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Proteomics, transcriptomics and lipidomics of exosomes
and ectosomes
Dong-Sic Choi, Dae-Kyum Kim, Yoon-Keun Kim and Yong Song Gho
Department of Life Science, Pohang University of Science and Technology, Pohang, Republic of Korea

Mammalian cells secrete two types of extracellular vesicles either constitutively or in a regulated
manner: exosomes (50–100 nm in diameter) released from the intracellular compartment and
ectosomes (also called microvesicles, 100–1000 nm in diameter) shed directly from the plasma
membrane. Extracellular vesicles are bilayered proteolipids enriched with proteins, mRNAs,
microRNAs, and lipids. In recent years, much data have been collected regarding the specific
components of extracellular vesicles from various cell types and body fluids using proteomic,
transcriptomic, and lipidomic methods. These studies have revealed that extracellular vesicles
harbor specific types of proteins, mRNAs, miRNAs, and lipids rather than random cellular components. These results provide valuable information on the molecular mechanisms involved
in vesicular cargo-sorting and biogenesis. Furthermore, studies of these complex extracellular
organelles have facilitated conceptual advancements in the field of intercellular communication under physiological and pathological conditions as well as for disease-specific biomarker
discovery. This review focuses on the proteomic, transcriptomic, and lipidomic profiles of extracellular vesicles, and will briefly summarize recent advances in the biology, function, and
diagnostic potential of vesicle-specific components.
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Introduction

As an acellular tool for intercellular communication, mammalian cells secrete nanosized extracellular vesicles either
constitutively or in a regulated manner [1–3]. These membrane vesicles are bilayered spherical structures enriched
with various bioactive materials including proteins, genetic
material (mRNA, microRNA, rRNA, and tRNA), and lipids
[4–6]. This extracellular vesicle-mediated communication is
evolutionarily conserved from archaea, Gram-negative and
-positive bacteria, to eukaryotic cells [7–9].
Various types of mammalian cell, such as platelets, leukocytes, epithelial cells, endothelial cells, and tumor cells, secrete extracellular vesicles [10–13]. Extracellular vesicles are
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also found in physiological and pathological fluids such as
plasma, urine, breast milk, semen, amniotic fluid, saliva, and
ascites [14–20]. Extracellular vesicles have been suggested to
play multifaceted pathophysiological functions in intercellular communication [1–3, 12, 21]. Mammalian extracellular
vesicles are also involved in the delivery of pathogenic loads
such as prions and retroviruses [22, 23]. Furthermore, recent
studies have drawn attention to the importance of mammalian extracellular vesicles in antitumoral multidrug resistance and their clinical applications as diagnostic tools for
and vaccines against cancers [24–26].
The terms “exosomes,” “ectosomes,” “extracellular membrane vesicles,” “shedding vesicles,” “membrane particles,” “exosome-like vesicles,” “exovesicles,” “nanoparticles,”
“microvesicles,” “microparticles,” “matrix vesicles,” “aggrosomes,” “oncosomes,” “prostasomes,” and “tolerosomes”
have often been used interchangeably in the literature to
Colour Online: See the article online to view Fig. 1 in colour.
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Figure 1. Two types of extracellular vesicle and their roles in angiogenesis. (A) Based on their biogenesis mechanisms, eukaryotic cells
secrete two types of extracellular vesicle: exosomes and ectosomes. Exosomes, 50–100 nm in diameter, are secreted by fusion of late
endosomes or multivesicular bodies with the plasma membrane. Ectosomes (also known as microvesicles), 100–1000 nm in diameter, are
shed directly from the plasma membrane. (B) Endothelial cell activation by extracellular vesicles. These angiogenic activities in vitro and
in vivo are mediated primarily by vesicular lipid(s), proteins, mRNAs, and miRNAs.

describe mammalian extracellular vesicles [1]. Based on the
mechanisms of biogenesis, mammalian cells secrete two
types of extracellular vesicle [1–3]: first, exosomes (50–100 nm
in diameter), which are released from the intracellular compartments known as late endosomes or multivesicular bodies
after fusion with the plasma membrane (Fig. 1A), and second,
ectosomes (also called microvesicles, 100–1000 nm in diameter), which are shed directly from the plasma membrane.
Current isolation protocols and analysis parameters of exosomes and ectosomes have been reviewed [27, 28]. Exosomes
and ectosomes can be isolated from culture supernatants or
body fluids by differential centrifugation, ultrafiltration, ultracentrifugation, or immunoprecipitation [27, 28].
Recent studies have reported that biogenesis of exosome
and ectosome is not strictly separate [29–33]. In addition, exosomes and ectosomes can be formed simultaneously, but
their ratio differs according to cell type and status (activated
or resting) [1–3]. Due to the moderate difference in their
physical properties and composition, discriminating between
the two types of extracellular vesicles after their release from
cells is difficult. Therefore, in this review, we will refer to
exosomes and ectosomes collectively as extracellular vesicles.
This review focuses primarily on proteomic, transcriptomic,
and lipidomic studies of extracellular vesicles that might
facilitate understanding of the mechanisms of biogenesis
and pathophysiological roles of these complex extracellular
organelles.

