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Chapter 1: Introduction to extracellular vesicles

Chapter 1: Introduction to extracellular vesicles (EVs)
This introductory chapter is presented as a manuscript which was published as a review
in the International Journal of Molecular Sciences in 2016 (Kalra et al., 2016).

This review focuses on the basics of extracellular vesicles (EVs) and its classification
based on biogenesis; apoptotic bodies, exosomes and microvesicles. This review serves
as a detailed introductory overview on the biogenesis of EVs, their molecular
composition and its role in disease progression.
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Abstract: Intercellular communication was long thought to be regulated exclusively through direct
contact between cells or via release of soluble molecules that transmit the signal by binding to a
suitable receptor on the target cell, and/or via uptake into that cell. With the discovery of small
secreted vesicular structures that contain complex cargo, both in their lumen and the lipid membrane
that surrounds them, a new frontier of signal transduction was discovered. These “extracellular
vesicles” (EV) were initially thought to be garbage bags through which the cell ejected its waste.
Whilst this is a major function of one type of EV, i.e., apoptotic bodies, many EVs have intricate
functions in intercellular communication and compound exchange; although their physiological roles
are still ill-defined. Additionally, it is now becoming increasingly clear that EVs mediate disease
progression and therefore studying EVs has ignited significant interests among researchers from
various fields of life sciences. Consequently, the research effort into the pathogenic roles of EVs
is significantly higher even though their protective roles are not well established. The “Focus on
extracellular vesicles” series of reviews highlights the current state of the art regarding various topics
in EV research, whilst this review serves as an introductory overview of EVs, their biogenesis and
molecular composition.
Keywords: exosome; ectosome; microvesicle; apoptotic body; extracellular vesicle; molecular
composition; signal transduction; biogenesis; isolation

1. Introduction
Intercellular communication is mostly thought to be mediated by direct cellular interaction or
through the secretion of soluble factors [1]. Recently, extracellular vesicles (EVs) are proposed as a
novel mode of intercellular communication for both short and longer-range signaling events [2–4].
EVs (Figure 1) carry a rich cargo of DNA, RNA, proteins, lipids and metabolites reflective of their
cellular origin and are released into the extracellular space by multiple cell types during both
physiological and pathological conditions [4,5]. Whilst the role of EVs in normal physiology is
poorly understood, their role in pathological conditions is relatively well characterized [6]. EVs have
been isolated from many biological fluids, including blood, milk, saliva, malignant ascites, amniotic
fluid and urine [7–9]. Though the presence of proteins in EVs was reported alongside the discovery of
EVs [10], the existence of RNA in EVs was only demonstrated during the past decade.

