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Abstract

Breast cancer (BC) is the second leading cause of death in Canadian women. De-
tection of the disease at an early stage greatly increases the average 5-year survival
rate, however non-invasive early detection methods are not available to-date. Cells
release various types of extracellular vesicles (EVs) to mediate intercellular commu-
nication by transferring signals in the form of bioactive molecules such as proteins,
metabolites, and nucleic acids. Understanding the composition of these biomolecules
may shed light on the physiological state of the cell of origin. Therefore, EVs are a
promising source of biomarkers for non-invasive detection of BC. However, the sur-
face proteome of EVs is not yet understood well enough to propose BC biomarkers
that could be detected directly from biofluids. In this study, small EVs (sEVs) and
medium EVs (mEVs) were isolated by differential ultracentrifugation from breast can-
cer MDA-MB-231 and MCF7, and non-cancerous breast epithelial MCF10A cell lines
and analyzed by nano-liquid chromatography coupled to tandem mass spectrome-
try. EV proteins were analyzed by two approaches: (1) global proteomic analysis
and (2) enrichment of EV surface proteins by labelling surface-accessible proteins

with a Sulfo-NHS-SS-Biotin reagent. Potential BC biomarkers were obtained from
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iii
the first approach (1) by identifying the presence of cell line specific SEV proteins,
filtering for membrane/surface proteins using UniProt annotations, and predicting
the co-localization of proteins on sEVs with known EV marker proteins (CD63, CD9,
CD81) by correlation analysis. This resulted in 11 potential BC sEV biomarkers
(C8A, AXL, ST14, FAM20B, PROM2, CLDN3, ITGA7, MEGF10, SHISA2, GJC1,
IFNGR1); the presence of ST14, CLDN3 and ITGA7 was validated by Western blot
analysis. The surface labelling approach (2) enriched proteins previously not iden-
tified using the first approach (1). Potential general BC biomarkers were selected
from surface proteins commonly identified from MDA-MB-231 and MCF7, but not
identified in MCF10A EVs. Annotation with known BC disease associations from
DisGeNET yielded 9 and 2 potential surface proteins on sEVs and mEVs, respec-
tively. This study demonstrates the emerging role of EVs as a rich source of known

and novel biomarkers which may be used for non-invasive detection of BC.
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Chapter 1

Introduction

Early detection of most diseases significantly improves the outcome for patients and
may prevent worsening of symptoms (DeSantis et al. 2014). For this reason, screening
and diagnostic methods are continuously developed to achieve better sensitivity and
specificity, and minimize the degree of invasiveness lessening the burden to obtain
clinical samples from patients (Vlastos and Verkooijen 2007). Breast cancer (BC) is
an example of an illness that would greatly benefit from the development of novel
and non-invasive early detection methods (DeSantis et al. 2014). Although many
chemo-, radio-, hormone-, and immunotherapeutic options are available, (Mustacchi
et al. 2015; Sonnenblick and Piccart 2015; Tangutoori, Baldwin, and Sridhar 2015),
one third of women will die from the disease (Siegel, Miller, and Jemal 2015 Jan-Feb).
Extracellular vesicles (EVs) have been hypothesized to play significant roles in BC
and have been explored as a novel source of biomarkers for early detection of BC

(Green et al. 2015).



This chapter provides an overview of EVs and their involvement in BC. Furthermore,
it discusses the role of mass spectrometry (MS)-based proteomics as the primary
analysis method to investigate the proteome and surface proteome of cell line-derived
EVs. This chapter also serves to highlight the tremendous growth over the past two
decades of our understanding of EVs and the field of MS-based proteomics, which

roughly defines the scope of the following introduction.



1.1 Extracellular Vesicles

EVs is a collective term for phospholipid bilayer-enclosed structures that are secreted
into the extracellular environment by essentially all cell types, in all domains of life
(Doyle and Wang 2019; Gill, Catchpole, and Forterre 2019). Currently, EVs are
understood to play a role in communication, between cells that are in close prox-
imity or between distant cells (Maia et al. 2018). EVs were first described in 1967
as phospholipid-rich “platelet dust,” separated from fresh platelet-free plasma using
ultracentrifugation (Wolf 1967). The procoagulant activity attributed to EVs was no-
tably distinct from the platelets or the plasma themselves. Today, EVs are classified
into three main subtypes based on their intracellular origin and secretion mechanism:
exosomes, microvesicles (MVs), and apoptotic bodies (Margolis and Sadovsky 2019).
The term microvesicles was first coined in 1971 and it was used to describe membrane
blebs that were released from maturing reticulocytes and peripheral blood platelets,
initially thought of as a mechanism to eliminate excess cell membrane and surface
receptors (Crawford 1971; Schrier et al. 1971; C. V. Harding, Heuser, and Stahl
2013). Similarly, ~50 nM sized vesicles associated with the transferrin receptor from
maturing blood reticulocytes were referred to as exosomes in 1983 (C. V. Harding,
Heuser, and Stahl 2013; C. Harding and Stahl 1983; Pan and Johnstone 1983). Al-
though apoptosis and the formation of apoptotic bodies was partially observed and
described many years prior, apoptotic bodies were formally discovered in 1972 as part
of a regulated mechanism of cell death in multicellular organisms (Elmore 2007; Kerr,

Wyllie, and Currie 1972).