2

Proteomics, transcriptomics, and
lipidomics of extracellular vesicles and
their implications

Biochemical and biological techniques have been used to
identify the protein, mRNA, miRNA, and lipid contents of

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

Table 1. Proteomics, transcriptomics,
extracellular vesicles

Proteomes
Studies
Data sets
High-throughput proteomesb)
Studies
Data sets
High-throughput transcriptomes
mRNA
Studies
Data sets
miRNA
Studies
Data sets
Lipidomes
Studies
Data sets

and

lipidomics

of

EVpedia

ExoCarta

80
112

61
91a)

33
40

51
78

61
91a)

15
19

13
17

12
15

2
3

15
27

4
14

4
12

12
15

12
15

9
10

EVpedia (http://evpedia.info) and ExoCarta (http://exocarta.org)
are public online databases of the proteins, mRNAs, miRNAs,
and lipids of mammalian extracellular vesicles.
a) EVpedia contains mammalian and nonmammalian eukaryotic
and prokaryotic proteomes of extracellular vesicles; ExoCarta
contains only mammalian proteomes.
b) High-throughput proteomes in which at least 50 vesicular proteins were identified.

vesicles [27, 28]. To date, numerous high-throughput proteomic and transcriptomic studies of extracellular vesicles
derived from various cell types and body fluids have catalogued several thousand vesicular proteins [10–12, 15–17,
20–22, 34–75] and RNAs [75–100], while few investigators
have performed lipidomic profiling of extracellular vesicles
[33, 40, 101–110] (Table 1). Although extracellular vesicles
www.proteomics-journal.com
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contain a common set of components, one of most interesting aspects is the different findings obtained from different
studies and data sets. This may be due to differences in vesicle
purification techniques, as well as in the biological fluids/cell
types studied and the state of the cell/host that produces
extracellular vesicles. For example, when LIM1863-derived
extracellular vesicles were isolated using a variety of methods (ultracentrifugation, OptiPrep density gradient ultracentrifugation, or an anti-EpCAM affinity column), significant
differences in their proteomes were identified [44]. Furthermore, extracellular vesicles derived from metastatic colorectal
cancer cells (SW620) are enriched with cancer progression
associated proteins (dipeptidase 1, metastasis associated in
colon cancer protein 1, and prominin-1) compared to those
of the nonmetastatic colorectal cancer cell line SW480 [74].
Several reviews concerning this subject have been recently
published [4–6].
Extracellular vesicles harbor a specific subset of proteins,
mRNAs, miRNAs, and lipids rather than random cellular
components. Moreover, extracellular vesicles contain both a
common set of components and cell type specific protein,
mRNA, miRNA, and lipid subsets [1–6, 27]. Identification
of common vesicular components will increase our understanding of the molecular mechanisms involved in vesicle
cargo-sorting and biogenesis. In addition, the vesicle- and
cell type specific cargos of extracellular vesicles are likely
linked to their biological and pathophysiological functions
(reviewed by Raimondo et al. [27]) and may prove to be a
rich source of biomarkers [27, 111, 112]. For example, cancer
cell- and endothelial cell-derived extracellular vesicles stimulate endothelial cells by receptor activation and transfer of
vesicular cargos, resulting in the progression of angiogenesis
in vitro and in vivo [12, 76–79, 113–119]. These angiogenic
activities are mediated by vesicular lipids, proteins, mRNAs,
and miRNAs (Fig. 1B).
Currently, two public online databases of comprehensive vesicle-specific components (EVpedia and ExoCarta) are
available (Table 1). Both EVpedia (http://evpedia.info) and
ExoCarta (http://exocarta.org) provide information regarding
the mRNAs, miRNAs, and lipids of mammalian extracellular vesicles [120]. ExoCarta contains only the proteomes
of mammalian extracellular vesicles, while EVpedia collects
nonmammalian eukaryote and prokaryote, as well as mammalian data sets. EVpedia also provides an array of tools, such
as Gene Ontology (GO) enrichment analyses and network
analyses of vesicular proteins and a comparison of vesicular protein data sets by ortholog identification. These online databases facilitate the sharing and cataloging of data
regarding vesicle-specific proteins, nucleic acids, and lipids
derived from various types of cells and body fluids. The list
of proteins, mRNAs, miRNAs, and lipids found in extracellular vesicles within both EVpedia and ExoCarta is continuously expanding. Authors are invited to report their findings so as to enlarge these databases and thus enhance their
utility.
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3

Proteomic analysis of extracellular
vesicles

During the last 20 years, vesicular proteins have been extensively investigated by MS-based proteomic analysis, Western blotting, fluorescence-activated cell sorting, and immunoelectron microscopy [12, 102, 121–123]. MS-based proteomic
tools have played a particularly important role in improving our understanding of the protein compositions of extracellular vesicles from various cell types and body fluids
(Table 1). The vesicular proteomes provide diverse information regarding the biogenesis mechanisms and pathophysiological functions of extracellular vesicles and facilitate biomarker discovery based on the protein signature of
the originating cells. Recent reviews of this subject are available [27, 111].
In early MS-based proteomic studies of extracellular vesicles [124–127], vesicular proteins were separated using gel
electrophoresis, and then highly abundant proteins (14–3-3
proteins, actin, annexins, HSPs, and tetraspanins) were identified by MS. However, in recent high-throughput proteomic
studies, increasing numbers of vesicular proteins have been
identified by LC-ESI-MS/MS analyses combined with protein
and/or peptide separation technologies (Table 2). More recently, extracellular vesicles purified by density gradient ultracentrifugation [27, 28], immunoaffinity columns [35, 44, 45],
gel filtration [38], or flow field-flow fractionation [43] have
been used in high-throughput proteomic studies (Table 2).
As more vesicular proteomes are identified, it has become
apparent that the inclusion or exclusion of cellular proteins
into extracellular vesicles is not based on the abundance of
the protein, but rather on a controlled protein-sorting mechanism during production of extracellular vesicles. Annotation
of vesicular proteomes according to their subcellular distribution revealed that plasma membrane and cytoplasmic proteins are more commonly sorted into extracellular vesicles
compared to those of the nucleus and mitochondrion [27,128].
Several mechanisms of protein sorting into extracellular vesicles during their biogenesis have been proposed [129]: cargo
proteins, for example, ubiquitinylated membrane proteins
sorted by endosomal-sorting complexes required for transport; co-sorting by protein interaction; co-sorting by lipid interaction; and nonspecific engulfment of cytosolic proteins.
However, the molecular mechanisms by which proteins are
loaded into extracellular vesicles are not fully understood. Recently, we validated experimentally the co-sorting of cytoplasmic proteins with vesicular cargo proteins via protein–protein
interactions, suggesting that direct interactions between cellular proteins are critical for cargo protein sorting during
vesicle formation [21].
Proteomic studies on extracellular vesicles of various origins suggest that extracellular vesicles contain both a common set of components and cell type specific protein, mRNA,
miRNA, and lipid subsets (reviewed by Raimondo et al. [27]).
Common vesicular proteins are known to be involved in

www.proteomics-journal.com
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Homo sapiens

