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Abstract
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Detecting molecules involved in cancer is critical for cancer research and diagnostics. To
achieve this goal, sensitive protein detection is essential to improving the chances of finding,
verifying, validating and developing valuable biomarkers. Extracellular vesicles (EVs) are
membrane-enclosed nanometer-size structures that can transport macromolecular information
between cells. While they play an essential role in cell-to-cell communication, they may also
prove important as biomarkers for minimally invasive detection of cancer. In this doctoral
thesis the aim was to establish protocols for proteome analysis of EVs, specifically to identify
combinations of surface proteins on the EVs by labeling surface proteins followed by protein
identification via mass spectrometry. Also, using the proximity ligation and extension assays
the challenges have been met of discovering and validating proteomics biomarkers with very
low amounts of EVs. In paper I the aim was to develop a detection method and protocol
combining high-resolution mass spectrometry with solid-phase- and Exo PLAs for identifying
surface proteins on EVs with relevance in prostate cancer. The protocol allowed identification
of more than 1,000 surface proteins, many not previously reported to be carried by EVs. In
Paper II we used five protein assay panels consisting of more than 400 proteins to assess
and analyze the proteomics profiles of EVs isolated from four different gastric cancer cell
lines. The data identified 39 proteins with medium or high expression levels in EVs from
gastric cancer cell lines, which were not expressed or are only present at low concentrations in
control EVs from seminal fluid. In Paper III we analyzed and measured thymidine kinase 1
enzyme activity in EVs purified from seminal fluids from healthy individuals and from normal
and prostate cancer cell lines. Thymidine kinase 1 is a cell cycle-dependent enzyme and a
biomarker for cell proliferation. The results indicate a correlation of TK1 enzyme activates
with the aggressiveness of the tumor cell lines and higher enzyme activity was recorded for
EVs isolated from p53 null and mutated cell lines compared to cells with wild-type p53. Paper
IV describes a high-throughput approach using in situ proximity ligation assays (in situ PLA)
to investigate protein interactions and post-translational modifications in the HaCAT cell line.
In situ PLA was combined with automated microscopy and computerized analysis to evaluate
phosphorylation and protein interaction along with subcellular features in response to drug
treatment. In summary, the focus of this Ph.D. thesis has been to adopt a variety of proteomic
techniques for investigating EVs as biomarkers in health and disease.
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ABs                         Apoptotic bodies  
AFP                         Alpha-fetoprotein  
ALDOA                  Fructose-bisphosphate aldolase A  
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GC                          Gastric cancer 
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TK1                         Thymidine kinase 1  
TMPRSS2               Type 2 transmembrane serine protease  
TSG101                  Tumor susceptibility gene 101  
TβRI                        TGF-β receptors of type I 
TβRII                      TGF-β receptors of type II  
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Introduction 

In order to understand life processes at the molecular level, proteomics re-
search is the next logical step after genomics 1. In health and disease, prote-
omics describes how biological systems work and function by investigating 
the properties of proteins. A comprehensive description of biological systems 
calls for proteomics and other complementary analysis methods 2. Molecular 
proteomics is comprised of a broad range of technologies for determining pro-
tein identity, quantity and three-dimensional structure and their interactions 
with other proteins in cells, tissues and body fluids. In contrast to genomes, 
proteomes provide a more accurate picture of the dynamic states of an organ-
ism, cell, or tissue. The study of proteomics has enabled researchers to analyse 
and contextually compare proteomes of different cells, tissues, organisms, 
from viruses to humans 3. Therefore, proteomics is expected to reveal better 
disease markers for detecting diseases at an early stage and monitoring their 
progression, as well as biomarkers for indicating exposure to environmental 
pollutants and predicting biological ages in the future.  

New scientific discoveries and technological developments continue to ex-
pand our understanding and classification of diseases 4. Our ability to detect 
biomarkers in patient samples is crucial for identifying diseases. However, a 
significant limitation of medical research is the inability to detect biomarkers 
that can be used for sensitive diagnosis, prognosis and disease progression. It 
is possible to discover cancer biomarkers through proteomic analyses of blood 
specimens taken from cancer patients and healthy donors with differential pro-
tein expression. Various challenges are involved in blood-borne biomarker 
discovery, including variable sample preparation and pretreatment, inter-la-
boratory analytical variability and detection of low-abundance proteins.  

Extracellular vesicles (EVs) are broadly present nanoscale vesicle struc-
tures secreted by almost all cells with a broad size range and performing var-
ious cellular functions such as facilitating intercellular communication, pre-
senting antigens and transmitting tumorigenic biomolecules 5. A wide variety 
of molecules, including amino acids, RNA, proteins, protein complexes and 
lipids, are continuously secreted by cells, some of them by first being loaded 
into EVs 6. EV’s prognostics and therapeutic targets for cancer treatment have 
been improved through proteomic analysis of EVs obtained from bio fluids. 
The protein profile of EVs may reflect the identity of the original cells and 
identification of a combination of protein markers as cargo or on the surface 
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of EVs is of great value and can be used as targets for developing sensitive 
assays to detect and quantify EVs as disease biomarkers. Also, EVs can trans-
mit information between cells and participate in physiological and pathologi-
cal functions 6 and it reveals essential information about cargo, trafficking and 
target cells by providing information about the molecular mechanisms in-
volved 7.  

Overall, EV proteomics is an important and rapidly growing field of re-
search that has the potential to improve our understanding of cell biology and 
advance the development of new minimally invasive diagnostic and next-gen-
eration therapeutic approaches. The study of the proteomic content of EVs can 
provide insights into their functions and mechanisms and help to identify po-
tential biomarkers for diseases. My Ph.D. studies have focused on characteri-
zation of EVs and adapting of different proteomic approaches for detection of 
proteins in various EVs for biomarker discover.  
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Extracellular Vesicles 

Almost all mammalian cells release EVs in vitro and they can be detected in 
all body fluids. EV is an umbrella term for phospholipid bilayered rounded 
structure particles with a size range between 30 nm to 1 µm in diameter, con-
taining proteins, RNA and DNA 8,9. The number of these particles in body 
fluids could be more than  1010 per ml 10,11. It is evident that EVs have a crucial 
role and specific function regarding intercellular communication, waste man-
agement and signaling via cell-to-cell contact or by freely soluble signaling 
molecules. Therefore, there is an increasing interest in using EVs as potential 
biomarkers for disease and other clinical applications like therapy and prog-
nosis 12,13. Chargaff and West first speculated about EVs in 1946, while exam-
ining thromboplastin and platelets 14. Initial work and understanding of EVs 
date back to 1964; Peter Wolf and colleagues called the pelleted material they 
found “platelet dust.” In 1967, “platelet dust” was identified by electron mi-
croscopy and was shown they have a diameter between 20 and 50 nm and a 
density of 1.020 to 1.025 g/ml 15. 

Nomenclature 
The field of EVs is rapidly developing, however, because of the small size and 
heterogeneity of vesicles, there are difficulties in detecting them. Usually, it 
is unclear whether reported EVs are exosomes, microvesicles, or apoptotic 
bodies; therefore, it has been recommended to use the term “EVs” until these 
subclasses can more accurately be separated from each other 12. Different 
ways have been used to differentiate and classify these subgroups of EVs. 
Sometimes, they are called based on the originating cell or tissue, such as dex-
osomes (dendritic cell-derived exosomes) and prostasomes (prostate-derived 
vesicles) 16-18. Another terminology approach for EVs is based on the sedi-
mentation rate in sequential ultracentrifugation, which is one of the most used 
methods for purification of EVs. Subsets are apoptotic bodies (ABs), mi-
crovesicles (MVs) and exosomes 19. Some studies have attempted to tackle the 
question of EVs heterogeneity originating from different cell types in the same 
culture condition by detecting them one by one and, thus, establishing their 
cellular origin 20. Indeed, the heterogeneity discussed in the literature is based 
on proteins, but, they may be classified also based on other cargo, such as 
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lipids, RNAs and DNAs. The EV field is just beginning to address EV heter-
ogeneity and it will require access to appropriate technologies to address this 
question. 

Exosomes 
Exosomes (Figure 1), or as they are referred here as small EVs (sEVs), have 
a size range between 30 and 150 nm and a density range between 1.13 and 
1.19 g/ml 21. SEVs are spherical in shape, but with transmission electron mi-
croscopy (TEM) visualization (artificial drying in the process of taking im-
ages) their morphology has been described as cup-shaped 22. SEVs are en-
closed by a phospholipid membrane containing high cholesterol levels, sphin-
gomyelin and ceramide. They are characterized by proteins involved in mem-
brane transport and fusion, such as Rab, GTPases, annexins, flotillin and Alix, 
Tumor susceptibility gene 101 (TSG101), heat shock proteins (HSPs), integ-
rins and tetraspanins, such as CD63, CD81 and CD82 21. The exposed extra-
cellular domain of membrane proteins has the same orientation as in the cell's 
plasma membrane 23.  