Int. J. Mol. Sci. 2016, 17, 170; doi:10.3390/ijms17020170

www.mdpi.com/journal/ijms
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Figure 1. Schematic representation of subtypes of extracellular vesicles (EVs) released by a cell.
Figure 1. Schematic representation of subtypes of extracellular vesicles (EVs) released by a cell.
Three subtypes of EVs, namely exosomes, shedding microvesicles or ectosomes and apoptotic
Three subtypes of EVs, namely exosomes, shedding microvesicles or ectosomes and apoptotic bodies,
bodies, are known to be secreted by a cell into the extracellular space. Exosomes are released by
are known to be secreted by a cell into the extracellular space. Exosomes are released by exocytosis,
exocytosis, whereas shedding microvesicles or ectosomes are secreted by outward budding of the
whereas shedding microvesicles or ectosomes are secreted by outward budding of the plasma
plasma membrane. Apoptotic bodies are released by dying cells during the later stages of apoptosis
membrane. Apoptotic bodies are released by dying cells during the later stages of apoptosis so that cell
so that cell debris can easily be eliminated by neighboring and immune system cells. MVB:
debris can easily be eliminated by neighboring and immune system cells. MVB: multivesicular body.
multivesicular body.
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Contrary to exosomes, ectosomes (SMVs) are large vesicles ranging from 100–1000 nm in
Contrary to exosomes, ectosomes (SMVs) are large vesicles ranging from 100–1000 nm in
diameter [26], ubiquitously assembled at and released from the PM through outward protrusion or
diameter [26], ubiquitously assembled at and released from the PM through outward protrusion
budding (Figure 2). Ectosomes were first defined by Stein and Luzio when they observed ectocytosis
or budding (Figure 2). Ectosomes were first defined by Stein and Luzio when they observed ectocytosis
and shedding of PM vesicles in stimulated neutrophils [27]. The rate of ectosome shedding has been
and shedding of PM vesicles in stimulated neutrophils [27]. The rate of ectosome shedding has been
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observed to be variable between various cell types, but even resting cells shed ectosomes at a low
rate. Unlike exosomes, the molecular composition of ectosomes is still largely unknown, but matrix
metalloproteinases (MMPs) [28–31], glycoproteins, e.g., GPIb, GPIIb–IIIa and P-selectin [32–35], and
integrins, e.g., Mac-1, [35,36] seem to be enriched in ectosomes, depending on the cell type. Recent
studies also suggest that MMP2 might be utilized as a marker of ectosomes [22,37]. However, ectosomal
enriched proteins are largely cell type dependent. For instance, the epithelial cell marker CK18 was
enriched in ectosomes [22] and oncosomes [25] secreted by epithelial cells and hence cannot be utilized
as markers of ectosomes secreted by fibroblasts. Oncosomes are larger vesicles ranging from 1 to 10 µm
in diameter that are thought to follow the biogenesis pathway of ectosomes and are extensively studied
by Di Vizio and colleagues [25,38]. Though abundance of large oncosomes in patient plasma and tissue
biopsies are shown to be correlated with tumor progression, until now, these large oncosomes are
exclusively shown to be released by prostate cancer cells and are poorly characterized in comparison
to exosomes [25,39].
Apoptotic bodies (Figure 1) are heterogeneous vesicles that are known to be released from cells
undergoing apoptotic cell clearance [40,41] and are thought to be around 50–5000 nm in diameter [20].
Apoptosis or programmed cell death [41], first introduced by Kerr and co-workers in 1972 [42], and
the subsequent phagocytic corpse removal are essential during embryonic development, growth, and
maintenance of multicellular organisms. Furthermore, apoptosis ensures the selective removal of aged,
damaged, infected or aberrant cells from healthy tissues. Essentially, apoptosis is the coordinated
dismantling of the cell and cellular debris is packed into ABs. These vesicular structures have external
features that trigger phagocytosis; the final step in cell dismantling and recycling of biomolecule
building blocks.
The “Focus on extracellular vesicles” series of reviews highlights recent developments in EV
research and their role in normal physiology, degenerative and cancerous diseases, and as emerging
novel therapeutics [43–47]. The following sections of this introductory review offer a compact overview
of various aspects of extracellular vesicles—THE NEXT SMALL BIG THING.
2. Exosomes and Colleagues—The Next Small Big Thing
2.1. Exosome Biogenesis
The processes that govern the formation of ILVs inside MVBs and the ensuing fusion with the
PM to release exosomes into the extracellular space (Figure 2) are incompletely understood. One of
the proposed molecular machineries implicated in the biogenesis and secretion of exosomes is the
Endosomal Sorting Complex Required for Transport (ESCRT) [48]. In conjunction with a number of
accessory proteins, the ESCRT machinery is predominantly involved in binding, sorting, and clustering
of ubiquitinylated proteins and receptors. The process of ILV formation starts when the endosomal
membrane is reorganized into specialized tetraspanins-enriched microdomains (TEMs), with the
involvement of CD9 and CD63, that function to cluster the ILV formation machinery [49]. Tetraspanins
are transmembrane proteins that contain four transmembrane domains, N- and C-terminal cytoplasmic
tails (<20 residues), and two unequally sized extracellular domains (ED; Short ED < 30; Long ED
76–131 residues) [50]. The ESCRT machinery comprises of ESCRT-0, I, II, and III, which act sequentially
to sort ubiquitinylated proteins in the late endosome, as shown schematically in Figure 3. The abundant
presence of phosphatidylinositol 3-phosphate (PI(3)P) and the ubiquitinated proteins results in
binding of Hrs (ESCRT-0 subunit) to PI(3)P via its FYVE domain and the ubiquitinated protein.
Subsequently, Hrs/STAM recruits ESCRT-I (TSG101 and Vps28) to the endosomal membrane and
forms an ESCRT-0/ESCRT-I complex. Next, segregation of ubiquitinylated proteins into microdomains
occurs and mobilization of ESCRT-II (Vps22) to the membrane. ESCRT-I and ESCRT-II then initiate
reverse budding of nascent ILVs within MVBs and uptake of cytosolic cargo (e.g., RNAs and proteins).
Recruitment of ESCRT-III subunits (Alix and Vps2) by ESCRT-II and oligomerization of ESCRT-III
subunits inside the neck of the nascent ILVs results in closing of the cargo-containing vesicle and
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pinching off of the vesicles. How ESCRT-III oligomerization induces membrane curvature has remained
elusive. However, recent in vitro research by Chiaruttini et al. has shown that the major component
of ESCRT-III, Snf7 (Figure 3), oligomerizes into spring-like spirals at the lipid membrane surface [51].
The authors observed that elastic expansion of compressed Snf7 spirals induced area differences
between endo- and exofacial membrane sides with the consequence that membrane curvature was
induced. However, whether an analogous process occurs in ILVs in vivo remains to be established.
Overall, the components of ESCRT-0, I and II are responsible for sequestering ubiquinated proteins at
the endosomal membrane, whereas ESCRT-III contributes towards vesicle closure and detachment
of ILVs from the membrane [52–55]; the accessory proteins, in particular the AAA-ATPase Vps4, are
involved in the dissociation and recycling of the ESCRT machinery. Most importantly, ESCRT-III in
conjunction with deubiquitinating enzymes, such as HD-PTP, directs deubiquitination of proteins.
Alix was recently shown to promote intraluminal budding of vesicles in endosomes upon interaction
with syntenin [54]; the cytoplasmic adaptor of syndecan heparan sulphate proteoglycans. Furthermore,
interaction of Alix with the ESCRT machinery seems to be driving the accumulation of luminal
cargo [56,57].
Besides the ESCRT-dependent pathway, recent research implicates the existence of an
ESCRT-independent pathway that involves glycolipoprotein microdomains, i.e., lipid rafts. Indeed,
Stuffers et al. have shown that MVBs can still be formed in cells depleted of all four ESCRT components,
which confirms the presence of an alternate pathway [58]; although some aberrant ILV morphology
was observed, whilst the early and late endosomes remained clearly differentiated. Further evidence
comes from research on oligodendrocytes in which Trajkovic et al. showed that sorting of proteolipid
proteins into ILVs is ESCRT independent [59]. In the ESCRT-independent pathway, ILVs and exosome
formation are thought to involve the conversion of sphingomyelin to ceramide by sphingomyelinases
(Figure 3) [59]. Although this pathway is not fully elucidated, sphingomyelin is shown to be clustered
in lipid rafts (enrichment with cholesterol), where it is then converted to ceramide. Ceramide
accumulation then induces microdomain coalescence and triggers ILV formation. Although a recent
in vitro study involving giant unilammellar vesicles questioned this “lipid-only” hypothesis of ILV
formation [60], since the authors found that no particular lipid magic bullet was required for ILV
formation, several discrepancies between in vitro and in vivo observations preclude dismissing the
ceramide-dependent pathway altogether. Presumably, the two pathways are not clearly separated but
occur concomitantly or one becomes dominant in response to the cargo’s physical properties.
Once ILVs are formed in the MVB, trafficking to the cell periphery, subsequent fusion with the
PM, and exosome release into the extracellular space all require coordinated and multilevel changes in
cytoskeletal-PM interactions, local enzymatic degradation, and the activation of the fusion machinery.
Most importantly, the aforementioned tetraspanins (enriched in exosomes) [2] and the small RAB
GTPases (e.g., RAB27A, RAB27B, and RAB11) [61,62] are thought to be involved in both the biogenesis
and secretion of exosomes. RAB27A RNA interference in melanoma cells was shown to decrease
exosome production [63], whereas in HeLa cells, MVB size was strongly increased upon RAB27A
RNA interference and redistribution to the perinuclear region occurred upon RAB27B silencing [61].
RAB27A is thought to promote docking of MVBs and fusion to the PM, whereas RAB27B plays a role
in vesicle transfer from the Golgi to MVBs and in the mobilization of MVBs to the actin-rich cortex
under the plasma membrane. However, RAB27A is not expressed or at very low levels in many cell
types, unlike melanoma cells, alluding to the existence of alternate machinery for MVB docking and
fusion with the PM. Similarly, RAB11 is also assumed to promote fusion of MVBs to the PM, but rather
in response to an increase in cytosolic calcium, as observed in K562 erythroleukaemic cells [61,63].
Finally, a prime physiological role of MVBs is to serve as intermediate vehicles in the degradative
lysosomal pathway (Figure 2), in which they fuse with lysosomes. The ILVs within the MVB are then
discharged into the lysosomal lumen resulting in degradation of the ILVs and the cargo they potentially
carry; this is a particularly important process for limiting activated growth factor signaling [64,65].
Various surface proteins play a key role in the fusion of MVBs with lysosomes, including HD-PTP, the
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2.2. Ectosome Biogenesis
Ectosomes or SMVs are formed through outward budding of the PM and involves distinctly
different mechanisms compared to exosome biogenesis [69]. Generally these vesicles are larger than
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exosomes, with some overlap in their size distributions, and ectosomes have compositions that lack
many of the endosomal features found in exosomes. The formation of ectosomes at the PM primarily
involves membrane constituents and their rearrangement, the cytoskeleton, and recruited proteins
involved in membrane abscission.
Upon nucleation (Figure 4A), the interaction between cytoskeletal proteins and the PM is gradually
lost, both by a local increase in cytosolic Ca2+ and protein degrading enzymes that induce disassembly
of the cytoskeleton (e.g., calcium-activated calpains). In this way, an initial delamination of the PM
from the cortical cytoskeleton occurs. Concomitantly, lipid translocases, enzymes that are involved
in the exchange of lipids between the inner and outer leaflet of the membrane bilayer to maintain
membrane asymmetry, are activated to induce changes within the bilayer favoring budding and
membrane abscission. In particular, externalization of the phospholipid phosphatidylserine (PS)
occurs, which normally exclusively resides in the inner monoleaflet and is actively flipped back
to that leaflet by flippases to prevent externalization (PS externalization induces blood clotting
and phagocytosis, amongst other events). Although quiescent scramblases [70]—bidirectional lipid
translocases that reduce lipid asymmetry—have been alleged to be activated by elevation of cytosolic
Ca2+ , which is clearly associated with cytoskeleton disruption and plasma membrane budding, their
exact identity and role in PS externalization during membrane budding remained elusive. Equally,
an ATP-driven unidirectional translocase belonging to the floppases was purported to be responsible
for the extrafacial enrichment of PS, which drives PM curvature induction and thus vesicle formation
(Figure 4B). Concomitantly, flippase activity is attenuated by the influx of free Ca2+ ions [71]. Floppases
are members of the ATP-binding cassette (ABC) transporter superfamily and especially ABCA1
has been shown to translocate PS; even though cholesterol seems to be its main substrate [72].
However, in human erythrocytes it was shown that vesicle shedding was attenuated when cells
were treated with R5421 [73], a scramblase-specific inhibitor [74]. Recent work by Nagata finally
identified transmembrane protein 16F (TMEM16F) as the elusive calcium-dependent phospholipid
scramblase [75].
Irrespective of whether scramblases, floppases, or both are involved, the unidirectional
translocation of PS to the outer leaflet generates a structural imbalance within the lipid bilayer.
Consequently, the bilayer bulges in the direction of the outer leaflet (Figure 4B). If translocase
activity is high enough, the resulting curvature itself might be sufficient for vesicular fission to
occur; analogous to what is known for flippases in the other direction [76]. However, since enzymatic
destabilization of cytoskeleton-PM interactions seems to be a major process, proteins that promote
cytoskeleton contraction have been implicated to aid in vesicle budding and abscission. In particular
the GTP-binding protein ADP-ribosylation factor 6 (ARF6) has been alleged to play a role in
ectosome secretion [26]. As shown in Figure 4B, ARF6 initiates a signaling cascade by activating
phospholipase D (PLD). Hydrolysis of phosphatidylcholine (PC) by ARF-activated PLD produces
membrane-bound phosphatidic acid (PA), which in turn recruits extracellular-signal-regulated kinase
(ERK) and molecules that affect vesicle curvature. ERK then phosphorylates myosin light-chain kinase
(MLCK), which in turn phosphorylates the myosin light chain and leads to actomyosin contraction
and subsequent pinching off of the ectosome.
To complicate matters further, changes in the PM organization may occur via
translocase-independent mechanisms, as determined in B lymphocytes [77], and indeed annexin
V-negative ectosomes derived from platelets and endothelial cells have also been detected [78,79].
These results suggest that ectosome biogenesis might in some cases proceed whilst lipid asymmetry
is maintained and be a direct result of directed cytoskeleton cleavage or the involvement of an
abscission machinery. Whilst ESCRT complexes are distinctly associated with processes that occur in
endosomes and exosome biogenesis, components of the ESCRT machinery have important functions
in PM-associated processes, such as cytokinesis and virus budding. In fact, recent research has shown
that ESCRT components may play a key role in the biogenesis of ectosomes at the PM. Nabhan
and co-workers showed that budding at the PM is driven by the interaction of the TSG101 subunit
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To conclude, it is worth mentioning that in particular in aberrant cells, activation of purinergic
ATP receptors, protein kinase C, acid sphingomyelinase, p38MAPK , and the increase in Ca2+ , act as
initiating and sustaining shedding mechanisms and signals [81–85]. Furthermore, several important
problems with regard to ectosome biogenesis are conspicuous and remain to be resolved. First of all,
the specific steps and components involved in ectosome biogenesis might be cell-type or function
specific and hence various distinct mechanisms have been reported in the literature. The mechanisms
by which the cell controls ectosome biogenesis and fate are still elusive. Foremost, even though PS
externalization may be required for vesicle budding, this fact might potentially be problematic, since
PS externalization has long been known to be an “eat me” signal that initiates phagocytosis, binds C1q
and activates complement, and also initiates the blood clotting cascade. In ectosomes from particular
cell types, such as platelets (these have the highest scrambling rate known [70]), local shedding of
procoagulant ectosomes represents a physiological function that allows assembly of the prothrombinase
and tenase complexes, leading to rapid thrombin generation [86] (50- to 100-fold higher procoagulant
activity compared with the platelet surface [87]) and therefore is a wanted process. Increased levels of
circulating ectosomes from activated platelets on the other hand have been implicated in thrombotic
and systemic inflammatory disorders [86,88]. In apoptotic cells and ABs, phagocytosis is a necessary
outcome to prevent immunogenic responses and tissue destruction. The question is how initiation
of such effects is prevented in ectosomes that have long life-times and distinct functions, such as
intercellular signaling. The answer to this question might be multifaceted. First, for phagocytosis to
occur, competent cells must be present or recruited via “find me” signals, which might be absent in
particular ectosome versions. Second, adapter proteins, recruited during vesicle budding, might in
turn recruit proteins that prevent interactions with PS via surface coating. Third, both the number
of surface exposed PS molecules and the way that these are presented to recognition receptors on
phagocytes determines whether phagocytosis occurs; the same goes for factors involved in blood
clotting. However, the critical PS fraction and the way that PS is presented are still largely unknown;
multiple PS receptors exist on the surface of phagocytes that bind PS directly, e.g., TIM receptor family
(T-cell-transmembrane/immunoglobulin/mucin) and stabilin-2 [89,90], or via bridging molecules
such as soluble thrombospondins, milk fat globule epidermal growth factor 8 (MFG-E8), which links to
integrins αv β3 and αv β5, or growth arrest-specific gene 6 (Gas6) and protein S (a vitamin K-dependent
glycoprotein), which both link to TAM receptors (Tyro-3–Axl–Mer) [91–95]. Additionally, necrotic
cells potentially have a significantly higher extrafacial PS fraction compared with apoptotic cells [96],
but it has long been known that resting dendritic cells only respond to necrotic and not to apoptotic
cells [97]. This suggests that co-factors might be responsible for the initiation of phagocytosis. Fourth,
the presence of “don’t eat me” signals, such as CD47, might prevent phagocytosis. In fact, CD47 has
recently been detected in exosomes of various origins and ectosomes from human mesenchymal stem
cells [98], human platelets [99], and Jurkat cells [100]. Fifth, as described above, annexin V-negative
ectosomes have been detected in platelets and endothelial cells [78,79]. Finally, phagocytosis might
in particular cases be a wanted outcome for ectosome-based signal transfer. Overall, the exact (and
potentially diverse) mechanisms by which a response is elicited toward ectosomes and their processing
during their life-time remain to be resolved.
2.3. Apoptotic Body Formation
Apoptotic cells undergo a series of distinct changes, such as chromatin condensation,
internucleosomal DNA fragmentation, nuclear rupture, mitochondrial swelling and cytochrome
c release, proteolytic cleavage of the cytoskeleton and focal adhesion complexes, PS externalization,
PM blebbing, disruption of key survival functions, cell shrinkage and commitment to the apoptotic
phenotype that all culminate in the packing of the dying cell into ABs, which are then released for
phagocytic clearance [41,101,102]. This dismantling of the cell and the formation of ABs is a controlled
mechanism to prevent leakage of potentially toxic, enzymatically active or immunogenic components
of dying cells into tissues, thereby preventing tissue destruction, inflammation, and autoimmune
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reactions. The process of AB formation might, however, only be important for large cells that are
difficult to engulf in their intact state, since it is known that cells such as neutrophils do not readily
form ABs, but are rather phagocytized whole [103,104].
To allow the dismantling of the cell, key structures such as the cytoskeleton need to be weakened.
This is predominantly performed by caspases; cysteine proteases designed for protein cleavage rather
than degradation, which are normally present within the cell as catalytically inactive zymogens [105].
Effector caspases (caspases-3, -6 and -7) are typically activated through proteolytic cleavage by initiator
caspases (caspases-8, -9 and -10) and upon activation initiate cell dismantling. Furthermore, the early
stage detachment from the extracellular matrix and cell rounding involves the caspase-dependent
dismantling of cell–matrix focal adhesions and cell–cell adhesion complexes. These events are followed
by a plethora of events geared toward the demolition stage and AB formation.
In multiple cell types, the outward protrusion that leads to PM blebbing (zeiosis) and ultimately
formation of ABs (Figure 1)—blebs are considered to be progenitors of ABs [106]—seems to be driven by
local membrane rearrangements that are initiated by caspase-3-mediated activation of Rho-associated
coiled-coil-forming kinase I (ROCK1) [107–109] and actin polymerization in the cortical microfilament
network. As stated previously, PS externalization, one of the hall marks of apoptosis, serves as an “eat
me” signal involving multiple phagocyte surface receptors and results in engulfment and digestion of
cellular remains by phagocytic cells [41,102,110,111]. Analogous to ectosome budding, externalization
of PS induces a structural imbalance within the lipid bilayer, but in this case, with the size of the
bleb, membrane tension alone is insufficient to cause delamination. Unlike ectosome budding, PS
externalization during apoptosis is mainly driven by a Ca2+ -independent scramblase in most cell
types. This scramblase was recently determined by Nagata’s group to be the evolutionarily conserved
Xk-related protein 8 (Xkr8), which is activated by caspase cleavage (caspase-3 or -7) [112]. In addition,
results from the same group implicate the caspase-dependent inactivation of the flippase adenosine
triphosphate type 11C (ATP11C) and cell division cycle protein 50A (CDC50A), which is required for
PM localization of ATP11C, in apoptotic PS externalization [113].
Bleb formation follows a series of distinct steps, i.e., enucleation, expansion, and retraction,
during which cellular debris is packed into the blebs’ lumen and finally pinches off as ABs. Actin
polymerization results in the formation of restriction rings where bleb enucleation and formation
occur [114,115]. This is achieved through caspase-3-mediated activation of gelsolin, which cleaves
actin filaments in a calcium-independent manner [116]. After bleb enucleation, bleb expansion
occurs through ROCK1-induced phosphorylation of the myosin light chain, which in turn promotes
actomyosin contraction with consequential delamination of the PM from the cortical cytoskeleton
membrane. The subsequent blebbing of the PM is a purely physical process that is a result of
both the loss of interaction with the cytoskeleton and the increase in hydrostatic pressure due
to apoptotic volume decrease (cell shrinkage causes the cytosol to push against the PM and the
size of the bleb is proportional to the cortical tension [115]). Although the externalization of PS
is scramblase-dependent and ROCK-independent, its subcellular localization during apoptosis is
distinctly ROCK-dependent [107,117]. Specifically, the apoptotic blebs become highly enriched
with externalized PS and consequently serve as focal recognition points for macrophages to trigger
engulfment (vide supra). Bleb retraction has been shown to occur ~30 s after bleb initiation and
takes nearly 90 s for full completion [118,119]. Retraction is driven by reassembly of the contractile
cortex under the bleb membrane. Repetitive cycles of bleb expansion and retraction have been
suggested to play a major role in the actual packing of cellular debris into the lumen of the blebs
before they pinch off as ABs. However, other mechanisms seem to be involved as well. For instance,
actin-myosin clearly plays a central role in apoptotic cellular remodeling, whereas all other cytoskeletal
components are dismantled. Recent research, however, shows that rapid dynamic de novo assembly
of microtubules throughout the cytoplasm aids in packing condensed chromatin into PM blebs,
promotes cellular fragmentation, and assist in binding apoptotic cells to phagocytes through extension
of rigid spikes [120]. In addition, in late blebs, the condensed chromatin is often surrounded by
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a cortical layer of endoplasmic reticulum, which might be the result of active translocation and
remodeling [106]. Finally, the recent discovery of novel PM protrusions that give rise to ABs shows
that AB formation might not be as stochastic as previously assumed; at least in some cell types. For
instance, in T lymphocytes, “string-like” membrane protrusions (apoptopodia) are formed after the
onset of membrane blebbing and facilitate the separation of blebs into ABs [121]. This formation of
apoptopodia (and ABs) in T lymphocytes is negatively regulated by the caspase-activated pannexin 1
(PANX1) channel [122]. In monocytes, a recently discovered “beads-on-a-string” and fragmentation
mechanism of AB formation might be involved in facilitating sorting and localization of particular
intracellular contents into ABs [123]. These results point in the direction that packing of cellular debris
might be a controlled mechanism rather than a random effect due to bleb oscillation. However, more
studies are needed to understand this highly regulated process as the formation of ABs is cell type
dependent. For instance, the newly discovered “bead-on-a-string” mode of AB biogenesis is not
conserved in some of the adherent epithelial cells.
3. Extracellular Vesicle Composition
3.1. Molecular Composition of Exosomes
Exosomes typically comprise of luminal cargo, i.e., proteins, DNA, RNA, peptides, lipid-derivatives,
surrounded by a lipid bilayer membrane (Figure 3B), which serves as a transport vehicle and protects
the luminal cargo from the harsh extracellular environment. The luminal contents of exosomes
predominantly contain cytosolic proteins derived from the donor cell [20,124]. Interestingly, the
composition of the lipid bilayer in exosomes differs from the lipid composition of the PM of the cell of
origin [3,125,126]. Development of ExoCarta (Available online: http://www.exocarta.org), a manually
curated database that lists proteins, RNA and lipids identified in exosomes [127–129], and Vesiclepedia
(Available online: http://microvesicles.org), a community annotation compendium for all EVs [130],
have allowed researchers to successively deposit identified constituents of exosomes and provide a
general overview of their molecular composition [127]. These two databases are regularly supplemented
with contributions from different authors working in the EV field. Furthermore, ExoCarta now provides
annotations with International Society of Extracellular Vesicles standards thereby aiding researchers in
quickly comprehending the characterization done on the exosomes [126].
Since exosomes originate from endosomes, proteins involved in MVB formation (e.g., Alix and
TSG101), membrane transport and fusion (e.g., annexins, flotillins, GTPases), adhesion (e.g., integrins),
tetraspanins (e.g., CD9, CD63, CD81, CD82), antigen presentation (MHC class molecules), heat shock
proteins (HSP70, HSP90) and lipid-related proteins [124,131–133] are often identified in exosomes
irrespective of the cell type of origin (Figure 3B). Apart from proteins, exosomes are also enriched in
particular lipids; primarily ceramide, cholesterol, PS, and sphingolipids [59,134,135]. Interestingly,
exosome membranes do not contain lysobisphosphatidic acid (LBPA) [135–137], even though LBA has
clearly been detected in ILVs and purported to be essential, together with Alix, for their formation [138].
As pointed out by Brouwers et al., LBPA might play an exclusive role in the formation of lysosomally
targeted MVBs rather than in exosome-generating MVBs [136]. Additionally, the discrepancies in
lipid composition between these types of MVBs may also suggest that their formation is strictly
controlled and a significantly higher degree of cellular control over EVs and their fate might be present
as currently thought. Exosomes also contain detergent-resistant domains in their lipid membrane, i.e.,
lipid rafts. These rafts are not only enriched in the aforementioned lipids, but also various proteins
such as flotillins seem to accumulate in lipid rafts and not surprisingly, lipid rafts have been implicated
in exosome biogenesis.
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Exosomes also have polysaccharide and glycan signatures on their outer surface,
predominantly comprising of mannose, α-2,3- and α-2,6-sialic acids, complex N-linked glycans, and
polylactosamine [139,140]. Exosomes have been reported to carry RNA, including mRNAs, miRNAs
and some non-coding RNAs [11]. Considering the fact that ILVs bud into the MVBs by invagination of
the limiting membrane of MVBs in the cytosol, this invagination also sequesters a considerable amount
of cytosol, including the therein contained proteins and RNA. Whilst exosomes contain a common set
of proteins irrespective of the cell type (some of which are presumably involved in exosome biogenesis),
recent studies have shown a tissue/cell type-specific signature in exosomes [133]. It is unclear how
these proteins are targeted to exosomes. More studies are needed to unravel any sorting/packaging
signals in exosomes and address the question of selectivity versus randomness.
3.2. Molecular Composition of Ectosomes
Ectosomes are relatively heterogeneous, both in size and in their composition. Like exosomes,
ectosome membranes are not identical to the PM of the cell of origin, but rather specific changes are
induced upon nucleation and budding of the PM that cause this discrepancy. Although ectosomes
contain similar types of cargo as exosomes, the molecular composition of ectosomes is less well
defined compared with exosomes. Nevertheless, an increasing number of studies have led to a
significant number of entries into the aforementioned databases. Several studies have highlighted the
fact that ectosomes contain a diverse population of proteins (see also Figure 5), including matrix
metalloproteinases (MMPs) [28–31], glycoproteins, e.g., GPIb, GPIIb-IIIa and P-selectin [32–35],
integrins, e.g., Mac-1 [35,36], receptors, e.g., EGFRvIII [141], and cytoskeletal components such as
β-actin and α-actinin-4 [142]. In fact, proteomic analysis of monocytic THP-1 cell-derived ectosomes,
predominantly in the range of 780-990 nm, by Bernimoulin and co-workers revealed distinct expression
patterns involving 1076 proteins upon different stimuli and 100 proteins that were commonly present,
including cytoskeletal components, adhesion receptors, signaling molecules, and mitochondrial
proteins [142]. Similarly, Keerthikumar et al. confirmed the enrichment of mitochondrial, centrosomal
and ribosomal proteins in ectosomes by proteomic analysis [22]. The analysis also confirmed the
depletion of ESCRT proteins, tetraspanins and proteins implicated in fusion and trafficking (e.g.,
annexins, integrins and flotillins). Interestingly, the study also highlighted an exclusive set of RAB
GTPases that is enriched in exosomes and ectosomes, at least in neuroblastoma cells. Minciacchi
et al. also reported a distinct cargo in large oncosomes and showed that particularly mitochondrial
proteins were enriched [25]. Recently, Lunavat and collaborators described the existence of unique
RNA cargo in ectosomes [143]. Weerheim et al. determined that circulating ectosome membranes, next
to PS (3.63%), which is involved in vesicle budding, predominantly contained phosphatidylcholine
(PC; 59.2%), sphingomyelin (20.6%), and also phosphatidylethanolamine (PE; 9.4%) [144]. However,
lysophospholipids were also detected (<2%/class). Additionally, an extensive lipidomic analysis,
including fatty acyl moiety evaluation, was recently performed by Losito and co-workers [145].
The examples presented in Figure 5, which serves to illustrate that ectosomes are as diverse in
composition as exosomes, represent only a fraction of the identified components. What complicates the
unperturbed assignment of components to ectosomes is the fact that a diverse nomenclature is used in
the literature for various vesicles, both based on their origin and size. Whilst exosomal vesicles have
been relatively easy to identify based on their size and the term “exosome” is widely used, vesicles
larger than exosomes have been classified almost ambiguously and this affects both ectosomes and
ABs. Consequently, assignment of components to ectosomes should be taken with care.
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Figure 5. Molecular composition of ectosomes. Ectosomal membranes consist of various classes of
Figure 5. Molecular composition of ectosomes. Ectosomal membranes consist of various classes
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Nonetheless, a study by Mallat et al. showed that ABs of human monocytic and lymphocytic
origin from atherosclerotic plaques were enriched with PS, coagulation factor III, and annexin A5
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Nonetheless, a study by Mallat et al. showed that ABs of human monocytic and lymphocytic
origin from atherosclerotic plaques were enriched with PS, coagulation factor III, and annexin A5
(a phospholipase A2 and protein kinase C inhibitory protein with calcium channel activity) [146].
A more recent proteomic evaluation of thymocyte-derived ABs in BALB/c mice identified 142 different
proteins, including a myriad of heat shock, histone-related and cytosolic proteins, (pseudo)oncogenes,
and proteins with immunological relevance [147]. Shotgun proteomics of ABs from human biliary
epithelial cells identified 11 distinct proteins, including annexin A6, heat shock protein β6, low-density
lipoprotein receptor-related protein 1, and RAB11A [148]. The identified proteins were largely involved
in (auto)immune reactions such as nuclear factor kappa B (NF-κB) activation, ERK and Notch signaling
pathways, and IL8- and CXCR2-mediated signaling events. More recently, a total of 1028 proteins were
differentially abundant between whole apoptotic sample and apoptotic body-enriched samples [123].
The study highlighted the marked depletion of nuclear components in ABs.
4. Extracellular Vesicle Isolation Methods
Isolation of the various classes of EVs is generally performed by strategic purification of rough
isolates from cell cultures, cell suspensions, tissues, and body fluids. Isolation methods exploit the
physical properties of EVs, in particular their buoyant densities, size, and surface composition, and
include ultra-centrifugation, density gradient centrifugation, gel filtration, polymer-based precipitation,
immuno-affinity methods, filtration, and flow field–flow fractionation [149–153]. However, with the
available techniques, it is currently impossible to separate any single EV subtype devoid of other EV
subpopulations to homogeneity [22,24]. Consequently, reports on experimental results from allegedly
purified EVs need to be considered with caution.
4.1. Exosome Isolation Methods
The most commonly used method for isolating exosomes is ultracentrifugation at
100,000–120,000ˆ g [8,21,154]. However, the major disadvantage of using a series of differential
centrifugation steps coupled with ultracentrifugation is its inefficiency in separating EV subtypes [40].
To avoid co-isolation of EV subtypes, researchers utilize filtration (0.1 or 0.2 µm pore size) and/or
perform differential centrifugation (medium speed 10,000ˆ g) that sediment larger EVs including
ectosomes and ABs [26]. Ultrafiltration and microfiltration have been utilized to rapidly isolate
exosomes from urine [155,156]. Multiple studies have highlighted the fact that ultracentrifugation
can be used in conjunction with other isolation methods including density gradient centrifugation
(sucrose, sucrose-deuterium oxide (D2 O), and OptiPrep™ (iodixanol) [154], which separates exosomes
according to their buoyant density. Based on the purity of the exosome preparation, density gradient
separation is the best enrichment technique that is currently in use [21]. Whilst optimal exosome
isolation can be achieved through density gradient centrifugation, the technique requires more sample,
is tedious and time consuming. In addition to density gradient centrifugation, immunoaffinity based
methods (immunobeads and FACS), have also been utilized to isolate exosomes. Multiple exosomal
membrane molecules have been used for this purpose including EPCAM, CD63, CD9, HER2 and
A33. While this method can be robust, one of the inherent problems with immunocapture techniques
is that the negative population (EPCAM negative when EPCAM immune beads are used) is often
ignored [40]. In addition, non-specific protein binding can also confound the interpretation of the
results [21,154].
With the increasing interest in the physiological and pathological roles of exosomes, many
commercial kits that allow “easy and quick isolation procedures” are now routinely developed and are
available for use. While most of these kits isolate/precipitate exosomes, the kits invariably suffer from
co-isolation of other EVs and protein complexes. Hence, we emphasize caution while interpreting
data obtained from precipitation kits [157]. On the other hand, the commercial kits are robust, fast,
use very little sample and therefore serve as ideal choice for identification of exosome-related disease
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biomarkers. Currently, there is no gold standard method for isolating exosomes and, hence, the method
of choice should be determined based on the (patho)biological question of interest.
4.2. Ectosome Isolation Methods
Since the physical differences between exosomes and ectosomes are relatively small and a
significant overlap occurs as far as their sizes are concerned, separation of these two classes of
EVs is relatively difficult. For the isolation of ectosomes, the same strategies may be employed as
for exosomes (vide supra). However, since ectosomes have distinctly different surface compositions,
isolation based on these specifics through affinity-based methods might be the best strategy to obtain
enriched fractions. Unfortunately, membrane antigens that can reliably serve as markers of ectosomes
are currently non-existent.
4.3. Studying Apoptotic Bodies
Generally, apoptotic bodies are not isolated as other EVs are, but are rather studied in well-defined
cell models of apoptosis. Nonetheless, when it is necessary to isolate ABs from cell cultures or body
fluids, differential centrifugation may be employed. Since ABs are large, they easily sediment at
low g values. A general approach would start with a low speed spin at ~300´500ˆ g to remove
cells, followed by a short centrifugation of the rough isolate at ~1000ˆ g to remove cellular debris,
followed by a longer centrifugation at higher g forces (~10,000 < x < ~16,000ˆ g) to obtain the AB
fraction [152,158,159]. Further AB purification steps such as immunoaffinity purification or filtration
might be necessary depending on the goal of the isolation and the question under investigation.
Moreover, unlike exosomes and ectosomes, ABs may not be stable for longer time periods and hence
harsh isolation methods cannot be utilized.
4.4. General Isolation Problems
Besides the aforementioned specific problems, isolation procedures suffer from a number of
general restrictions. First of all, since centrifugation protocols are not standardized, discrepancies
within differential centrifugation protocols invariably lead to inconsistencies in the isolates. This fact
may, at least partially, explain the differences in biological effects of EVs reported by various research
groups. Second, an inherent problem with isolating exosomes and ectosomes from body fluids is the
fact that these potentially contain high amounts of non-EV particles such as lipoproteins, viruses, and
aggregate-forming (bio)molecules. Exosomes generally overlap in size with viruses and lipoproteins,
whereas ectosomes overlap with the size range of bacteria. Such contaminants need to be removed in
order to obtain sufficiently pure isolates. With regard to viruses, sucrose gradients are inefficient at
separating them from exosomes, but Cantin et al. recently showed that the use of iodixanol gradients do
allow their separation and purification [160]. Contamination with proteins and protein complexes, such
as insoluble immune complexes, also perturb the isolation of both exosomes and ectosomes [161,162].
Furthermore, filtration of EV isolates under pressure to remove particular contaminants or fractions
carries the inherent risk that fragmentation of vesicles occurs and thus sample might be lost. Finally,
specific purification protocols after ultracentrifugation not only affect EV purity and yield, but often
lead to protein loss in the preparation [163,164]. However this loss of protein does not correlate with
loss of vesicles. With regard to vaccination, the method of purification is therefore extremely important
to take note of when comparing manuscripts from different research groups.
Isolation of EVs for diagnostic purposes in a clinical setting currently has a number of distinct
limitations. These include the time required for isolation and analysis and a potential lack of
suitable infrastructure. Recently, Sáenz-Cuesta and co-workers compared various protocols with
regard to urine and blood EV samples [153]. They conclude that any method used should be
compatible with the simple infrastructure found in general clinical laboratories, where apparatus
such as ultracentrifuges are not readily available, allow isolation of EVs with high accuracy and
in sufficiently high concentrations, permit isolation of both small and large EVs, and validation
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of the isolation procedure should be performed by a group with significant expertise in the EV
research field. Furthermore, the workflow from sample collection to EV characterization would require
standardization to allow a direct comparison between clinical diagnostic labs. Overall, a medium-speed
differential centrifugation protocol would currently be most suitable in a clinical setting [153].
For further information on currently available isolation methods, their strengths and caveats,
and their impact on the quality of the final isolates, the reader is referred to several excellent and
comprehensive reviews [149,152,153].
5. Function of EVs and Development of EV-Based Technologies
Although the exact physiological functions of EVs are poorly understood, when generalizing
for all classes of EVs, these all function as transport vehicles of some sort. Exosomes have been
shown to contain molecules, predominantly from an endosomal and cytosolic origin, for intercellular
communication over a short range. Ectosomes contain ubiquitous cargo and are believed to also be
involved in cell-cell communication, whereas ABs function to transport and present cellular debris
from intentional cell suicide to phagocytic cells for further dismantling and recycling of building-blocks.
Furthermore, increasingly evidence accumulates that cells modify the content of EVs in response to
extrinsic stressors such as heat shock, hypothermia, hypoxia, oxidative stress, and infectious agents.
These results suggest that the EVs are connected to intracellular signaling and are part of the global
intricate mechanism to maintain physiological homeostasis; the levels of which we are just beginning
to understand. It also suggests that perturbation of the roles that EVs play in homeostasis potentially
results in disease and a link can indeed be established between EVs and various diseases. Consequently,
EVs have also become of interest with regard to their pathophysiology, the development of novel
therapeutic modalities, and because particularly exosomes are ubiquitously present in bodily fluids,
exosomes are deemed ideal as diagnostic biomarkers. In this focus edition, Iraci and co-workers
provide an extensive overview of the physiological roles of EVs and their signaling properties [44].
Tumor cells have been reported to secrete increased amounts of exosomes [165]. Since these
tumor-derived exosomes carry the tumor-specific genomic and proteomic signatures, tumor-derived
exosomes are ideal and unique targets for cancer detection. However, the fact that tumor-derived
exosomes carry the hallmark properties for tumorigenicity also means that these exosomes might
aggravate the tumorigenic potential already present in cells [133]. Indeed a number of studies seem
to confirm that exosomes secreted by tumor cells play a role in the growth and dissemination of
tumor cells [166–170]. For instance, Lázaro-Ibáñez et al. recently showed that the various prostate
cancer cell-derived EVs subgroups carried different fractions of genomic DNA (gDNA) fragments
of MLH1, PTEN, and TP53 genes, including mutations [158]. Their results suggest that nucleic acids
are selectively and cell-dependently packed into the various EV subtypes and that circulating EVs
potentially contribute to both pre-metastatic niche formation and tumor metastasis. On the other
hand, some investigations report quite the opposite, i.e., anti-tumorigenic properties, such as tumor
cell apoptosis induction in pancreatic carcinoma or enhancement of anti-tumor immunity [171,172].
Furthermore, even if tumor-derived EVs are found in the circulation of cancer patients, this must not
necessarily mean that EVs are actively involved in tumor progression, but could simply be the result
of tumor expansion and thus enhanced EV secretion. Nonetheless, tumor-derived EVs show both
the potential as cancer biomarkers as well as the possibility to develop novel anti-cancer therapeutics.
In this focus edition, Ciardiello et al. discuss the current state of the art regarding the EV-cancer
connection [43], whereas Ohno and Kuroda focus on the development of EV-based therapeutics [45].
Similarly, EVs have drawn the attention of researchers investigating degenerative brain disorders,
such as Alzheimer’s dementia and Parkinson’s disease, ischemic stroke, neuro-inflammation, and
epilepsy. However, the study of EVs of neuronal origin in neurological disorders is still challenging
due to technical and ethical limitations; in vivo sampling of brain material cannot readily be
performed, apart from biopsies for diagnostic purposes, and repetitive sampling of cerebrospinal
fluid is overall considered unethical, but still recent research results from brain tumors seem to be
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promising. For instance, Skog et al. showed that nested-PCR-based detection of the tumor-specific
epidermal growth factor receptor EGFRvIII transcript in serum-purified exosomes allows diagnosis
of a glioblastoma sub-set [170]. Overall, particularly exosomes are implicated to facilitate the
spread and accumulation of key disease-causing neuronal proteins, such as β-amyloid [173–175] and
α-synuclein [176–178]. Here, Vella and co-workers review the role of exosomes in protein trafficking
with respect to Alzheimer’s and Parkinson’s disease and not only highlight recent advances but also
the remaining challenges [46].
EVs have been shown to be secreted by stem cells, which in itself is not surprising given their
undifferentiated nature and the potential that stem cells carry. The fact that stems cells are the
“mother of all cells” and potentially can produce any cell type, stem cell therapy has been heralded
as the ultimate regenerative therapy. However, the results from various experimental and clinical
studies have not produced the expected results for multiple reasons. It is known that stem cells
secrete a myriad of biomolecules in order to communicate with the cells in the surrounding tissue.
Consequently, researchers tried to determine the factors involved, but no single biomolecule or
combination could induce the desired therapeutic effects of stem cell transplantation. Since EVs
are involved in intercellular communication and may contain all the signals required for successful
communication, even at multiple levels and via multiple pathways, EVs have attracted the attention
of researchers in the stem cell therapeutics field. Stem-cell derived EVs might themselves constitute
potent therapeutics against various degenerative diseases. Recent research already validates this
assumption, since various groups have found encouraging results from various stem cell types, e.g.,
mouse embryonic stem cells EVs enhanced survival and expansion of hematopoietic progenitor
cells [179], endothelial progenitor cells-derived EVs protect against angiotensin II-induced cardiac
hypertrophy [180], and mesenchymal stem cell EVs reduce infarct size in a mouse model of myocardial
ischemia/reperfusion injury [181]. Focusing on the effects of EVs, Zhang and colleagues briefly review
the current advances in the stem cell therapeutics field [47].
Some indications that ABs are not just garbage bags advertising “eat me” signals to phagocytic
cells, but rather might have more intricate roles, both positive and negative ones, come from recent
research. Kogianni and co-workers showed that osteocyte ABs were able to initiate de novo osteoclastic
bone resorption on quiescent bone surfaces in vivo, which suggests a physiological signaling role
of ABs in directed osteocyte apoptosis in damaged bone [182]. Phagocytosis of HepG2-derived
ABs by hepatic stellate cells (HSC) activates JAK1/STAT3 and, to a lesser extent, PI3K/Akt/NF-κB
survival pathways, upregulating Mcl-1 and A1 anti-apoptotic proteins, which leads to HSC survival
and propagation of liver fibrosis [183]. That ABs can be used in a therapeutic setting was recently
demonstrated by Marin-Gallen et al. [184]. These authors showed that tolerogenic dendritic cells (DCs)
could be generated that reestablished peripheral tolerance in type 1 diabetes by pulsing DCs in vitro
with ABs from β cells. Consequently, treated DCs diminished the expression of the co-stimulatory
molecules CD40 and CD86 and reduced secretion of proinflammatory cytokines, thereby reducing
autoimmunity towards β cells and thus insulitis. Furthermore, Schiller and co-workers observed that
active packing of immunogenic molecules into ABs occurred early during apoptosis, well before DNA
degradation [185]. These results indeed suggest that formation of ABs might follow a distinct “plan”
and thus a significant level of control by the cell might be present.
Finally, the positive and negative modulation of the immune response by both immune and
non-immune cell-derived EVs is one of the best established (patho)physiological functions of EVs.
Exosomes have been shown capable of direct antigen presentation since they preserve the topology
of the antigen-presenting cell (APC) from which they originate and directly stimulate CD8+ and
CD4+ T cells through surface MHC-I and II molecules [186,187]. Exosomes have also been shown
to be involved in indirect antigen presentation either through transfer of antigenic peptides to
APCs [188,189] or by cross-dressing APCs [188,190,191]. Not surprisingly, EVs have been shown
to carry a variety of antigens from various origins, including the aforementioned tumor-derived
antigens, pathogens-derived antigens, e.g., antigens from Cytomegalovirus [192] or Mycobacterium bovis
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bacillus Calmette-Guérin [193], and B cell-derived antigens [194,195]. Besides the tolerogenic effect
elicited by ABs through DC modulation, epithelial cells of the small intestine have been shown to
release MHC class II+ exosome-like structures, called “tolerosomes”, which induce specific tolerance to
orally administered antigen ovalbumin [196]. Lastly, recent research suggests that EVs not only transfer
antigens to APCs, but also signals that induce transformation of recipient cells into immunogenically
competent APCs [197]. Notwithstanding these important results, it is imperative to emphasize that
the majority of results to date have been derived from in vitro experiments on immune cells or lab
animals treated with in vitro purified EVs. A significant gap exists between the knowledge gained from
these experiments and the potential in vivo immunomodulatory roles of EVs, especially in humans.
Nonetheless, as our understanding of the roles that EVs play in immune regulation develops, new
therapeutic options will certainly become available that might allow inhibition of tumor-derived
EVs and modulation of the tumor microenvironment, modification of the release of endogenous
immunosuppressive EVs, or even specifically engineered EVs as novel therapeutics. In this focus
edition, Ohno and Kuroda discuss the potential of EV-based therapeutics [45], whereas comprehensive
reviews covering the role of EVs in immune system-related processes were recently provided by
Robbins and Morelli [198] and Théry et al. [124].
6. Current Issues in EV Research
Although a significant amount of knowledge regarding EVs has been accumulated over the past
few years and researchers in various fields of life sciences have turned their attention to EVs, the field
is still nascent and faces a number of potential hurdles:
1.

