E). Interestingly, WC transcripts were more diverse in their sequence 

lengths relative to EV transcripts (Figure 3C-D). Nevertheless, the median length of EV 

full-length transcripts was longer than their cellular counterparts (Figure 3E), which may 

be attributed to mRNA and lncRNA making up the largest proportion biotypes in EVs, 

while cellular biotypes were more diverse (Figure 4B-C). We further analysed our data 

to focus on the identification of transcript isoforms, and whether recruitment of isoforms 

is differential in the EV transcriptome. To this end, various possible approaches have 

been recently reported in the literature [325, 335, 336]. Our analysis shows that EVs 

RNAs may reflect the isoform diversity present in their parental cells (Figure 5C), but they 

may also carry preferred isoform variants (Figure 5 A-B). Moreover, various mRNAs can 

display differential isoform enrichment in the EV population (Figure S5A-B). 
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Taken together, these data provide compelling evidence demonstrating the 

existence of full-length RNAs within EVs derived from human cells. Furthermore, these 

RNAs can exhibit differential expression relative to their parental cells, with some 

displaying isoform-specific enrichments. These findings further highlight the selective 

mechanisms of RNA incorporation during EV biogenesis, adding additional insights to our 

current understanding of nucleic acid trafficking outside of the cell.  
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4.7. Supplementary Figures 

FIGURE S3.1 

 

FIGURE S3.1 Library preparation and initial analyses. A. Representative 

Bioanalyzer electropherograms of purified total cellular and EV RNA displaying size 

distribution. B. Bioanalyzer densitometry plot of purified barcoded sequencing cellular and 

EV libraries. C. Stacked bar graphs of the total number of raw reads, in mixed, libraries 

passing (QS>7) or failing (QS<7) quality control steps as determined by Guppy 

basecalling. D. Stacked bar graphs representing the percentage of cellular and EV 

barcodes detected per sequenced library, after initial quality control steps. E. Stalked bar 

graphs of the percentage of input mapped and unmapped reads (to GENCODE v41) in 

EV and cellular transcriptomes. F. Principal Component Analysis (PCA) of RNA-

sequencing data derived from cellular and EV RNA libraries.  
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FIGURE S3.2.1 
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FIGURE S3.2.1 EV-enriched RNAs display gene ontology associations to 

ribonucleoprotein complexes. A. Bar graphs of the top 20 EV-enriched  (Log2 fold 

change ≥2, Padj≤0.01) and cell-enriched/EV-depleted (Log2 fold change ≤-2, Padj≤0.01) 

RNA. B. Bubble plot of GO cellular component of EV-enriched  (Log2 fold change ≥2, 

Padj≤0.01) and cell-enriched/EV-depleted (Log2 fold change ≤-2, Padj≤0.01) RNA. All 

enriched RNA considered. C. Bubble plot of GO biological process of EV-enriched (Log2 

fold change ≥2, Padj≤0.01) and cell-enriched/EV-depleted (Log2 fold change ≤-2, 

Padj≤0.01) RNA. All enriched RNA considered. 
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FIGURE S3.2.1 

FIGURE S3.2.2 LncSEA enrichment analysis of EV and WC enriched lncRNA. A. 

Bar graph of all EV-enriched (Log2 fold change ≥2, Padj≤0.01) and cell-enriched/EV-

depleted (Log2 fold change ≤-2, Padj≤0.01) lncRNA. B. Venn diagram of RBPs associated 

to EV- and WC-enriched lncRNA as determined by LncSEA.  C. Table S2.1 displaying 

lncSEA-predicted lncRNA-RBP Interactions (overlap only).  
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FIGURE S3.3 
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FIGURE S3.3 Size distribution of EV-derived RNAs. A-B. Histograms of cell and 

EV mapped reads displaying sequence lengths distribution frequencies. Cell and EV 

reads binned at intervals of 100. C-D. Histograms of cell and EV unmapped reads 

displaying sequence lengths distribution frequencies. Cell and EV reads binned at 

intervals of 10. E. Summary of length distribution statistics of binned values of mapped 

and unmapped reads. 
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FIGURE S3.5 
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FIGURE S3.5 EVs carry differentially expressed transcript isoforms. A. 