Figure 1. Exosome 
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Microvesicles  
Microvesicles (MVs), also known as microparticles, are released during cell 
stress from the plasma membrane 24,25. Microvesicles are larger than sEVs, 
with a size range between 100 nm and 1.0 µm in diameter and they are formed 
by the outward budding and fission of the plasma membrane 26.  

Apoptotic bodies 
Apoptotic bodies (ABs) are released during cell apoptosis and have a size 
range between 1 to 5  µm in diameter 27. Their density is between 1.16 to 1.28 
g/ml. There are two types of apoptotic bodies: those originating from the 
plasma membrane containing DNA and histones and those originating from 
the endoplasmic reticulum not containing DNA and histones 28. In general, the 
process of “membrane blebbing” is thought to precede the release of ABs and 
MVs.  
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Biogenesis 

MVs are generated from the outward budding of the plasma membrane and 
released in the extracellular environment 29. On the other hand, sEVs originate 
as intraluminal vesicles (ILVs) from the inward budding of the multivesicular 
body (MVB), which then fuse with the cell membrane and secrete the enclosed 
vesicles into the extracellular space 12.  

Exosome biogenesis  
The biogenesis of exosomes is closely related to the endosomal pathway. The 
first step in the exosomes biogenesis is the formation of the early endosome 
from the invagination of the plasma membrane that allows the internalization 
of specific proteins localized on the cell surface and the entrapment of extra-
cellular components (Figure 2)  30. Sometimes fusion can occur between ves-
icles derived from trans-Golgi networks and early endosomes, leading to the 
formation of multivesicular endosomes or multivesicular bodies (MVBs) 31.  

As early endosomes mature to late endosomes, the endosomal membrane 
is invaginated into the lumen and ILVs are formed. This process is controlled 
and regulated by an endosomal sorting complex required for transport 
(ESCRT) composed of four subcomplexes (ESCRT-0, -I, -II, -III) and acces-
sory proteins (Alix, VPS4 and VTA-1) 32,33. Here are the four ESCRTs, 0, I, 
II and III briefly outlined. ESCRT-0 recognizes a protein that is ubiquitinated 
at the outside of the endosomal membrane. ESCRT-I activates ESCRT-II by 
binding ubiquitinated cargo on endosomal membranes. The TSG101 on the 
ESCRT I complex recruits ESCRT-III via ALIX and serves as a linker be-
tween ESCRT-I and ESCRT-III. Ubiquitinated proteins seem to recruit 
ESCRT-0 and ESCRT-I, initiating the clustering and coating of the cargo pro-
teins and leading to the invagination of the endosomal membrane. The bud-
ding and scission of the membrane are finalized by the subcomplexes ESCRT-
II and -III, along with the protein VPS4 34,35. A deubiquitinating enzyme is 
recruited to sort the cargo proteins to remove the ubiquitin tag.  

In summary, ILV budding is believed to be initiated by ESCRT-I and -II 
and completed by ESCRT-III. The process leads to MVB proteins being se-
questered into ILVs 36. MVB limiting membrane fusion with plasma mem-
brane facilitates exosomes release from cells. The Rab protein family of small 
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GTPases controls intracellular trafficking by regulating membrane fusion 37. 
Rab proteins have been implicated in regulating sEV release, including 
Rab27A and Rab27B, Rab7, Rab11 and Rab35. Based on these studies, dif-
ferent subpopulations of endosomes may produce different sEVs, which carry 
other cargos. Major histocompatibility complex (MHC) class II, TSG101, 
CD63 and ALIX are enriched in exosomes released by Rab27 isoforms 38.  For 
exosomes to be secreted, MVBs must fuse with the plasma membrane, which 
is facilitated by v-SNAREs (vesicular SNAREs), localized on MVBs, inter-
acting with t-SNAREs (target SNAREs) at the target membrane 39. 

MV biogenesis  
As compared to that of exosomes, MV biogenesis is less defined. Several cel-
lular model systems have been suggested for studying the biogenesis and re-
lease of MVs. There are several mechanisms responsible for the shedding of 
MVs. The plasma membrane appears to form these types of vesicles through 
outward budding and fission (Figure 2). MVs are formed due to a combina-
tion of factors, including redistribution of phospholipids, repositioning of 
phosphatidylserine to the leaflets and contraction of the actin-myosin machin-
ery 40. Phospholipase D is activated by ADP-ribosylation factor 6 (ARF6). 
Myosin light chain kinase (MLCK) is then activated at the plasma membrane 
by extracellular signal-regulated kinase. Myosin light chains are phosphory-
lated and activated by MLCK, resulting in release of MVs. These MVs have 
been explicitly loaded with ARF6, MHC-I, b1-integrin, Vesicle-associated 
membrane protein 3 and membrane type 1 matrix metalloproteinase 41.  MVs 
are directly released in the extracellular milieu by blebbing and scission of the 
plasma membrane 12. It has been reported that the ESCRT-I subunit TSG101 
can be recruited to the plasma membrane by binding to the arrestin 1 domain-
containing protein 1 (ARRDC1), resulting in the release of MVs containing 
TSG101 and ARRDC1 42,43. 
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Figure 2. EVs biogenesis 
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Isolation of EVs 

Challenges 
Isolation is one of the critical steps in classifying EVs and isolating EVs from 
body fluids is very difficult because of the biological complexity, viscosity, or 
presence of sticky proteins, including fibrinogen and albumin. Blood also con-
tains lipoproteins such as VLDL, LDL and HDL, which overlap in size and 
density with EVs that are very hard to eliminate 44,45. Other factors that may 
affect the amount and purity of isolated EVs are the sample collection, storage 
condition and handling 46. Different isolation and purification protocols are 
available for EVs. A method to obtain EVs with a high recovery yield and no 
protein contamination, cross-contamination, or physical and chemical damage 
would be ideal; however, currently no such perfect method is available. EV 
purification from body fluids like serum or plasma should be combined with 
different cleaning methods to avoid co-isolation of lipoprotein complexes 
along with EVs 45. During the isolation process, contamination cannot be as-
sessed to develop and standardized protocol since EV’s size range is below 
the detection sensitivity of conventional devices. The inter-related difficulties 
of the detection and isolation of vesicles partly explain the differences in clas-
sification criteria and expose one of the main issues to be solved by the re-
search field 47. There are some recommendations regarding collecting the sam-
ples, such as using serum-free-media or EVs depleted serum for isolation of 
EVs from cell lines in culture 48.  

Ultracentrifugation 
Differential Ultracentrifugation (UC) is the most common method and the 
gold standard technique for EV isolation, which works based on the centrifu-
gal force for the sedimentation of the matter in the sample having a greater 
size and higher density migrating away from the axis of the centrifuge 47. One 
problem that needs to be considered is the removal of cell compartments from 
biological fluids, overlapping with EV’s size or density like platelets and ABs. 
Prior removal of platelets in order to have cleaner and purer EVs may result 
in a loss of EVs of approximately 40 to 60% by every washing step. Another 
limitation with a high centrifugal acceleration of 100,000 g and higher is that 
it may result in vesicle fusion and contamination of the pellets with proteins 
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49,50. Combining differential UC techniques to enrich EVs by sedimentation 
with a sucrose-based density gradient can improve the purification of EVs 48,51.  

Size exclusion chromatography  
In size exclusion chromatography (SEC), sample components are separated 
based on their hydrodynamic volume. Running SEC is simple, robust and by 
using mild elution conditions it is suitable for different samples and applica-
tions. These conditions provide an efficient way of isolating EVs for down-
stream analysis by reducing the amount of protein contamination compared to 
UC. Like other techniques, SEC is limited by disadvantages such as low res-
olution and EV dilution 52. Applying SEC after differential UC is associated 
with improved EV integrity 53. 

Immune-affinity isolating technique 
Another strategy for isolation of EVs is the immune-affinity technique using 
antibodies directed against specific markers to isolate a particular population 
of EVs. The capturing antibodies are immobilized on beads, on the wells of 
microtiter plates or in columns 52. Immune-affinity technique can be easily 
adapted based on the targeted EVs and samples and it is usually used after UC 
and density gradients to gain pure EVs 54,55. Currently, there are several com-
mercial immune-affinity-based purification kits available such as ExoQuick™ 
miRCURYTM (Exiqon), the Total Exosome Isolation Reagent (TEIR) (Invi-
trogen), PureExo and MagCapture 52.  