2.
3.
4.

5.

6.

Owing to the characteristics of EVs, past studies named them based on the sample source thereby
creating multiple names, e.g., ectosomes have aliases such as exosome-like vesicles, shedding
vesicles, microvesicles, nanoparticles, microparticles, and oncosomes. These names, apart from
a lack of uniform use, are often misleading. For instance, the term “nanoparticle” is normally
reserved for solid particulate matter with a size below 100 nm in at least one dimension, e.g.,
silver colloidal nanoparticles, carbon nanoneedles, etc. Hence, there is an urgent need to perform
standardization of EV nomenclature [40]. However, such a standardization is also only possible
when genuine and unique markers for different types of EVs can be identified [24]. Furthermore,
a potential conflict exists with respect to the term “exosome” since this term is also used to denote
a multi-protein complex that contains multiple 31 Ñ51 exoribonucleases and is involved in the
degradation of various types of RNA [199].
Robust isolation methods that do not compromise on the purity of the isolate are required in
order to exploit EVs in biomedical research and therapeutics.
The size distribution of vesicles released by apoptotic cells has not yet been systematically investigated.
Linked to the aforementioned problems is the fact that the various size-ranges used by researchers
to denote the EV they are investigating is extremely heterogeneous. There is a need for consensus
on the size-ranges that typify each form of EV.
With the current strategies to purify EV types, it is impossible to assess how various types of
EVs interact and produce a synergistic and/or antagonistic effect. Consequently, the exclusion of
particular EV types from experiments might lead to loss of relevant information regarding EVs in
general (synergistic, antagonistic, interconnected networks?).
The exact mechanisms involved in the biogenesis of EVs have not yet been fully elucidated. It is
also largely unknown whether packaging of cargo into exosomes, ectosomes, and ABs and their
secretion into the extracellular space is a selective or a random process; although some recent
data is emerging that suggests some measure of cellular control.
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7.

8.

9.

10.

11.

12.

Multiple studies have highlighted the functional roles of EVs in vitro using variable concentrations
of EVs. Despite this acquired knowledge, very little is known about the stoichiometry of EVs
and the most relevant physiological concentrations of EVs. Equally, little is known about their
half-lives in tissues and organs. However, several studies have found that the half-life of EVs in
circulation is approximately 1.5–3 min [140,200–202].
It is still unclear why EVs are abundant (at least based on the detection of enriched proteins such
as Alix and TSG101) in bodily fluids that can be secreted (e.g., breast milk, saliva and urine) and
relatively depleted in internal bodily fluids (e.g., blood, cerebrospinal fluid).
Very little is known about the physiological role of EVs and their contribution to homeostasis,
which makes it virtually impossible to understand their pathobiological role and develop safe
and effective therapeutic interventions.
The question also arises why all types of EVs are released by apoptotic cells, and what their
interplay is. Additionally, why are different fractions of gDNA fragments from deranged cells
packed into the various EV types?
The underlying mechanism of how EVs communicate with the target cells and how selectivity
is achieved is poorly understood. Understanding this is again a prerequisite to develop
effective therapeutics that target this communication and for the development of engineered
exosome-derived therapeutic vehicles.
Finally, cells modulate the composition of EVs in response to exogenous stress. Understanding the
mechanisms involved might lead to the development of therapeutics that exploit this property.

7. Conclusions
Extracellular vesicles are highly specific and multi-purpose vehicles that are purported to be
involved in vast intercellular communication and/or biomolecule (mass) transfer networks. Some
researchers have compared their function with the extension of the borders of the cell of origin to the
distant target cell. One major advantage over secreted signaling molecules is the fact that EVs deliver
their signal at great distances without dilution or degradation, since the biomolecules are securely
transferred within their capsule. Furthermore, various cargos are not only selectively delivered to
the target cell, but also potentially to specific structures within that cell, e.g., the target cell’s PM.
However, disruption of their normal function may lead to disease. In this sense the correct size and
composition may play key roles in whether the particular EV involved plays a physiological role or a
pathological one. It is perhaps this fact that is responsible for the Janus-faced results that have been
obtained. One is tempted to assume that the existence of EVs, at least in part, might be one reason why
so many diseases have eluded us thus far. Understanding their physiological roles and the factors that
induce the switch to a pathological role are important when developing novel therapeutic strategies.
However, much still remains to be discovered, since we have just scratched the surface of the enigma
called “EXTRACELLULAR VESICLE”.
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Chapter 2: Colorectal cancer (CRC), Wnt signaling pathway
and the role of EVs in Wnt signaling
This chapter is presented in two sections. The first section provides an overview on
colorectal cancer and Wnt signaling pathway while the second reviews the role of EVs
in Wnt signaling pathway and is presented as a manuscript that was published in the
journal Proteomics (Gangoda et al., 2015).
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2.1

CRC: an overview

CRC is the third most common and fourth leading cause of cancer deaths worldwide,
with the highest incidence rate in Australia and New Zealand (Arnold et al., 2016).
Alarmingly, CRC burden is expected to increase to 1.1 million cancer deaths by 2030.
The pattern of CRC incidence and mortality rate is predominantly linked to western
lifestyles prevailing in high-income countries (Arnold et al., 2016).

CRC could be classified as sporadic, inherited or familial. Majority of the CRCs occur
sporadically (70%) in people older than 50 years of age as a result of environmental
and dietary factors (Fearnhead et al., 2002; Jass et al., 2002). Inherited and familial
CRCs accounts for 5–10% and up to 25%, respectively (Fearon, 2011; Sameer, 2013).
Inherited CRCs results from germline mutations and can be further divided into two
categories; familial adenomatous polyposis (FAP) and hereditary nonpolyposis
colorectal cancer (HNPCC). FAP is a dominantly inherited syndrome resulting due to
a de novo Adenomatous polyposis coli germline mutation whilst HNPCC develop with
mutations in mismatch repair (MMR) genes including PMS1, PMS2, MSH2, MSH6
and MLH1. Familial CRC is the least understood though considered to arise from
genetic polymorphisms such as the mutation in Adenomatous polyposis coli gene
(I1307K). This mutation is mostly found in 6% of all Ashkenazi Jewish persons and in
28% of them with a family history of CRC (Boland & Goel, 2010; Lawes et al., 2005;
Leoz et al., 2015). In contrast, sporadic CRCs are categorised as a multi-step event of
carcinogenesis resulting from accumulation of somatic mutations giving rise to
adenomas and carcinomas. It has been well established that Adenomatous polyposis
coli is a major player in CRC and initiates the early events in formation of adenomas
followed by multiple mutations in KRAS, SMAD4 and TP53 in later stages of
adenomas and carcinomas (Arnold et al., 2005; Calvert & Frucht, 2002; Colussi et al.,
2013; Dow et al., 2015; Drost et al., 2015; Kashfi et al., 2014).

CRC is broadly divided into three molecular groups comprising of microsatellite
instable (MSI - low, high and stable), chromosomal instable and CpG island
methylation (CIMP) group (Guinney et al., 2015; Jass, 1999). MSI is characterised by
the deletions or insertions of nucleotides in the microsatellite region of the genome. The
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mismatch repair (MMR) system responsible for the DNA repair is non-functional in
this tumor type resulting in genomic instability (Vilar & Tabernero, 2013). The second
molecular subtype is chromosomal instability resulting in genomic stability arising due
to aneuploidy. The third molecular subtype is CIMP which accounts for 85% of the
CRC cases. CIMP is accompanied by chromosomal gains (7p, 7q, 8q, 13q, and 20q)
and losses (1p, 8p, 15q, 17p, and 18q) (Holland & Cleveland, 2009; Meijer et al., 1998;
Pino & Chung, 2010).
2.2

Wnt signaling pathway in CRC

The advent of high-throughput sequencing techniques has resulted in multiple global
studies characterizing the genomic mutations of CRC tissue samples and cell lines
(Forbes et al., 2008; Hinoue et al., 2012; Network, 2012; Wood et al., 2007; Worm et
al., 2004). To advance our understanding of the initiation and progression of CRC,
meta-analyses of the mutation datasets have been performed by multiple groups (Lee
et al., 2013; Theodoratou et al., 2010). Genes implicated in signaling pathways
including Wnt, PI3K, MAPK, p53 and TGF-β were significantly altered in CRC
patients compared to normal counterparts. Most importantly, 97% and 93% of
hypermutated and non-hypermutated cases, respectively, had an altered Wnt signaling
pathway. Among the non-hypermutated tumors, over 94% contained one or more
mutation in genes implicated in Wnt signaling pathway, primarily in Adenomatous
polyposis coli Altogether, 16 different genes associated with Wnt signaling pathway
including Adenomatous polyposis coli and β-catenin were found to be mutated. Among
the non-hypermutated tumors, Adenomatous polyposis coli was mutated in 81% of the
tumors while β-catenin in 5% (Ashktorab et al., 2015; Network, 2012).

One of the earliest event of adenoma-carcinoma sequence of CRC comprises loss of
Adenomatous polyposis coli function and de-regulation of β-catenin. In most cases,
mutations in β-catenin and Adenomatous polyposis coli are mutually exclusive in CRC
resulting in stabilisation of β-catenin and activation of TCF transcriptional activity as
the end result (MacDonald et al., 2009). It is thought that mutation in β-catenin may be
a crucial factor in early development of CRC as Adenomatous polyposis coli (Ilyas et
al., 1997).
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Wnt signaling plays a central role in regulating cellular processes including
proliferation, cell motility, embryogenesis, axis-formation and tissue homeostasis
(Moon et al., 2002; Peifer & Polakis, 2000; Zeng et al., 1997). The discovery of
Wingless segment polarity gene (Wg) in Drosophila melanogaster and murine protooncogene Wnt1 highlighted the significance of this highly-conserved Wnt signaling
cascade (Nusslein-Volhard & Wieschaus, 1980; Rijsewijk et al., 1987). Wnt signaling
is classified into canonical or β-catenin dependent, non-canonical planar cell polarity
(PCP) and the Wnt/Ca2+ pathway. The PCP pathway is the least understood pathway
than the canonical counterpart and is independent of β-catenin to control processes such
as polarised cell movement, migration and neural tube closure by involvement of GTPbinding proteins. PCP was first characterised in Drosophila and mutations in this
pathway in linked with disorientation of hair follicles, renal, cardiac and neural tube
defects (Vladar et al., 2009; Wu et al., 2011). Similarly, Wnt/Ca2+ pathway is
independent of β-catenin and maintain intracellular calcium levels by regulating release
of calcium from endoplasmic reticulum (ER). Both PCP and Wnt/Ca2+ pathway are
predominantly initiated by Wnt ligands (Wnt5a and Wnt11) and Fizzled receptors (Fz)
with involvement of Ror2 and Ryk. Disheveled (Dsh) plays a role in all three Wnt
signaling pathway. Activation of Wnt/Ca2+ pathway results in increased levels of
intracellular Ca2+ levels and thus activation of protein kinase C (PKC) and
phospholipase C (PLC) (De, 2011).

The most well studied Wnt signaling pathway is the canonical Wnt signaling pathway
which is dependent on β-catenin. In the absence of Wnt ligand, β-catenin is rapidly
degraded by the multiprotein destruction complex consisting of scaffolding protein
Axin, Adenomatous polyposis coli, casein kinase 1 (CK1) and glycogen synthase
kinase 3 beta (GSK-3β). CK1 phosphorylates β-catenin at position Serine 45 followed
by GSK-3β mediated phosphorylation of β-catenin. This eventually initiates
ubiquitination of β-catenin by SCF-β-TrCP E3 ubiquitin ligase and proteosomal
degradation of β-catenin (Li et al., 2012; Moon et al., 2004; Winston et al., 1999).

However, when secreted Wnts bind to co-receptors (members of seven transmembrane
frizzled receptors) and low density lipoprotein receptor related proteins (LRP-5/6), the
Wnt signaling pathway is activated. This subsequently leads to phosphorylation and
activation of Dsh. Axin interacts with activated Dsh in order to inhibit GSK-3β from
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binding and phosphorylating β-catenin at serine/threonine residues in the cytoplasm.
This ultimately results in stabilisation of β-catenin in the cytoplasm and hence results
in its translocation to the nucleus in order to activate Wnt target genes. There are large
number of potential Wnt/ β-catenin target genes that are de-regulated during Wnt
signaling activation in CRC. Some of the direct Wnt target genes which are upregulated
include Cyclin D1 (Tetsu & McCormick, 1999), cMYC (He et al., 1998), c-Jun (Mann
et al., 1999), EphB (Batlle et al., 2002), and Slug (Conacci-Sorrell et al., 2003).
Additionally, the components of Wnt pathway including Axin2 (Jho et al., 2002) and
Dkk1 (Grotewold & Rüther, 2002) are also known Wnt target genes.
It has been known that the phosphorylation site of GSK-3β in β-catenin has been long
conserved from drosophila to humans which comprises of four serine and threonine
residues (S33, S37, T41 and S45). Mutation analysis revealed that serine/threonine
(S/T) residues in β-catenin are mutated predominately in human CRC and other cancer
types accompanied by stabilisation of β-catenin (Ilyas et al., 1997; Lazar et al., 2008).
Interestingly, GSK-3β controls phosphorylation of β-catenin at S33, S37 and T41 but
not S45 suggesting that S45 phosphorylation is regulated by distant ‘S45 kinase’ and
not by GSK-3β (Gerlach et al., 2014; Liu et al., 2002; Stamos & Weis, 2013). Initially,
phosphorylation of β-catenin at T41 is mediated by GSK-3β, which in turn results in
successive phosphorylation at S37 and S33 (Liu et al., 2002).
Mutations in serine and threonine residues (S45, T41, S37 and S33) of β-catenin blocks
phosphorylation resulting in increased stability of cytoplasmic β-catenin. Exon 3 in βcatenin is most common hotspot for activating mutations and leads to the escape of βcatenin from proteosomal degradation (Johnson et al., 2005). Fig. 1 depicts how Wnt
signaling is regulated in the presence of wild and mutant β-catenin in CRC cells.
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Figure 1: Regulation of Wnt signaling in presence of wild and mutant β-catenin.
In the presence of wild type β-catenin, the destruction complex is active and the kinases
phosphorylate β-catenin and target for rapid degradation by the proteasome. However,
when activating mutations occur, β-catenin is no longer phosphorylated resulting in
increased stabilisation of protein. This results in shuttling of β-catenin from the
cytoplasm to the nucleus, binds to TCF and activates the transcription of Wnt target
genes. In cases where cells contain mutant β-catenin, especially when the mutations
reside to residues critical for phosphorylation and degradation, β-catenin is stabilised
and translocates into nucleus. Hence, this results in the constitutive activation of Wnt/βcatenin signaling pathway.
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2.3

EVs activate Wnt signaling pathway

This forms section 2 of Chapter 2 and is presented as a review article published in the
journal Proteomics. Section 3.2 of the review titled ‘Role of EVs in the Wnt signaling
pathway’ was written by the candidate. The candidate also contributed to editing of the
rest of the sections in the manuscript. Additionally, Figure 2 of the review was generated
by the candidate, which was selected as the front cover image of the issue.
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Extracellular vesicles including exosomes are mediators
of signal transduction: Are they protective or
pathogenic?
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Extracellular vesicles (EVs) are signaling organelles that are released by many cell types and is
highly conserved in both prokaryotes and eukaryotes. Based on the mechanism of biogenesis,
these membranous vesicles can be classified as exosomes, shedding microvesicles, and apoptotic blebs. It is becoming clearer that these EVs mediate signal transduction in both autocrine
and paracrine fashion by the transfer of proteins and RNA. While the role of EVs including
exosomes in pathogenesis is well established, very little is known about their function in normal physiological conditions. Recent evidences allude that EVs can mediate both protective and
pathogenic effects depending on the precise state. In this review, we discuss the involvement of
EVs as mediators of signal transduction in neurodegenerative diseases and cancer. In addition,
the role of EVs in mediating Wnt and PI3K signaling pathways is also discussed. Additional
findings on the involvement of EVs in homeostasis and disease progression will promote a
better biological understanding, advance future therapeutic, and diagnostic applications.
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1

Introduction

on the mode of biogenesis and not on the sample or cell type
of origin [4]. In accordance with the consensus and current
knowledge on biogenesis, the EVs could be classified into
three main classes such as exosomes, shedding microvesicles (MVs), and apoptotic blebs. Exosomes are of endocytic
origin and are the smallest among the EVs (40–150 nm in diameter), appear cup-shaped under the electron microscope,
and sediment at a buoyant density of 1.13–1.19 g/mL [5]. They
are released by both normal and disease cells after the fusion
of multivesicular bodies (MVBs) with the plasma membrane
(PM) [6]. Shedding MVs or ectosomes are large vesicles (50–
1000 nm in diameter) that are directly formed from the PM
while apoptotic blebs are released by dying cells [7]. While a
large body of work supports the role of exosomes in signal
transduction, shedding MVs and apoptotic blebs are relatively poorly characterized. For the purpose of this review,
exosomes and MVs will be referred to as EVs from here on.
EVs are mediators of cellular communication and are involved in both normal physiological processes such as lactation, immune response, and neuronal function [8], as well

Ligand–receptor interactions and direct cell-to-cell contacts
have long been considered as the predominant means of intercellular communication. In the last decade, a novel method
of cell-to-cell communication mediated by membranous extracellular vesicles (EVs) has recently emerged [1,2]. While the
EV nomenclature is yet to be standardized [3], recent community efforts have urged researchers to name the vesicles based
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as implicated in pathological conditions such as liver diseases [9], neurodegenerative diseases [10], and cancer [2]. EVs
contain a rich cargo of proteins, lipids, DNA, and RNA that
resemble the cell type of origin. Many studies have highlighted that EVs harbor specific proteins, mRNAs, miRNAs,
and lipids rather than random cellular components [11, 12].
The tissue and cell-type signature contained within EVs and
its availability in bodily fluids such as blood plasma, urine,
and saliva have created significant interests in exploiting EVs
as potential source of disease biomarkers [2]. In addition,
EVs are reported to be very stable in blood plasma and are
considered as reservoirs of disease biomarkers [13]. These
emerging interests have spurred a plethora of EV studies
that employs high-throughput technologies including proteomics, transcriptomics, and lipidomics. This review summarizes the role of EVs in various signaling pathways and also
its involvement in pathological conditions including cancer
and neurodegenerative disorders.

2

Figure 1. EV-mediated signaling in tumor microenvironment.
Cancer cell secreted EVs are known to influence cancer progression. EVs can elicit various signaling pathways inducing proliferation, anchorage-independent growth, and metastasis. EVs can
trigger endothelial cells to promote angiogenesis, apoptosis of
immune cells, and increase the secretion of growth factor from
stromal cells.

Role of EVs in cancer

For tumors to progress, bidirectional crosstalk between different cells occurs within the tumor and its surrounding supporting tissue [14]. A tumor can be considered as a complex
tissue or organ with abnormal cells harboring genetic mutations, typically referred to as tumor or cancer cells, enmeshed
within the surrounding and interwoven stroma, the epithelial
parenchyma, which provides the connective tissue of the tumor. Stromal elements include the extracellular matrix as well
as other cell types that are activated and/or recruited to the
tumor microenvironment such as fibroblasts, immune and
inflammatory cells, fat cells and endothelial cells of the blood,
and lymphatic circulation [15]. Recent literature indicated that
all aspects of cellular tumorigenicity are profoundly influenced by reciprocal interactions between responding normal
cells, their mediators, structural components of the extracellular matrix, and genetically altered neoplastic cells [16, 17].
EVs have recently been recognized as important mediators
of the crosstalk in the tumor microenvironment (Fig. 1). EVs
derived from tumor cells have been shown to have both proand antitumorigenic properties.

2.1.1 Evading apoptosis and sustaining proliferative
signal
EVs can modulate immune-regulatory processes, induce Tcell death, and set up tumor escape mechanisms. Tumor
cells may subvert recognition and killing by cytotoxic T lymphocytes and NK cells through EV membrane shedding of
ligands such as MHC class I polypeptide-related sequence A
(MICA) [19]. Similarly, EV membrane associated TGF␤ aided
tumors to overcome cytotoxic killing by lymphocytes. In addition, TGF␤-containing tumor EVs mediated antiproliferative
effects on blood lymphocytes [20]. Qu et al. demonstrated
that gastric cancer EVs induced degradation of PI3K subunit
(p85) in Jurkat T cells. Simultaneously, the degradation of
PI3K subunit leads to the downregulation of survival signals
contributing to T-cell apoptosis. Specific and reversible proteasome inhibitor PS341 was used to inhibit p85 degradation,
which substantially reduced T-cell apoptosis induced by EVs
[21]. In addition to evading apoptosis, the role of EVs in sustaining proliferative signals in the recipient cells is beginning
to emerge. Overexpression of EGFR has been associated with
a number of cancers, including glioblastoma and lung cancer.
Several studies have employed biochemical and proteomic
techniques and identified both EGFR and EGFRvIII (constitutively active mutated form of receptor) in EVs originating
from brain tumors [22,23]. During the enforced expression of
EGFRvIII in U373 glioma cells, an increase in the secretion of
EVs was observed [23]. EGFRvIII can be transferred via EVs to

2.1 Protumorigenic role of tumor-derived EVs
EVs can promote tumor growth and metastasis through several mechanisms as detailed by the cancer hallmarks [18];
evading apoptosis and resisting cell death, sustaining proliferative signaling, evading growth suppressors, activating
invasion and metastasis, enabling replicative immortality,
and inducing angiogenesis. The protumorigenic role of EVs
is highlighted in the following sections.
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distant cells that lack expression of EGFRvIII with concomitant activation of downstream signaling pathways in those
cells. In addition, ligands such as EGF, TGF␣, and amphiregulin have also been found in EVs from breast and colorectal
cancer cell lines [24]. These ligand-containing EVs can stimulate the recipient cells and induce proliferation. However, it
has to be established whether these ligands are functional in
mediating an effect on target cells both in vitro and in vivo.

hypothesized that mutant KRAS-expressing cells promote
metastatic progression by premetastatic niche preparation.