Homo sapiens

Homo sapiens

Colorectal cancer
cell (LIM1863)

Colorectal cancer
cell(SW480, SW620)

Homo sapiens

Homo sapiens

Homo sapiens

Rattus norvegicus
Mus musculus

Colorectal cancer
cell (LIM1215)

Tumor cells
Colorectal cancer
cell(HT29)

Reticulocyte
Thymocyte
Stem cells
Neural stem cell
(HB1.F3)
Mesenchymal stem
cell

Preclearing (500 × g, 800 × g) > Concentration (100 kDa) >
Sucrose cushion ultracentrifugation (100 000 × g) > Sucrose
density gradient ultracentrifugation (150 000 × g)
Preclearing (400 × g, 1900 × g) > Filtration (0.1 m) >
Concentration (5 kDa) > Pelleting (100 000 × g), or (ii)
Preclearing (400 × g, 1900 × g) > Concentration (5 kDa) >
Affinity purification (anti-A33)
Preclearing (480 × g, 2000 × g) > Filtration (0.1 m) >
Concentration (5 kDa) > Pelleting (100 000 × g), (ii) Preclearing
(480 × g, 2000 × g) > Filtration (0.1 m) > Concentration (5 kDa)
> OptiPrep density gradient ultracentrifugation (100 000 × g) >
Pelleting (100 000 × g), or (iii) Preclearing (480 × g, 2000 × g) >
Filtration (0.1 m) > Concentration (5 kDa) > Affinity purification
(anti-EpCAM)
Preclearing (500 × g, 2000 × g) > Concentration (100 kDa) >
Sucrose cushion ultracentrifugation (100 000 × g) > OptiPrep
density gradient ultracentrifugation (200 000 × g)

Preclearing (1000 × g) > Concentration (100 kDa) > Flow field-flow
fractionation
Preclearing (500 × g, 800 × g) > Concentration (100 kDa) >
Sucrose cushion ultracentrifugation (100 000 × g) > OptiPrep
density gradient ultracentrifugation (150 000 × g)

Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens

B cell
Monocyte (THP-1)
Platelet
B cell (RN
HLA-DR15+ )

2012

2012

IEF-LC-ESI-MS/MS

2009

1DE-LC-ESI-MS/MS

1DE-LC-ESI-MS/MS

2007

2012

1DE-LC-ESI-MS/MS

1DE-LC-ESI-MS/MS

2008

2011
2011
LC-ESI-MS/MS

1DE-LC-ESI-MS/MS
LC-ESI-MS/MS

2009
2009
2009
2010

2008

1DE-LC-ESI-MS/MS

Homo sapiens

Red blood cell

1DE-LC-ESI-MS/MS
1DE-LC-ESI-MS/MS
2DLC-ESI-MS/MS
1DE-LC-ESI-MS/MS

2007

1DE-LC-ESI-MS/MS

Preclearing (500 × g, 16 500 × g) > Filtration (0.22 m) > Pelleting
(120 000 × g)
Microvesicle: Preclearing (1550 × g) > Pelleting (40 000 × g)
Nanoveslcle: Preclearing (1550 × g, 40 000 × g) > Pelleting
(100 000 × g)
Preclearing (750 × g, 1000 × g) > Pelleting (15 000 × g)
Preclearing (750 × g, 1500 × g) > Pelleting (16 000 × g)
Preclearing (5000 × g) > Pelleting (130 000 × g) > Gel filtration
Preclearing (200 × g, 500 × g, 10 000 × g) > Pelleting (70 000 × g)
> Sucrose density ultracentrifugation (190 000 × g) > Affinity
purification (anti-MHC II)
Preclearing (20 000 × g) > Pelleting (100 000 × g)
Preclearing (2000 × g) > Filtration (0.8 m) > Pelleting (12 200 × g)

Mus musculus

2005
2005
2006

1DE-LC-ESI-MS/MS
1DE-LC-ESI-MS/MS
1DE-LC-ESI-MS/MS

Published
year

Filtration (0.22 m) > Pelleting (100 000 × g)
Preclearing (710 × g) > Pelleting (150 000 × g)
Preclearing (750 × g, 1500 × g) > Pelleting (15 000 × g)

Proteomic analysis
strategies

Mus musculus
Homo sapiens
Homo sapiens

Isolation
strategies

Cell types
Hematopoietic cells
Microglia cell (N9)
Platelet
T-lymphocytic cell,
B cell
Mast cell (MC9)

Species

Table 2. High-throughput proteomic studies on extracellular vesicles

[74]

[44]

[45]

[12]

[42]

[43]

[40]
[41]

[34]
[37]
[38]
[35]

[39]

[75]

[36]
[10]
[11]

Reference
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Homo sapiens

Cryptococcus
neoformans

Osteoblast
(MC3T3-E1)
Cryptococcus
neoformans

Homo sapiens
Homo sapiens
Homo sapiens

Homo sapiens

Homo sapiens

Drosophila
melanogaster

Saccharomyces
cerevisiae

Mus musculus

Preclearing (1000 × g) > Pelleting (105 000 × g)
Preclearing (17 000 × g) > Pelleting (200 000 × g)
Preclearing (300 × g, 3000 × g) > Filtration (1.2, 0.8, 0.4, 0.2 m) >
Preclearing (10 000 × g) > Pelleting (100 000 × g) > Sucrose
density gradient ultracentrifugation (79 000 × g)

Preclearing (400 × g, 15 000 × g) > Concentration (500 kDa) >
Pelleting (100 000 × g) > Sucrose density gradient
ultracentrifugation (222 228 × g) > Pelleting (105 000 × g)