Volcano plot of cellular and EV transcript isoforms signifying the shift in transcript 

expression levels. Blue dots represent statistically significant downregulated EV-

transcripts (Log2 fold change ≤-1, Padj≤0.05). Red dots represent statistically significant 

upregulated EV-transcripts (Log2 fold change ≥1, Padj≤0.05). B. Heatmap visualizations 

of individual RNAs displaying differential gene expression of isoform signatures. 
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5.1. Thesis Summary and General Discussion 

5.1.1.  Relevance and Significance of Work 

Extracellular vesicles (EVs) are membrane-bound nanoparticles released by cells 

and have garnered widespread interest for their role in the intercellular communication 

[15, 161]. This ability is conferred by their preloading with bioactive molecules, that upon 

their release in recipient cells, can induce changes to the baseline physiological state of 

these cells [15, 18-21]. Interestingly, the molecular contents of EVs, including their RNA 

and protein repertoires, display their own unique molecular signatures relative to their 

cells of origin, pointing to possible specialized sorting mechanisms employed by cells 

during EV biogenesis [94, 122, 123]. The study and characterization of EV cargoes is not 

only relevant to understand their role in the transfer of molecular signals, but also provide 

a valuable resource for the discovery of biomarkers in a variety of disease contexts [156-

159]. 

Diverse in their modes of biogenesis, as well as their cargo repertoire, EVs are an 

innately complex group and investigations in the field have been encumbered by their 

heterogeneity [72-74]. Individual cells may produce multiple EV populations, which likely 

contain specific cargoes that can change over the physiological state of the cell [337]. 

These cargoes include a vast array of potentially relevant biomolecules, including lipids, 

proteins, DNA, and protein coding and non-coding RNAs [15, 18, 109]. Most studies 

currently carried out in the field employ the isolation of EVs from the conditioned media 

of cultured cells, with techniques that unfortunately result in often crude, heterogenous 
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populations [338, 339]. Although concerted efforts have made significant progress to 

deconvolute EV subpopulations [72, 75-77], our understanding of their individual 

significance is currently minimal. As such, the biological functions ascribed to the 

heterogenous group may not directly reflect their true individual roles [337]. For instance, 

it is not yet clear whether the biological effects of EVs in recipient cells may be 

subpopulation dependent. Additionally, whilst the biological roles of various EV protein 

and RNA cargoes have been reported in the literature [19-21], there exists a need to 

better characterize their diverse cargoes and investigate their potential biological 

relevance. For example, RNA transcripts within EVs have been suggested to present in 

fragmented forms [170, 283, 304-308], with only a small number of studies showing the 

EV-mediated transfer of functional mRNAs to recipient cells [59, 61, 309-311]. 

The functional dissection, into subclasses, of the EV heterogenous population, as 

well as the characterization of their contents is crucial for elucidating their roles during 

intercellular communication. In this context, this thesis explores sphingomyelinase-driven 

EV biogenesis pathways (Chapter II), and the individual contributions of Neutral (NSM) 

and Acid (ASM) sphingomyelinases to EV-mediated export of molecular cargoes by cells. 