Common contaminants of EV preparations 
Biomarker identification from bio-fluid and bovine serum-containing condi-
tioned media could be challenging due to their complexity. Naturally, co-pre-
cipitation of abundant protein aggregates from bio-fluids like albumin during 
EVs isolation may mask low abundant cancer biomarkers signal and down-
stream analysis 56-58. Even EVs isolated from serum-free media may contain 
soluble proteins, which might affect the interpretation of the results in differ-
ent method like mass spectrometry (MS)-based analysis. Some techniques, 
such as precipitation, could help eliminate aggregated proteins and residual 
matrices. However, they may have other drawbacks. For instance, polymer-
based precipitation containing polyethylene glycol may interfere with MS 
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analysis. In affinity-based capture techniques, samples could become contam-
inated with antibodies, or their elution buffers may contain components in-
compatible with MS analysis 59.  
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Characterization of EVs  

Challenges  
EVs are classified based on size, density, morphology, lipid and protein com-
position criteria 13,26. Realizing the broad potential of EVs is hampered by dif-
ferent biological and technical limitations for precise isolation and analysis of 
EVs. Heterogeneity in the biogenesis of EVs is the main challenge in the bio-
logical aspect. Different biogenesis routes such as budding from the plasma 
membrane or endosomal pathways participate in the secretion of EVs from 
various cells 12,60. Overlapping sizes and lack of specific markers for EVs from 
different sources and biogenesis pathways are other challenging difficulties 
12,61. One example could be MVs in the size range of exosomes or expression 
of tetraspanins CD9, released from both cancerous and healthy cells 62,63. All 
features mentioned above could affect the purity of isolation since most puri-
fication methods work based on the size, density and biomarkers that result in 
isolation of heterogenic EVs 60.  

Several methods have been developed for EV characterization and the com-
mon ones could be categorized into biochemical and biophysical approaches. 
Some of these approaches are highly recommended by the International Soci-
ety for Extracellular Vesicles (ISEV) community in MISEV2014 and 
MISEV2018 guidelines for all authors to confirm the successful isolation and 
presence of intact EVs. Among all techniques with different potentials and 
limitations, some are commonly used in EV-related studies, such as nanopar-
ticle tracking analysis (NTA), electron microscopy (EM), or immunoblotting 
61,64,65.  

Biophysical methods 
Transmission Electron Microscopy (TEM) 
The presence of intact EVs in a sample can be confirmed and visualized using 
TEM, which also allows to determine size and morphology of the EVs. Before 
analysis, EVs are fixed on a sample grid and stained with reagents such as 
uranyl acetate or osmium tetroxide 66. By using electron radiation, the resolu-
tion can be increased to the subnanometer range (Figure 3). Computer pro-
grams can be used to create both 2D and 3D images 67. By using TEM and 
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cryo-TEM (cryogenic conditions) formation of EVs through blebbing and the 
shedding from cells can be observed and provide the opportunity to compare 
EV formation between different cell types 68. In addition to observing samples 
directly, cryo-TEM reduces damage six-fold and sample preparation requires 
no dehydration, which minimizes changes in morphology. Some disad-
vantages of TEM/cryo-TEM include high computational requirements when 
converting images into 3D, high cost and low throughput 67.  

Figure 3. TEM images of sEVs 

Nanoparticle Tracking Analysis (NTA) 
NTA uses dark field microscopy and usually provides a rapid assessment of 
particles' concentration and size distribution in liquid suspension, motivating 
its wide use in EV research (Figure 4). NTA is based on the Brownian motion 
of particles passing through and scattering the light of the laser beam 52,61. The 
NTA provides higher resolution by measuring both light scattering intensity 
as well as particle size in heterogeneous mixtures 52. In addition, NTA pro-
vides the possibility of fluorophore-labeled EV detection. Although NTA is 
high throughput, 50 nm is the smallest size, which is detectable for EV; how-
ever, the signal-to-noise ratio and scattering light should also be considered to 
improve measurement accuracy. Approximately one μm is the upper limit as 
the Brownian motion become too limited to track accurately 52.  
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Figure 4. Illustration of NTA-based analysis of sEVs 

Biochemical methods 
Biochemical methods are usually used for protein compartment evaluations 
61. These methods are divided into different groups. Colorimetric assays (Fig-
ure 5a), like Bradford, are frequently used to assess total protein concentra-
tion. Still, the protein contamination in the purified sample may compromise
the technique. Immunoblotting is another method highly preferred to confirm
the expression of markers (Figure 5b)  like CD9, CD81 and Tsg101 and lack
of calnexin in EVs, the latter demonstrating cellular protein contamination.
Western Blot assay SDS-PAGE separates the proteins and target proteins of
interest with labeled antibodies. Despite the simple design, such methods are
only semi-quantitative, requiring large sample volumes and extensive sample
processing 69,70.

a b 

Figure 5. Schematic illustration of a) colorimetric assays and b) immunoblotting rep-
resentations. 
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EV cargo 

The contents of EVs reflect their cells of origin, making them a valuable 
source of cell or organ biomarkers. As mentioned above, EVs are surrounded 
by a bilayer lipid membrane and carry lipids, proteins, nucleic acids and me-
tabolites.  

Protein 
As mentioned above, the stable structure of EVs creates a barrier separating 
the interior of the vesicle and its environment. A variable set of molecular 
cargoes of EVs are located in both the lipid membrane and in the lumen 71,72. 
EVs contain membrane and luminal proteins. The membrane proteins are in-
volved in different biological processes, including immune responses, adhe-
sion to the plasma membrane of target cells and ion transport across the lipid 
bilayer. The EV membrane proteins are divided into integral membrane pro-
teins embedded permanently, such as receptors and ion channels. The integral 
proteins tetraspanins, such as CD9, CD63, CD37 and CD81, are usually used 
as EV markers 73. Peripheral membrane proteins are temporarily anchored to 
the phospholipid bilayer or integral membrane protein but have not entered 
the phospholipid bilayer. Due to their accessibility, these proteins play roles 
in intercellular signaling and cellular uptake processes.  

Luminal EV protein cargo predominantly consists of several soluble pro-
teins like enzymes and cytoskeletal proteins (actin, filamin, etc.)  from the 
parental cell 74. A substantial number of enzymes are detected in EVs, pre-
dicted to be luminal or membrane-localized such as glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), fructose-bisphosphate aldolase A (ALDOA) 
and α- enolase (ENOA), etc. These enzymes can reflect the cells of origin 75.  

Assignment of proteins to the membrane and luminal protein cargo is 
mainly performed by Gene Ontology enrichment analysis using GO cellular 
component ontology and the sub-ontology. Other prediction tools, such as 
transmembrane helix, signaling peptide and disordered residue analysis, may 
also aid the annotation process 74. Many computational tools are used to de-
termine the membrane and luminal proteins. Still, high-quality experiments 
are needed to differentiate protein localization and correct annotation in EVs. 
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A few studies have attempted to detect luminal cargo and EV membrane pro-
teins by physical separation, such as direct enzymatic cleavage of surface pro-
teins or differential labeling-based procedures in combination with quantita-
tive MS-based proteomics 76-78. 

Nucleic acids 
Since the presence of RNA in EVs was reported a decade ago, many studies 
on EVs have been performed 79. Over the past few years, work on EV-associ-
ated DNA has helped bring the research community together by resolving de-
bates, such as regarding the amount of micro-RNA (miRNA) per EV and 
whether or not DNA associated with EVs is an isolation artifact. The work has 
allowed the nucleic acid research field to move forward 80. The presence of 
RNA in ABs was described in the 1990s, but it was only after 2007 that its 
functional role began to be explored 81. EVs’ most enriched RNAs are small 
RNAs, transfer-RNAs (tRNA) and 18S and 28S rRNAs. With the ease of next-
generation sequencing, various RNAs such as miRNAs, short and long non-
coding RNAs, tRNA fragments and Y RNA have been reported in EVs 82-85.  

Unlike RNA, EV-associated extracellular DNA (ex-DNA) has been sur-
prisingly little studied in terms of its origin and it is often argued to be pro-
duced from dying cells. It is well known that ABs, the most significant EV 
subset in size, carry DNA 86,87. Still, information on ex-DNA in other EV sub-
sets (exosomes and MVs) is scarce. Recent studies on EVs from serum and 
cell culture condition media have identified the presence of ex-DNA. The data 
usually indicate nuclear and mitochondrial origins 88,89.  

Lipid 
Lipids are one of the essential features of EVs. Based on EV subsets, they may 
have different lipid compositions that can be affected by the condition of cell 
origin grown, pH, etc. 90. EVs are usually enriched in phosphatidylserine, cho-
lesterol and sphingomyelin 91. As lipids are a fundamental part of EVs,  they 
need to be further studied and could be the focus of future research 92,93.  
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EVs in cancer 

Prostate 
Prostate cancer is one of the most common cancers among men in the western 
world 94. Different types of cells, from hyperplastic to malignant and meta-
static tumor prostate cells, release prostasomes that have characteristics in 
common with prostasomes released from normal cells. Analyzing pros-
tasomes could provide valuable information for the early diagnosis of prostate 
cancer 95. Prostasomes are typically produced from the apical side of the co-
lumnar prostate epithelial cells into the glandular lumen. They are then re-
leased into the semen or urine. When prostatic epithelial cells lose polarity due 
to malignancy, prostasomes can enter the prostate tissue’s interstitial compart-
ment or even directly into the bloodstream 96,97.  