2.1.3 Inducing angiogenesis
EVs enriched in the tetraspanins CO-029 and TSPAN8 have
been shown to activate endothelial cells and induce several
genes required for angiogenesis [31,32]. Furthermore, Mineo
et al. showed that EVs from K562 chronic myeloid leukemia
cells induced angiogenesis in human umbilical endothelial
cells in a Src-dependent manner [33]. Kim et al. showed that
sphingomyelin is an active component for vesicle-induced
endothelial cell migration, tube formation, and neovascularization [34]. Hegmans et al. analyzed several mesothelioma
cell secreted EVs by MALDI-TOF MS and identified DEL1 in EVs [35]. DEL-1 is structurally homologous to MFGE8
(also known as lactadherin) and is suggested to play a role
in angiogenesis [36]. Though the functional role of mesothelioma EVs in angiogenesis was not tested, the study speculated the role of DEL-1-containing EVs as strong angiogenic
factors that can increase the vascular development in the tumor microenvironment. Similarly, Dll4, a notch ligand that
plays an important role in neovascularization and angiogenesis, is upregulated in endothelial and cancer cells and are
secreted via EVs. Interestingly, the transfer of Dll4 from
tumor cells to host endothelium via EVs enhanced vessel
formation at distant locations [37]. MFGE8 is a major component of EVs from immature DCs, as well as tumor cells.
MFGE8-containing EVs promotes cell survival induced by an
endothelial-specific growth factor, VEGF, and thus induces
angiogenesis [38, 39].

2.1.2 Activating invasion and metastasis
Intercellular contacts formed by dense populations of normal cells operate to suppress proliferation yielding confluent
monolayers. Such contact inhibitions are abolished in cancer cells that show anchorage-independent growth (AIG).
EVs isolated from FBS have been shown to induce AIG
in breast cancer cells [25]. The study identified that EVdepleted FBS was not able to induce AIG confirming the
functional role of EVs. To further profile the protein content of FBS EVs, in-gel digestion coupled with LC-MS/MS
analysis was performed using an LTQ ion trap. EVs free
and enriched fractions were analyzed to identify the proteins
and spectral counting was performed to obtain the relative
abundance of the identified proteins. Even though the role
of EVs in AIG was established, the EV proteins/RNA involved in AIG need to be identified with the use of new
high-resolution MS instrumentation and transcriptomic technologies. In another proteomic study, it was established that
aggressive cancer cells secrete Hsp90␣-containing EVs,
which contribute to their invasiveness. Hsp90␣ was shown
to activate plasmin as well as increase plasmin-dependent
cell motility [26]. Similarly, TGF␤-containing EVs released
by mesothelioma cells triggered sustained changes in the
actin cytoskeleton with increased expression of ␣-smooth
muscle actin, a marker for fibroblast to myofibroblast transition. EV-mediated activation of myofibroblasts may provide
a favorable environment for tumor growth, angiogenesis,
and metastasis [27].
Tumor metastasis can be promoted by a (pre)metastatic
niche formation. EVs that mediate long-distance crosstalk
between a tumor and selected (pre)metastatic organs have
been established to play an important role in niche preparation [28]. CD44v4-containing EVs have been noted to cause
changes in several proteases, growth factors, and adhesion
molecules and create a long-distance metastatic environment
for tumor cells [29]. EV-based transfer of oncogenes from tumor to neighboring cells can induce replicative immortality in
these target cells. EVs isolated from mutant KRAS-expressing
colon cancer cells enhanced the invasiveness of recipient
cells [30]. A label-free proteomic analysis based on spectral
counting revealed a change in protein cargo based on the
KRAS mutational status. Specifically, EVs from mutant KRAS
cells contained many tumor-promoting proteins including
KRAS, EGFR, SRC family kinases, and integrins. The study

2.2 Antitumorigenic role of tumor-derived EVs
Tumor-derived EVs are enriched in tumor-specific antigens
that are expressed in the parental tumor cells such as carcinoembryonic antigen [40] and mesothelin [20]. This property
could be used for tumor EV-based cancer vaccine development and T-cell cross-priming [41]. EVs isolated from patients with melanoma contained Mart1 tumor antigens that
were delivered to DCs for cross-presentation to clones of cytotoxic T lymphocytes specific to Mart1, thereby mounting an
antitumor response [42]. Similarly, tumor-derived EVs have
been used as a source of tumor antigens to pulse DCs resulting in induction of CD8+ T-cell-dependent antitumor effects
in mice [41]. In addition to tumor rejection antigens, EVs
secreted by human pancreatic tumor cells induced (glyco)
protein ligand-independent cell death and inhibited Notch-1
pathway that is particularly active during carcinogenesis and
in cancer stem cells. Interestingly, these EVs were also reported to increase Bax and decrease Bcl-2 expression thereby
triggering the tumor cells toward mitochondrial apoptotic
pathway [43–45].
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3

EVs as regulators of intracellular
signals

associated with poor prognosis [51]. PIK3CA has been shown
to be secreted via EVs from nasopharyngeal carcinoma cells
[52]. The presence of this PI3K catalytic subunit in EVs indicates the possibility of EV-based transfer of the PIK3CA from
malignant cells to other distant cells thereby stimulating proliferation. EVs not only facilitate PI3K/Akt signaling pathway
in cancer cells, it also mediates exchange of membrane (including proteins and lipids) between cells [1].
Recently, active phosphorylated proteins that can mediate PI3K/Akt signaling pathway were also identified in EVs.
Biasutto et al. isolated EVs from retinal pigment epithelial
cells and analyzed them using RP protein arrays to identify
the proteins and phosphoproteins [53]. The study detected
more than 41 phosphoproteins including PDK (S241), mTOR
(S2481), and Akt (T308) in EVs from oxidative stress induced
retinal pigment epithelial cells. Inhibition of tyrosine kinase
using imatinib and dasatinib inhibits EV release from chronic
myeloid leukemia cells [33].While further functional studies
to confirm the activity of the phosphoproteins were limited;
identification of these proteins in EVs in active state highlights the importance of EVs in autocrine/paracrine signaling. Importantly, it also underlines the potential of EVs to
bypass ligand–receptor activation and null chemotherapeutics such as gefitinib and erlotinib, which target malignant
cells.
The chemotherapeutic drugs gefitinib and erlotinib interrupt signaling through EGFR, which can activate several different pathways including PI3K/Akt. EGFR is reported to be
secreted via EVs from bladder cancer, colorectal cancer, pancreatic adenocarcinoma, and brain tumor cells [22, 40, 54, 55].
In addition, the secretion of EGFRvIII through EVs [23] highlights the importance of EVs in regulating PI3K/Akt signaling
in the recipient cells.
Epstein–Barr virus (EBV) latent membrane protein 1
(LMP1) is known to activate several different pathways including PI3K and it also induces the overexpression of EGFR
[56, 57]. Both LMP1 and EGFR were detected in EVs secreted
by EBV-infected cells. These secreted EVs were uptaken by
fibroblasts, endothelial, and epithelial cells simultaneously
activating ERK and PI3K/Akt signaling pathways [52]. Similar observations have been found with EVs derived from primary effusion of lymphomas that were infected with Kaposi
sarcoma-associated virus (KSHV). Quantitative proteomics
analysis was performed on EVs isolated from 11 different Bcell lines either uninfected, EBV or KSHV infected. Analysis
by 2D-DIGE and spectral counting revealed 22 proteins that
were preferentially enriched in KSHV+ EVs. Using Ingenuity
Pathway Analysis software, the authors predicted KHSV+ EVs
could potentially activate MAPK and PI3K signaling pathways
in recipient cells [58]. While, uptake of LMP+ and KSHV+ EVs
could activate PI3K signaling pathway in recipient cells directly, uptake of EVs containing EGFR by endothelial cells increased VEGF secretion. Subsequently, secreted VEGF leads
to activation of PI3K signaling pathway in the neighboring
cells [59]. Taken together, these studies emphasize the role of
EVs in mediating PI3K signaling events in the recipient cells.

Even though recent reports have implicated EVs in intercellular signaling, their influence in modulating signaling
pathways in the target cells is far from being completely
elucidated. Calzolari and colleagues demonstrated that activation of transferrin receptor 2 induces the activation of
ERK1/2 and p38 MAPK pathways supporting the hypothesis
that transferrin receptor may function as a signaling receptor.
MAPK is a key signaling pathway activated in endothelial cells
after the binding of angiogenic factors of EVs [46]. Through
pathogen recognition receptors, such as Toll-like receptors,
and their associated downstream signaling pathways, such
as nuclear factor kappaB (NFB), EV components may also
play a large role in the homeostasis and regulation of the
innate immune response. Body fluid exosomes promote secretion of inflammatory cytokines in monocytic cells via Tolllike receptor signaling through triggering NFB and delaying
STAT3 signaling pathway [47]. In addition to proteins, exosomal lipids are also shown to regulate Notch signaling [43].
Even though multiple pathways are studied, the role of EVs
in PI3K/Akt and Wnt signaling has been extensively studied.
The review will focus on the role of EVs in PI3K/Akt and Wnt
signaling in the following sections.

3.1 Role of EVs in PI3K/Akt pathway
PI3K/Akt signaling pathway is a critical regulator of cell
growth and survival and is implicated in cancer. Somatic
mutations in genes regulating PI3K/Akt pathway may lead
to dysregulated signaling resulting in cancer [48]. Due to its
major role in cancer, multiple drugs targeting PI3K/Akt signaling pathway and their downstream effectors have been
developed [48, 49]. However, the complexity of the pathway
and various mutations in proteins implicated in the pathway
hinder the effectiveness of the drugs. Activation of PI3K/Akt
signaling pathway is controlled by several different protein
receptor families including integrin, cytokine, G-protein coupled receptor (GPCR), and receptor tyrosine kinases [50]. Soluble secreted factors such as insulin, insulin-like growth factor (IGF), epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF),
interleukin-6 (IL-6), leptin, and angiopetin-1 are known to
activate PI3K/Akt signaling. Recent evidences suggest that
EVs play a critical role in signal transduction by mediating
the intercellular transfer of molecules regulating PI3K/Akt
signaling (Fig. 2). Several possible ways as to how EVs mediate PI3K/Akt signaling pathway and its impact on cancer
progression is discussed in the subsequent sections.
The first key step of PI3K/Akt signaling pathway is
the phosphorylation of phosphatidylinositol-3,4-diphosphate
(PIP2 ) by PI3K. PIK3CA, a class I PI3K catalytic subunit,
overexpression is linked with many types of cancer and is
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Figure 2. EV-mediated signaling in recipient cells. Protein
sorting during MVB formation
results in packaging of key
molecules in exosomes. Exosomes bound signaling ligands
once released from host cells interacts with the receptors on the
recipient cells to induce downstream signaling cascades pivotal in the initiation and progression of cancer. This horizontal transfer of proteomic content
of exosomes can mediate signaling pathways including Wnt,
PI3K, and TGF␤ in recipient cells.

In addition to proteomic and transcriptomic studies intended to profile the molecular content of EVs, few functional
studies have also shown that EVs can activate PI3K/Akt signaling pathway in the recipient cells. Qu et al. demonstrated
that gastric cancer derived EVs can increase pAkt and proliferation of the recipient cells in a dose-dependent manner. Inhibition of PI3K/Akt using LY294002 showed partial decrease
in EVs induced cell proliferation and pAkt levels [60]. This
partial inhibition indicates that EVs could mediate PI3K/Akt
signaling in two ways: through membrane binding ligands
that are inhibited by the LY294002 and through the activated
phosphorylated proteins (e.g., pAkt). EVs from mesenchymal
stem cells can enhance myocardial viability after reperfusion
injury. It has been shown that injection of purified EVs prior
to reperfusion increased the level of pAkt, which subsequently
activates prosurvival signaling in injured cells [61].

association with human neoplasms. However, the process
of Wnt trafficking between cells remained elusive. As Wnt
proteins are insoluble due to their hydrophobic nature, carrier mechanisms that facilitate their export from endoplasmic reticulum to the cell surface are required. One of the
proposed mechanisms of intercellular Wnt signaling involves
EVs, which act as couriers carrying Wnt ligands or oncogenes
from malignant to nonmalignant target cells. These EVs can
ultimately lead to Wnt-driven cancers in the surrounding
cells. However, the key mechanism of Wnt secretion by EVs
remains unclear. EVs sequester Wnt ligands including Wnt
activators and inhibitors. EVs carrying Wnt activators including Wnt3a and Wnt5a have been shown to stimulate Wnt
signaling in the recipient cells, however the effect of Wnt
inhibitors containing EVs needs to be explored upon interaction with target cells [63, 64]. A key question is how these two
mechanisms are coordinated and balanced in the context of
the recipient cells.
In 2009, Korkut et al. demonstrated that both Evi and
Wingless (Wnt1 homolog in Homo sapiens) were secreted together in EVs [65]. This Wingless secretion and transmission
was investigated at the Drosophila larval neuromuscular junction and Evi was found to be essential for its secretion and
trafficking from the cell body to presynaptic vesicles. This

3.2 Role of EVs in Wnt signaling pathway
Wnt signaling has gained enormous attention due to its role
in embryonic development, cell migration, and misregulation during cancer development [62]. Wnt pathway components are of main focus in cancer research owing to their
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was the first demonstration of EV-based transfer of Wingless
between cells establishing a novel mechanism potentially in
the form of EVs for trans-synaptic communication. The study
raised several questions whether Evi has a role in Wnt endocytosis or formation of EVs or both [65]. Follow-up studies
using RNA silencing assays demonstrated that the release of
Evi-containing EVs can be blocked by depleting Rab11, syntaxin 1A, and myosin 5B in S2 cells. Rab11, syntaxin 1A,
and myosin 5B were also required for release of Evicontaining EVs in vivo at neuromuscular junction in nervous
system [66].
The mechanism of Wnt secretion through EVs was not
only in Drosophila but also conserved in human cells. EVs
were shown to carry Wnt ligands on their surfaces and were
reported to induce Wnt signaling activity in the recipient cells
[67]. The EV ride of Wnt molecules has also been demonstrated in yet another study that visualized Wnt3a trafficking
to MVB in mouse L cells using fluorescence imaging. A pool
of palmitoylated Wnt3a was detected in sections that were
positive for EV markers CD63, CD81, and CD9. This specific
targeting to the EVs implies that after Wnt3a is shuttled to
the PM, they are subsequently secreted via EVs [68].
In addition to EV-mediated Wnt signaling, few studies also
explored the role of Wnt ligands in EV secretion. Wnt3a after
been internalized has been shown to stimulate the release of
EVs from rat primary microglia by activating Wnt ␤-catenin
signaling pathway. Primary rat microglia cells were treated
with Wnt3a and EVs were collected from the culture medium.
The proteomic profile of EVs derived from Wnt3a-treated
microglia was characterized using LC-MS/MS followed by
database searching. The proteomic results confirmed the
presence of Wnt3a in microglia-derived EVs following Wnt3a
treatment. The authors suggested that the Wnt3a-induced EV
secretion could possibly act as a clearance method to get rid
of the undesirable proteins from the microglia [69].
Transitions of cell states either to side population cells or
nonside population cells in large B-cell lymphoma through
Wnt signaling are also facilitated by EVs. The side population
cells showed increased expression of Wnt3a and considerably
higher percentage of cellular ␤-catenin compared to nonside
population SP cells from OCI Ly3 lymphoma cells. The culture supernatant from OCI Ly3 cells contained EVs that were
enriched in Wnt3a and immunogold staining revealed the
presence of this ligand at the limiting membrane. Furthermore, luciferase assay showed that EVs purified from OCI Ly3
cells stimulated Wnt activity in recipient cells. Overall, these
results suggest that in the tumor microenvironment EVs may
mediate the transfer of Wnt signaling molecules and switch
the clonogenic states between cells by the regulation of Wnt
signaling [64].
Ratajczak et al. showed that, EVs derived from murine
embryonic cells D3 are highly enriched in Wnt3a surface expressed ligand as compared to parental cells, which serves
as an expansion model for murine hematopoietic progenitor
cells [70]. Recently, the role of cancer-associated fibroblasts
in influencing tumor progression has gained much atten-

tion. EVs secreted by cancer-associated fibroblasts are shown
to carry Wnt components and induce Wnt signaling in distant sites. CD81-positive EVs released from L-fibroblast cells
stimulate Wnt/planar cell polarity signaling in breast cancer
cells including MDA-MB-2331 and SUM-159PT to increase
invasiveness [71–73]. These intriguing findings demonstrate
the active role of EVs in facilitating stromal cells to promote
metastasis. Noncanonical Wnt5a has also been noted to act
as a signal to facilitate macrophage-stimulated invasion in
vivo and activation of ␤-catenin-independent Wnt signaling
in breast cancer cells [63]. EVs derived from breast cancer
cells were shown to carry Wnt5a, which was shuttled to the
macrophages thus activating macrophage-induced invasiveness of the MCF-7 cells [74].
Taelman et al. reported the components of MVB that are
important for the formation of EVs are also crucial for Wnt
signaling pathway [62]. Fluorescence microscopy revealed
that Wnt signaling relocated GSK3 from the cytoplasm into
the lumen of MVB positive for Rab7 thereby removing GSK3
away from its cytoplasmic substrates. This might be a possible mechanism to inhibit GSK3 from phosphorylating ␤catenin in the cytoplasm during Wnt activation. Additionally,
depleting Vps27 and Vps4 (proteins involved in the formation of intraluminal vesicles) blocked Wnt activity suggesting
that these two proteins are required for Wnt signal transduction pathway. This study shows that sequestration of GSK3
in MVBs links with the requirement for endocytosis during
Wnt signaling. Together, these data clearly point the role of
MVB in Wnt signaling events. Further research is needed
to investigate whether blockage of MVB maturation reverses
GSK3 release to the cytoplasm.

4

Role of neuronal EVs in the CNS

Functioning of the brain relies on intercellular communication between neural cells. Release of EVs from a variety of
different neuronal cells has been described recently [75–78].
These EVs can be taken up by other neurons suggesting a
novel way for interneuronal communication. In addition to
its physiological function in interneuronal communication,
EVs may also be involved in the pathogenesis of neurological
diseases. They are implicated in the spread of toxic proteins
within the nervous system in a number of neurodegenerative
diseases, including Parkinson’s disease, amyotrophic lateral
sclerosis (ALS), Prion diseases, Alzheimer’s disease (AD),
and tauopathies [79].
4.1 Role of EVs in the normal nervous system
It has been demonstrated, using primary cortical cultures,
that neurons and astrocytes can secrete EVs [75]. These
cortical neuron-derived EVs were shown to contain
␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA receptor) glycophosphatidylinositol (GPI) anchored prion protein (PrP), and the cell adhesion molecule
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L1CAM (expressed only by neurons in the CNS) [75, 80].
The long-term depolarization of neurons with treatment
(25 mM potassium) strongly increased the release of AMPAR-containing EVs, suggesting that EVs may have a regulatory
function at synapses and could also mediate the intercellular
exchange of membrane proteins within the brain [75].
Lachenal et al. speculated that calcium is a potent activator
of MVB fusion to the PM thereby increasing the secretion
of EVs at least in neurons. The study also hypothesized that
the enhanced secretion of AMPA-R-containing EVs following
glutamatergic synaptic activation is a way of local elimination
of receptors at synapses undergoing plastic changes [81]. This
loss of AMPA receptors upon extensive synaptic activation
could be a mechanism of homeostatic synaptic downscaling
[82]. Taken together, these observations of EV secretion regulated by synaptic activity, demonstrates their function in the
physiological conditions.

4.2 Role of EVs in the pathological nervous system
Figure 3. Neuronal EV-mediated release of proteins implicated
in neurodegenerative diseases. EVs released from infected neurons carry disease-associated proteins; PrPSc , ␣-synuclein, A␤,
tau, SOD1, and possibly including ␣-synuclein and A␤ aggregates. Exosomal release and transfer to surrounding neuronal
cells may facilitate in neurodegenerative disease progression.

4.2.1 Parkinson’s disease
The protein ␣-synuclein is a mediator of neurodegeneration
in Parkinson’s disease and its aggregation plays a central
role in the pathology [83]. MS-based proteomic studies and
immunoblotting has revealed that ␣-synuclein-expressing
cells secrete ␣-synuclein both extracellularly and in association with EVs. Interestingly, cell culture medium from
␣-synuclein-expressing cells induced apoptosis and were toxic
to neuroblastoma SH-5YSY cells and primary cortical neurons. Therefore, the EV pathway has been identified to play
a potential role in delivering ␣-synuclein to healthy cells
thereby transferring the pathogenic effects associated with
this protein [83]. Following on from these findings, AlvarezErviti et al. were able to confirm EVs released by ␣-synucleinoverexpressing SH-5YSY cells that transfer ␣-synuclein to
wild-type SH-5YSY cells [84, 85]. Sonication of EVs prior
to incubation with target cells prevented the transfer of ␣synuclein highlighting the importance of intact EVs for the
mechanism of transfer [85]. Moreover, the assay also confirmed that the EVs are the primary regulators of this transfer.
Recent evidence suggests that increased expression of
P-type ATPase ion pump, PARK9/ATP13A2 suppresses
␣-synuclein toxicity in primary neurons [86]. Increased
ATP13A2 levels positively correlated with decreased levels of intracellular ␣-synuclein and increased ␣-synucleincontaining EVs secretion. Further to validate the relevance of
ATP13A2, the investigators performed ATP13A2 knockdown,
which reduced EV ␣-synuclein release in HEK293 cells. Interestingly, the overexpression of ATP13A2 also correlated
with increased Hsp70 levels in EVs. Hsp70 has previously
been shown to be associated with externalized ␣-synuclein
and protect against in vitro toxicity and in vivo ␣-synuclein
aggregates [87]. While several studies suggested that EVs
play a role in the transfer of pathogenic proteins between

neighboring cells involved in neurodegeneration [83, 85],
Kong et al. suggested a contradictory role wherein EVs relieves the neurodegenerative disease burden in surviving DA
neurons with elevated ATP13A2 levels [86].

4.2.2 Amyotrophic lateral sclerosis
A familial form of the neurodegenerative disease ALS is
caused by dominant mutations in the cytosolic SOD1 [88].
Extracellular mutant SOD1 has been shown to trigger microgliosis and death of motor neurons in culture. Yet, the
mechanism of SOD1 secretion and transfer between cells during ALS remains elusive. One of the potential mechanisms
of the endogenous mouse SOD1 secretion is via EVs. Conditioned media from WT or mutant SOD1-expressing NSC-34
cells revealed the presence of both forms of SOD1 in the EV
fractions [88]. Grad and colleagues further characterized the
transmission of SOD1 from NSC-34 cells transfected with
WT or mutant SOD1 [89]. Interestingly, immunoelectron microscopy revealed that approximately 80–90% of misfolded
SOD1 was associated with exosomes derived from NSC-34
cells stably expressing the WT or mutant SOD1 variants. In
addition to the misfolded SOD1, both WT and mutant SOD1
were exported from the cells via EVs [89]. While the knowledge on the transport of other proteins implicated in ALS via
EVs is limited, the transfer of misfolded SOD1 emphasizes
the critical involvement of EVs in ALS (Fig. 3).
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cal conditions and may have a central role in tissue/organ
homeostasis. For instance, EVs have been implicated indirectly to have a role in cellular senescence. Hayflick and colleague’s identified cellular senescence about 5 decades ago,
which lead to the hypotheses that cellular senescence may
be either beneficial or detrimental to the cells and/or surrounding cells or both [95]. It has been previously shown that
cells in senescence secrete a wide variety of soluble factors
and also the release of EVs known as senescence-associated
secretory phenotype [96, 97]. Lehman and colleague’s also
identified approximately a threefold increase in EV release
in irradiation-induced senescence in the prostate cancer cells
22Rv1 and a >15-fold increase from normal human dermal
fibroblasts (NHDF) once it reached a natural state of replicative senescence [96]. In agreement, Arscott and colleagues
also identified an increased release of EVs from irradiated
glioma and nonglioma cell lines compared to nonirradiated
controls [98]. The study also showed that radiation-derived
EVs from U87MG cells significantly enhanced cell migration in vitro compared to nonirradiated-derived EVs. Taken
together, EVs may have a significant undiscovered role in
the normal physiological conditions. The release of EVs as
previously discussed in cancer, neurodegenerative, or other
diseases alludes to a biological function. Whether it is a protective or pathogenic signal remains elusive. In a protective
role, the cells may get rid of pathogenic or oncogenic proteins/RNA through EVs so as to minimize the damage within
[99]. Alternatively, the EVs could be used as amplifiers to
spread pathogenic molecules between cells. Even though EVmediated signaling remains a gray area, it can be concluded
that the exact role of EVs will depend on the precise conditions
and functional state. May be the role of senescence-secreted
EVs may be a mixed blessing in disease progression.