Moreover, this thesis investigates the sequence features of RNAs exported via EVs 

(Chapter III), an important aspect of their communicatory potential. We provide 

transcriptome-level evidence for the presence of full-length RNAs in EVs, providing 

evidence that answers an open question in the field. Together, these data provide 

important insights into the nature of the EV RNA and protein cargoes, as well as the 

crucial role of sphingolipid metabolism on their packaging during EV biogenesis. 
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5.1.2.  Experimental Design 

Chapter II 

The biogenesis of EVs is a concerted process involving multiple subcellular 

machineries and occurring at specific subcellular locations [15, 99], all of which contribute 

the heterogenous populations. These diverse modes of EV generation likely contribute to 

the differential recruitment of cargoes [340], and it is therefore imperative to understand 

the contributions of individual subclasses [337]. Sphingolipid metabolism by 

sphingomyelinases is a key metabolic process that is intimately involved in the generation 

of EVs; collectively these biogenesis pathways are termed as the endosomal sorting 

complex required for transport (ESCRT)-independent pathway [7, 15, 70]. The enzymes 

involved include Neutral type II sphingomyelinase (NSM) and Acid sphingomyelinase 

(ASM), both of which convert sphingomyelin present within membranes to ceramide and 

phosphorylcholine [82, 100, 222].  

Sphingomyelinase variants contribute to the generation of specific subpopulations 

of EVs, with NSM implicated in the generation of intraluminal vesicles at the endosome 

(and therefore exosomes) and ASM associated with the formation of microvesicles at the 

plasma membrane [82, 83, 100, 105]. While these distinct roles are likely to contribute to 

the heterogenous cargoes exported by individual EV subpopulations, their contributions 

to EV heterogeneity have not been defined. Using chemical inhibitors targeting NSM 

(GW4869) or ASM (FTY720) in human MCF7 cells [82, 100, 121, 222], we explored the 

role of sphingolipid metabolism pathways on the biogenesis of extracellular vesicles and 
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their involvement in the export of RNAs and proteins from cells. Furthermore, we used 

various cellular assays to quantify the phenotypic response of recipient cells, human 

MCF10A, to the modified MCF7 EV populations. 

Chapter III 

 EVs’ communicatory potential is facilitated by their loading with bioactive cargoes, 

including a diverse repertoire of coding and non-coding RNAs [1, 2, 5, 60, 124]. Upon 

delivery in recipient cells, these nucleic acid molecules can influence the cell’s behaviour 

by inducing various phenotypic responses [2, 15, 161, 237, 238]. While numerous EV-

trafficked RNAs have been associated with a variety of cellular responses in both normal 

and etiological contexts, very little is known about the sequence integrity of these 

transcripts. Indeed, several reports suggest that the RNA molecules present within EVs 

may exist in fragmented forms [170, 283, 304-308]. Nevertheless, some reports have 

described the EV-mediated transfer of functional mRNA molecules to recipient cells [59, 

61, 309-311].  

As the biological roles of RNA molecules is intrinsically tied to their sequence 

features [293, 294, 298-303, 341, 342], it is therefore imperative to characterize the types 

of transcripts available within EVs. Using long-read sequencing with Oxford Nanopore 

technology [312-315], we sought to characterize the sequence features of human K562 

EV polyadenylated (poly(A)) RNAs, determining the available full-length transcriptome 

and identifying EV-associating transcript isoforms. 
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5.1.3.  Sphingolipid Metabolism Regulates the EV-Mediated Release of RNA 

and RNA-binding Proteins 

Although both NSM and ASM metabolize sphingomyelin to generate ceramide and 

phosphorylcholine, our results point to specialized roles for each enzyme variant 

(Chapter II). In a broad sense, each inhibitory treatment resulted in unique changes to 

the physical characteristics of the isolated human MCF7 EV (Figure S2.1 C-D, Figure 

2.1 D-G). We show that inhibition of NSM does not significantly alter the number of EVs 

released by cells, while ASM inhibition increased the release of these nanoparticles 

(Figure 2.1 F). However, both treatments resulted in a reduction of the RNA occupancy 

of the heterogenous population (Figure 2.1 G). These results reveal that sphingolipid 

metabolism is necessary for the export of RNAs through EVs, with NSM and ASM 

inhibitions differentially contributing to their incorporation (Figure S2.2 B).  