The molecular composition of prostasomes 
EVs in seminal prostatic fluids were reported in the 1970s 98-100. EVs in the 
seminal fluid, also known as prostasomes, originate from the plasma mem-
brane of prostate epithelial cells or other genital track organs 101. Prostasomes 
have an unusual lipid composition, mainly sphingomyelin (SM) and an unu-
sually high cholesterol content. In contrast, mammalian cells contain more 
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) 102,103. Besides 
lipid composition analysis, comprehensive proteomic analysis have been per-
formed for characterization of seminal fluids prostasomes 104,105 and some ex-
citing protein biomarkers have been identified, which are currently being 
tested as candidate markers for prostate cancer, such as type 2 transmembrane 
serine protease (TMPRSS2), prostatic acid phosphatase (PAP), prostate-spe-
cific antigen (PSA), prostate-specific transglutaminase and prostate stem cell 
antigen (PSCA) 106-108.  

Enzymes are a targeted protein group that has been studied widely in EVs 
from seminal fluids. However, the most extensively studied proteins in EVs 
isolated from semen are enzymes that had already been described before this 
association was revealed. Dipeptidyl peptidase IV (DPP4), also known as  
CD26, is an example that has been correlated with prostasomes 109,110. Ami-
nopeptidase N is also reported to be expressed on prostasomes and transferred 
to sperm cells by prostasomes 95,110,111. Aminopeptidase N has been reported 
to regulate sperm cell motility through the modulation of enkephalin levels 
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112. It has been reported that 5′- nucleotidases113, alkaline phosphatase, alkaline 
phosphodiesterase I 114, TMPRSS2 115 and ecto-diadenosine polyphosphates 
hydrolase 116 are also present in prostasomes. 

Prostasomes and prostate cancer 
The composition of prostasomes from prostate tumor cells may be altered in 
several respects compared to vesicles from normal prostate cells. The charac-
teristics of prostasomes that enable them to influence prostate cancer progres-
sion include their involvement in the complement pathway, their expression 
of enzymes on the prostasomal surface and the promotion of angiogenesis 97. 
Prostasomes contain the complement regulatory proteins CD46 and CD59 and 
can transfer CD59 to neighboring cells. Indeed, prostasomes from malignant 
cells have a higher ability to transfer CD59 to cells than prostasomes from 
normal cells 117,118. Some studies have demonstrated differences in enzyme 
activities between prostasomes from cancer cells and normal prostate epithe-
lial cells. Prostasomes from cancer cells have higher kinase activity than pros-
tasomes of normal cells. One example is the increasing ability to phosphory-
late complement protein C3 and fibrinogen, leading to the inaccessibility of 
C3 to physiological activation 119. Some enzymes that follow the pattern for a 
higher activity on prostasomes are related to extracellular matrix degradation 
and cancer cell invasions, like peptidoglycan hydrolyzing enzymes, matrix 
metalloproteinase and plasminogen activators 120. We may find some indica-
tions of prostatic abnormalities by analyzing the protein, lipid and nucleic acid 
content of prostasomes isolated from urine or blood. Although a large number 
of EVs from different cell types are found in the blood under normal condi-
tions, the increased presence of prostasomes in men’s blood may indicate a 
pathological condition 121. 

Gastric cancer (GC)  
According to the National Cancer Institute, gastric cancer (GC) accounts for 
at least 1 million new diagnoses annually and at least 783,000 deaths 122. GC 
patients miss the best treatment opportunities due to a lack of appropriate 
screening markers. Given this, there is great importance in exploring and ap-
plying diagnostic markers for GC. Some studies showed that EV proteins 
could play a role in the diagnosis and prognosis of GC 123,124. Compared with 
conventional diagnostic methods, exosomal proteins have a wide range of po-
tential uses for GC diagnosis and prognosis, with a low cost and minimal in-
vasiveness. It may be possible to use exosomal protein markers of GC in clin-
ical practice with high specificity and sensitivity with further research 125. Gas-
trin-17 and pepsinogen (PG) are common serological proteomics markers 
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used for GC diagnostics, as well as nonspecific markers like carbohydrate an-
tigen 199, CA724 and carcinoembryonic antigen (CEA) 126. A multi-index 
combined detection system is used to improve GC diagnostic efficiency, but 
single-detection criteria need to be sufficiently sensitive and specific to im-
prove diagnostic accuracy. Compared to serum markers, sEV proteins are 
more favorable because of their protective effect125. SEVs released by tumor 
cells contain cancer-specific markers and can be used to detect the primary 
tumor's characteristics. Research has shown that molecular components of 
sEVs isolated from bioliquids of cancer patients may represent a powerful and 
noninvasive diagnostic and prognostic tool127. 

EVs secreted from gastric tumor cells may also contain factors, which are 
related to cancer progression like epidermal growth factor receptor (EGFR) 
that may promote liver metastases 128. According to Wu et al., GC EVs acti-
vate macrophages to promote cancer progression through activation of the NF-
kB pathway; a potential therapeutic approach to GC could disrupt interactions 
between sEVs and macrophages in the tumor microenvironment by disrupting 
the NF-kB pathway 129.  
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EVs as biomarkers 

Comparison of protein composition and expression in blood from healthy do-
nors to those in blood from cancer patients can give us promising biomarkers 
130. The discovery of biomarkers in blood samples encounters challenges, in-
cluding differences in the preparation of samples and analytical variability 
from materials and instruments 131. 

Developing noninvasive methods for detection of biomarkers to differenti-
ate cancer patients and healthy individuals and early identification of patients 
to increase survival is crucial. EVs as novel cancer diagnostic biomarkers are 
receiving increasing attention from cancer researcher 132. EVs are found cir-
culating in all tested biological fluids like blood, saliva, urine, etc. and their 
cargo are protected with the highly stable membrane structure, which make 
them favorable as potential biomarkers for noninvasive diagnostics 133,134. 
Therefore, EVs have considerable potential as disease biomarkers. Thus EVs 
have been suggested as preclinical biomarkers candidates for the early detec-
tion of cancers and other diseases 135,136.

Some specific biological markers in body fluids give us the opportunity to 
use them, especially for solid tumor types, such as CEA for colon cancer, al-
pha-fetoprotein (AFP) for hepatocellular carcinoma and PSA for prostate can-
cer. On the other hand, low specificity is one of the significant problems we 
encounter when using them as cancer biomarkers. One example could be be-
nign hyperplasic prostate, which is associated with increased PSA levels. 
Therefore, establishing new cancer biomarkers for early detection alongside 
currently accepted biomarkers is required 132. Some studies have focused on 
the potential possibilities of circulating EVs as specific cancer biomarkers like 
Taylor et al. 137 or Tavoosidana et al. 121; the latter used the particle number of 
prostasome and correlation to the pathological state of cancer patients by uti-
lizing a modified proximity ligation assay (PLA) 121.  
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Proteomics 

During recent decades we have gained a deeper understanding of the com-
plexity and heterogeneity of cancer and we now know that cancer results from 
multiple genetic, molecular and clinical pathways. Molecular circuitry in the 
cells is influenced by changes in protein expression during malignant trans-
formation, so protein analysis is an effective strategy for characterizing regu-
latory networks and functional networks, identifying protein modifications 
and interactions, identifying new drug targets and discovering biomarker can-
didates in oncology 138,139. As part of its goal of providing a molecular under-
standing of cancer phenotypes, the field of oncoproteomics aims to uncover 
biological insights into the carcinogenesis process unravel the importance of 
protein modifications in malignancy140.  

The enormous complexity of cancers is related to the dysregulation of mul-
tiple signaling pathways and the dynamics of the interaction of various com-
ponents via complex networks. Understanding cellular events important to 
cancer-associated processes such as cell death, proliferation and differentia-
tion is crucial to improving current therapy and overcoming high cancer-re-
lated mortality rates. Since cancers are manifested by dysfunctional biochem-
ical pathways, the proteome allows us to dissect and map these pathways sys-
tematically. 141. Mass spectrometry technology is improving, making it possi-
ble to analyze thousands of proteins from clinical samples and understand 
their underlying biology. Therefore, proteomics helps unravel how tumor-pro-
moting processes are regulated by cellular networks142. 

Post-translational modifications (PTMs) can be analyzed and quantitatively 
assessed in addition to mapping cancer-associated pathways and protein-pro-
tein interactions to further understand relevant signaling pathways and net-
works. Understanding the fundamental roles of reversible modification of pro-
teins in regulating signaling pathways is vital since such modifications alter 
proteins' structural and functional properties. Some of the most studied PTMs 
are phosphorylation, glycosylation and acetylation. In particular, protein phos-
phorylation is one of the most studied PTMs in relation to the development of 
cancer. Identifying the mechanisms that lead to endogenous phosphorylation 
events can offer clues about many pathologies, including cancer. 143.  