Preclearing (6000 × g) > Concentration (100 kDa) > Sucrose/D2O
cushion ultracentrifugation (100 000 × g)
Preclearing (100 × g) > Pelleting (22 300 × g) > Sucrose density
gradient ultracentrifugation (200 000 × g)
Preclearing (4000 × g, 15 000 × g) > Concentration (100 kDa) >
Preclearing (4000 × g, 15 000 × g) > Filtration (0.8 m) >
Pelleting (100 000 × g)
Preclearing (5000 × g, 10 000 × g) > Sucrose cushion
ultracentrifugation (100 000 × g) > Sucrose density gradient
ultracentrifugation (100 000 × g) > Pelleting (100 000 × g)
Preclearing (10 000 × g) > Pelleting (100 000 × g)

Homo sapiens

Homo sapiens

LC-ESI-MS/MS
1DE-LC-ESI-MS/MS
LC-ESI-MS/MS

LC-ESI-MS/MS

2DLC-ESI-MS/MS

2003
2004
2007

2011

2011

2011

2010

LC-ESI-MS/MS

1DE-LC-ESI-MS/MS

2009

2009

2009

2008

2008

2008

1DE-LC-ESI-MS/MS

1DE-LC-ESI-MS/MS

1DE-LC-ESI-MS/MS

1DE-LC-ESI-MS/MS

1DE-LC-ESI-MS/MS

LC-ESI-MS/MS

2007

2007

LC-ESI-MS/MS

2DLC-ESI-MS/MS

2007

LC-ESI-MS/MS

2004

2012

Published
year

[17]
[15]
[16]

[58]

[57]

[48]

[56]

[55]

[52]

[50]

[51]

[49]

[47]

[54]

[53]

[46]

[22]

[21]

Reference
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Body fluids
Seminal fluid
Urine
Breast milk

Drosophila
melanogaster
(KC167, S2)
Tabecular meshwork
cell
Trophoblast cells
(Sw71)

Pancreatic beta cell
(NIT-1)
Saccharomyces
cerevisiae

Endothelial
progenitor cell
Keratinocyte

Preclearing (500 × g) > Filtration (0.22 m) > Preclearing (10 000 ×
g) > Pelleting (100 000 × g)
Preclearing (400 × g, 12 500 × g) > Pelleting (20 500 × g)

Rattus norvegicus

Homo sapiens

Mus musculus

Oligodendrocyte

Endothelial cell
(HUVEC)
Hepatocyte

Preclearing (4000 × g, 15 000 × g) > Concentration (100 kDa) >
Preclearing (4000 × g, 15 000 × g) > Filtration (0.8 m) >
Pelleting (100 000 × g)
Preclearing (200 × g) > Pelleting (100 000 × g)

Homo sapiens

Adipocyte (3T3-L1)

1DE-LC-ESI-MS/MS

1DE-LC-ESI-MS/MS

Preclearing (500 × g, 800 × g) > Concentration (100 kDa) >
Sucrose cushion ultracentrifugation (100 000 × g) > Sucrose
density gradient ultracentrifugation (150 000 × g)
Preclearing (3000 × g, 4500 × g, 10 000 × g) > Pelleting (100 000 ×
g) > Sucrose cushion ultracentrifugation (100 000 × g)
Preclearing (1000 × g, 15 000 × g) > Pelleting (100 000 × g) >
Sucrose density gradient ultracentrifugation (200 000 × g)
Preclearing (60 × g, 10 000 × g) > Pelleting (100 000 × g) >
Sucrose density gradient ultracentrifugation (100 000 × g) >
Pelleting (100, 000 × g)
Preclearing (2000 × g, 20 000 × g) > Pelleting (100 000 × g)

Proteomic analysis
strategies

Isolation
strategies

Mus musculus

Homo sapiens

Species

Other cells
Neuroglial cell (Mov)

Colorectal cancer
cell(HT29)

Table 2. Continued
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Homo sapiens

Homo sapiens
Homo sapiens

Homo sapiens
Rattus norvegicus

Homo sapiens

Rattus norvegicus

Homo sapiens

Bos taurus

Seminal fluid

Urine
Urine

Plasma
Urine

Ascites

Plasma

Urine

Milk

1DE, one-dimensional electrophoresis; 2DLC, two-dimensional LC; SCX, strong cation exchange.

Homo sapiens
Homo sapiens

2DLC-ESI-MS/MS
1DE-LC-ESI-MS/MS
1DE-LC-ESI-MS/MS

Preclearing (300 × g, 10 000 × g) > Pelleting (200 000 × g)
Preclearing (20 000 × g) > Pelleting (100 000 × g)
Filtration (0.22 m) > Gel exclusion chromatography > Sucrose
gradient ultracentrifugation (175 000 × g) > Pelleting (100 000 ×
g) > Sucrose cushion ultracentrifugation (175 000 × g)
Preclearing (1000 × g, 10 000 × g) > Pelleting (100 000 × g) >
Sucrose density gradient ultracentrifugation (78 000 × g) >
Pelleting (100 000 × g)
Preclearing (17 000 × g) > Pelleting (200 000 × g)
Preclearing (15 000 × g) > Filtration (8 m) > Pelleting (150 000 ×
g) > Sucrose/D2O density ultracentrifugation (200 000 × g)
Preclearing (1500 × g, 15 000 × g) > Pelleting (200 000 × g)
Preclearing (1500 × g, 10 000 × g) > Pelleting (100 000 × g) >
Sucrose/D2O cushion ultracentrifugation (100 000 × g) >
Pelleting (100 000 × g)
Preclearing (3200 × g) > Sucrose cushion ultracentrifugation
(100 000 × g) > OptiPrep density gradient ultracentrifugation
(200 000 × g) > Sucrose cushion ultracentrifugation (100 000 ×
g) > OptiPrep density gradient ultracentrifugation (200 000 × g)
Preclearing (1500 × g, 5000 × g) > Concentration (0.45 m) >
Pelleting (200 000 × g)
Preclearing (17 000 × g) > Pelleting (200 000 × g) > Sucrose
density gradient ultracentrifugation (270 000 × g) > Pelleting
(200 000 × g)
Preclearing (10 000 × g) > Pelleting (100 000 × g) > Sucrose
cushion ultracentrifugation (200 000 × g) > Sucrose density
gradient ultracentrifugation (112 700 × g) > Pelleting
(200 000 × g)
Preclearing (2600 × g) > Filtration (5 m) > Pelleting (20 000 × g)
Preclearing (17 000 × g) > Pelleting (200 000 × g)