Using multi-omics approaches, we investigated the types of RNA and protein 

cargoes that depend on the activity of each sphingomyelinase variant, and in so doing 

found that each metabolic pathway associates with unique intracellular machineries 

(Chapter II). RNA availability within the EV heterogenous population was altered as a 

result of the inhibitory drugs, with a broad reduction of RNA positive nanoparticles (Figure 

2.1 G). Strikingly, differential expression analysis of transcriptomic data, acquired from 

control and drug-induced EVs, revealed that ASM inhibitory treatments resulted in a major 

downregulation of RNAs (Figure 2.2 E). As RNA-binding proteins (RBPs) play key roles 

in the subcellular distribution of RNAs in cells, we sought to examine whether RBPs 
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availability was altered in EVs as a response to the EV-inhibitory compounds. Proteomic 

profiling of EVs isolated demonstrated that the composition of the RBP repertoire was 

affected in opposing directions as a response to SMase inhibitor treatments (Figure S2.3 

D, Figure 2.4 A-C). Our results indicate that NSM is particularly important to the EV-

mediated trafficking of RBPs from cells, with our data showing an almost complete 

downregulation of RBPs when this pathway was inhibited (Figure 2.4 A). Furthermore, 

our data indicate the ribonucleoprotein (RNP) modules may be exported through the 

NSM-dependent lipid metabolism pathways (Figure 2.4 D, Figure 2.4 F). Together, these 

findings reveal that sphingolipid metabolism by NSM and ASM contribute differentially to 

the RNA and RBP cargoes trafficked by EVs, with the NSM metabolic pathway playing 

an important role in the EV-mediated export of RBPs from cells. 

5.1.4. Neutral and Acid Sphingomyelinases Control the Biogenesis of EV 

Subpopulations Trafficking Distinct Proteomic Cargoes 

Neutral (NSM) and Acid sphingomyelinases have been described as contributing 

to the biogenesis of distinct EV subpopulations, namely exosomes and microvesicles, 

respectively [82, 83, 100, 105]. While different intracellular machineries have been 

described to play roles in the biogenesis of both EV subpopulations [7, 15, 62, 70, 82, 95, 

96, 100], there are currently no proteomic studies detailing the contributions of 

sphingolipid metabolic pathways to EV composition. By profiling the proteomic 

composition of EVs resulting from sphingomyelinase inhibitor treatments, we were able 

to identify numerous proteins that associate to various intracellular machineries (Chapter 



159 

 

II). Furthermore, we show that NSM and ASM metabolic pathways associate with different 

subcellular compartments, and their inhibition results in depletion of proteins linked to 

these components. Significantly, our analyses of proteomic datasets indicate that each 

metabolic pathway contributes in unique ways to the proteomic composition of the EV 

heterogenous population. In fact, it appears that there is little overlap to the recruitment 

of protein cargoes (Figure 2.3 C-F). These findings support previous reports that describe 

the specialized roles that NSM and ASM during EV biogenesis [82, 83, 100, 105], 

providing valuable insights on the interactions of each sphingolipid metabolic pathway 

with different intracellular components. For instance, NSM inhibition resulted in a 

downregulation of endosomal and autophagic proteins within the EV population, while 

ASM inhibition repressed the release of proteins involved in plasma membrane dynamics 

(Figure 2.3 D). This indicates that the inhibitory treatments resulted in the reduction of 

protein components of the targeted EV subpopulation. Strikingly, inhibition of the SMase 

enzyme variants resulted in the increased detection of proteins associated with the non-

targeted group (NSM EVs) (Figure 2.3 D-F), suggesting that EVs induced by drug 

treatments were enriched for alternate subpopulations of EVs. 