There is growing interest in identifying molecules that indicate a change in 
an individual's physiological status, i.e., biomarkers. Unlike genomics or tran-
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scriptomic data, proteomics provides protein production and degradation in-
formation along with some PTMs, making protein biomarkers much more ap-
pealing than other types of biomarkers 144.  There is a great deal of research in 
the field of oncoproteomics aimed at discovering biomarkers that can assist in 
early cancer diagnosis. It is clear that earlier detection of cancer leads to more 
effective treatment, reducing patient mortality dramatically. A biomarker that 
can detect cancer at an early stage might have an enormous impact on clinical 
oncology, as specific symptoms may be absent in early disease. Therefore, if 
biomarkers can be demonstrated that reveal cancer before clinical symptoms 
appear, it might allow early diagnosis and thereby early therapy. Currently, 
only limited numbers of markers are available for early detection and screen-
ing and most of them don't possess the required sensitivity and specificity 145.  

Considering that proteins influence signaling pathways, early changes in 
protein expression could indicate early signs of malignancy, making them an 
ideal target for early detection. The prediction of therapeutic effect can also 
be based on changes in protein expression. It is essential to have predictive 
markers to optimize treatment decisions for patients at the same clinical stage 
of cancer since their responses to treatment may differ 146.  

The complexity of the human proteome 
Proteomics faces the challenge of a highly dynamic proteome, which means 
that it is continuously changing in every tissue and at every moment. It is chal-
lenging to assess the depth of the human proteome by characterizing the wide 
variety of proteins in diverse tissues together with a range of protein concen-
trations that may exceed ten orders of magnitude 147. Unfortunately, this ex-
tensive dynamic range exceeds the dynamic range of modern mass spectrom-
eters, in which only four orders of magnitude can be analyzed 148. Even though 
current MS techniques can detect very low amounts of proteins, they have 
problems detecting them when high-abundance proteins are present 148. De-
spite extensive pre-fractionation, even the most advanced instruments with 
high resolution cannot detect the lowest concentrations of the proteome in pro-
teomic analyses. As an example, plasma is one of the most accessible samples 
in clinical proteomics; however, 90% of the total plasma protein content is 
made up of just the ten most abundant proteins, making characterization of the 
total plasma proteome an extremely challenging task 149.  
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Discovery of new biomarkers 
An initial step of biomarker development usually involves measuring many 
proteins in relevant clinical samples. Following identification, candidates for 
protein biomarkers can be further validated in subsequent steps. The discovery 
of biomarkers is divided into two general approaches: untargeted and targeted 
150.  

Untargeted approaches, such as shotgun MS or two-dimensional poly-
acrylamide gel electrophoresis, investigate the entire protein pool with no re-
quirement for prior selection of targets. Since unbiased approaches do not as-
sume what constitutes a promising marker before finding new putative bi-
omarkers, untargeted approaches are also called unbiased approaches. In prac-
tice, untargeted analyses are relatively insensitive and limited to abundant 
proteins representative of only a small fraction of the proteome of the biolog-
ical samples 150.  

By utilizing prior knowledge, targeted approaches can select a set of pro-
teins that could be evaluated as biomarkers. The vital aspect of this approach 
is target selection, which can focus on up to thousands of proteins. This selec-
tion could be based on different factors like existing genomic, transcriptomic, 
or proteomic data or knowledge about the properties of the proteins 150. It is 
not unusual for proteins to be restricted or highly expressed in the relevant 
tissue, making them valuable protein targets. Proteins expressed exclusively 
in one or a few tissues provide a better opportunity to identify disease pro-
cesses than proteins expressed more widely 151.  

Proteomic approaches  
Two-dimensional polyacrylamide gel electrophoresis (2D-
PAGE)  
Regarding analytical protein separation, 2D-PAGE has historically been the 
most commonly used method 152. In gel-based methods, after sample prepara-
tion the proteins are separated based on their isoelectric points after isoelectric 
focusing. As a second dimension, sodium dodecyl sulfate (SDS)-PAGE is 
used to separate the proteins according to their molecular weight 153. Thou-
sands of different proteins spot can be visualized after staining the gels. A 2D-
PAGE experiment can provide an overview of the proteome. Still, protein 
quantitation is difficult due to several factors, including the limited detection 
range of staining methods and a considerable variation from gel to gel, making 
quantitative comparisons of spot patterns and further statistical interpretations 
challenging. Two-dimensional difference gel electrophoresis (2D-DIGE) was 
introduced to overcome some of these limitations 154 which can be used to 
analyze several samples simultaneously in two-dimensional gels. A 2D-DIGE 
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set-up uses fluorescent dyes to label proteins before 2D-gel separation and 
2D-DIGE utilizes the dyes Cy3 and Cy5 to label proteins from two biologi-
cally independent samples. Cy2 is used for labeling the internal standard, 
which is usually a pool containing equal amounts of all experimental samples 
when comparing them 155.  

Mass spectrometry (MS) based approach 
A significant part of cancer biomarker profiling involves the analysis of se-
rum, plasma and urine using MS-based proteomics, which has been proven to 
be an effective method for profiling cancer biomarkers in various body fluids. 
Due to technical and methodological advances, modern MS employs peptide 
ionization followed by tandem MS scanning with purpose-designed sample 
preparation in liquid biopsy profiling 156. The bottom-up proteomic approach 
called shotgun proteomics is the most widely used method for analyzing pro-
teomes after digestion using proteases, for example, trypsin or Lys-C, to 
cleave proteins into short peptides for sequential analysis. Peptide formed by 
trypsin cleavage have C-terminal amino acid (lysine or arginine) 157,158.   

Proteomic profiling of EVs is now possible due to advanced instruments 
that produce high-resolution separation and high-performance MS combined 
with comprehensive proteome databases and innovative database search algo-
rithms 159. MS identification and characterization of EV proteins are therefore 
becoming popular tools. Various classes of molecules from EVs in different 
cancers have recently been reviewed, such as microRNA 160, metabolites 161, 
lipids 162 and proteins 163. Between all these molecules, proteins are most in-
tensively investigated in different diseases, such as breast cancer 135, colorectal 
cancer 164, lung cancer 165, prostate/ bladder cancer 5 and pancreatic cancer 136.  

Affinity-based proteomics 
Berson and Yalow developed the first affinity-based proteomic assay to detect 
insulin via radioimmunoassay (RIAs) 166. This initial assay led to the develop-
ment of the most clinically relevant affinity-based assays today 167. Various 
cancer proteomics studies have utilized antibody arrays as one of the earliest 
targeted proteomic tools 168.  All affinity assays involve applying affinity bind-
ers such as antibodies to samples and allowing them to bind their target anti-
gens. As soon as the antibody-antigen complex forms, a reporting module pro-
vides a signal, either by labeling the probe antibody or by adding a secondary 
antibody that targets the probe antibody 167. Affinity-based immunoassays are 
still the most common method for measuring proteins. Protein quantification 
in research still relies heavily on conventional western blots (immunoblots) 169 
and enzyme-linked immunosorbent assay (ELISA), which has been regarded 
as the "gold standard" for determining individual proteins within body fluids 
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for clinical diagnostics for more than 50 years 170 and immunohistochemistry 
(IHC) remains the preferred method for quantifying proteins in clinically rel-
evant tissues. Even though all of these essays involve an antibody-based ap-
proach, variation in performance depends on the reporters and detectors used 
171. It is preferred to use antibody-based technologies when only a few bi-
omarkers need to be verified in a large number of samples and antibodies 
against the targeted protein or kits are commercially available.  

Multiplexed targeted assays can generate new biological information, 
which can be used to develop meaningful pictures of health and disease 172. In 
addition to sensitivity, these techniques require little sample preparation and 
can be tuned to meet specific application needs 173. The amplification and de-
tecting signals generated by high-plex profiling are facilitated using fluores-
cent, chemiluminescent, or oligo-coupled tags. 174. All antibody-dependent as-
says experience the same fundamental challenges related to antibody availa-
bility, quality, affinity and specificity 171. 

Proximity Ligation Assay (PLA) 
The PLA was first described in 2002 as a homogeneous assay 175. Proximity 
ligation and proximity extension assays use oligonucleotide-conjugated affin-
ity reagents to detect proteins, similar to immunoPCR and Immune-RCA 150. 
The basic principle of this technique is to use antibodies conjugated to single-
stranded DNA (ssDNA) to serve as proximity probes. The DNA reporter mol-
ecules are formed when the DNA oligonucleotide molecules are brought in 
proximity and ligated to each other when a PLA probe set binds to the same 
target molecule or complex of target molecules 176. This family of technolo-
gies is known for its specificity, sensitivity, speed, high throughput and ver-
satility. PLA’s primary advantage over other existing protein detection tech-
nologies comes from the combination of specificity and sensitivity inspired 
by sandwich ELISA and PCR, respectively 177. The use of two or more affinity 
reagents in combination with amplifiable DNA provide the possibility of de-
signing unique assays, amplifying readouts and decoding multiple reaction 
probe sets efficiently. In PLA and its close variant proximity extension assay 
(PEA), DNA-coupled pairs of affinity binders bind to the target to form assay-
specific DNA molecules, which are then enzymatically treated (through liga-
tion in PLA or extension in PEA) to produce specific DNA reporter molecules 
that are amplified by PCR and analyzed by realtime PCR or next-generation 
sequencing 150. 