Homo sapiens
Bos taurus
Homo sapiens

Saliva
Urine

1DE-LC-ESI-MS/MS
1DE-LC-ESI-MS/MS

Preclearing (250 × g, 17 000 × g) > Pelleting (200 000 × g)
Preclearing (400 × g, 12 500 × g) > Pelleting (20 500 × g)

Homo sapiens
Homo sapiens

Urine
Carotid
atherosclerotic
plaque
Ductal parotid saliva
FBS
Plasma

2012

2DLC-ESI-MS/MS

2012
2012

2011

1DE-LC-ESI-MS/MS

1DE-LC-ESI-MS/MS
1DE-LC-ESI-MS/MS
and
2DLC-ESI-MS/MS

2011

2011

2010
2010

2009
2009

2009

2009
2009
2009

2008
2009

Published
year

1DE-LC-ESI-MS/MS

1DE-LC-ESI-MS/MS

SCX-MALDI-MS/MS
1DE-LC-ESI-MS/MS

1DE-LC-ESI-MS/MS
1DE-LC-ESI-MS/MS

1DE-LC-ESI-MS/MS

Proteomic analysis
strategies

Species

Isolation
strategies

Table 2. Continued

[66]
[73]

[62]

[72]

[65]

[20]

[64]
[71]

[69]
[70]

[67]

[60]
[61]
[63]

[68]
[59]

Reference
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Eukaryotes
Human

Number of proteins
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Common vesicular proteins

0
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Identification count

Figure 2. The distribution of identification counts in vesicular proteomes. By combining the 78 qualified high-throughput
proteomic data sets (Supporting Information Table S1), we
constructed a comprehensive eukaryotic extracellular vesicle
proteome data set (Supporting Information Table S2). The distribution of identification counts in 13 718 eukaryotic vesicular proteins, including 7806 human proteins is shown. The identification
count of each vesicular protein represents the number of identifications of that protein or its orthologs in 78 high-throughput
proteomic data sets. Approximately 2000 eukaryotic vesicular
proteins and 797 human vesicular proteins are categorized as
common vesicular proteins that are present in at least 16 proteomic data sets.

vesicle structure, biogenesis, and trafficking, while cell type
specific vesicular proteins are involved in cell type associated
pathophysiological functions.
To provide a global outlook on the molecular functions
and interrelationships of vesicular proteins, we constructed a
comprehensive proteome data set of eukaryotic extracellular
vesicles. We selected 78 qualified high-throughput proteomic
data sets that identified at least 50 vesicular proteins (Table 2
and Supporting Information Table S1). From this merged
data set, we identified ∼13 000 eukaryotic vesicular proteins,
including 7806 human proteins (Supporting Information Table S2). We then calculated the identification count of each
vesicular protein, which represents the number of identifications of that protein or its orthologs in the 78 proteomic
data sets (Supporting Information Table S2). The distribution of the identification counts of vesicular proteins is shown
in Fig. 2. We finally categorized ∼2000 eukaryotic vesicular
proteins, including 797 common human vesicular proteins,
as shared by more than 16 proteomic data sets (Supporting
Information Table S2). The tetraspanins (CD9, CD63, and
CD81), integrins, HSPs, annexins, Tsg101, Alix, Syntenin-1,
Rab proteins, cytoskeletal proteins (actins, cofilin-1,
ezrin/radixin/moesin, profilin-1, and tubulins), metabolic
enzymes (enolases, glyceraldehyde 3-phosphate dehydrogenase, peroxiredoxins, and pyruvate kinase), and ribosomal
proteins were categorized as common vesicular proteins,
as has been reported elsewhere (reviewed by Raimondo
et al. [27]).

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

When compared with the 7806 total human vesicular proteins, the 797 common proteins were enriched with those
originating from the cytoskeleton, cytosol, plasma membrane, and vesicles (Fig. 3A). Furthermore, annotation of
these common vesicular proteins according to biological process revealed significant associations with cell motion, cytoskeleton organization, protein localization, regulation of
apoptosis, small GTPase-mediated signal transduction, translation, and vesicle-mediated transport (Fig. 3B). This finding
is consistent with previous reports [27].
According to our recent publication on the protein interaction network of human colorectal cancer cell-derived
extracellular vesicles, vesicular proteins are interconnected
via physical interactions and are clustered into functional
modules involved in vesicle biogenesis and functions [21].
Figure 4A shows the protein interaction network of 7806
human vesicular proteins from high-throughput proteomes
(Supporting Information Table S2). Moreover, 797 common
human vesicular proteins are extensively interconnected via
physical interactions (Fig. 4B). In addition, the following functional modules are formed by physical and functional interconnections among common human vesicular proteins: cytoskeleton organization (Fig. 4C) and vesicle-mediated transport (Fig. 4D). The vesicle-mediated transport subnetwork
is clustered with functional modules of cytoskeleton regulation, endosomal-sorting complexes required for transports,
ADP ribosylation factors, SRC signaling, vesicle targeting (including Rab proteins), and exocytosis (Fig. 4D). All common
vesicular proteins in these functional modules are known to
be involved in the biogenesis and structure of extracellular
vesicles [21, 33, 130–134].