5.1.5.  EV Biogenesis Pathways Influence EVs’ Phenotypic Effects on 

Recipient Cells 

Many studies have confirmed the ability of EVs to transfer molecular signals to 

recipient cells, inducing changes to their normal behaviour [8-14]. However, these studies 

typically employ standard EV isolation techniques that often result in size-selected 
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populations [343]. It is, therefore, difficult to ascertain which subpopulations of EVs are 

the culprits behind the response observed. To this end, we isolated EVs from MCF7 cells 

under control or SMase inhibitor conditions, to assess whether alterations to the 

heterogenous EV population can induce distinct phenotypes on recipient cells (Chapter 

II). Using three quantification approaches, we examined changes in protein translation, 

cell proliferation, and cell migration of MCF10A recipient cells incubated with MCF7-

derived EVs. Our data revealed that EVs resultant of ASM inhibitory treatments induced 

a differential response in MCF10A (relative to the other conditions). Namely, MCF10A 

cells displayed an increased translation phenotype (Figure 2.5 B, Figure S2.5 A), a 

moderate increase in cell proliferation (Figure 2.5 C, Figure S2.5 B), and increased 

migratory response during scratch wound assays (Figure 2.5 D). These findings show 

that modifying EV heterogenous populations, thereby enriching for EV subpopulations, 

can result in an altered phenotypic response in recipient cells. 

5.1.6.  EVs Contain Full-Length RNAs and Exhibit Isoform Recruitment 

Preferences 

Although the transcriptomic profiling of EVs has become ubiquitous within the field, 

there is presently sparse data concerning the trafficking of full-length RNAs within EV 

populations. Indeed, several studies have reported the existence of coding and non-

coding RNA fragments within EVs [170, 283, 304-308], with mRNAs generally considered 

to be fragmented [337, 344]. While a recent report has suggested that full-length mRNAs 

are present within EVs, namely that sequencing reads span equally along UTRs and CDS 
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regions [155], there are currently no reports where EV RNAs were sequenced in their 

endogenous state. By using Nanopore long-read sequencing technology, we were able 

to identify a variety of full-length poly(A) RNAs within EVs isolated from human K562 cell 

conditioned media (Chapter III).  

Our results identified a variety of EV-enriched transcripts encompassing diverse 

RNA biotypes (Figure 3.1 E, Figure 3.2 B-D), including Y-RNAs, mRNAs, spliceosomal 

RNAs, and pseudogenes transcripts. Overrepresentation analysis (ORA) of EV-enriched 

mRNAs determined that these transcripts were associated with ribonucleoprotein (RNP) 

machineries such as the ribosome and U1 spliceosome (Figure S3.2.1 B-C). Strikingly, 

10.58% of all EV sequencing reads spanned across the reported full-length transcript to 

which they were mapped (Figure 3.3 E). Moreover, our analyses revealed that full-length 

transcripts were represented across various RNA biotypes (Figure 3.4 A), with mRNAs 

(58.13%) and lncRNAs (22.57%) being the most abundant in EVs (Figure 3.4 C). We 

also showed that full-length RNA biotypes exhibited variance in proportion relative to their 

cells of origin (Figure 3.4 A-C), highlighting that preferential loading may occur. Finally, 

we investigated whether EV transcripts displayed transcript isoform preferences (Figure 

3.5 A-C, Figure S3.5 A-B). While some transcripts reflected the isoform diversity 

detected in their cells of origin (Figure 3.5 C), there were noted examples that such as 

HSPA9 that demonstrated a preferential sorting of isoform variants (Figure 3.5 A-B). 

Together, this chapter provides compelling evidence for the presence of full-length RNAs 

within EVs from human cells. 
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5.1.7.  Limitations 

Recommendations for Chapter II 

While this research provides multiple levels of evidence for the specialized roles 

of sphingomyelinases in the biogenesis of EVs, several recommendations can be made 

to improve the overall quality of this chapter, some of which include on-going efforts in 

the lab. Namely, it is recommended that the inhibitory drugs utilized are better 

characterized for their effects on MCF7 cells. Although we detected changes to 

morphological and molecular composition of the EV population, and in particular their 

cargo alterations were quite striking, we recommend additional validation. For instance, 

the inclusion of enzymatic assays, quantifying the effects of GW4869 and FTY720 on the 

sphingomyelinase activity [345-350], would provide pointed evidence to the efficiency of 

the treatments. Further confirmatory data can also be obtained by characterizing the post-

treatment ceramide levels of cells and EVs via the use of anti-ceramide antibodies (e.g. 