4.2.3 Prion diseases
EV pathway is exploited for the intercellular transfer of
PrPs, the infectious particle responsible for the transmissible
neurodegenerative diseases such as Creutzfeldt–Jakob disease and Gerstmann–Straüssler–Scheinker Syndrome of humans or bovine spongiform encephalopathy of cattle. The
normal PrP, PrPC is expressed in all tissues of the human
body, with the highest levels of expression observed in tissues
of the CNS and brain. Both PrPC and its abnormal form PrP
scrapie (PrPSc) have been isolated in association with EVs,
and PrPSc-containing EVs were infectious in both animal and
cell bioassays [90]. Following on from these findings, Vella
et al. were also able to demonstrate the EV-based transfer of
pathogenic PrPSc to cells from the same or different cellular
origin both in vitro and in vivo. Tga20 mice (overexpressing
mouse PrPC in CNS) treated with cell lysates or EVs derived from PrPSc-infected cells showed symptoms associated
with prion infectivity [10]. In a similar study, neuroblastoma
N2a cells were noted to release PrPs predominantly via EVs
[91]. Taken together, there are strong evidences suggesting
that the dissemination of PrPs is mediated by EV transfer to
neighboring cells.
4.2.4 Alzheimer’s disease
EV proteins have been noted to be enriched in amyloid
plaques from the postmortem brains of AD patients suggesting a potential role for EVs in the pathogenesis of AD
[92]. In AD, cleavage of amyloid precursor protein (APP)
by the enzyme ␤-secretase occurs in a subset of endosomes
and a fraction of the A␤ protein is released out of the cells
through EVs [92, 93]. CHO-APP695 cells released full-length
APP and several distinct proteolytically cleaved products of
APP, including A␤ through EVs. These fragments could be
modulated using inhibitors of the proteases (e.g., ␥-secretase
inhibition using L685458) involved in APP cleavage. Therefore, it has been suggested that EVs may potentially be a
site of APP processing [93]. Extracellular accumulation of tau
protein is another pathological hallmark of AD. In a recent
MS-based proteomics study, M1C cells have been found to
selectively secrete phosphorylated tau via EVs [94]. The study
utilized MS to identify prominent peaks in EVs that were
specific for tau phosphoepitopes associated with AD. Interestingly, quantitative comparisons between peaks identified
in EV fractions and cell lysate samples showed enrichment
for the phosphorylated sites in the proline-rich domain of tau
in EV fractions.

5

6

Conclusions

There is an explosion of interest in the functional studies as
well as applications of EVs especially in the last decade. Even
though the importance of EVs in distant cell communication
is recognized, its complex role in physiological and pathological conditions is yet to unwind. Additionally, there are many
issues in the EV field, which need to be dealt with in order to
harness its true potential. The different terminologies used to
name EVs need to be standardized and a general consensus
agreed upon. In addition, very little is known about the role
of EVs in homeostasis. In addition, functional studies conducted so far have demonstrated the role of EVs in vitro using
varying amount of exosomes and the physiological concentration remains elusive. Hence, in the physiological context, the
stoichiometry of EVs needs to be understood in order to completely understand the mechanism of EV-based functional
response.

Are EVs protective or pathogenic?

While the role of EVs in pathological conditions is well established in many instances, studies aimed at underpinning
the physiological role of EVs are limited and warrants further research. EVs are constitutively secreted in physiologi-
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Chapter 3: Vesiclepedia: A compendium for extracellular
vesicles with continuous community annotation
This chapter is presented as a manuscript which was published in PLoS Biol (Kalra et
al., 2012).

This research article describes Vesiclepedia, a manually curated compendium of
molecular data consisting of lipids, proteins and RNA identified in different subsets of
EVs. More than 50% of the databases are not updated regularly or becomes inactive
after a period of time. The rationale for developing Vesiclepedia was to initiate a
continuous community annotation thereby allowing for data deposition through the
community.

Vesiclepedia is an extended version of exosomes only database ExoCarta and lists data
from all types of EVs (Simpson RJ, Kalra H, Mathivanan S (2012).

The candidate did manual annotation of the EV articles and catalogued them in
Vesiclepedia. All other authors except the candidate, Richard Simpson, Hong Ji and
Suresh Mathivanan were sorted alphabetically by the last name for participating in the
community annotation effort.
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Abstract: Extracellular vesicles
(EVs) are membraneous vesicles
released by a variety of cells into
their microenvironment. Recent
studies have elucidated the role of
EVs in intercellular communication,
pathogenesis, drug, vaccine and
gene-vector delivery, and as possible reservoirs of biomarkers. These
findings have generated immense
interest, along with an exponential
increase in molecular data pertaining to EVs. Here, we describe
Vesiclepedia, a manually curated
compendium of molecular data
(lipid, RNA, and protein) identified
in different classes of EVs from
more than 300 independent studies published over the past several
years. Even though databases are
indispensable resources for the
scientific community, recent studies have shown that more than
50% of the databases are not
regularly updated. In addition,
more than 20% of the database
links are inactive. To prevent such
database and link decay, we have
initiated a continuous community
annotation project with the active
involvement of EV researchers. The
EV research community can set a
gold standard in data sharing
with Vesiclepedia, which could
evolve as a primary resource for
the field.

Introduction
A growing body of research has implicated extracellular vesicles (EVs), membraneous sacs released by a variety of cells,
in diverse physiological and patho-physiological conditions [1–9]. They can be
detected in body fluids including blood
plasma, urine, saliva, amniotic fluid, breast
milk, and pleural ascites [10–13], and
contain proteins, lipids, and RNA representative of the host cell [14–18]. Though
a definitive categorization is yet to be
achieved [19], EVs can be broadly classified into three main classes, based on the
mode of biogenesis: (i) ectosomes (also
referred to as shedding microvesicles), (ii)
exosomes, and (iii) apoptotic bodies (ABs)
(see Box 1).
Recent studies have highlighted the role
of EVs in intercellular communication
[20–22], vaccine and drug delivery [23–
25], and suggested a potential role in gene

vector therapy [26] and as disease biomarkers [27]. More than three decades of
research has advanced our basic understanding of these extracellular organelles
and has generated large amounts of
multidimensional data [14,17]. Whilst
most of the data are presented in the
context of the biological findings/technical development and are mentioned in the
inline text of the published article, a vast
majority are often placed as supplementary information or not provided [28,29].
Importantly, none of the molecular data
in published articles is easily searchable
[28]. With the immense interest in EVs
and advances in high-throughput techniques, the data explosion will only
increase. An online compendium of
heterogeneous data will help the biomedical community to exploit the publicly
available datasets and accelerate biological discovery [30].

ExoCarta and Need for an EV
Database
Existing databases are not comprehensive. For example, ExoCarta (http://www.
exocarta.org), a database for molecular
data (proteins, RNA, and lipids) identified
in exosomes, catalogs only exosomal
studies (as reported by the authors) [31].
Described initially in 2009 [32], the
database has been visited by more than
16,000 unique users [33]. However, only
exosomal studies (as reported by the
authors) are catalogued in ExoCarta. With
the confusion in terminologies and inefficiency of the purification protocols to
clearly segregate each class of EVs
[1,19], it is critical to build a repository
with data from all classes of EVs to
understand more about the molecular
repertoire of the various classes of EVs
and their biological functions. This was
the rationale for starting the Vesiclepedia
online compendium for EVs.

Vesiclepedia
Vesiclepedia (http://www.microvesicles.
org) is a manually curated compendium
that contains molecular data identified in
all classes of EVs, including AB, exosomes,
large dense core vesicles, microparticles,
and shedding microvesicles. The main
criterion for manual curation was the
presence of these vesicles in the extracellular microenvironment (EVs) as approved
by the investigators who undertook the
research. At this juncture, the EVs are
named as per the curated article or
submitting author, as the nomenclature is
yet to be standardized [19]. Vesiclepedia
was built using ZOPE, an open source
content management system. Python a
portable, interpreted, object oriented programming language was used in the threetier system to connect the web interface
with a MySQL database. Users can query
or browse through proteins, lipids, and
RNA molecules identified in EVs. Selecting
a gene of interest directs the user to a gene/
molecule page with information on the
gene, its external references to other
primary databases, experiment description
of the study that identified the molecule,
gene ontology based annotations, proteinprotein interactions, and a graphical display of such network with relevance to
molecules identified in EVs. Gene ontology
annotations of molecular functions, biological process, and subcellular localization
were retrieved from Entrez Gene [34] and
mapped onto the proteins/mRNA identified in EVs. Under the experiment description, the sample source including the tissue
name or cell line name, EV isolation
procedures, and floatation gradient density
as reported in the study are provided to the
users. EV proteins are mapped onto their
protein physical interactors along with the
protein interaction identification method
and PubMed identifier. Protein-protein
interaction data was obtained from HPRD

Citation: Kalra H, Simpson RJ, Ji H, Aikawa E, Altevogt P, et al. (2012) Vesiclepedia: A Compendium for
Extracellular Vesicles with Continuous Community Annotation. PLoS Biol 10(12): e1001450. doi:10.1371/
journal.pbio.1001450
Published December 18, 2012
Copyright: ß 2012 Kalra et al. This is an open-access article distributed under the terms of the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
provided the original author and source are credited.
Funding: This work was supported by a NH&MRC fellowship (1016599) and LIMS fellowship to SM. Part of tool
development for data upload into Vesiclepedia was funded by the eResearch Office at La Trobe University with
programming support from the Victorian eResearch Strategic Initiative (VeRSI). The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.
Competing Interests: The authors have declared that no competing interests exist.

The Community Page is a forum for organizations
and societies to highlight their efforts to enhance
the dissemination and value of scientific knowledge.

Abbreviations: AB, apoptotic body; EV, extracellular vesicle
* E-mail: S.Mathivanan@latrobe.edu.au
"Only these authors are not listed alphabetically by their last name.

PLOS Biology | www.plosbiology.org

December 2012 | Volume 10 | Issue 12 | e1001450

62

Chapter 3: Vesiclepedia : A compendium for extracellular vesicles
Box 1. Categories of EVs Based on the Mode of Biogenesis

Table 1. Vesiclepedia statistics.

Ectosomes or shedding microvesicles: Ectosomes are large EVs ranging
between 50–1,000 nm in diameter [1]. They are shed from cells by outward
protrusion (or budding) of a plasma membrane (PM) followed by fission of their
membrane stalk [3,5]. Ectosomes are released by a variety of cells including
tumour cells, polymorphonuclear leucocytes, and aging erythrocytes [5]. The
expression of phosphatidylserine (PS) on the membrane surface has been shown
to be one of the characteristic features of ectosomes [1,5].
Exosomes: Exosomes are small membranous vesicles of endocytic origin ranging
from 40–100 nm in diameter [1,42]. The density of exosomes varies from 1.10–
1.21 g/ml and the commonly found markers of exosomes are Alix, TSG101,
tetraspanins, and heat shock proteins [10]. The biogenesis of exosomes begins
with the internalisation of molecules via endocytosis [42]. Once internalised,
endocytosed molecules are either recycled to the PM or trafficked to
multivesicular bodies (MVBs) [3]. The ‘‘exocytic’’ fate of MVBs results in their
exocytic fusion with the PM, resulting in the release of intraluminal vesicles into
the extracellular microenvironment as exosomes [43].
Apoptotic bodies: ABs are released from fragmented apoptotic cells and are
50–5,000 nm in diameter [1]. ABs are formed about during the process of
programmed cell death or apoptosis, and represent the fragments of dying cells
[3]. Similar to ectosomes, the expression of PS on the membrane surface has been
shown to be a key characteristic of ABs [1,5].

[35,36], BioGRID [37], and Human Proteinpedia [38].

Database Issues and
Community Annotation
Though biological databases are indispensable resources for effective scientific
research, it has to be noted that more than
20% of the database links are non-existent
after their initial publication [39–41].
More than 50% of the databases are never
updated reducing their usability [39],
primarily due to the lack of continuous
funding to maintain and update these
resources. At this juncture, funding for
databases is largely non-existent in many
parts of the world. To overcome fundingrelated limitations and to keep the database updated, it is essential to involve the
scientific community in annotating the
data. Community annotation will significantly ease the burden of the curators who
maintain and update the databases. Whilst
community annotation is the permanent
solution to keep the database updated, it
seldom happens without a clear and
transparent mechanism. In addition, the
system has to ensure continuous deposition of data and ‘‘not just once’’ uploads. It
has to be noted that data annotation can
be regulated at two levels: (i) principal
investigators voluntarily contributing data
and (ii) peer-reviewed journals mandating
data deposition before publication. Currently available community annotation
tools don’t have a continuous data deposition arrangement with an investigator.
Additionally, only few journals mandate

the deposition of data to public repositories before acceptance of a manuscript. To
this end, we have initiated a community
annotation project through Vesiclepedia
that involves members of the EV research
community (53 laboratories from 20
countries: Table 1).
Community annotation via Vesiclepedia happens through the founding members who agree to the conditions listed in
Box 2. All of the members are listed in the
credits page (http://www.microvesicles.
org/credits).
On the basis of the agreement of
community participation, members will
submit their data automatically to Vesiclepedia before or after publication
(Figure 1). Non-members submitting their
research findings for peer-review through
international journals might find the
Vesiclepedia members as referees who will
request/mandate the authors to submit
the data to Vesiclepedia. By instituting this
mechanism the datasets will be continuously deposited to Vesiclepedia. However,
a non-member can also be appointed as a

Statistics

n

EV studies

341

Protein entries

35,264

mRNA entries

18,718

miRNA entries

1,772

Lipid molecules

342

Participating laboratories

53

Countries

20

doi:10.1371/journal.pbio.1001450.t001

referee in which case the data might not
be submitted to Vesiclepedia. The Vesiclepedia-data capture team will work
along with the researchers to make the
data submission as easy as possible.
Detailed information on the format of
data required for submission is provided in
the Vesiclepedia webpage (http://www.
microvesicles.org/data_submission). Currently, Vesiclepedia comprises 35,264
protein, 18,718 mRNA, 1,772 miRNA,
and 342 lipid entries (Table 1). All of these
data were obtained from 341 independent
studies that were published over the past
several years.

Conclusions and Future
Directions
ExoCarta will be active even after the
release of Vesiclepedia and will become a
primary resource for high-quality exosomal datasets. Data deposited to ExoCarta
can also be accessed through Vesiclepedia;
however, only high quality exosomal
datasets deposited to Vesiclepedia can be
accessed through ExoCarta. With the
launch of Vesiclepedia, we expect to have
an organised data deposition mechanism.
We expect active participation from the
EV research community, along with the
addition of new members and numerous
heterogeneous datasets. All datasets submitted by EV researchers will be listed in
the credits page along with the investigator
details.

Box 2. Conditions to Become a Member of Vesiclepedia
Community Annotation
1, Agree to submit datasets pertaining to EVs to Vesiclepedia before or after
publication on a continuous basis
2, When reviewing articles, mandate/request investigators to submit datasets on
EVs to Vesiclepedia
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Figure 1. A schematic of Vesiclepedia community annotation. Based on the agreement of community participation, members will submit
their data automatically to Vesiclepedia before and after publication. Non-members submitting their research findings for peer-review through
international journals might find some of the Vesiclepedia members as referees who will request/mandate the authors to submit the data to
Vesiclepedia. Alternatively, a non-member can also be appointed as a referee in which case the data might not be submitted to Vesiclepedia. A nonmember can also submit data directly to Vesiclepedia.
doi:10.1371/journal.pbio.1001450.g001
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Chapter 4: A comparative proteomics evaluation of plasma
exosome isolation techniques and assessment of the stability
of exosomes in normal human blood plasma
This chapter is presented as a manuscript which was published in Proteomics in 2013
(Kalra et al., 2013).

Exosomes are nanovesicles released by variety of cells and are detected in body fluids
including blood. Recent studies have highlighted the immense application of exosomes
as drug delivery vehicles and as reservoirs of disease biomarkers. However, exosome
isolation protocol from plasma needs to be optimised and there is an urgent need to
assess the stability of exosomes in blood plasma. Therefore, a comparative evaluation
of exosome isolation techniques was performed using normal human plasma.
Additionally, the stability of exosomes in plasma was assessed over 90 days under
various storage conditions.
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Exosomes are nanovesicles released by a variety of cells and are detected in body fluids including blood. Recent studies have highlighted the critical application of exosomes as personalized
targeted drug delivery vehicles and as reservoirs of disease biomarkers. While these research
applications have created significant interest and can be translated into practice, the stability
of exosomes needs to be assessed and exosome isolation protocols from blood plasma need to
be optimized. To optimize methods to isolate exosomes from blood plasma, we performed a
comparative evaluation of three exosome isolation techniques (differential centrifugation coupled with ultracentrifugation, epithelial cell adhesion molecule immunoaffinity pull-down, and
OptiPrepTM density gradient separation) using normal human plasma. Based on MS, Western
blotting and microscopy results, we found that the OptiPrepTM density gradient method was
superior in isolating pure exosomal populations, devoid of highly abundant plasma proteins.
In addition, we assessed the stability of exosomes in plasma over 90 days under various storage conditions. Western blotting analysis using the exosomal marker, TSG101, revealed that
exosomes are stable for 90 days. Interestingly, in the context of cellular uptake, the isolated
exosomes were able to fuse with target cells revealing that they were indeed biologically active.
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1

Introduction

Exosomes are membranous vesicles of 40–100 nm in diameter, released by many cell types during physiological
and pathological conditions [1–4]. Exosomes harbor proteins,
RNA, and lipids representing a subproteome of the cell of
origin [1, 3, 5] and are also identified in various biological fluids including blood, urine, amniotic fluid, saliva, malignant
ascites, synovial fluid, and breast milk [5–9]. While exosomes
are implicated in a variety of biological functions including
intercellular communication, recent studies have highlighted
important applications of exosomes as a source of disease
biomarkers [10–12] and as drug delivery vehicles [5, 13, 14].
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A recent study by Shao et al. [15] showed that the circulating
microvesicles from the blood of glioblastoma patients can be
detected and profiled using microfluidic chip systems. Similarly, in melanoma patients, the increased amount of CD63positive plasma exosomes correlated with an increase in
tumor size [16]. These recent observations strengthen the
argument that circulating exosomes in blood can potentially
be utilized as measurable indicators of disease conditions
[5, 12, 17]. The recent finding that exosomes can cross the
blood–brain barrier and be used as targeted drug delivery vehicles has gained significant attention as exosomes have low
immunogenicity compared with liposomes and virus-based
drug delivery systems [13, 14]. Moreover, exosome-based delivery of curcumin through physical entrapment is shown to
increase the stability, solubility, and anti-inflammatory activity of curcumin [18].
Given the importance of exosomes as reservoirs of disease
biomarkers and as personalized targeted drug delivery vehicles, two persistent issues need to be addressed. The first
one relates to a lack of information on the stability of exosomes in bodily fluids, including blood plasma, and the
second one is the need to optimize the methods to isolate exosomes from blood plasma for biomarker discovery and for
exploiting exosomes as personalized drug delivery vehicles.
Patient blood samples are stored over long time periods in
biorepositories and the stability of exosomes in these stored
samples is of paramount importance for biomarker studies.
In order to exploit exosomes effectively, their stability at various temperatures needs to be assessed. In addition, designing
exosome-based drug delivery systems would need a better understanding of the stability of exosomes in biological fluids,
including blood plasma, over a period of time.
Plasma is a highly complex and viscous fluid with a protein concentration of 60–80 mg/mL. Due to the complexity
of plasma, detection and analysis of proteins in the range
of pg/mL–g/mL becomes technically challenging [19]. For
functional and biomarker analysis, it is essential to obtain
a pure population of exosomes [20]. While different methods are employed to isolate and purify exosomes, the most
commonly used method in various laboratories is differential centrifugation coupled with ultracentrifugation (UC) [21].
However, this method is considered to be crude when compared with other purification techniques, as contaminants
such as protein complexes and co-sedimenting vesicles pellet
along with exosomes [20]. In addition to UC, a few studies have also employed affinity purification using exosomal
membrane antigens [22], and density gradient (DG) centrifugation (sucrose and OptiPrepTM ) that allows the separation of
vesicles based on their buoyant densities [23]. Even though
several protocols are employed to isolate exosomes, there
is a lack of consensus between laboratories in relation to
the isolation technique. The viscosity and highly abundant
proteins in plasma create significant obstacles in isolating
pure exosomes [24, 25]. In addition, few studies have used a
large volume (200–300 mL) of normal plasma to isolate exosomes [9, 26] as the availability of plasma from individual

patients is limited to a few milliliters. Hence, it is essential
to devise a protocol that allows the purification of exosomes
from a small volume of plasma, for biomarker discovery.
In this study, we have evaluated the commonly used exosome isolation methods from 1 mL of normal human blood
plasma and assessed the stability of exosomes in plasma
stored under different conditions over various time points.

2

Materials and methods

2.1 Blood plasma
Fresh frozen normal human blood plasma was obtained as
pooled (n = 5) and individual samples from the Australian
Red Cross Blood Service, Melbourne, Australia, according to
the standard operating procedures. Briefly, whole blood was
collected from healthy donors (all donors provided written
consent for blood donation as part of Australian Red Cross
Blood Service ethics) and plasma was separated by centrifugation at 4200 × g for 10 min at 22⬚C. The research undertaken
was approved by La Trobe University Ethics Committee, Victoria, Australia (HEC12-068).

2.2 Isolation of exosomes by differential
centrifugation and UC
Isolation of exosomes by differential centrifugation and UC
was performed as described previously [27] with modifications. Briefly, normal human blood plasma (5 mL) was
diluted with 30 mL PBS and differentially centrifuged at
500 × g for 30 min and 2000 × g for 20 min at 4⬚C to eliminate cell debris, followed by UC at 100 000 × g for 1 h at
4⬚C. The resulting pellet was washed in 10 mL PBS and filR
60 filter unit fitted with a 0.1 m
tered through a VacuCap
R
polyethersulfone membrane (Pall Life Sciences). The
Supor
filtrate was then ultracentrifuged at 100 000 × g for 1 h
at 4⬚C. The resulting exosomal pellet was resuspended in
200 L PBS and stored at −80⬚C.

2.3 Isolation of exosomes using the EI (EpCAM
immunoaffinity pull down) method
Exosomes from blood plasma were isolated using antiR
, Miltenyi Biotec) as
EpCAM-coupled microbeads (MACS
described previously [17, 20, 28] with modifications. Briefly,
5 mL of plasma diluted with 30 mL PBS was centrifuged
at 500 × g for 30 min followed by 2000 × g for 20 min
at 4⬚C. The supernatant was filtered through a 0.1 m
R
polyethersulfone membrane and the filtrate was
Supor
R
,
then incubated with 100 L of FcR blocking agent (MACS
Miltenyi Biotec) for 10 min at 4⬚C, followed by incubation
with anti-EpCAM conjugated microbeads (100 L) for 3 h
at 4⬚C under slow rotation. A microcolumn (LS separation


C 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.proteomics-journal.com

68

Chapter 4: Comparative evaluation of plasma exosome isolation techniques
3356

H. Kalra et al.

Proteomics 2013, 13, 3354–3364

R
R
columns, MACS
, Miltenyi Biotec) was placed in MACS
magnetic separator and the column was rinsed thrice with
R
BSA Stock Solution diluted
1 mL rinsing solution (MACS

R
1:20 with autoMACS Rinsing Solution, Miltenyi Biotec).
Beads bound to exosomes were applied onto a magnetic column and EpCAM-negative exosomes that passed through the
column were discarded. The column was washed thrice with
1 mL rinsing solution. The immune-captured exosomes were
R
magrecovered by removing the column from the MACS
netic separator and placing it on a collection tube. Exosomebound microbeads were washed thrice with 3 mL of rinsing
solution to elute the exosomes and centrifuged at 100 000 × g
for 1 h at 4⬚C to obtain the exosomal pellet. The pelleted
exosomes were resuspended in 200 L PBS.

with 100 L 50% v/v ACN, 0.1% TFA, freeze dried and resuspended in 30 L 3% v/v, 0.1% TFA, and analyzed by
LC-MS/MS.