PLA can be divided into three types based on assay design. Homogeneous 
PLA 175, solid-phase PLA 178 and in situ PLA 179. In the initial form of PLA, 
the homogeneous PLA, the background caused by reagents that failed to bind 
target molecules jointly is minimized by diluting the reaction after a sample 
has been incubated with affinity reagents, before ligation and then PCR 150. 
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One of the main advantages of homogeneous PLA compared with mass spec-
trometry tests is that it does not require the pretreatment of samples, which 
will facilitate high-throughput analysis 177. Solid-phase PLA, which can be 
regarded as a combination of homogeneous PLA and sandwich ELISA, was 
introduced in 2006 for the first time 178. In this assay format, antibodies against 
the target protein are immobilized on a solid support. Then the target in the 
sample is captured by an immobilized antibody.  A series of washes are used 
to remove any interfering components in the sample, which might inhibit the 
ligation or amplification process. In the next step, pairs of proximity probes 
are added. After proximity probes have bound the captured target protein, ex-
cess free proximity probes are removed by renewed washes, followed by liga-
tion and amplification. In addition to higher specificity due to the use of three 
affinity binders, the solid-phase PLA allows detection of rare molecules as 
larger sample volume can be assessed and probes  that have not bound their 
targets are removed, avoiding an important source of assay background177. 

A combination of rolling circle amplification (RCA) and PLA was used by 
Söderberg et al. 179 to develop a method for localized detection of proteins and 
their interactions and post-translational modifications in cells and tissues, 
called in situ proximity ligation assays (in situ PLA). In in situ PLA, cells are 
first fixed and permeabilized. Pairs of proximity probes are then allowed to 
bind their respective protein epitopes bringing the conjugated oligonucleo-
tides on probe pairs in proximity. These oligonucleotides template the for-
mation of a circular DNA stand by ligation of two additional short DNA oli-
gonucleotides. As a final step, the circularized DNA is used as a template for 
a localized RCA amplification reaction, primed by the oligonucleotide on one 
of the proximity probes. The isothermal amplification is carried out by phi29 
DNA polymerase. The result of the RCA is a single-stranded concatemer 
DNA molecule. By hybridizing many fluorescence-labeled probes to each 
RCA product, fluorescence microscopy can directly reveal the location of pro-
teins or protein complexes in the cell 179. 

Proximity Extension Assay (PEA)  
The PEA is a technique, similar to PLA, designed for analyzing secreted pro-
teins 180. The PEA uses antibodies conjugated with DNA oligonucleotides 
with short complementary sequences at their free 3′ ends to hybridize with 
each other in a homogenous immunoassay. After a pair of probes have bound 
to their target antigen, the conjugated oligonucleotides that are brought in 
proximity can hybridize with each other, allowing a DNA polymerase to ex-
tend their 3′ ends to produce a DNA reporter molecule. A highly sensitive 
multiplex assay with a high dynamic range is possible with the detection and 
quantification of this reporter molecule by qPCR (Figure 6) 181. High multi-
plex assays can be performed using this technology with maximum coverage 
across a broad dynamic range180. 
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In PEA, polymerization of DNA is used instead of DNA ligation in PLA to 
generate the amplifiable DNA reporter strands 181.  The increased referencing 
of PEA as a confirmatory assay and a tool for biomarker discovery has made 
the method widely popular for homogeneous protein detection. The technique 
has been successfully applied to identify biomarkers for cardiovascular dis-
eases, ovarian, gastric and cervical cancer and COVID-19 182-185. Olink® 
(Uppsala, Sweden) commercially provides the PEA kit by which proteins can 
be detected at femtomole levels in just 1 µl of samples. Recently with Next 
Generation Sequencing (NGS) as a readout method, thousands of protein tar-
gets are covered by commercial PEA assays 180. 

Figure 6. Proximity extension assay procedure 

https://www.olink.com/data-you-can-trust/technology 
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Thymidine kinase 1 (TK1) 

TK1 is an enzyme in the DNA salvage pathway that resynthesizes thymidine 
for DNA synthesis and repair of DNA damage. The TK1 locus is localized on 
chromosome 17 (17q25.3). TK1 expression within the cytosol is regulated by 
cell cycle regulation, as demonstrated by Alder et al. and Bello et al. in 1974 
186,187. TK1 plays a crucial role in cell repair following DNA damage. The 
function of TK1 is essential for producing dTTP pools that replace damaged 
nucleotides in DNA repair since TK1 is necessary for nucleotide synthesis 
outside of the S phase. Thymidine is transferred to cytosol from the extracel-
lular space and converted to its monophosphate form (dTMP) within the cy-
tosol by TK1 186,188. Successive enzymes produce deoxythymidine triphos-
phate (dTTP) within the cytosol before the replication of DNA. The nuclear 
pore complex passively imports nucleotides like dTTP into the nucleus for 
DNA synthesis and transcription 189. As demonstrated in p53-null HCT-116 
colorectal adenoma cells, TK1 plays an essential role in DNA repair 190. TK1 
levels rise significantly when cellular DNA is damaged by radiation or chemo-
therapeutic agents 191,192 and when TK1 is depleted in cells exposed to DNA 
damage it can also lead to cell death 190.  

TK1 as a tumor biomarker 
It was revealed in the 1960s that cancer sera of several different types, such as 
lung, colon, breast and prostate, have abnormally high TK1 193-195. There are 
no known precise mechanisms underlying intracellular TK1 upregulation, nor 
have any links been established between it and cancer progression. It is possi-
ble that overexpressed TK1 is not simply a byproduct of cancer cell processes 
but is involved in processes that facilitate cancer cell growth 196,197.  

TK1 quantification methods in patient sera 
One of the earliest methods of measuring TK1 activity through radioactivity 
was the [3H]-deoxythymidine phosphorylation assay. This test was the “gold 
standard” for several years.  Radiometric enzyme activity tests were also early 
methods of assessing TK activity. As a substrate, this assay used [125I]-5-iodo-
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2-deoxyuridine (IUdR) of the thymidine analog, which is called the TK-radio 
enzymatic assay. [3H]-deoxythymidine phosphorylation or TK-REA requires 
radioactive tracers unsuitable for clinical use. In subsequent studies, non-radi-
oactive TK1-specific thymidine analogs were used as substrates instead of ra-
dioactive tracers. Azido-3-deoxythymidine (AZT) is used in the DiasorinR as-
say. It is converted to AZTMP in the presence of TK1 in the sample. Using an 
anti-AZTMP antibody and AZTMP-labeled peroxidase, phosphorylation is 
measured using a competitive ELISA and TK1 activity is inversely propor-
tional to color development 198. Another nonradiometric assay is DiviTumTM, 
developed by Biovica®. In this assay, bromodeoxyuridine or 5-bromo-2′ de-
oxyuridine (BrdU) is incorporated into DNA, which is then measured via an 
anti-BrdUTP antibody. Here, TK in the sample phosphorylates the BrdU to its 
monophosphate form (BrdUMP), then BrdUMP is phosphorylated to the tri-
phosphate form of BrdU (BrdTMP) in the reaction solution by yeast kinases. 
In the next step, covalently immobilized PolyA strands enzymatically incor-
porate BrdUTP into a microtiter plate well. In the last step, alkaline phospha-
tase (AP) conjugated anti-BrdUTP monoclonal antibodies are used to detect 
bound BrdUTP 199.  
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Transforming growth factor-β (TGF-β)      

The TGF-β superfamily is a group of about 30 proteins that are structurally 
related and secreted by various cell types. TGF-β signaling plays a crucial role 
in the regulation of cell growth, proliferation, and differentiation, and it is also 
involved in a wide range of physiological processes, including immune system 
function, tissue repair and the regulation of organ development200.  The mem-
bers of the TGF-β superfamily can be broadly classified into two categories: 
the bone morphogenetic protein (BMP)/growth and differentiation factor 
(GDF) branch, and the TGF-β/activin/nodal branch201. There are three 
isoforms of TGF-β that are encoded in the mammalian genome: TGF-β1, 
TGF-β2, and TGF-β3202. Each TGF-β isoform is composed of three parts: an 
N-terminal signal peptide, the latency-associated polypeptide (LAP), and a 
mature polypeptide at the C-terminal end203. TGF-β family members transmit 
signals through a complex of membrane-associated serine/threonine kinase 
receptors204. The TGF-β receptor complex contains two types of TGF-β recep-
tors, TβRI and TβRII. Transmembrane serine/threonine kinase type I and type 
II receptors are required to transmit the signals mediated by TGF-β superfam-
ily ligands, activins, and bone morphogenetic proteins (BMPs). There are 
three distinct domains in TβRI and TβRII: an extracellular ligand-binding do-
main at the N-terminus, a transmembrane region, and a serine/threonine kinase 
domain at the C-terminus205.  These receptors activates various signaling path-
ways, including the canonical Smad2/3 pathway and the non-canonical 
MAPK, RhoA, and AKT pathways200.   