dot blot or immunofluorescence microscopy (IF)) [351-354] or with mass spectrometry 

(lipidomics) [355-357]. Additionally, the localized activity of each enzyme variant can be 

explored by IF studies, where ceramide and/or sphingomyelinases (NSM or ASM) would 

be monitored in relation to endosomal and plasma membrane markers (EV biogenesis 

sites) [82, 264, 358, 359]. Together, these experiments would allow us to better 

understand how the inhibitor drugs are modulating lipid metabolic pathways at sites of EV 

biogenesis, strengthening our current results. 
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In a broader sense, our studies are limited to EV biogenesis pathways driven by 

sphingomyelinase activity. However, it does not consider alternative biogenesis 

pathways, including the Endosomal sorting complex required for transport (ESCRT)-

dependent pathway of EV biogenesis [78-80]. Our results suggest that proteins 

associated to the ESCRT-dependent pathway are increased as response by the SMase 

inhibition (Figure 2.3 E), but we cannot separate this subpopulation from our data. By 

further expanding our studies to include this major subpopulation, we can glean further 

insights into the roles of ESCRT-dependent and ESCRT-independent pathways of EV 

biogenesis, and whether certain cargoes are preferentially exported through specific 

biogenesis modes. 

Recommendations for Chapter III 

 A limitation of our current nanopore long-read sequencing approach is that it 

utilizes poly(A) sites naturally present within RNA molecules to generate a sequencing 

library of this specific subpopulation. In order to consider the larger non-coding 

transcriptome, we will need to modify our sequencing approach by incorporating 

additional library preparation techniques. These may include RNA fractionation or 

ribodepletion techniques coupled with the polyadenylation of transcripts [360, 361]. 

Additionally, the use of Nanopore direct RNA sequencing [362, 363] would provide much 

needed insight into the post-transcriptional modifications present in EV RNAs, and 

whether these modifications correlate to their presence within EVs. However, direct RNA 

sequencing currently requires larger amounts of poly(A) RNAs, which makes it a 
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technically challenging method to profile RNAs in EVs, which are typically limiting in 

quantity. 

5.2. Perspectives and Future Directions 

5.2.1.  Relevance of EV Research to Disease 

Active participants in a variety of etiological conditions, EVs are important puzzle 

pieces to understanding the ways that disease-causing cells interact with their 

environment [364]. Indeed, EVs have been implicated as active agents in a variety of 

diseases including, cancer [365, 366], cardiometabolic disorders [367, 368], neurological 

pathologies [180, 369], and infectious diseases [370, 371]. These qualities also position 

EVs as a valuable source of potential biomarkers for an ever-growing list of diseases 

[155-159]. As discussed in Chapter I, EV RNA cargoes can influence the behaviour of 

recipient cells, critically modifying their behaviours, and enhancing the conditions that 

drive disease progression [61, 131, 170, 173, 182, 185, 191]. In cancer, for example, EVs 

have become increasingly implicated agents during tumorigenesis, with their RNAs 

cargoes playing key roles in the modification of the tumor microenvironment by promoting 

metastasis and therapy resistance [23, 173]. Similarly, in neurodegenerative disorders, 

EV RNAs have been linked to neurodegeneration by affecting the maintenance and 

survival of motor neurons [185, 191]. 

While the purpose of our studies is not to understand the etiological consequence 

of EV cargoes, it provides some interesting information in this regard. For instance, our 

SMase inhibition experiments (Chapter II) resulted in the enrichment of proteins 
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associated with subpopulations of EVs. These alterations, in turn, resulted in differential 

phenotypic response of recipient cells. These observations posit that EV composition, 

and in particular their cargoes, play a critical role in the response of recipient cells. One 

can speculate then, that cells may utilize specific EV biogenesis mechanisms for the 

selective release of molecular cargoes that are relevant to disease. 