4

Transcriptomic analysis of extracellular
vesicles

Since the historic discovery of vesicular mRNAs and miRNAs
in humans and mice [75–78, 135], extracellular vesicles from
various cell types and body fluids have been reported to contain significant quantities of mRNAs and miRNAs [75–100].
Most recent studies have focused on profiling vesicular mRNAs and miRNAs, particularly the horizontal transfer of genetic material that might cause epigenetic reprogramming of
recipient cells, and on potential diagnostic indicators of various diseases based on the genetic signature of the originating
cell [75–78, 135]. A recent exciting finding is that vesicular
mRNAs or miRNAs can be functionally transferred to the
target cell, eventually altering gene expression of neighboring and distant cells [75–78, 135]. Direct membrane fusion
with the target cell or mixing of the vesicular luminal contents with the recipient cell cytosol after receptor-mediated
endocytosis may be involved in this vesicle-mediated horizontal gene transfer [136]. However, the detailed mechanism remains unclear and few studies have been published.
Furthermore, several researchers have detected the rRNA,
www.proteomics-journal.com
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Figure 3. Classification of human vesicular proteins by Gene Ontology cellular component and biological process. The subcellular localization (A) and biological processes (B) of 7806 human vesicular proteins and 797 common human vesicular proteins. Cellular components or
biological processes enriched in the common human vesicular proteins were calculated using a modified Fisher’s exact test (EASE score)
in DAVID (http://david.abcc.ncifcrf.gov) [150]. *p < 0.001.

tRNA, and short DNA sequences of retrotransposons in
extracellular vesicles [88,137,138]. Recent reviews of this subject are available [112, 139, 140].
In total, 44 high-throughput transcriptomic mRNA and
miRNA data sets based on microarray and next-generation
sequencing have been published to date (Tables 1 and 3)
[75–100]. The mRNA contents of extracellular vesicles have
various cellular origins, including adipocytes, breast cancer
cells, cardiomyocytes, colorectal cancer cells, endothelial cells,
gioblastoma cells, hepatocytes, mast cells, mesenchymal stem
cells, pancreatic cancer cells, saliva, and serum [75–87]. Advances in miRNA microarray and next-generation sequencing techniques have also generated profiles of the miRNAs
present within extracellular vesicles derived from various cell
types: e.g., adipocytes, B cells, colorectal cancer cells, dendritic
cells, endothelial cells, liver cancer cells, lung cancer cells,
gastric cancer cells, macrophages, mast cells, mesenchymal
stem cells, monocytes, and T cells [75, 87–96]. In addition,
the miRNA contents of extracellular vesicles derived from
plasma, saliva, and milk have been reported [97–100].
These high-throughput transcriptomic studies have revealed that a specific subset of mRNAs and miRNAs is selectively incorporated into extracellular vesicles [141]. However,
this remains controversial since studies have reported discordant results. Some high-throughput mRNA analyses of extracellular vesicles derived from mast cells, endothelial progenitor cells, and human saliva suggest that only specific mRNA
subpopulations are packaged within the extracellular vesicles
by means of a selective enrichment process [75, 78, 84]. In
contrast, extracellular vesicles derived from glioblastoma and
colorectal cancer cells harbor a similar number of mRNAs
as the original cells [76, 77]. The latter two studies reported
that the mRNA content of extracellular vesicles reflects the
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cellular mRNA of the originating cell; however, some vesicular RNAs were relatively enriched. Also, whether the specific
popula-tions of cellular miRNAs are selectively packaged into
extracellular vesicles [75, 77, 89] or not [76, 87, 97, 98] remains
disputed.
Many potential reasons exist for the discrepancies among
these transcriptomic studies. Because microarray is a very
sensitive approach, the presence of contamination, such as
nonvesicular RNAs or degraded RNAs, can affect the results.
Therefore, the preparation of extracellular vesicles without
cellular debris, bovine serum-derived extracellular vesicles,
or any other nonvesicular RNA, is critical in vesicular transcriptomic profiling. In addition, the half-life of individual
vesicular mRNA or miRNA is unknown, suggesting that rapid
purification and appropriate storage of vesicular mRNA are
important. Furthermore, mRNA and miRNA are present in
extracellular vesicles purified from body fluids, which is rich
in RNase [142]. RNase treatment alters the vesicular mRNA
profile [84], suggesting the existence of at least two different forms of extracellular RNAs: RNase-sensitive free RNAs
and RNase-resistant RNAs that are encapsulated within extracellular vesicles. However, few of the published reports
incorporated an RNase-digestion step when purifying vesicular RNA, resulting in the discrepancy in the RNA profile
compared with those that did not perform RNase digestion.
Therefore, the standard protocols of vesicle purification and
high-throughput transcriptomic analysis techniques should
include steps designed to reduce the discrepancy among
vesicular transcriptomic studies. These studies provide a
global view of the sorting mechanisms of RNAs during vesicle formation and vesicular RNA-mediated intercellular communication and may lead to the discovery of disease-specific
biomarkers.
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5

Lipidomic analysis of extracellular
vesicles

The list of lipids incorporated in extracellular vesicles has
been lengthening for many years. At present, 12 studies
provide 15 lipidomic data sets of extracellular vesicles from
multiple species, cells, and biological fluids, such as plasma
and urine [33, 40, 101–110] (Tables 1 and 4). TLC, LC, GC,
and MS are the techniques used most commonly for vesicular lipidomic analysis. Recent reviews of extracellular vesicle
lipidomics are available [6, 143].
Although differences in lipid composition have been found
in extracellular vesicles derived from different cell types, the
vesicular lipid bilayer comprises mainly plasma membrane
lipids including phospholipids, sphingomyelin, ganglioside
GM3, and cholesterol. When compared with their parent
cells, membranes of extracellular vesicles are enriched with
phosphatidylserine, disaturated phosphatidylethanolamine,
disaturated phosphatidylcholine, sphingomyelin, ganglioside
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GM3, and cholesterol [6, 101, 102]. These enriched lipids as
well as lipid-raft-associated proteins in vesicular membranes
provide extracellular vesicles with stability and structural
rigidity [106, 144–146].
In 2002, evidence of the biological activity of vesicular
lipid was reported for the first time [114]. In this report,
Kim et al. reported that the angiogenic activity of tumorderived extracellular vesicles in vitro and in vivo is mediated mainly by sphingomyelin. In addition, vesicle-bound
prostaglandins trigger prostaglandin-dependent intracellular signaling pathways within target cells [105]. Roles for
vesicle-bound lysophosphatidylcholine in maturation of dendritic cells and triggering of lymphocyte chemotaxis via the
G protein-coupled receptor have also been proposed [6]. Due
to the increased local density and overall avidity, membranebound prostaglandin or lysophosphatidylcholine on extracellular vesicles exert their biological activity more efficiently
than those in the soluble form, as reported for vesicular
ICAM-1 protein [147].
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Mus musculus