Smads 
A Smad protein is an intracellular transcription factor that regulates gene ex-
pression. Smad1 through Smad8 are the eight mammalian Smad proteins. 
There are three functional groups of Smads: receptor-regulated Smads (R-
Smads), Smads that act as mediators (Co-Smads) and inhibitors (I-Smads) 206. 
While BMP phosphorylates Smad1, Smad5 and Smad8, R-Smads such as 
Smad2 and Smad3 are phosphorylated by TGF-β. Smad4 is the only mamma-
lian Smad that mediates signals from BMP and TGF-β pathways 207.  

The canonical pathway, also known as the Smad-dependent pathway in-
volve the phosphorylation of R-Smads at their carboxy-terminal by receptor-
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mediated Smads: Smad2/3 for TGF-β and BMP for Smad1/5/8. The TGF-β 
ligand activates signaling at the cell surface by binding to serine/threonine 
kinases on type I and II receptors. When TβRII engages, it allows phosphory-
lation of the TβRI kinase domain and resulting phosphorylation of Smad pro-
teins, which triggers signaling 208. Upon phosphorylation of TβRI, the C-ter-
minal serine residues of Smad2 and Smad3 are phosphorylated and promote 
their binding to Smad4 to form a heteromeric Smad complex. By entering the 
nucleus and accumulating there this initiates transcription of genes for the ma-
trix proteins, including fibronectin, collagen and proteoglycans, 209,210. There 
are four essential phosphorylation sites in the linker region of Smad2/3. Thre-
onine residues are phosphorylated at position 220 and serine residues are 
phosphorylated at positions 245, 250 and 255 of Smad2. Smad3 is phosphor-
ylated at threonine residue position 179 and serine residue position 204, 208 
and 213 211-213. 
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Present Investigation 

Paper I: Surface protein profiling of prostate-derived 
extracellular vesicles by mass spectrometry and 
proximity assays 
Introduction  
EVs are membrane-bound phospholipid nanovesicles with a broad range of 
30 to 5000 nm diameters secreted by all cells. EVs mediate intracellular com-
munication and regulate biological processes. Circulating EVs are shown to 
have high stability in body fluids and also contain the originating cell’s mole-
cules, making them promising and potential biomarkers. Since EVs are heter-
ogeneous in the body fluids, information about organ-specific biomarkers, es-
pecially proteins on the EV’s surface, is valuable information to be used as 
diagnostic and therapeutic tools. Therefore, specific techniques are needed for 
the characterization and identification of EVs in bulk or on a single level.  

Aim and Procedure 
To address shortcomings in the methodology to characterize EV’s surface pro-
teins, we have established a protocol for high-throughput profiling EV surface 
proteins. We used non-membrane permeable biotin labeling and high-resolu-
tion mass spectrometry (HRMS) in combination with flow cytometry-based 
PLA (Exo-PLA) and solid-phase PLA (SP-PLA) (Figure 7). As proof of con-
cept for our strategy, we investigated the profiles of surface proteins on pros-
tasomes isolated from seminal fluids and sEVs purified from the human pros-
tate cancer cell line PC3. We revealed many proteins as cargo or surface pro-
teins on these sEVs, many of which were not previously reported as EV pro-
teins.  
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Figure 7. Schematic illustration of the strategy to identify and validate sEV surface 
proteins.  

Results and Discussion 
In total, 1730 proteins were identified in both prostasomes and EVs from the 
PC3 cell line, of which 273 were previously not reported as EV proteins. Fur-
thermore, 1014 surface proteins were identified, of which 457 proteins were 
detected in all three technical sample replicates and at least 730 proteins in 2 
replicates. Seventy-four prostate-specific unique proteins were identified to be 
enriched on the surface of EVs and a subset of the most highly expressed ones 
was verified using Exo-PLA (Figure 8) and SP-PLA on the intact EVs, in-
cluding SEMG1, PTGDS, AKAP4, CRISP1 and GAPDS. The advantage of 
using an unbiased MS approach in combination with affinity-based technolo-
gies is that it allows for both characterization and sensitive detection of EVs 
as potential biomarkers. Our methodology for profiling surface proteins will 
be a powerful technique in the toolbox for EV research. It may have substan-
tial value in using EVs in biological and medical research. Furthermore, our 
findings of novel proteins in prostasomes and prostate cancer cell line PC3 
sEVs extend the repertoire of EV-related proteins.  
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Figure 8. A combination of different markers on the surface of sEV was detected by 
Exo-PLA. Gating of positive signals in flow cytometry and different populations are 
displayed. 
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Paper II: Targeted proteome analysis of extracellular 
vesicles of gastric cancer cell lines 
Introduction  
Gastric cancer (GC) is the third leading cause of cancer death and early detec-
tion and efficient monitoring of tumor dynamics are prerequisites for reducing 
disease burden and mortality. Blood-based biomarker assays for the detection 
of early-stage GC could be of great relevance both for population-wide or risk 
group-based screening programs. Extracellular vehicles (EVs) are membrane-
enclosed particles released from all cells, which play roles as mediators of 
intercellular communication, various pathophysiological states and serve as a 
promising class of biomarkers. EVs, especially sEVs, are known to contribute 
to intercellular communications during tumor progression. Moreover, evi-
dence suggests that sEVs can function as intercellular transport systems ac-
cording to their contents. The analysis of sEVs contents can help to unveil the 
function of EVs in cancer and serve to identify new biomarkers in cancer di-
agnosis and therapy. 

Aim and Procedure 
We aimed to determine the putative panel of sEV protein targets by isolating 
and analyzing the protein complements of sEVs from GC cell lines and com-
pare the results with those from sEVs from other sources for future diagnostic 
assays, by detecting sets of proteins on the EVs. We measured levels of over 
430 proteins in these sEVs and their originating cell lines using PEA (Figure 
9). The alteration of each protein was analyzed using univariate analysis. Four 
gastric cancer cell lines and their sEVs were assessed using five protein pan-
els; Inflammation and oncology II panels commercially available from Olink 
Proteomics (Uppsala, Sweden) and Cancer, Cellular pathway and Neurology 
in-house panels. This assay allowed simultaneous detection of numerous pro-
teins at high selectivity or sensitivity and with a requirement of only minute 
sample volumes of 1 μl for analysis of 96 proteins.  
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Figure 9. Schematic illustration of the strategy of targeted proteomics analysis. 

Results and Discussion 
In total, 430 proteins were analyzed in all samples and the numbers and percentages 
of detectable proteins were recorded for each panel and sample. Principal component 
analysis (PCA) was used to provide an overview of the distribution of GC cell lines 
and sEVs from GC cell lines as well as prostasome, as control, based on the levels of 
all proteins (Figure 10a). The GC cells are differentiated from their related sEVs 
based on the PCA analysis. The same PCA analysis also revealed a clear difference 
between the protein expressions in seminal fluid prostasome from healthy men com-
pared to EVs in two types of GC cell lines (Figure 10b). Despite the similarity 
between GC sEVs and prostasome, the analysis revealed the enrichment of 39 
proteins in EVs from GC cell lines, which were not expressed or expressed at 
very low levels in prostasomes (Figure 11a, b).  EV-associated gastric-related 
protein markers could be used to establish dedicated assays for detecting GC 
in blood samples. 
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a 

b 

Figure 10. PCA of GC sEVs, prostasomes and GC cell with all proteins from 5 panels 
(a) PCA comparing results of protein profiling GC cell lines, GC sEV and prostasomes 
(b) PCA comparing results of protein profiling GC sEVs and prostasomes.
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a 

b 

Figure 11. Proteins expressed at high levels in GC sEVs but expressed only at very 
low levels or not at all in prosotasomes. (a) Venn diagram summarizing the number 
of protein differences between GC sEV and prostasomes. (b) Proteins with medium 
and high expression in GC sEVs, which are not expressed or expressed only at very 
low levels in prostasome. 
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Paper III: Increased levels of thymidine kinase 1 in 
malignant cell-derived extracellular vesicles 
Introduction 
SEVs are extracellular vesicles secreted by cells that harbor proteins, mRNA 
and DNA and act as intercellular messengers between cells. Depending on 
their cargo, EVs are thought to play several different roles in cancer develop-
ment. TK1 has been used as a biomarker for cell proliferation. Studies show 
that the enzyme activity can give information about the diagnosis and progno-
sis for many malignant diseases.  