5.2.2.  Therapeutic Opportunities of Manipulating EV Cargoes 

The biological properties EVs, as well as their roles in the transfer of molecular 

cargoes between cells, makes them particularly interesting to exploit as platforms for the 

delivery of therapeutic agents [151]. In fact, numerous pre-clinical and clinical studies 

have been conducted (or are underway) with the explicit objective of harnessing EVs for 

therapy [151, 202, 220, 221]. This interest is driven not only by EVs’ protective properties, 

but also because they can be isolated from numerous clinically relevant cell types [196-

198], they can present surface antigens [199, 200], and they can be immune neutral when 

obtained from the same patient [151]. The molecular cargoes that can be carried by EVs 

are quite broad, but RNA molecules are of particular interest in the age of RNA 

therapeutics [372, 373]. To this end, various endogenous and exogenous approaches 

have been described to enrich RNA molecules in EVs [201-207]. An interesting feature 

of EVs is that they generally display their own transcriptomic identity relative to their cells 

of origin [94, 122, 123]. This is significant because it implies that selective sorting 

mechanisms occur during the EV biogenesis process, with specific RNA molecules 

trafficked-to and packaged-at EV biogenesis sites [109, 131]. Likewise, RNA binding 
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proteins (RBPs) are quite abundant in EVs, and it is likely that they play key roles in this 

selective packaging. Previous studies have implicated numerous RBPs with the selective 

packaging of RNAs in EVs [121, 131, 133, 136-138, 145]. Moreover, it has been shown 

that EV-enriched RNA molecules can contain specific sequence features (e.g. 

“EXOmotifs” [133]) that drive their incorporation to EVs [131, 132].  

In this context, our research provides valuable new data that furthers our 

understanding of EV-cargo sorting mechanisms (Chapter II), and it additionally expands 

current knowledge on the sequence features of RNAs trafficked by EVs (Chapter III). 

Both sets of findings are important in the pursuit to understand how we can manipulate 

the types of cargoes that EVs carry. In Chapter II, we present compelling evidence that 

show how sphingomyelinase-driven EV biogenesis pathways modulate EV cargoes. 

Significantly, we show that RNAs and RBPs present in within EVs can be dramatically 

modified in response to SMase inhibition, and importantly, we show that the incorporation 

of EV-trafficked RBPs is highly dependent on sphingomyelinase activity. In addition, in 

both Chapter II and Chapter III, we show that EV RNAs exhibit differential profiles relative 

to their cells of origin. Moreover, in Chapter III, we further demonstrate that EVs can 

contain full-length RNAs and that these RNAs can display isoforms specific differential 

expression to the EV population. As in previous studies [131, 132], these data can be 

further used for downstream analyses to determine important sequence features that 

drive incorporation to EVs. Together, these data are relevant to EV cargo loading 

mechanisms, and they expand our current knowledge about EV RNA sequence features, 

both important for innovations in EV-based therapeutics. 
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5.2.3.  Possible Confirmatory Studies 

The asymmetric distribution of gene products is an important characteristic of cells, 

facilitating the organization of discreet subcellular compartments [127]. For instance, RNA 

molecules are trafficked from their sites of transcription to specific subcellular locations 

[128]. This process, which is tightly regulated and evolutionarily conserved, involves 

intrinsic features of the RNAs (cis-regulatory motifs (CRMs)) and trans-acting partners 

such as RBPs [127-130]. It is, therefore, quite tempting to hypothesize that cells may 

exploit these systems for the selective recruitment and packaging of RNAs to sites of EV 

biogenesis [127]. Indeed, this seems to be the case, and multiple studies have provided 

evidence for both the importance of RBPs [131], as well as RNA sequence features [131, 

132]. To expand on the previous sections, our data indicate that many RNAs and RBPs 

can be enriched in EVs relative to their cells of origin. Moreover, these cargoes can 

associate to specific modes of EV biogenesis. With numerous candidates identified, it is 

challenging to validate them individually. However, there are multiple experimental 

approaches that can be utilized to better understand their selective packaging. 