2.6 LC-MS/MS
LC-MS/MS was carried out on an LTQ Orbitrap Velos
(Thermo Scientific) with a nanoelectrospray interface coupled
to an Ultimate 3000 RSLC nanosystem (Dionex). The nanoLC system was equipped with an Acclaim Pepmap nano-trap
column (Dionex – C18, 100 Å, 75 m × 2 cm) and an Acclaim
Pepmap RSLC analytical column (Dionex – C18, 100 Å, 75
m × 15 cm). Typically for each LC-MS/MS experiment, 1
L of the peptide mix was loaded onto the enrichment (trap)
column at an isocratic flow of 3 L/min of 3% CH3 CN containing 0.1% formic acid for 4 min before the enrichment
column is switched in-line with the analytical column. The
eluents used for the LC were 0.1% v/v formic acid (solvent A)
and 100% CH3 CN/0.1% formic acid v/v. The flow following
gradient was used for replicate (1) 3% B to 8% B for 1 min,
8% B to 35% B in 30 min, 35% B to 85% B in 5 min and
maintained at 85% B for the final 5 min. Longer gradient
was carried out for replicate (2) 3% B to 8% B for 1 min,
8% B to 35% B in 40 min, 35% B to 85% B in 5 min and
maintained at 85% B for the final 5 min. The LTQ Orbitrap
Velos mass spectrometer was operated in the data-dependent
mode with nano-ESI spray voltage of +1.6 kV, capillary temperature of 250⬚C, and S-lens RF value of 60%. All spectra
were acquired in positive mode with full scan MS spectra
scanning from m/z 300–2000 in the FT mode at 30 000 resolution after accumulating to a target value of 1.00e6 with maximum accumulation of 500 ms. The 20 most intense peptide
ions with charge states ≥2 were isolated at a target value of
1000 and fragmented by low energy CID with normalized
collision energy of 30 and activation Q of 0.25. Dynamic exclusion settings of 2 repeat counts over 30 s and exclusion
duration of 70 s.

2.4 Isolation of exosomes using the DG method
Isolation of exosomes by DG was performed as described
previously [20, 27] with modifications. A discontinuous iodixanol gradient consisting of 40% w/v, 20% w/v, 10% w/v, and
5% w/v solutions of iodixanol was prepared by diluting a
stock solution of OptiPrepTM (60% w/v aqueous iodixanol
R
) in 0.25 M sucrose/10 mM Tris,
from Sigma Life Sciences
pH 7.5. The gradient was set up in a 12 mL polyallomer tube
(Beckman Coulter) by subsequent layering of 3 mL fractions
of 40%, 20%, 10% iodixanol solution, and 2.8 mL of 5% iodixanol solution. Exosomal pellet obtained by UC from normal
blood plasma (25 mL) was layered on top of 5% iodixanol solution and centrifuged at 100 000 × g for 18 h at 4⬚C. Starting
from the top of the tube, 12 individual 1 mL gradient fractions of increasing density were collected and fractions were
diluted with 1.5 mL PBS followed by centrifugation at 100 000
× g for 1 h at 4⬚C. The resulting pellet obtained was further
washed with 1.5 mL PBS, centrifuged at 100 000 × g for 1 h
at 4⬚C and resuspended in 200 L PBS. A control OptiPrepTM
gradient column was overlaid with 500 L of 0.25 M sucrose/
10 mM Tris, pH 7.5 was used in parallel to determine the
density of each fraction.

2.7 Database searching and protein identification
2.5 SDS-PAGE and tryptic digestion
Extract-MSn as part of Bioworks 3.3.1 (Thermo Scientific)
was used to generate peak list files with the following parameters: minimum mass 300; maximum mass 5000; grouping tolerance 0 Da; intermediate scans 200; minimum group
count 1; 10 peaks minimum and TIC of 100. Peak lists for
each LC-MS/MS run were merged into a single MASCOT
generic format file for MASCOT searches. Automatic charge
state recognition was used due to the high-resolution survey scan (30 000). LC-MS/MS spectra were searched against
the human RefSeq protein database (34 104 sequences) using
MASCOT (v2.3, Matrix Science, U.K.). Searching parameters
used were: fixed modification (carboamidomethylation of cysteine; +57 Da), variable modifications (oxidation of methionine; +16 Da), two missed tryptic cleavages, 20 ppm peptide

Equal amounts of proteins from exosome samples (20 g)
R
4–12% Bis-Tris gels
were loaded onto precast NuPAGE
in 1× MES SDS running buffer. Gels were run at a constant voltage of 150 V followed by visualization of proteins
by Coomassie stain (Bio-Rad). Gels were stained for 1 h and
destained in 20% ethanoic acid and 7.5% acetic acid in MilliQ water overnight. Protein bands (20) were excised and subjected to in-gel reduction, alkylation, and trypsinization, as
previously described [27]. Briefly, gel bands were reduced
with 10 mM DTT (Bio-Rad) for 30 min, alkylated for 20 min
with 25 mM iodoacetamide (Sigma), and subsequently digested overnight at 37⬚C with 150 ng of sequencing grade
trypsin (Promega). Digested peptides were further extracted
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Figure 1. Western blot analysis of exosomes derived by DG, UC and EI. (A) Equal amounts of proteins (10 g) from DG fractions (4–11)
were separated on SDS-PAGE, transferred to the nitrocellulose membrane, and probed with anti-CD63, anti-CD9, anti-HSP70, anti-FLOT1,
and anti-TFRC antibodies. The probed markers were identified in fractions 7–9 corresponding to the buoyant density of 1.12–1.24 g/mL. A
control OptiPrepTM gradient with no sample was subjected to UC in parallel to determine the densities of the DG fractions by measuring
the absorbance. (B) Exosomal samples (10 g) isolated by EI and UC methods were analyzed by Western blot analysis using indicated
antibodies. The four markers probed were identified in samples isolated using the UC method, however, only CD9 and CD63 were detected
in samples isolated using the EI method.

mass tolerance, and 0.6 Da fragment ion mass tolerance. Peptide identifications were deemed significant if the ion score
was greater than the identity score. The false-discovery rate
(derived from the corresponding decoy database search) was
less than 1% for each exosome preparation. Common contaminants (keratins) were removed from the protein list.
For more information on materials and methods, refer to
the Supporting Information.

In addition, a faint TFRC band was observed at a density of
1.08 g/mL. The exosomal membrane markers CD9, CD63,
and TFRC were also identified in fractions of lower density
(1.06–1.10 g/mL) presumably due to the presence of plasma
protein contaminants or the membrane fragments that could
have resulted from the centrifugation protocols. Overall, these
results suggest that exosomes were largely enriched in the
fractions corresponding to the density of 1.12–1.24 g/mL.

3

3.2 Western blot and microscopic analyses revealed
that DG separation enriched for exosomes

Results and discussion

In order to assess the purity of exosomes isolated from normal human blood plasma by commonly used methods, three
isolation techniques were compared, namely, differential centrifugation coupled with UC, EpCAM-based immunoaffinity
pull-down (EI), and OptiPrepTM DG separation.

Exosomes with yields of 225 and 46 g of protein were
isolated from 5 mL plasma by EI and UC, respectively.
Western blotting was performed to assess the enrichment of
exosomal marker proteins in exosomal samples isolated by
UC and EI. As shown in Fig. 1B, exosomal markers CD9 and
CD63 were enriched in exosomes purified using the UC and
EI methods. However, HSP70 and FLOT1 were only detected
in exosomal samples prepared using the UC method. From
the Western blotting results, exosomes prepared using the
UC method contained four exosomal markers HSP70, CD9,
FLOT1, and CD63 and was the second best method for
isolating exosomes after DG, on the basis of the number and
enrichment of exosomal markers detected. However, only
CD9 and CD63 were detected in exosomes isolated using
the EI method. Intriguingly, other known exosomal markers
such as Alix and TSG101 [31, 32] were not detected in either
of the exosomal samples. To investigate whether Western
blotting with increased amounts of protein can detect Alix
and TSG101, UC without filtration (0.1 m) was performed

3.1 Exosomal markers were enriched in fractions of
density 1.12–1.24 g/mL
To identify exosome-enriched fractions obtained using the
DG method, Western blot analysis was performed for exosomal markers including Alix, TSG101, CD9, CD63, HSP70,
TFRC, and FLOT1 [5,29]. Exosomal markers, FLOT1, HSP70,
and TFRC were enriched in fractions 7–9 corresponding to a
buoyant density of 1.12–1.24 g/mL (Fig. 1A). This observation
is consistent with the buoyant density of exosomes reported in
previous studies [3, 12, 27, 30]. However, tetraspanins, CD63
and CD9, which are considered to be enriched in exosomes,
were detected at a gradient density from 1.06 to 1.24 g/mL.
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Figure 2. Microscopic analysis
of exosomes derived using the
DG, UC, and EI. (A) Transmission electron micrographs of
exosomal samples obtained
from DG (fraction 7) (scale bar,
200 nm), UC (scale bar, 200 nm),
and EI (scale bar, 100 nm).
Samples isolated using DG had
membranous vesicles characteristic of exosomes while the
other two methods were not
enriched with membranous
vesicles. (B) AFM topography
images of exosomes isolated
using DG (fraction 7), UC, and EI
methods. Color code to height
scale for DG-7 is 0–101.8 nm,
UC is 0–116.3 nm, and for EI is
0–215.3 nm.

with 10 mL of plasma. Alix or TSG101 could not be detected
even when the entire protein amount (280 g) was used in the
Western blotting analysis (Supporting Information Fig. 1).
The results obtained in our study demonstrate that Alix and
TSG101 could not be detected in any exosomal fractions obtained using the three isolation techniques. This observation
could be attributed to the low levels of circulating exosomes
or instability of exosomes in the plasma. Alternatively, it can
be speculated that exosomes circulating in blood could have
originated from an endosomal sorting complex required
for transport (ESCRT)-independent pathway that does not
involve Alix and TSG101 for exosomal biogenesis [33].
To characterize the exosomal samples biophysically, transmission electron microscopy (TEM) and atomic force microscopy (AFM) were performed on exosomes isolated by
three isolation techniques. As fraction 7 obtained using the
DG method (DG-7) corresponding to a buoyant density of
1.12 g/mL was found to be enriched with exosomal markers
(Fig. 1A), it was used for further analysis. Exosomal samples
(1–2 g) obtained from UC, EI and DG-7 were coated onto
carbon-coated grids and analyzed by TEM (Fig. 2A). TEM
analysis showed homogenous vesicles that are characteristic
of exosomes in the range of 40–100 nm in diameter in the
sample DG-7 consistent with the characteristics of exosomes
previously reported [5]. However, UC fractions were observed
to contain sparsely scattered exosomes while small membranous vesicles in the range of 40–70 nm in diameter were
observed in the EI fractions. As TEM does not provide a 3D
view of exosomes, AFM was conducted to image their native
structure in 3D topography [34]. Consistent with TEM, AFM
analysis revealed round membranous vesicles characteristic

of exosomes in shape and size in the sample DG-7 (Fig. 2B).
Though present in minimal numbers, AFM revealed that exosomes were not enriched in UC and EI fractions. In addition,
UC and EI contained high levels of proteinaceous background
presumably due to contaminants including the highly abundant plasma proteins. The observed background protein levels in exosomal samples isolated by EI, UC, and DG-7 were
consistent with the quantified total protein amount (UC: 46
g/5 mL; EI: 225 g/5 mL; DG: 12 g/5 mL). The largely
round appearance of exosomes in AFM topography maps
suggests that vesicles contained in DG-7 are dense and indeed carried a cargo.

3.3 High-resolution MS-based proteomic analysis
revealed that exosomes purified using the DG
method are devoid of highly abundant plasma
proteins
To examine the proteomic profile of exosomes isolated by the
three methods, high-resolution MS-based proteomic analysis was performed. Equal amounts of protein (20 g) from
the exosomal sample isolated by UC, DG-7, and EI were
separated by SDS-PAGE, gel bands were excised, reduced,
alkylated, and digested with trypsin. The extracted tryptic
peptides were fractionated using nano-LC coupled with a
high-resolution LTQ-Orbitrap Velos mass spectrometer. The
resulting MS/MS spectrum was searched using MASCOT
against human RefSeq protein database. As plasma is a complex fluid, MS-based proteomic analysis was performed in
duplicates with two different gradient settings to increase the
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number of protein identifications and to validate the protein
identity. Combining the duplicates, a total of 213 unique proteins (at a false discovery rate of <1% at the peptide level)
were identified in all three exosomal samples (Supporting Information Table 1, data submitted in Vesiclepedia [35]). The
sample DG-7 had the highest number of protein identifications (184) followed by the samples purified using the UC
(78) and EI (39) methods. As shown in Fig. 3A, 30 proteins
(highly abundant plasma proteins) were common to all the
three methods while, 127, 19, and 5 proteins were unique
to samples prepared using the DG, UC, and EI methods,
respectively.
To compare the level of detection of highly abundant
plasma proteins in exosomal samples isolated by three methods, protein abundance within the sample expressed in terms
of normalized spectral count (NSC ) was plotted as a histogram.
The most highly abundant plasma protein albumin [36] was
approximately 6- and 15-fold less abundant in the DG-7 sample (p < 0.0001) when compared with UC and EI, respectively
(Fig. 3B). Other highly abundant plasma proteins including
complement 3, apolipoproteins E, and glycoproteins [36] were
also observed in low abundance in the DG-7 sample when
compared with samples obtained using the UC and EI methods (Fig. 3C). These results indicate that the DG method
depleted most of the highly abundant plasma proteins from
the exosomal preparation. Similarly, proteins that are previously detected in exosomes (based on ExoCarta [37, 38] and
Vesiclepedia [35]) were enriched in samples obtained using
the DG method, but were barely detected or not detected in
samples obtained using the UC and EI methods (Fig. 3D).
These results confirm that exosomal fractions prepared using the UC and EI methods were contaminated with highly
abundant plasma proteins and other co-sedimenting protein
complexes. Highly abundant plasma proteins were detected
in samples prepared using the EI method presumably due to
the nonspecific antibody and proteins that could have been
attached to the beads. Also, BSA used in the EI protocol could
have accounted for some of the nonspecific binding of abundant plasma proteins, consistent with a previous cell linebased study [20] where many FBS proteins were enriched.
Overall, based on the Western blotting, microscopy, and MS
results, it could be concluded that of the three methods, DG is
the most effective method in isolating exosomes from blood
plasma.

combining the MS data from the three studies. The current
study identified the most number of proteins (213) followed
by Bastos-Amador et al. (123) and Looze et al. (62). Among
these, 20 proteins were found to be common in all the three
studies mainly constituting high abundance plasma proteins
(Supporting Information Fig. 2). It is noteworthy that 147
proteins were unique to this study, 44 proteins were unique
to Bastos-Amador et al., and only 27 proteins were unique to
Looze et al. Highly abundant plasma proteins including albumin, apolipoprotein E, complement proteins fibrinogen (alpha, gamma, and beta chains), haptoglobin, and hemoglobin
(alpha and beta chains), and some of the exosomal proteins
including HSP70, transferrin, transferrin receptor, ubiquitin
B, and ubiquitin C were among the 59 proteins that were
common to this study and Bastos-Amador et al. The proteins
uniquely identified in this study include calmodulin-like 3,
catalase, filamin A and B, flotillin 1 and 2, MHC (class I),
HSP27, lysozyme, talin-1 and 2. More exosomal proteins (e.g.,
Flotillins 1 and 2) were identified in this study (mainly from
DG method) clearly showing the need for optimized protocols
in plasma based exosome studies.

3.5 Viscosity of blood plasma does not interfere
with the recovery of exosomes spiked in human
blood plasma
Even though the DG-7 sample contained vesicles characteristic of exosomes, the absence of ESCRT components, Alix and
TSG101, even in 10 mL of plasma warranted further analysis. The possible reasons for the absence of Alix and TSG101
include low levels of ESCRT-dependent exosomes in plasma,
the unstable nature of exosomes in plasma, and the interference of fluid viscosity while pelleting exosomes. To test the
stability of exosomes in plasma, LIM 1863 colorectal cancer
cell line-derived exosomes were spiked at known concentrations to plasma. To perform the stability experiment, high
amounts (∼5 mg) of LIM 1863 cell line-derived exosomes
were required. In order to isolate adequate exosomes, LIM
1863 cells were grown in FCS-deprived media and cultured
to 70– 80% confluency. The exosomal pellet was isolated from
LIM 1863 culture media using the UC method. Western blot
analysis confirmed the presence of Alix and TSG101 in exosomes isolated from LIM 1863 cells (Supporting Information
Fig. 3A). In addition, TEM analysis confirmed the presence of
membranous vesicles in the range of 40–100 nm in diameter
(Supporting Information Fig. 3B).
To determine whether exosomes added to human blood
plasma could be recovered, LIM 1863 cell line-derived exosomes were spiked in 1 mL of plasma. The UC method
without filtration (0.1 m) was performed on both spiked
and nonspiked plasma samples to isolate exosomes. The stability of exosomes was evaluated based on the recovery of
the reporter protein, TSG101, which is found in the luminal compartment of exosomes. To our knowledge this is the
first study in which the stability of exosomes added to blood

3.4 Comparison of MS-based proteomic analysis
with the previous exosomal studies
Even though the methods for isolating exosomes from blood
plasma have not been evaluated, previous studies have isolated exosomes from normal blood plasma and characterized by proteomic analysis [39, 40]. In order to highlight
the common and unique proteins identified in this study,
MS-based proteomics data were compared with the previous studies [39, 40]. A total of 304 proteins were identified
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Figure 3. MS-based proteomic analysis
of exosomal samples. (A) Comparison of
proteins detected in the three isolation
methods. Venn diagram illustrating that
out of the 213 proteins identified, only
30 were detected in all the three isolation methods. (B) Histogram showing normalized spectral count (NSC ) values for
albumin, most abundant protein (*p <
0.001) in samples prepared using UC, EI,
and DG methods. Albumin is depleted in
exosome samples isolated using the DG
method while enriched in the other two
methods. (C) Histogram showing NSC values for other highly abundant plasma proteins identified (*p < 0.001, **p < 0.0150,
***p < 0.0175). (D) Histogram showing
the spectral counts for commonly found
exosomal proteins based on ExoCarta
and Vesiclepedia. The exosome associated proteins are enriched in the samples isolated using the DG method while
they are absent or detected in very low
amounts in samples isolated using the UC
and EI methods.
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Figure 4. Stability assessment
of exosome spiked plasma samples stored at different temperatures. Western blot analysis of
plasma samples spiked with LIM
1863 exosomes and stored at 4,
−20, and −80⬚C.

plasma has been assessed. Therefore, the concentration of
exosomes added to the plasma had to be optimized based
on the recovery of TSG101. Optimization of various spiking concentrations showed that 35 g of LIM 1863 exosomal
protein spiked in 1 mL of plasma resulted in a visible band
of TSG101 in Western blot analysis (Supporting Information Fig. 3C). The TSG101 band was absent in the control
(nonspiked plasma) and a nonspecific band was observed in
both the plasma samples, which was absent in LIM 1863 positive control exosomes. The nonspecific band observed around
50 kDa slightly above TSG101 might be secondary antibodies
binding to highly abundant plasma protein fibrinogen or the
heavy chains of Ig. Even though spiked exosomes could be
recovered from plasma, a 100% exosomal recovery was not
achieved (Supporting Information Fig. 3C).
As the exosomes spiked into plasma could not be fully recovered, the factors that could affect the recovery rate were
further examined including fluid viscosity, exosome instability, and inability of exosomes to settle completely. In order to
test whether the viscosity of plasma affects the recovery rate,
LIM 1863 exosomes (60 g) were added to PBS (1 mL), which
is less viscous than plasma. A strategy was adopted to check
whether exosomes were rupturing or unable to completely
settle in the UC protocol. As shown in Supporting Information Fig. 4, two slightly modified protocols with and without the initial differential centrifugation steps (500 × g and
2000 × g) were employed to isolate exosomes. To capture
the unsettled exosomes, the supernatants obtained after the
100 000 × g UC step were concentrated using a 100 kDa
centrifugal membrane filter. The filtrate was further concentrated using a 3 kDa centrifugal membrane filter to capture
ruptured exosomal-derived TSG101. Western blot analysis of
the pellets and concentrates revealed that TSG101 and Alix

(Supporting Information Fig. 3D) were detected in the exosomal pellets (B and C) but were not 100% recoverable. However, no detectable amounts of TSG101 or Alix were observed
in pellet A obtained from the initial differential centrifugation
or from the 100 and 3 kDa concentrates (Supporting Information Fig. 3D). Exosomes ruptured or unable to settle in
the centrifugation protocol would have collected in the 3 and
100 kDa concentrates, respectively. These results confirm that
the exosomal recovery rate is not dependent on the viscosity
of plasma or the instability of exosomes.

3.6 Exosomes spiked in plasma are stable over a
period of 3 months
To identify whether exosomes are stable in plasma for
3 months, 35 g of LIM 1863 exosomes were spiked into
1 mL plasma and stored in triplicates with and without protease inhibitors (PIs) at 4, –20, and –80⬚C. Samples were
taken on days 10, 30, and 90 for analysis. Exosomes were
also incubated at 37⬚C over a period of 1 month, with samples taken on days 10 and 30. Nonspiked plasma, spiked
PBS, and spiked plasma were analyzed on day 0 to serve as
a baseline for the experiment. The UC method without filtration (0.1 m) was followed to isolate exosomes from the
collected samples. Western blotting analysis of exosomal pellets obtained from the spiked samples revealed the presence
of TSG101. Surprisingly, all the samples stored at 4, −20,
and −80⬚C and analyzed on days 10, 30, and 90 contained
TSG101, indicating that exosomes in plasma are stable over
a period of 3 months (Supporting Information Fig. 5A). Similar results were obtained for the other replicates and thus
are reproducible (Fig. 4). Plasma samples stored at 37⬚C and
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Figure 5. Microscopic analysis
of stored plasma exosomes
spiked with LIM 1863 exosomes.
(A) Transmission electron micrographs (scale bar, 200 nm)
of exosomal samples stored for
30 days reveal that exosomes
are indeed stable at −80 and
−20⬚C and to an extent at 4 and
37⬚C. (B) Exosomes were found
to be stable for 90 days when
stored at −20⬚C and to a lesser
extent at 4⬚C, when analyzed by
TEM.

analyzed on days 10 and 30 also contained TSG101 (Supporting Information Fig. 5B). Addition of PI did not seem
to make a significant difference to the stability of exosomes
in plasma. In addition to TSG101, a nonspecific band was
observed around 50 kDa slightly above TSG101 in all the
plasma samples presumably due to the secondary antibodies
binding to highly abundant plasma proteins such as fibrinogen or the heavy chains of Ig. This conclusion is strengthened
by the fact that nonspecific bands could not be observed in
PBS spiked with exosomes or in the positive control (LIM
1863 exosomes alone; Fig. 4). We emphasize caution and the
need for positive control while probing for the presence of
TSG101 in plasma to avoid false positive results. After optimizing the antibody concentrations, the nonspecific band
was significantly reduced and the TSG101 band was clearly
visible in all samples except for the spiked plasma samples
stored at −80 (Day 90) and −20⬚C (Day 10; PI). Even though
TSG101 was observed in all fractions, the intensity varied
suggesting that exosomes are more stable when stored at
−80⬚C compared with 4 and 37⬚C. The recovery of exosomes
from samples stored at 4⬚C was slightly less than that for
samples stored at −20 and −80⬚C. A visible aggregation
was observed in the plasma samples stored at 4⬚C after 30
and 90 days. The amount of precipitation was lower in the
samples containing PI compared with those without PI. It
should be noted that no visible aggregation was observed in
the 4⬚C sample on day 10 or in any of the samples stored
at −20 and −80⬚C. Overall, the results suggest that, exosomes are remarkably stable in plasma stored at −80⬚C for
90 days.