Aim and Procedure 
The presence and activity levels of TK1 were investigated in sEVs derived 
from three prostate cancer cell lines with various p53 mutations (LNCaP, PC3 
and DU145), sEVs from the normal prostate epithelial cell line RWPE-1 and 
prostasomes. The TK1 activities for these sEVs was measured using a real-
time assay from Biovica. To evaluate the robustness and potential of the 
method, we measured the TK1 activity levels of EVs isolated from PC3 cell 
lines spiked in female plasma and compared this to the endogenous TK1 ac-
tivity in these samples as negative controls (Figure 12). 

Figure 12. Real-time assay of TK1 in 2-fold serial dilutions of EVs from the PC3 cell 
line. R2 > 0.994. 
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Results and Discussion 
In conclusion, we demonstrated that sEVs derived from highly (PC3) and 
moderately (DU145) metastatic cells have increased TK1 activity levels com-
pared to those for poorly metastatic (LNCaP) and normal epithelial cell line 
RWPE-1 as well as for prostasomes isolated from seminal fluids from healthy 
male donors (Figure 13). The TK1 activity can potentially be used to develop 
dedicated diagnostic assays.  

Figure 13. Measured TK1 activity for EVs isolated from cancer cell lines and pros-
tasomes. Measured TK1 activity for EVs isolated from the three cancer cell lines, PC3 
DU145, LNCaP, from the normal epithelial prostate cell line RWPE-1 and pros-
tasomes isolated from seminal fluids from healthy individuals. The mean values of 
TK1 activity for sEVs isolated from the cell lines PC3, DU145, LNCaP, RWPE-1 and 
prostasomes were 25, 12.1, 7.2, 7.5, 5.9 U/L, respectively. 
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Paper IV: Image-based high-throughput mapping of 
TGF-β-induced phosphocomplexes at the single-cell 
level 
Introduction  
Post-translational modifications (PTMs) and protein-protein interactions reg-
ulate cytokine and drug responses High-throughput screening is an effective 
method of finding potential therapeutic targets and modes of action. The TGF-
β pathway plays a critical role in cellular functions both during embryonic 
development and in adult organisms, including apoptosis, differentiation, mi-
gration and proliferation. It is clinically relevant to observe these cellular re-
sponses as they can reveal pathways-specific changes in disease or effects of 
targeted therapy. 

Aim and Procedure  
Our study describes a semi-automated system for large-scale in situ PLA, 
which is a combination of automated microscopy with computer-based image 
analysis using CellProfiler software and plotting the results in R Studio (Fig-
ure 14a). The HaCAT cell line was used as a model system to investigate 
downstream Smad2 phosphorylation and interactions regulated by multiple 
kinases. In addition to phosphorylation and interactions, subcellular morpho-
logical features were recorded digitally. As a result, it has been possible to 
quantify dynamic effects of compounds at the level of individual cells, in a 
manner that has not previously been possible.  

Results and Discussion 
TGF-β -induced Smad2 linker phosphorylation and complex formation was 
observed for millions of individual cells in each experiment. Cell cycle pro-
gression and local cell crowding was correlated with DNA content and nuclear 
size of individual cells. By using phosphatase inhibitors as screening agents, 
we demonstrated the suitability of this protocol for investigating drug effects. 
Using the assay, we could investigate temporal effects of stimulation and con-
sequences of drug treatment (Figure 14b-f). By combining high-throughput 
imaging with observations of protein interactions and modifications, we ex-
tend the scope for image-based single-cell analysis. 
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Figure 14. Overview of the semi-automated in situ PLA pipeline. Smad2 pT220 linker 
phosphorylation was investigated using high-throughput in situ PLA. b–d Time 
courses for the appearance of Smad2/3-Smad2(pT220) and Smad4-Smad2 (pT220) 
reaction products upon stimulation with TGF-β. HaCAT cells were starved and treated 
with 10 ng/ml TGF-β for the indicated times before fixation, isPLA and imaging. Re-
sults are displayed as representative fluorescence microscopy images with RCA prod-
ucts shown in red and nuclear DNA stained in blue (b) and as graphs showing mean 
RCA products numbers per cell from cells grown in triplicate wells (n = 3), with nine 
images acquired and analyzed per well and with standard deviations (SD) of the three 
analyzed wells displayed (c, d). The red squares indicate the total average RCA prod-
ucts/cell and yellow diamonds indicate the numbers of RCA products/cell that overlap 
with the nuclear stain, whereas blue circles represent RCA products/cells that do not 
overlap with the nuclear stain. Independent data points of the total average RCA prod-
ucts/cell for each well are also displayed as red circles in the graphs. e Fluorescence 
microscopy images of HaCAT cells starved and treated or not treated with 10 ng/ml 
TGF-β for 5 h with or without the proteasomal inhibitor MG132. f HaCAT cells were 
starved and treated with 10 ng/ml TGF-β for the indicated times with or without the 
proteasomal inhibitor MG132. Bar graphs show average RCA products/cell from cells 
grown in triplicate wells (n = 3), with nine images acquired and analyzed per well and 
with SD of the three analyzed wells displayed. The independent data points of the 
total average RCA products/cell for each well are also displayed as red, blue and tur-
quoise circles in the graphs. Scale bars in b and e represent 10 µm 
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Conclusions  

In the recent decade, considerable progress has been made in the proteomics 
of EVs. The development of advanced instrumentation for proteomic analysis 
and their increased sensitivity has contributed to this development. Mass spec-
trometry-based proteomic methods are increasingly being used alongside 
more targeted approaches 7. The characterization of sEVs cargo is of great 
interest because it can provide valuable biomarkers. Recent studies have 
demonstrated the feasibility of using EVs as liquid biomarkers to monitor the 
progression of certain diseases 214.  

Study I, Mass spectrometry, is a standard technology for deep proteome 
analysis of sEVs isolated from cells, tissues, or body fluids. It is of interest to 
use the method to characterize both total and surface-expressed protein com-
plements. We have established a workflow combining unbiased high-resolu-
tion mass spectrometry with highly sensitive and specific proximity assays, 
such as flow cytometry-based proximity ligation assay (Exo-PLA) and solid-
phase PLA, to characterize surface proteins on sEVs. The protocol was then 
used to identify surface proteins for sEVs isolated from seminal fluids from 
healthy individuals and prostate cancer cell lines. The identified surface pro-
teins may have value for EV-based biomarker assays in prostate cancer.  

Study II, sEV-associated markers may prove to have value for medical and 
cancer biology. While MS analysis remains the most common method for 
identifying tumor-associated protein markers 215 the predominance of high-
abundance proteins impairs the detection of low-abundant potential bi-
omarkers with classical MS methods 216. Here we used a targeted proteomic 
approach via PEA. This assay allows simultaneous detection of a panel of 
proteins without compromising selectivity or sensitivity using minimum sam-
ple volumes. Five protein panels (each consisting of 92 proteins and four con-
trols) were used to analyze EVs from four gastric cancer cell lines and pros-
tasomes from human seminal fluids. The analysis revealed enrichment of 39 
proteins in EVs from the cell lines, which were not expressed or expressed 
only at very low levels in prostasomes.  

Study III, we investigated the enzymatic activities of sEV-associated pro-
teins and compared such enzyme activities for EVs isolated from prostatic 
cancer and a normal epithelial cell line. A real-time assay was used to measure 
the thymidine kinase 1 (TK1) activity in EVs isolated from prostate cancer 
cell lines and prostasomes isolated from seminal fluids from healthy men. We 
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demonstrated that the TK1 enzyme activity is highly correlated to the aggres-
siveness of the cancer cell lines compared to that of prostasomes from healthy 
individuals and EVs from normal prostate epithelial cell lines.  

Study IV, A large-scale in situ PLA was established, combining in situ 
PLA in microtiter plate and automated, computer-assisted imaging for protein 
interaction and modification in high-throughput drug screening. In this study, 
we could process data for millions of cells in individual experiments,  by 
counting for each cell the numbers of signals representing phosphorylated pro-
teins or protein complexes, while also monitoring nuclear DNA staining also 
allowed us to categorize cells based on their area, shape, intensity, texture and 
neighbors. 

This thesis has tackled current challenges and information gaps. We quan-
tified the molecular cargo of EVs across several cell lines at bulk and at single 
vesicle levels. Biomarker identification and assay development will signifi-
cantly contribute to comprehensive and robust characterization of sEVs iso-
lated from large cohorts of patient samples; achieving this goal will require 
further improvements in throughput and reproducibility of EV purification 
protocols without sacrificing either purity or yield 5.  

In conclusion, proteomic analysis of extracellular vesicles can be a valuable 
tool in understanding the molecular composition and functions of these im-
portant biological nanometer-sized particles. Through various techniques such 
as mass spectrometry and Western blotting, a wealth of information has been 
uncovered about the proteins contained within extracellular vesicles. This 
knowledge has improved our understanding of the roles that extracellular ves-
icles play in intercellular communication, as well as their potential as bi-
omarkers and therapeutic agents. Further research in this field will continue to 
advance our understanding of extracellular vesicles, their functions in health 
and disease and their diagnostic and therapeutic potential. 
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