 An RBP-centric approach would involve selecting a few of the EV RBPs observed 

to be dynamically modulated as a response of SMase inhibitor treatments (Figure 2.4 A-

C). Several candidate RBPs appear to be condition specific, displaying a requirement for 

sphingolipid metabolism for release, or being independent of the pathway. Moreover, 

some RBPs appear to travel in proportions that are similar to the RNA components of 

their RNP complexes (Figure 2.4 D-F). The candidate RBPs can be used for targeted 
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studies to understand their contribution to the EV transcriptome. For example, silencing 

approaches to knockdown the expression of these RBPs can be used to confirm their 

roles in RNA recruitment to EVs. Various EV RBP profiling studies have employed similar 

strategies [137, 138, 144, 374]. Additionally, combinatorial approaches to determine RBP-

RNA interactions such as Enhanced UV crosslinking and immunoprecipitation (eCLIP) 

[375], Orthogonal organic phase separation (OOPS) [376, 377], or Protein-cross-linked 

RNA eXtraction (XRNAX) [378] can be used to confirm the RNA-bounding proteome of 

EVs. Some of these are current ongoing efforts in our lab. 

 Our accumulated datasets of EV-enriched RNAs can also serve as a platform for 

investigating the transcript sequence requirements (i.e. CRMs) for RNA inclusion to EVs. 

For this, we can utilize combined approaches where we consider known EV-enriched 

sequence motifs [131], while also performing de novo CRM discovery [379-381]. This 

would allow us to identify whether EV-enriched RNAs contain specific sequences that 

correlate strongly with their enrichment in EVs. These approaches has been recently 

utilized to identify sequences in microRNAs that dictated their release in EVs or retention 

in cells [132]. To this end, various bioinformatics tools have been developed for RNA motif 

mapping [381] and are routinely used by our lab. 
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5.3. Conclusion 

The research presented in this thesis aims to provide novel insights into in the field 

of EV biology, both in terms of their cargo sorting mechanisms as well as characterisation 

of their cargos. In Chapter II, we provide evidence for the unique contributions of NSM 

and ASM sphingolipid metabolic pathways on the repertoire of RNAs and proteins 

trafficked by EVs. We show that each metabolic pathway interacts with specific 

subcellular compartments, and that their inhibition impacts the types of cargoes that they 

can carry. Moreover, these changes can have implications to the communicatory potential 

of EVs, suggesting that subpopulations of EVs harbor distinctive features that can dictate 

their phenotypic effects on recipient cells. In Chapter III, we explored the integrity of RNAs 

within EV populations, identifying the availability of full-length transcripts. Crucially, this 

shows that EVs can contain a variety of full-length RNAs, including mRNAs and lncRNAs. 

Furthermore, we determined that these RNAs can exist in various transcript isoforms that 

were reflective-of, but sometimes different in ratio to their cells of origin. These results 

further highlight that cells can selectively recruit transcripts during EV biogenesis. 

Overarchingly, these studies highlight the selective recruitment mechanisms used 

by cells for the export of gene products to the extracellular space via EVs. Understanding 

the biogenesis pathways and cargo features of EVs is of crucial relevance to multiple 

fields of research, from understanding their roles during intercellular communication to 

their potential use as diagnostic tools and therapeutic vehicles. By characterizing the roles 

of sphingomyelinase-dependent EV biogenesis pathways, as well as investigating the 

full-length transcriptome of EVs, we provide crucial findings that deepen our 
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understanding of EV biology. These results offer new avenues for innovation in the 

development of approaches to profile and manipulation EV cargoes, an important and 

ongoing effort in the field. 
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