3.7 Microscopic analysis of exosomes recovered
from plasma
To characterize isolated exosomes biophysically, microscopic
analysis was performed. TEM confirmed the presence of exosomes in day 30 and 90 samples (Fig. 5). Samples stored at
−80⬚C (Day 30) contained exosomes confirming their stability in plasma for a month. Samples stored at −20 and 4⬚C
also showed vesicles characteristic of exosomes after 30 days.
However, TEM analysis of exosomes samples stored at 37⬚C
contained what appeared to be high levels of protein that obscured the presence of exosomes. TEM images of the samples
stored at −20⬚C for 90 days show that exosomes are indeed
stable in plasma for up to a period of 3 months. However, the
samples stored at 4⬚C for 90 days appeared to contain a lower
abundance of exosomes. Again, the addition of PIs to the
plasma samples had no significant effect on the appearance
or abundance of the exosomes viewed by TEM. Interestingly,
a recent study showed that freezing and thawing had no effect
on the biophysical properties of exosomes stored at −20 and
−80⬚C [41]. In that study, the exosomes stored at −20⬚C were
observed to shrink, which may have been the result of osmotic
effects as opposed to the rupturing and loss of exosomes.

3.8 Exosomes recovered after storage are
biologically active
We next examined whether the recovered exosomes were
functional in addition to being stable. The PKH67 uptake dye
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assay was performed on exosomes recovered after storage at
−20⬚C for 30 days. Interestingly, exosomes (labeled green)
were uptaken by LIM 1215 colorectal cancer cells suggesting
that exosomes recovered from plasma are both stable and
functional (Supporting Information Fig. 6). Even though we
did not study the exact biological functions exerted by exosomes, the observation that stored exosomes can be uptaken
by target cells highlights the application of exosomes for personalized targeted drug delivery. This functional application
will allow researchers to exploit exosomes in targeting vaccines and as drug delivery vehicles [13, 42].
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Concluding remarks

Comparison of three commonly used exosome isolation
techniques revealed that the DG method isolated pure population of exosomes from blood plasma. Given that the DG
method is laborious and cannot be used effectively in clinical
settings, robust and quick methods to isolate exosomes need
to be developed to use these vesicles in biomarker studies.
The stability assays performed showed that exosomes can
be recovered by simple UC protocols and the viscosity of
plasma is not a major issue. In addition, these experiments
showed that exosomes are stable stored in plasma over a
period of 90 days. As many biorepositories store patient
blood samples, the obtained results are critical in designing
biomarker studies given exosomes are stable for at least
3 months. In addition, the stability of exosomes offers unparalleled opportunity to exploit these vesicles in targeted drug
delivery.
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Chapter 5: Role of cancer derived EVs in stimulating Wnt
signaling pathway in the recipient cells
This chapter is in preparation as a manuscript for submission to a peer-reviewed journal.
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5.1

Abstract

Colorectal cancer (CRC) arises as a result of accumulated mutations in key proteins that
regulate cell proliferation, differentiation and death. Large scale sequencing studies
have established the predominance of mutations in proteins involved in Wnt signaling
pathway in a large number of CRC patients. It was also shown that over 90% of sporadic
CRC cases, harboured mutation in Adenomatous polyposis coli and/or β-catenin gene
both of which are involved in Wnt signaling pathway. One of the proposed mechanisms
of intercellular signaling involves exosomes which act as messengers carrying
oncoproteins from malignant to non-malignant target cells. In this study, an integrative
proteogenomic analysis identified the presence of mutated β-catenin in exosomes
secreted by CRC cells. Follow up experiments established that exosomes released from
LIM1215 CRC cells stimulated Wnt signaling pathway in a variety of recipient cells.
Additionally, exosomes derived from LIM1215 cells promoted proliferation in
recipient cells. SILAC-based quantitative proteomics analysis confirmed the transfer of
mutant β-catenin to the nucleus of the recipient cells. Furthermore, mouse xenograft of
RKO cells were injected intravenously with DiR labelled exosomes and subjected to in
vivo tracking of labelled exosomes by IVIS. Mice imaging results showed exosomes
distribution to organs with highest accumulation in the liver and spleen followed by the
gastro intestinal tract. Interestingly, xenograft tissue lysates of mice injected with
exosomes showed increased expression of Wnt target genes confirming the activation
of Wnt signaling pathway in vivo. This suggests that circulating exosomes are rapidly
taken up by the target cells in the tumor microenvironment and allows for the
amplification of the signal.
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5.2

Introduction

Recently, extracellular vesicles (EVs) have been considered as mediators of
intercellular communication both at local and distant sites (Balaj et al., 2011; Cossetti
et al., 2014; Raposo & Stoorvogel, 2013; Simons & Raposo, 2009). EVs mediate cellto-cell communication through the horizontal transfer of cargo molecules including
proteins, mRNA and miRNA. In the context of cancer, EV mediated cell-to-cell
communication have been shown to regulate several signaling pathways (Cossetti et
al., 2014; Luga et al., 2012; Peinado et al., 2012). In addition, many oncoproteins that
are implicated in cancer progression are known to be secreted via EVs (Al-Nedawi et
al., 2008; Boelens et al., 2014; D'Asti et al., 2012; Demory Beckler et al., 2013; Hu et
al., 2015; Lee et al., 2016).

Large scale CRC sequencing studies have shown 93% of all tumors had at least one
mutation in proteins implicated in Wnt signaling pathway (Kim et al., 2013; Network,
2012). Altogether, 16 different Wnt signaling genes were identified to be mutated
among which Adenomatous polyposis coli accounted for 81% while β-catenin
accounted for 5% (Network, 2012). One of the proposed mechanism of Wnt signaling
involves EVs as cellular couriers carrying Wnt ligands or oncogenes from one cell to
another. However, the key mechanism of Wnt secretion by EVs is poorly understood.
It has been reported that EVs associated with Wnt ligands including Wnt3a and Wnt5a
can activate Wnt signaling in the recipient cells (Gross et al., 2012; Koch et al., 2014;
Pukrop et al., 2006).
Here, we hypothesised that EVs carrying mutant β-catenin could potentially stimulate
Wnt signaling pathway in the recipient cells. Our data shows that EVs derived from
LIM1215 CRC cells alter Wnt signaling activity in RKO CRC cells which bears wild
type β-catenin both in vitro and in vivo. SILAC-based quantitative proteomics analysis
confirmed the transfer of mutant β-catenin to the nucleus of the RKO cells.
Furthermore, mouse implanted with RKO cells were injected intravenously with DiR
labelled EVs and subjected to in vivo tracking by IVIS. After 96 h, EVs distributed to
various organs with highest accumulation in the liver and spleen followed by the gastro
intestinal tract. Lastly, we demonstrated that xenograft tissue lysates of mice injected
with EVs showed increased expression of Wnt target genes including cMYC, Cyclin
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D1 and Axin2 confirming the activation of Wnt signaling pathway in vivo. These data
suggest that circulating EVs are rapidly taken up by the target cells in the tumor
microenvironment and allows for the amplification of the signal.

5.3

Materials and methods

5.3.1

Cell lines

RKO CRC cells were kindly donated by Prof. John Mariadason (Olivia Newton-John
Cancer Research Institute, Melbourne). Human CRC cell lines LIM1215 were from the
Ludwig Institute for Cancer Research in Melbourne. LIM1215 and RKO cells were
cultured in RPMI and DMEM (with 1% Glutamax), respectively, supplemented with
10% (v/v) FCS and 100 units/mL of penicillin-streptomycin and incubated at 37°C with
5% CO2.

5.3.2

Western blotting

This method is previously described in Chapter 4. The antibodies not mentioned in
Chapter 4 however used in the Chapter 5 are mentioned below (Table 1). For
visualisation of protein bands, ODYSSEY CLx (LI-COR®) machine was used.
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Table 1: Primary antibodies for Western blots
Primary

Host

Dilution

Company

Rabbit

1:1000

Santa Cruz

antibody
β-catenin

Biotechnology
Alix

Mouse

1:1000

Cell Signaling
Technology

TSG101

Mouse

1:1000

BD Transduction
Laboratories

β-actin

Rabbit

1:1000

Cell Signaling
Technology

cMYC

Rabbit

1:1000

Cell Signaling
Technology

Topo II β

Mouse

1:1000

Sapphire Bioscience

β-tubulin

Mouse

1:1000

Cell Signaling
Technology

5.3.3

Isolation of EVs

Cells were seeded in 150 mm diameter culture dishes with 20 mL media and grown till
70–80% confluency. The cells were then washed with PBS thrice and cultured with the
respective media with EV-depleted FCS for 24 h. EV-depleted FCS was obtained by
spinning FCS at 110,000 g for 18 h. Conditioned media (CM) was collected and
centrifuged at 500 g for 10 mins to remove cell debris followed by 2000 g for 20 mins
at 4°C. The supernatant collected after 2000 g was subjected to 10,000 g for 30 min at
4°C to remove microvesicles or ectosomes (Keerthikumar et al., 2015). Further, the
supernatant was subjected to ultracentrifugation at 100,000 g (SW45Ti rotor, Beckman)
for 1 h at 4°C. This step was repeated to wash the pellet with PBS to collect EVs and
the pellet was stored in -80°C for further analysis. In addition, EVs were isolated using
OptiPrepTM density gradient separation as described in Chapter 4 (Kalra et al., 2013).
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5.3.4

Luciferase assay

Equal number of cells were seeded in 12 well plate to reach 50–60% confluency. The
cells were then transfected with 0.25 µg of TOPFlash or FOPFlash plasmids in the
presence of 25 ng of renilla vectors using turbofectin. After 24 h, cells were incubated
with EVs (30 µg/mL) for another 24 h and finally harvested and lysed. Luciferase
assays were conducted using a luciferase assay kit (Promega) according to the
manufacturer’s protocol. Cell lysates were prepared using 200 μL of passive lysis buffer
with vigorous shaking for 20 mins. Firefly and renilla luciferase activities were
measured using GloMax® 96 Microplate Luminometer (Promega). Firefly luciferase
activity was normalised to renilla luciferase activity.

5.3.5

DNA extraction and exome sequencing

Approximately 5–6 x 106 LIM1215 cells were harvested using trypsin followed by PBS
washing. PureLinkTM Genomic DNA mini kit (Invitrogen) was used to extract the
genomic DNA from the cell pellet according to manufacturer’s guidelines. Firstly, cell
lysates were treated with Proteinase K at 55°C, followed by RNA digestion to remove
residual RNA. Ethanol was added to the cell lysates, followed by PureLink TM binding
buffer allowing DNA binding to the silica-based membrane in the column. The genomic
DNA was then eluted using low salt elution buffer supplied with the kit. Nucleic acids
were quantified using NanoDrop spectrophotometer (NanoDrop ND-1000, Biolabs) at
A260/A280. This protocol yielded more than 4 μg of DNA which was used to prepare
exome captured library with the use of Illumina TrueSeq Exome Enrichment kit.
Australian Genome Research Facility Ltd. (AGRF) conducted the sequencing of the
exome capture library using Illumina HiSeq 2000. Sequencing of 100 bp-paired reads
were performed and a total of ~62 Mb of genomic sequence was targeted. ANOVAR
tool was used to find out the SNVs and INDELs (Keerthikumar et al., 2015).

5.3.6

Mass spectrometry

In-gel digestion, LC-MS/MS, and label free spectral counting are as described in
Chapter 4 (Kalra et al., 2013).
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5.3.7

Database searching and protein identification

Extract-MSn as part of Bioworks 3.3.1 (Thermo Scientific) was used to generate peak
list files with the following parameters: minimum mass 300; maximum mass 5,000;
grouping tolerance 0 Da; intermediate scans 200; minimum group count 1; 10 peaks
minimum and total ion current of 100. Peak lists for each LC-MS/MS run were merged
into a single mascot generic format file for MASCOT searches. Automatic charge state
recognition was used due to the high resolution survey scan (30,000). LC-MS/MS
spectra were searched against the NCBI RefSeq human protein database in a target
decoy fashion using X!Tandem Sledgehammer (2013.09.01.1). Searching parameters
used were: fixed modification (carboamidomethylation of cysteine; +57 Da), variable
modifications (oxidation of methionine; +16 Da) and N-terminal acetylation; +42 Da),
three missed tryptic cleavages, 20 ppm peptide mass tolerance and 0.6 Da fragment ion
mass tolerance. Protein identifications with at least 2 unique peptides were shortlisted
and false discovery rate was less than 0.5% (Keerthikumar et al., 2015).

5.3.8

Circos plot

Circos (v 0.67) was downloaded to generate the exome sequencing derived genomic
data of LIM1215 cells and MS derived proteomics data of LIM1215 WCL and EVs. In
house Python scripts was used to generate files for SNVs and INDEL in Circos
(Keerthikumar et al., 2015).

5.3.9

RNA isolation

For RNA isolation, 1mL of TRI® RT reagent was used in 6 well plate for cells and 50
mg tissue. The cells were lysed and mixed with 50 µL of 4-bromoanisole (BAN)
solution with vigorous mixing. The cell suspension was then centrifuged at 12,000 g
for 5 min at 4°C to obtain phase separation. The aqueous layer (top part) was separated
out carefully and then mixed with same volume of isopropanol. This suspension
mixture was incubated at room temperature (RT) for 10–15 min and centrifuged at
12,000 g for 5 min at 4°C to pellet out RNA. Washing of the RNA pellet was carried
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out with 1 mL of 75% (v/v) ethanol and further pelleted by centrifugation. The resulting
pellet was resuspended in DEPC-treated water and further stored at -20°C.

5.3.10 cDNA synthesis and qPCR
DNA analysis was carried out using iScriptTM cDNA synthesis kit according to
manufacturer’s protocol (Bio-Rad). qPCR was carried out using SensiMix TM SYBR
Low-ROX kit (Bioline) according to manufacturer’s instructions using Agilent LC140
qPCR machine. Primers for each reaction are indicated in Table 2. qPCR reaction
mixture was heated at 95°C for 10 min for activating polymerase enzyme. The
temperature settings used were 95°C for 15 sec, followed by 52°C for 15 sec and lastly
15 sec for 40 cycles.

Table 2: Primers used for qPCR analysis
Primary name

Sequence (5’-3’)

cMYC Forward Primer

AGAGTTTCATCTGCGACCCG

cMYC Reverse Primer

GCTGTCGTTGAGAGGGTAGG

Cyclin D1 Forward Primer

CAAGGCCTGAACCTGAGGAG

Cyclin D1 Reverse Primer

AAAATGCTCCGGAGAGGACG

Axin2 Forward Primer

CCTTACACTCCTTATTGGGC

Axin2 Reverse Primer

CCTTTTGTAGATCGCTTTGG

5.3.11 Immunofluorescence
Cells (5 x 105) were overlaid on the sterilised coverslips in 6 well-plate with 2 mL
media. After 24–48h, cells were washed thrice with 1X phosphate buffered saline (PBS)
followed by fixation with 4% (v/v) paraformaldehyde for 10 min in dark. Cells were
then permeabilized with 0.1% (v/v) Triton X-100 for 10 min and subsequently blocked
using 2% (w/v) BSA for 1 h. Cells were stained with β-catenin primary antibody at
1:200 dilution (Santa Cruz Biotechnology). Cells were washed thrice with 1 X PBS and
then probed with Alexa Fluor® 488 conjugated goat anti-mouse IgG (Life
Technologies) at 1:200 dilution for 45 min. TO-PRO®-3 iodide (Invitrogen™) at
1:1000 was used as the nuclear stain. Zeisis LSM510 confocal microscope was used to
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visualise the cells under 40X/1.3 oil DIC M27 objective. ImageJ and Zen software were
used for image analysis.

5.3.12 SILAC labelling
RKO cells were cultured in SILAC media containing lysine (Lys8) and arginine
(Arg10). Cells underwent at least 10 cell doublings to incorporate the labelled amino
acids within the proteome. RKO cells were treated with EVs derived from LIM1215
cultured in RPMI media and subcellular fractionation was performed. WCL, cytoplasm
and nuclear fraction was subjected to mass spectrometry. Proteome Discoverer was
used to quantitate the MS data.

5.3.13 Subcellular fractionation
Subcellular fractionation was performed using NE-PERTM nuclear and cytoplasmic
extraction kit using manufacturer’s instructions (Thermo Scientific). Cells were
harvested and centrifuged at 300 g for 5 min. The cells were washed using PBS and
again spun at 300 g for 5 min. Ice cold CER1 was added to the pelleted cells and mixture
was vortexed vigorously for 15 sec followed by incubation on ice for 10 min. Ice cold
CER II was then added as per manufacturer’s instructions. The mixture was then
vortexed and incubated on ice for a min and later centrifuged at 16,000 g for 5 min at
4°C. The resulting supernatant was separated and labelled as cytoplasmic fraction. The
pellet was washed with PBS and treated with ice cold NER reagent, followed by
incubation on ice for 40 min. The mixture was vortexed every 10 mins within 40 min
incubation and centrifuged at 16,000 g for 10 min to collect the supernatant (nuclear
fraction).

5.3.14 EV characterisation
EVs were characterised using Transmission electron microscopy (TEM) as previously
described in Chapter 4 and Nanoparticle tracking analysis (NTA). NTA was performed
to measure the Brownian motion using NanoSight NS300 machine (Malvern
Instruments, Malvern, UK) equipped with a sample chamber of 640 nm laser. EVs
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samples (1–2 μg/mL) were disaggregated using a needle and syringe, before injecting
into the NanoSight sample cubicle. The frame rate was 30 frame per second. Data
analysis was done using the NanoSight NTA 3.2 software.

5.3.15 Establishing tumor xenografts in athymic nude mice
RKO cells (2.5 x106) were subcutaneously injected in 6–8 week old C57BL/6 female
mice. After tumor formation, 10 µg of LIM1215 derived EVs labelled with DiR labelled
dye were injected twice a week intravenously. Control mice were injected with PBS.
Alternatively, EVs (10 µg) were labelled with PKH67 dye and injected twice a week
intravenously after generation of RKO xenograft in mice. Later, mice were sacrified
before the tumors grew to 750 mm3. Tumor size was measured daily using digital
calipers and tumor volume was calculated according to the formula ½(W2 x L). Tumor
bearing mice were anesthetized (isoflurane/O2) and imaged using IVIS software. After
5 mins, mice were euthanized and tissues were dissected. Tissues were snap-frozen in
liquid nitrogen and later stored at -80°C for RNA/protein extraction. Tissues were
embedded in Tissue-tek O.C.T (Sakura Finetek) and blocks were frozen in dry ice for
observation under microscopy.

5.3.16 Statistical analysis
Statistical analysis was performed using two-tailed t-test and p-values of <0.05 were
considered significant. In vitro experiments were conducted in triplicates. In vivo
experiments were performed in duplicate, using 8 mice per group. Error bars in
graphical data represents ± SEM.
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5.4

Results and Discussion

5.4.1 Proteogenomic analysis reveals LIM1215 CRC cell derived EVs secrete
mutant β-catenin
In order to identify mutant proteins that are secreted by a cell via EVs, we adopted a
global proteogenomics approach. Using exome sequencing, a total of 31,304 INDELs
and 48,575 SNVs were identified in the LIM1215 CRC cells (data deposited to
colorectal cancer atlas: (http://www.colonatlas.org/). A customized mutant protein
database with 10,111 sequence variations (non-synonmous SNVs) was constructed
using the exome sequencing data (human RefSeq protein sequences as reference). Next,
EVs were isolated from LIM1215 CRC cells by differential centrifugation coupled to
ultracentrifugation and was subjected to high-resolution mass spectrometry-based
proteomics analysis. The MS/MS spectra files obtained from the LIM1215 CRC-cell
derived EVs samples were searched against the customized mutant protein database
using X!Tandem search engine. Using this integrated genomics and proteomics
approach, a total of 94 mutant proteins (Supplementary Table 1) were identified in EVs.
The results obtained from exome sequencing data, mutant proteins and abundance of
all identified proteins are depicted in the circos plot (Fig. 1A). Interestingly, mutant βcatenin that can constitutively activate Wnt signaling pathway was secreted via EVs
from LIM1215 CRC cells. The MS/MS spectra of mutant β-catenin secreted via EVs is
represented in Fig. 1B.
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A

B

Figure 1: Proteogenomics landscape of LIM1215 derived EVs and WCL. (A) The
circos plot represents the genomic and proteomics data obtained from exome
sequencing of WCL and MS analysis of EVs, respectively. (B) MS/MS spectra of
mutant β-catenin peptide identified in EVs is depicted.
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5.4.2

Validation of β-catenin secretion via EVs

In order to isolate EVs from LIM1215 cells, the conditioned media was subjected to
differential centrifugation coupled with ultracentrifugation. Additionally, the pellet
obtained after 10,000 g (10K) and LIM1215 secretome were also analysed for the
presence of β-catenin. EVs showed enriched presence of β-catenin, Alix and TSG101
as compared to 10K pellet. However, β-catenin could not be detected in LIM1215 cell
secretome, indicating that β-catenin indeed follows non-classical secretion pathway via
EVs (Fig. 2A). Next, isolated pellets were characterised by NTA to evaluate the particle
size distribution of EVs in liquid suspension (Fig. 2B). NTA analysis revealed the
presence of nanovesicles with a mean size of 139.4 nm. In order to purify EVs further,
the isolated EVs were subjected to iodixanol density gradient separation (OptiPrepTM)
centrifugation. Fractions of increasing density were collected and Western blot analysis
was performed using EV enriched proteins Alix and TSG101 to identify EV enriched
samples. As shown in Fig. 2C, LIM1215 CRC cell derived EVs were enriched in
fractions 7 and 8 corresponding to density 1.10 and 1.12 g/mL, respectively, as
confirmed by the EV markers. This density is consistent with previously reported
studies conducted on different cell types and biological fluids (Kalra et al., 2013; Tauro
et al., 2012). Next, Western blotting was performed to probe for β-catenin in the density
gradient fractions. As seen in Fig. 2C, β-catenin was detected in fractions 4–9 similar
to the EV markers. Furthermore, transmission electron microscopy of EVs obtained
from fraction 7 corresponding to density 1.10 g/mL revealed homogenous vesicles that
were consistent with size and morphology of EVs (Fig. 2D). Overall, these results
suggest that mutant β-catenin is secreted via EVs by LIM1215 CRC cells and are
enriched in fractions 7 and 8.
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5.4.3

Packaging of mutated β-catenin into EVs is not selective

It has been reported that β-catenin is mutated atleast in 5% of CRC patients. In order to
check whether the secretion of mutant β-catenin via EVs is conserved across multiple
cell lines, we performed Western blot analysis on WCL from 7 CRC cell lines that are
known to have a mutation in β-catenin. Barring LIM2551, the other CRC cell lines
exhibited high expression of mutant β-catenin (Fig. 2E). Western blot analysis of EVs
isolated from the 7 CRC cells confirmed the secretion of mutant β-catenin via EVs.
Mutant β-catenin was not detected in LIM2551 CRC cells derived EVs presumably due
to the low levels of cellular expression. These observations confirm that mutant βcatenin is indeed being targeted for secretion via EVs.
In order to confirm whether exosomal packaging of β-catenin is selective between
mutant and wild type, CRC cells bearing wild type β-catenin were selected and
subjected to Western blotting. Among the CRC cells that contain wild type β-catenin,
RKO cells showed low levels of endogenous β-catenin (Fig. 2F). EVs isolated from the
CRC cells with wild type β-catenin were subjected to Western blotting to probe for
Alix, TSG101 and β-catenin. The analysis highlighted that wild type β-catenin is also
found to be secreted via EVs hence confirming that there is no mechanism of selective
packaging of mutant β-catenin in the EVs.
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Figure 2: Characterization of EVs derived from LIM1215 CRC cells. (A) Western
blot analysis of LIM1215 whole cell lysate (WCL) for β-catenin and enrichment of βcatenin and EV enriched markers in EV pellet as opposed to secretome and 10K. (B)
NTA analysis of EVs isolated from LIM12115 CRC cells depicting the size distribution
pattern. (C) Western blot analysis (10 µg) of fractions collected from OptiPrepTM
density gradient centrifugation (LIM1215 cells) showed enrichment of β-catenin, Alix
and TSG101 in fraction 7 and 8 in comparison to other fractions. (D) TEM image of
EVs (fraction 7) isolated by OptiPrepTM gradient corresponding to density 1.10 g/mL.
(E and F) CRC cells carrying mutated and wild type β-catenin respectively were loaded
(20 μg) onto the SDS-PAGE, transferred to nitrocellulose membrane and probed with
anti-Alix, anti-TSG101and anti-β-catenin antibodies. Western blot analysis indicated
the presence of Alix, TSG101 and β-catenin in EV samples (20 μg) isolated from CRC
cells carrying both mutated and wild type β-catenin.