Mus musculus

Adipocyte (3T3-L1)a)
Mus musculus
Lung cancer cell (A549), Homo sapiens
liver cancer cell (HepG2)

miRNA
Cell types
Mast cell (MC/9)a)

Preclearing (2000 × g) > Pelleting (100 000 × g)

Isolation
strategies

Microarray
Microarray

Microarray
Microarray

Microarray

2010
2010

2007

2010
2012

2012
2012

2010

2009
2010
2010
2010

2009

Microarray

Microarray
Microarray
Microarray
Microarray

2008

2007

2007

[87]
[91]

[75]

[84]
[85]

[86]
[83]

[79]

[82]
[87]
[80]
[81]

[76]

[77]

[75]

[78]

Published Reference
year

Microarray

Microarray

Microarray

Transcriptomics
analysis strategies

Microarray
Preclearing (500 × g, 16 500 × g) > Filtration (0.22 m) > Pelleting
(120 000 × g) > Sucrose density gradient ultracentrifugation (100 000 ×
g) > Pelleting (150 000 × g)
Preclearing (15 000 × g) > Pelleting (100 000 × g)
Microarray
Microarray
Microvesicle: Preclearing (1000 × g) > Pelleting (16 000 × g) Exosome:
preclearing (1000 × g, 16 000 × g) > Pelleting (140 000 × g)220 Pellet:
preclearing (1000 × g, 16 000 × g, 140 000 × g) > Pelleting (220 000 × g)

Preclearing (2600 × g, 12 000 × g) > Pelleting (120 000 × g)
Filtration (0.8 m) > Pelleting (120 000 × g)

Preclearing (500 × g, 16 500 × g) > Filtration (0.22 m) > Pelleting
(120 000 × g) > Sucrose density gradient ultracentrifugation (100 000 ×
g) > Pelleting (150 000 × g)
Homo sapiens
Preclearing (300 × g, 16 500 × g) > Filtration (0.22 m) > Pelleting
(110 000 × g)
Homo sapiens
Preclearing (500 × g, 2000 × g) > Concentration (100 kDa) > Sucrose
cushion ultracentrifugation (100 000 × g) > OptiPrep density gradient
ultracentrifugation (200 000 × g)
Homo sapiens
Preclearing (2000 × g) > Pelleting (100 000 × g)
Mus musculus
Preclearing (15 000 × g) > Pelleting (100 000 × g)
Homo sapiens
Preclearing (2000 × g) > Pelleting (100 000 × g)
Mus musculus
Preclearing (300 × g, 16 500 × g) > Filtration (0.2 m) > Pelleting
(120 000 × g)
Rattus norvegicus Preclearing (500 × g, 2000 × g, 10 000 × g) > Pelleting (100 000 × g) >
Sucrose gradient ultracentrifugation (150 000 × g)
Homo sapiens
Preclearing (300 × g, 10 000 × g) > Pelleting (130 000 × g)
Homo sapiens
Preclearing (300 × g, 2000 × g, 10 000 × g) > Pelleting (100 000 × g)

Homo sapiens

Cardiomyocyte (HL-1)
Salivary gland epithelial
cell (HSG), breast cancer
cell (MDA-MB-231)
Body fluids
Saliva
Homo sapiens
Serum
Homo sapiens

Pancreas cancer cell

Mesenchymal stem cell
Adipocyte (3T3-L1)a)
Hepatocyte
Mast cell (MC/9)

Colorectal cancer cell
(SW480)

Gioblastoma cell

mRNA
Cell types
Endothelial progenitor
cell
Mast cell (MC/9)a)

Species

Table 3. High-throughput transcriptomic studies on extracellular vesicles
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HPLC

Homo sapiens

Preclearing (200 × g) > Pelleting (100 000 × g)

Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens

Homo sapiens

MACS (anti-EpCAM) > Pelleting (100 000 × g)
MACS (anti-EpCAM)
Preclearing (1500 × g, 17 000 × g) > Pelleting (160 000 × g)
Preclearing (2000 × g, 12 000 × g) > Filtraction (0.45 m) > ExoQuick

Preclearing (500 × g, 16 500 × g) > Filtration (0.22 m) > Pelleting
(120 000 × g)
Mus musculus Preclearing (300 × g, 1200 × g, 10 000 × g) > Filtration (100 kDa) >
Sucrose cushion ultracentrifugation (100 000 × g)
Homo sapiens Preclearing (120 × g) > Pelleting (16 000 × g)

Homo sapiens

Mus musculus Pelleting (100 000 × g)
Homo sapiens Preclearing (320 × g) > Filtration (0.22 m) > Pelleting (100 000 × g)

Microarray

Preclearing (800 × g) > Filtration (0.1 m) > Concentration (100 kDa) >
Pelleting (100 000 × g)

Homo sapiens

Microarray
Microarray
Microarray
Next-generation
sequencing

Next-generation
sequencing

Microarray

Microarray

Microarray

Microarray
Microarray

Microarray

Transcriptomics
analysis strategies

Isolation
strategies

Species

2008
2009
2010
2012

2012

2012

2011

2011

2010
2011

2010

2010

[97]
[98]
[99]
[100]

[95]

[90]

[93]

[88]

[96]
[89]

[94]

[92]

Published Reference
year
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a) mRNA and miRNA transcriptomes identified in the same study.
MACS, magnetic cell separation.