5.4.4 LIM1215 cells exhibit high levels of endogenous mutant β-catenin and
high Wnt activity
Next, endogenous levels of nuclear and cytosolic β-catenin was determined in LIM1215
(mutant) and RKO (wild type) CRC cells using confocal microscopy. β-catenin was
localised predominantly in the nucleus and to a lesser extent in the plasma membrane
in LIM1215 cells (Fig. 3A). However, RKO cells bearing wild-type β-catenin showed
marked cytosolic β-catenin distribution. Additionally, RKO cells exhibited lower levels
of β-catenin as compared to LIM1215 cells consistent with the Western blotting results
(Fig. 2E & F). These data suggests that LIM1215 cells may have active Wnt signaling
pathway activity due to high levels of nuclear β-catenin. Next, it was tested whether
nuclear localisation of β-catenin in LIM1215 correlated with high Wnt signaling
activity. This was achieved by performing a luciferase assay on the LIM1215 cell lysate
after transfection with TOPFlash/FOPFlash and renilla plasmids for 24 h. TOPflash is
a luciferase reporter that consists of wild-type TCF binding region, whereas FOPflash
is used as a negative control containing the mutated TCF binding region upstream of
the luciferase gene. Consistent with the confocal results, LIM1215 cells exhibited high
Wnt signaling activity as compared to RKO cells (Fig. 3B). Approximately, 2676-fold
increase in Wnt signaling activity was observed in LIM1215 cells that had a mutation
in β-catenin rendering it constitutively active as compared to RKO cells.
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Figure 3: Endogenous localisation of β-catenin in LIM1215 and RKO cells. (A)
Confocal microscopy was performed to determine the localisation of β-catenin (green
fluorescence) in LIM1215 and RKO cells. Cells were fixed on the coverslip and stained
with anti-β-catenin. β-catenin was mainly localised to the nucleus and to an extent in
plasma membrane (scale bar, 20 μm). However, in RKO cells, wild type β-catenin was
mainly localised to the cytoplasm (scale bar, 40 μm). (B) LIM1215 and RKO cells were
selected and transfected with TOPFlash/FOPFlash and renilla plasmids. After 24 h,
cells were lysed and analysed for luciferase activity. LIM1215 cells exhibited higher
level of Wnt signaling activity as compared to RKO cells (* denotes P ≤ 0.01, n=3, Error
bar represents ±SEM).
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5.4.5

EVs activate Wnt signaling pathway in recipient cells

In order to exert effects on cells, EVs must be taken up by the target cells. We examined
whether EVs can be internalised or attached to the plasma membrane of the recipient
cells. EVs were labelled with the green fluorescent dye PKH67 and incubated with
recipient cells for three time points at 37°C. At 1 h and 2 h, EVs were not up-taken by
the RKO cells and were attached to the plasma membrane as confirmed by phasecontrast confocal microscopy (Fig. 4A). However, at 4 h the EVs were taken up by the
RKO cells. The lower fluorescent signal at 4h could also likely result due to the
degradation of the EVs at the membrane surface. As a control, LIM1215 cells were
incubated with PKH67 dye premixed with FCS. Further to this, LIM1215 cells derived
EVs were incubated with LIM1215 and RKO cells for 24 h to study the alteration in
Wnt signaling pathway. Upon incubation of EVs with LIM1215 cells, there was a 2fold increase in Wnt signaling activity in comparison to the untreated cells. Similarly,
in RKO cells, there was a 5-fold increase in luciferase activity upon incubation of EVs
(Fig. 4B). These results suggests that LIM1215 cell derived EVs can be taken up by
recipient cells and can induce Wnt signaling pathway.
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Figure 4: LIM1215 cell derived EVs induce Wnt signaling pathway once up-taken
by the cells. (A) LIM1215 cell derived EVs were incubated with RKO cells for 1 h, 2
h and 4 h. PKH67 labelled EVs were up-taken by RKO cells at 4 h time point.
Fluorescence was captured using confocal microscope Zeiss LSM 510 (magnification,
x 100, scale bar 10 μm). (B) Upon incubation of EVs, Wnt signaling activity was 2-fold
and 5-fold higher in LIM1215 and RKO cells, respectively, as compared to their
respective controls (**denotes P ≤ 0.01, n=3, Error bar represents ±SEM).
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5.4.6
cells

LIM1215 derived EVs increased the expression of Wnt target genes in RKO

In order to test whether incubation of EVs with RKO cells results in significant increase
in Wnt target genes, Western blotting and qPCR analysis were performed. Different
concentrations of EVs were incubated with the RKO cells for 24 h and the cell lysates
were subjected to Western blotting for Wnt target gene cMYC. As shown in Fig. 5A,
the expression of Wnt target gene cMYC was increased with increasing concentrations
of EVs. β-catenin expression did not change with different concentration of EVs,
however a prominent increase in β-catenin band was observed when the cells were
incubated with 150 µg/mL of EVs. Furthermore, RKO cells were treated with and
without EVs for 24 h and total RNA from cells were extracted and subjected to qPCR
analysis to assess the level of Wnt target genes such as cMYC and Cyclin D1. As
expected, both cMYC (Fig. 5B, left) and Cyclin D1 (Fig. 5B, right) mRNA expression
were significantly upregulated in RKO cells treated with EVs for 24 h as compared to
control. There was a 2-fold increase in cMYC levels upon incubation of EVs, whereas
a 2-fold and 3.5-fold increase in Cyclin D1 levels was observed at 20 and 150 µg/mL
of EVs, respectively.

97

Chapter 5: Role of extracellular vesicles in stimulating Wnt signaling pathway

Figure 5: LIM1215 cells dose dependently activate Wnt signaling pathway in
recipient RKO cells. (A) Western blotting of RKO cells with increasing concentration
of EVs showed dose-dependent increase in cMYC protein levels. (B) qPCR analysis
revealed increased mRNA expression of cMYC and Cyclin D1 upon treatment of RKO
cells with 2 different concentration of EVs (* denotes P ≤ 0.05, n=3, Error bar represents
±SEM).
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5.4.7 SILAC confirms the transfer of mutant β-catenin from EVs to the nucleus
of RKO cells
In order to confirm whether mutant β-catenin from EVs could be transferred to the
nucleus of the RKO cells, SILAC based approach was followed. Using SILAC, proteins
can be labelled with either light or heavy amino acids. LIM1215 cells were grown in
normal media and EVs were isolated. EVs containing proteins with normal amino acids
were incubated with RKO cells that were grown in heavy media for 89 passages. A
schematic view of this workflow is depicted in (Fig. 6A). Following treatment of RKO
cells with EVs, subcellular fractionation (Fig. 6B) and Western blotting was performed
on the fractions to confirm the purity of the preparations. As shown in Fig. 6B, nuclear
fraction was enriched with Topo II β indicating the enrichment of nuclear proteins.
Conversely, cytoplasmic fraction was enriched with cytoplasmic marker β-tubulin
which was undetected in nuclear fraction. Additionally, β-actin which is considered as
a loading control for WCL, was enriched in cytoplasmic fraction as compared to the
nuclear fraction. These results confirm minimal contamination between nuclear and
cytoplasmic fractions. Next, the WCL, cytoplasmic and nuclear extract of RKO cells
treated with EVs were subjected to MS. In this way, light labelled EV proteins could
easily be separated from the heavy labelled lysine and arginine proteins in RKO cells.
SILAC based MS results were analysed and two light peptides corresponding to βcatenin were identified in the nuclear fraction of the RKO cells (Fig. 6C). This confirms
that EV derived β-catenin was indeed transferred to the nucleus of recipient cells in
order to elicit the biological function. Additionally, the number of proteins transferred
from EV to the cytoplasm and nuclear fraction of RKO were depicted by the Venn
diagram (Fig. 6D and 6E). A total of 300 and 255 proteins from EVs were transferred
to the cytoplasm and nucleus of RKO cells respectively.
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Figure 6: Transfer of β-catenin from LIM1215 derived EVs to the nucleus of RKO
cells. (A) Schematic view of the SILAC workflow. (B) Western blot analysis with WCL,
cytosolic and nuclear fractions were also performed. Topo II β and β-tubulin were used
as the nuclear and cytosolic markers respectively to analyse the purity of subcellular
fractions. (C) MS/MS spectrum of a lightly labelled peptide from mutant β-catenin
transferred to the nucleus of the RKO cells. (D and E) Venn diagram depicts the number
of proteins transferred from EV to the cytoplasm (D) and nucleus (E) of the RKO cells.
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5.4.8

Biodistribution of LIM1215 derived EVs in vivo

In order to determine the biodistribution of EVs in vivo, the EVs were firstly labelled
with the lipophilic, near infrared fluorescent dye DiR. As depicted in Fig. 7A, DiR-EVs
showed a fluorescent signal in a well plate as opposed to the control (DiR-PBS)
measured by in vivo imaging system (IVIS).
To test the in vivo relevance of this study, mouse xenograft was generated by
subcutaneous implantation of RKO cells. Two-weeks after tumors were palpable, mice
were intravenously administered with either DiR-labelled EVs or PBS at 24 and 96 h.
Mice were imaged 24 h and 96 h post injection using IVIS (Fig. 7B). Furthermore,
organs were harvested after 96 h and imaged ex vivo in order to predict the tissue
distribution of the EVs. Analysis of the organs excised 96 h post injection showed
accumulation of DiR-EVs mainly in liver, spleen and the GI-tract as judged by the
presence of fluorescence signal, whereas no DiR signal was observed in organs of mice
treated with PBS (Fig. 7C). Amongst the harvested organs, liver, showed the maximum
signal of DiR-EVs.
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Figure 7: Biodistribution of EVs in vivo. (A) DiR-labelled EVs and PBS control were
subjected to fluorescent imaging using IVIS in a 96 well plate. DiR labelled EV showed
strong fluorescent signal as opposed to no signal in control PBS. (B) In-vivo
fluorescence images of CRC RKO mouse xenograft model injected with DiR-labelled
LIM1215 derived EVs at 24, 48 and 96 h. Values correspond to total radiant efficiency
[(p/sec/cm2/sr)/(µW/cm2)], n=7. (C) Representative organs IVIS images from mice
injected with labelled EVs and PBS. Liver showed the strongest fluorescence signal
after injection with DiR-EVs followed by spleen and GI-tract. Values correspond to
total radiant efficiency [(p/sec/cm2/sr)/ (µW/cm2)], n=7.

5.4.9

EVs alter Wnt signaling activity in vivo at tumor site

To investigate whether Wnt signaling activity was affected upon EVs delivery to the
tumor site, Western blot and qPCR analysis were performed on the tumor tissue lysates
from control and EV treated mice for Wnt target genes. Fig. 8A showed an increase in
cMYC protein expression in treated mice (T) in comparison to control mice (C) as
demonstrated by Western blotting. In addition, dot plot qPCR analysis of the mRNA
isolated from in vivo xenograft tumors showed an increase in cMYC, Cyclin D1 and
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Axin2 mRNA (Fig. 8B). This indicates the ability of EVs in inducing Wnt signaling
pathway in the tumor tissue.
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Figure 8: EVs increase Wnt signaling activity in-vivo. (A) Western blot analysis was
performed on tumor tissue lysates. Protein levels of Wnt target cMYC were evaluated
(n=4). (B) qPCR analysis was performed on control and EV-treated mice tumor tissue
lysates as shown by dot plot. The mRNA expression of Wnt target genes (cMYC,
Cyclin D1 and Axin2) were found to be elevated in EV-treated mice as compared to
control mice (* denotes P ≤ 0.05, n=4, Error bar represents ±SEM).
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5.5

Conclusions and future directions

The results suggests that EVs derived from CRC cells can stimulate Wnt signaling
pathway both in vitro and in vivo. Mouse xenograft tissue lysate treated with EVs
revealed increased expression of Wnt targets genes. Though the results are encouraging,
as the EVs were artificially injected, the physiological relevance of the concentration
used is unclear. Hence, we will study the horizontal transfer of EVs by Cre-loxP system
which is more physiologically relevant (Zomer et al., 2016). We have generated
LIM1215 cells as Cre cells (expressing cre recombinase) and RKO cells as reporter
cells (expressing DsRed). In this way, two different cell populations can be studied at
once, thus eliminating the need to isolate EVs and targeting to the tumor site. This will
demonstrate whether EVs have the potential to increase or decrease the tumour burden
on RKO cells.
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Chapter 6 Discussion
6.1
Vesiclepedia: A compendium for EVs with continuous community
annotation
Since the launch of Vesiclepedia (http://www.microvesicles.org), it has been heavily
accessed by researchers. As of 09/12/2016, it has been used by more than 37,200 users
accounting for 58,650 sessions with 177,919 page views. Remarkably, the online
compendium has been visited by users from more than 140 countries. Visitors from
United States, Germany and UK account for the top three with 15,844, 3,450 and 3,377
users, respectively. As of 09/12/2016, the manuscript describing Vesiclepedia has been
cited more than 267 times further emphasising the utility of this resource to the EV and
research community.

Importantly, thanks to community data annotation, the data deposition to Vesiclepedia
has doubled since its launch. As shown in Table 3, there is a significant increase in the
number of studies and data entries in the database. The number of studies for which the
data has been submitted to Vesiclepedia has been increased to 538 from 311.
Table 3: Vesiclepedia success data statistics
At the time of
publication

Now

Studies

311

538

Protein entries

35,264

92,897

mRNA entries

18,718

27,642

miRNA entries

1,772

4,934

Lipid entries

342

584

Species

5

38

6.2
Comparison of commonly used techniques for isolating EVs from human
plasma
In the first part of Chapter 4, a comparative evaluation of three exosome isolation
techniques namely differential centrifugation coupled with ultracentrifugation (UC),
epithelial cell adhesion molecule immunoaffinity pull down (EI) and OptiPrepTM
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density gradient separation (DG) was performed. The results suggested that DG was
relatively effective in isolating pure population of EVs.

Even though DG was found to be highly superior in isolating EVs, it limits its
applicability in clinical settings as it requires more sample material and is labourintensive. In order to isolate EVs from patient’s blood, robust, reproducible and less
laborious isolation methods are required. Since the publication of the manuscript
describing this work in 2013, multiple studies have been published that have compared
various isolation protocols. A variety of commercialised kits have been used in last few
years to isolate EVs from blood plasma including ExoQuick and and Total Exosome
IsolationTM. These kits are easy to use and time efficient as compared to laborious DG
and UC method. However, it has been shown that these robust kits heavily coprecipitate contaminating high abundance plasma proteins in the isolated EVs (Grant et
al., 2011; Lobb et al., 2015; Muller et al., 2014; Van Deun et al., 2014).

Very recently, it has been shown that ultra-filtration coupled with size-exclusion
chromatography (SEC) isolates EVs from blood plasma without significant
contamination from plasma proteins including albumin (Boing et al., 2014; Lobb et al.,
2015; Muller et al., 2014; Nordin et al., 2015). High level of purity is obtained after
SEC isolation method as compared to UC and DG. One of the advantages of SEC over
other isolation techniques is no risk of EV aggregation and formation of protein
aggregates. SEC has shown to outperform DG and UC with a recovery rate of 43%±23
(Jayachandran et al., 2012). SEC is quick method for isolating EVs, taking less than 20
minutes and best suited for clinical purposes. Importantly, the method can be
customized with low volume (<500 µL) of plasma samples. As of now, SEC is
considered the best method for isolating EVs from biological fluids (Cheruvanky et al.,
2007; Hong et al., 2015; Lobb et al., 2015).

6.3

Assessing the stability of exosomes in stored human normal blood plasma

Most EV-based research incorporate biological specimens which are repeatedly
frozen/thawed for few months up to a year. Many biorepositories store patient’s blood
samples for many years and knowledge on the stability of EVs will allow researchers
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in EV field to design biomarker based studies In order to exploit EVs for biomarker
analysis, the stability of EVs was addressed in Chapter 4.

LIM1863 CRC cells derived EVs were spiked in plasma and stability of EVs were
assessed for a period of 3 months under different storage conditions. Our findings reveal
that EVs are stable in plasma for a period of 3 months at -80°C and -20°C and to a lesser
extent at 4°C as confirmed by Western blot and microscopic analysis. Perhaps, the
analysis would have been more helpful if performed for extended storage periods. In
addition, the use of two exosomal markers (one luminal and membrane) would have
strengthened the observations of the published chapter.

Very recently, it has been reported that DNA from serum EVs are stable under different
temperatures including 4°C and room temperature for up to a week. EVs were also
found to be stable under repeated freeze/thaw cycles and DNA content of EVs were
stable under different environmental conditions (Jin et al., 2016). Stability of EVs in
other biological samples including milk and urine has also been recently examined.
(Boukouris & Mathivanan, 2015; Pieters et al., 2015).

6.4

Oncogenic implications of Wnt/ β-catenin signaling in CRC

It is well known that tumor comprises of different subpopulations of cancer cells that
exhibit salient genetic and behavioural variations (Barranha et al., 2015; Gerlinger et
al., 2012; Hardiman et al., 2016) leading to intra-tumor heterogeneity. This diversity
within a single tumor is known to be attributed by the different subpopulations of cells
displaying genetic, epigenetic factors and acquiring random mutations. In context to
CRC, KRAS, Adenomatous polyposis coli and TP53 are known to be the key driver
mutations in the development and progression of cancer (Armaghany et al., 2012; JanSing et al., 2005). Adenomatous polyposis coli mutations are most common in CRC
which is a crucial component of Wnt signaling pathway. Apart from Adenomatous
polyposis coli mutations, β-catenin mutations are also responsible for aberrated Wnt
signaling activity in CRC (Segditsas & Tomlinson, 2006). The frequency of
Adenomatous polyposis coli, KRAS, TP53 and β-catenin mutations occurring alone or
in combinations in CRC patients may vary. Therefore, different clonal subpopulations
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bearing different mutational load could potentially interact with each other and with
normal colon cells. It is also speculated that minor clones within the other subclones
interact via release of soluble factors (growth factors and cytokines) (Inda et al., 2010).
We postulated that EVs could potentially play a role in intra-tumor heterogeneity by
the intracellular transfer of genetic information to the tumor cells both locally and
systemically. Several studies have shown that EVs could switch the phenotype of
normal cells to malignant cells upon internalisation (Roma-Rodrigues et al., 2014;
Suetsugu et al., 2013; Taylor & Gercel-Taylor, 2013). Recently, two studies
demonstrated that EVs from cancer cells phenotypically convert mesenchymal cells to
fibroblasts (Cho et al., 2011; Cho et al., 2012). Another example of the role of EVs in
tumor progression is displayed by Luga and Wrana, elaborating how the EVs released
by CAFS promotes metastasis of breast cancer cells by upregulation of Wnt-PCP
signaling (Luga & Wrana, 2013). These above mentioned studies strongly indicate that
EVs regulate several different pathways and could alter the phenotype of the target
cells.
Chapter 5 focusses to understand the functional role of EVs bearing mutant β-catenin
in recipient cells in the context of Wnt signaling pathway. The results suggest that EVs
could stimulate Wnt signaling activity in the target cells by transfer of molecular cargo
both in vitro and in vivo. The results suggests that circulating EVs are rapidly taken up
by the target cells in the tumor microenvironment and allows for the amplification of
the signal in favour of tumor progression. Even though the results are encouraging, the
methodology used is not physiologically relevant. Injecting EVs into mice leads to
profound questions as to total cell number to number of EVs stoichiometry. One of the
biggest question in the EV field relates to the in vivo concentration of EVs. As EVs are
constitutively secreted in vivo, it is tempting to speculate that the effect of these EVs in
vivo could be much more than what is observed in vitro (provided low doses of EVs are
used).
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6.5

Future directions

One of the future directions is to study the horizontal transfer of EVs using Cre-loxP
method in vivo (Zomer et al., 2016). As EV release could contribute to disease
progression and tumorigenesis, it will be valuable approach to block or reduce the
secretion of EVs and study its effect on tumor burden.
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dist=14551)
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LGALS8
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4

2
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Peptides
LKLETELGNTQGLVEDFK,LETELGNT
QGLVEDFK,TEMENQFVLIK,AGSNTD
NMFQSYINNLR,TEMENQFVLIKK
YSFNLLGR,LGGLQPSQDR,ILSQLEAV
R,ILSQLEAVRR
GMLEPVQRPDVVLVGAGYR,SPLPW
QYR,ATFSSVPLVASISAVSLEVAQPG
PSNRPR
QEYFVVASTLQDIIR,LKQEYFVVASTL
QDIIR,WLLLCNPGLANTIVEK
EAEAGELLEPKRQR,EAEAGELLEPKR
QQEGPADRAAPGSQPR,ACLLTLLSS
SSPGGPTQAK
LLIFIK,EEAMNINVLVCASVGKK
RPEPQGGSGQTLHGLR,LQGKCLTGN
SLPGLSLGPRTR
LQAQIATSGLTVEVDAPK,GLQAQIATS
GLTVEVDAPK
EAEAGELLEPKRQR,EAEAGELLEPKR
AAVSHWQQQSYLDSGIHSGATATAPS
LSGK,AAVMVHPLSK
DFYVVEPLAFEGTPEQK,ISYGPDWKD
FYVVEPLAFEGTPEQK
PLPLPTEEGNPLLK,SELPLDPLPLPTE
EGNPLLK
QKKMVLLCGPNNQLK,MVLLCGPNNQ
LK
AIAHLATEYVFSDFLLKEPTEPK,AIAHL
ATEYVFSDFLLK
QKKMVLLCGPNNQLK,MVLLCGPNNQ
LK
GSSAACNGLLTNHYVCEVDGQNVIGL
K,IVMVVR
EGLAQGLR,SFKTLSDPASWRAQATL
MGK
TCRAGLGGGRSK,QYKINIYIQKVEKK
GPPTGSPAPPAK,VSCPTCQGGPCSA
RPRPHR
ASLEAAIADAQQR,MRSCKSLAGK
SGTPQLSLPFAAR,TPQLSLPFAAR
SEIQPSDTSYLWHIPLSYVTEGR,FPL
GSYTVQNIVAGSTYLFSTK
LLRSCAPACGPLAPPGRGHFPPDPAL
TGPGLGQGQGR,QRKWEAAREAEQL
R
YFSTSVSR,YFSTSVSRPGR

Supplementary Table 1
PLEC

2

6
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FKBP9L(dist=60170),SEPT1
4(dist=28807)

2

2

AGVAAPATQVVQVTLQSVQR,EQLQQ
EQALLEEIER
TNVSYCGALDEDVPVPNTAISFDAK,M
FIHSNFK

2

3

QYTLSNIPQANAFR,YPTLSNTKENK
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PPP3R1
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CLRN3
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HSD3B2(dist=39399),HSD3
B1(dist=44765)
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ACLY
RCOR2
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FRK
AURKB
CCT7
FAM151B
ANXA11
LOC645166(dist=114420),L
OC388692(dist=212002)
TFRC
HERC2
BCYRN1
C5orf34
CYFIP1
FLNA
CCDC88C
MST1R
PTGFRN
FASN
SYNGR1

2
1
1
1
1
1
1
1
1
1

55
45
14
33
9
6
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10

KAPDFVFYAPHLR,APDFVFYAPHLR
CVEPLGMENGNIANSQIAASSVR
VIFLLPK
NSSAGGQGSYVPLLR
IIILESR
LIVKMPFLK
IAVLEILNNSSQK
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LASVPAGGAVAVCCPR

1
1
1
1
1
1
1
1
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9
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7
7
7
7
6
12
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HLLVHAPDDKK
ALAPRDLGMGWNGAGAAR
SSPTARKTVQLLK
SLQAEPWFFGAIR
FPASVPTGAQDLISK
GGTEQFMEETER
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GFGTDEQAIIDCLGSCSNK
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PDCD6IP
DTWD2
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LDSTDFTSTIK
SLLINKFR
ILSLTGLGR
THINIVVIGHVNSGK
YLTLDSFDAMFR
SPYTVTVGQVCNPSACR
TLSGIWTQANNLEGSPR
LGDHLLFASGDQVFQVPIR
AVEVATVVIQPTVLR
PSAGVTFPSGDIQEQLIR
RDPAQCWAPR
EPSAPSIPTPAYQSLPAGGHAPTPPTP
APR
DSGDKAAGVRGGGGGAWRR
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