Monocyte (THP-1),
endothelial cell (HUVEC)
Body fluids
Plasma
Plasma
Saliva
Breast milk

Dendritic cell

Lung cancer cell
(NCI_H69, DMS563,
SBC-3), gastric cancer
cell (AZ521, AZP7a),
colorectal cancer cell
(SW480, SW620)
Mesenchymal stem cell
(HuES9.E1)
Lung
B cell (Raji), T cell
(Jurkat), dendritic cell
Liver cancer cell (Hep3B,
PLC/PRF/5)
Macrophage

Table 3. Continued
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Table 4. Lipidomic studies on exosomes and ectosomes

Cell types
Reticulocyte

Species

Isolation
strategies

Lipidomic
Published Reference
analysis strategies year

Ovis aries

Preclearing (8000 × g) > Pelleting
(100 000 × g)
Preclearing (12 000 × g) > Pelleting
(100 000 × g)
Preclearing (200 × g, 500 × g, 2000 ×
g, 10 000 × g) > Pelleting (70 000 ×
g) > Sucrose gradient
ultracentrifugation (270 000 × g) >
Pelleting (350 000 × g)
Preclearing (300 × g, 2000 × g, 10 000
× g) > Pelleting (100 000 × g)
Preclearing (1550 × g) > Pelleting
(17 590 × g)
Preclearing (3000 × g, 4000 × g,
10 000 × g) > Pelleting (100 000 ×
g) > Sucrose gradient
ultracentrifugation (200 000 × g)
Preclearing (300 × g, 1200 × g, 10 000
× g, 70 000 × g) > Pelleting
(100 000 × g) > Sucrose gradient
ultracentrifugation (100 000 × g) >
Pelleting (200 000 × g)
Preclearing (300 × g, 2000 × g, 10 000
× g) > Pelleting (110 000 × g)
Preclearing (20 000 × g) > Pelleting
(100 000 × g)
Preclearing (4000 × g, 15 000 × g) >
Concentration (100 kDa) >
Preclearing (15 000 × g) > Pelleting
(100 000 × g)

TLC

1987

[109]

TLC

1989

[101]

TLC

2003

[102]

LC and GC

2004

[103]

LC

2004

[104]

ESI-MS

2008

[33]

TLC

2009

[106]

TLC

2010

[105]

TLC

2011

[40]

GC-EI-MS

2012

[107]

TLC

2002

[108]

LC-ESI-MS/MS

2012

[110]

Reticulocyte

Cavia porcellus

B cell (RN
HLA-DR15+ )

Homo sapiens

Dendritic cell, mast
cell (RBL-2H3)
Mast cell (RBL-2H3)

Homo sapiens and
Rattus novergicus
Rattus novergicus

Oligodendroglial
precursor cell
(Oli-neu)

Mus musculs

Melanoma cell
(Mel1)

Homo sapiens

Mast cell (RBL-2H3)

Rattus norvegicus

Reticulocyte

Rattus norvegicus

Paracoccidioides
brasiliensis

Paracoccidioides
brasiliensis

Body fluids
Plasma
Urine

Homo sapiens
Homo sapiens

Preclearing (1550 × g) > Pelleting
(17 590 × g)
Preclearing (100 × g, 17 000 × g) >
Pelleting (200 000 × g)

CI, chemimal ionizaion; EI, electron ionization.

Although lipidomics has gained special interest as a novel
field in the biology of extracellular vesicles, only a handful of
lipids have been identified to date. In future, application of
LC and MS will facilitate profiling of the lipid components of
extracellular vesicles derived from various cell types and body
fluids. These comprehensive lipidomic studies might help to
elucidate the roles of lipids in vesicle biogenesis and their
biological functions.

6

Clinical application

Recent studies have drawn attention to the importance of
extracellular vesicles in clinical applications as diagnostic
and therapeutic tools in human diseases [24–27, 111, 112].
Advances in the proteomic, transcriptomic, and lipidomic
studies on extracellular vesicles from various cell types and
body fluids have facilitated conceptual advancements in the
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field of intercellular communication under physiological and
pathological conditions. As increasing numbers of vesicular components are identified, vesicle-specific and cell type
specific cargos (proteins, mRNAs, miRNAs, and lipids) of
the extracellular vesicles represent rich sources of diagnostic biomarkers in various human diseases such as cancer,
acute liver injury, and stroke. In addition, extracellular vesicles are easily isolated from various biological fluids (plasma,
urine, breast milk, semen, amniotic fluid, saliva, and ascites). More importantly, these fluid-derived extracellular vesicles contain disease-specific proteins, mRNAs, and miRNAs
reflecting their originating cell type and status [14–20]. Therefore, screening of extracellular vesicles from various physiological sources may represent a noninvasive method of diagnosis and determination of the prognosis of human various
diseases. In addition, the clinical application of extracellular
vesicles in immunotherapy of cancer, rheumatoid arthritis,
severe acute respiratory syndrome, and transplantation is a
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promising area of research. For example, the potential of tumor antigen-loaded native or artificial extracellular vesicles as
a cell-free tumor vaccine that promotes T cell-dependent antitumor effects has been investigated [148,149]. However, additional studies are required to demonstrate their diagnostic
and therapeutic potential in human diseases. Recent reviews
of this subject, including disease-specific candidate vesicular
biomarkers, are available [27, 111, 112].

7

Concluding remarks

In the present review, we focused on the contribution of
proteomic, transcriptomic, and lipidomic studies to understanding of the molecular composition of extracellular vesicles derived from various cell types and body fluids. The
results indicated that the molecular components of extracellular vesicles are significantly different from those of the
parental cells. These vesicle-specific proteins, miRNAs, and
lipids are likely linked to the pathophysiological functions
of extracellular vesicles and may lead to the discovery of
biomarkers and facilitate unraveling of the molecular mechanisms underlying cargo-sorting and biogenesis of extracellular vesicles. However, the study of the biology of extracellular
vesicles is in its infancy; many questions remain to be answered. Together with conventional biological research, highthroughput multiomics-based quantitative and comparative
analyses of extracellular vesicles will provide new knowledge
and aid in comprehension of these evolutionarily conserved
extracellular vesicles.
We apologize to colleagues whose work we could not cite owing
to length restrictions. This work was supported by the National
Research Foundation of Korea (NRF) grant funded by the Korea
government (MEST) (No. 20120005634).
The authors have declared no conflict of interest.
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