Over the last two decades, most research within the field of EVs has focused on
non-apoptotic EV subtypes exosomes and MVs, due to their broad involvement in
physiological and pathophysiological processes (Ohno, Ishikawa, and Kuroda 2013).
Moreover, EVs have been found in many biofluids such as urine (I. O. Sun and Lerman
2020), saliva (Chiabotto et al. 2019), blood (Arraud et al. 2014), and cerebral fluid
(Guha et al. 2019), making them an attractive source of biomarkers to detect or

monitor the progression of a disease in a non-invasive manner (Tian et al. 2021).

1.1.1 Characteristics of Extracellular Vesicles

By definition, all EVs share the presence of a phospholipid-bilayer membrane, are
secreted into the extracellular environment from cells, do not have the ability to self-
replicate, and contain different biomolecules such as proteins, various types of nucleic
acids, and metabolites including lipids (Doyle and Wang 2019). The primary dif-
ference between exosomes and MVs lays in their biogenesis, which suggests different
biological roles (Zaborowski et al. 2015). Advancements in isolation and charac-
terization techniques have allowed for the dissemination of distinct properties and
functions to each respective EV type (Kowal et al. 2016). Nevertheless, isolation
techniques commonly enrich more than one EV subtype due to a natural overlap in
biophysical properties. As a means to provide guidance to the scientific community,
the International Society of Extracellular Vesicles (ISEV) published guidelines dis-
couraging the interchangeable use of the terms exosomes and MVs. Instead, ISEV

suggested the use of more general nomenclature that does not rely on knowing the



precise biogenesis pathway of the vesicles, such as small EVs (sEVs), medium EVs
(mEVs), and large EVs (IEVs) or low- and high-density EVs (Théry et al. 2018). The
following discussion on the biology of EVs will use the terms exosomes and MVs only
where applicable, while the default will be to use the most up-to-date terminology,

respecting the ISEV guidelines.

Early
endosome
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Fig. 1.1 Overview of biogenesis and size of EV subtypes based on their biogenesis and size.

The figure was created with biorender.com.

Exosomes are a subtype of EVs that originate from the endolysosomal pathway. They
are the smallest known secreted vesicles, with a diameter range between 30 to 150
nm, comparable to small viruses (Yanez-Mo6 et al. 2015). MVs, also referred to as

ectosomes, microparticles, or shedding vesicles, form directly by outward budding of



the plasma membrane and span a size range from typically 50 to 1000 nm (van Niel,
D’Angelo, and Raposo 2018). Both subtypes have a similar density of 1.08 — 1.19 g/ml
(Brennan et al. 2020). Morphologically, both exosomes and MVs are considered
to have a round shape, whereas double-membrane or multilayer vesicles have been
observed as well in EVs isolated from biofluids (Arraud et al. 2014; Emelyanov et al.

2020).

The biogenesis of EVs underlies a controlled sequence of steps including vesicle forma-
tion, cargo loading, and the release which occurs at distinct sites in the cell (Raposo

and Stoorvogel 2013).

Exosomes form in the endosomal system as intraluminal vesicles (ILVs) by inward
budding of the early endosome membrane. During this process early endosomes ma-
ture into multivesicular bodies (MVBs). Early endosomes form by inward budding
of the plasma membrane, and along with MVBs, are involved in endocytosis and
trafficking of cell material (Borges, Reis, and Schor 2013). MVBs are then either
degraded in the lysosome or release their content including exosomes into the extra-
cellular space by fusing with the cell membrane. The mechanism that determines
the fate of individual MVB are not well understood (Doyle and Wang 2019). The
formation of exosomes and cargo loading depend in part on the endosomal sorting
complex required for transport (ESCRT) machinery, therefore some of these proteins
(Alix, TSG101, HSC70, HSP90j3) are expected to be present in exosomes (Tauro et
al. 2012). Some studies report an alternative, ESCRT-independent mechanism for

exosomes release, which is involves the sphingomyelinase enzyme (Trajkovic et al.



2008). Cells with impaired ESCRT machinery were able to produced CD63-positive
exosomes, suggesting at least one more mode of exosome formation (Stuffers et al.
2009). Moreover, proteomic analysis identified CD63 along with other tetraspanins
CD9 and CD81 to be highly enriched in exosomes compared to cell lysate [Witwer
et al. (2013); sinhalndepthProteomicAnalyses2014]. Nevertheless, these marker pro-
teins have been found on the cell surface and in other EV types as well, shedding

doubt on their ability to serve as exosome markers (Raposo and Stoorvogel 2013;

Crescitelli et al. 2013).

MYV formation occurs directly at the plasma membrane by pinching or outward bud-
ding. The budding process is suggested to require cytoskeleton proteins (actin, mi-
crotubules), molecular motors (kinesins, myosin), and fusion machinery (SNAREs
and tethering factors) (Cai, Reinisch, and Ferro-Novick 2007). Overall, the process
is not yet well understood. Other proteins found in MVs are mainly cytosolic and
plasma membrane associated proteins, but may also include heatshock proteins, in-
tegrins and proteins containing post-translational modifications (PTMs) (Di Vizio et
al. 2012; Morello et al. 2013). Still, there are no specific markers that allow MVs to

be distinguished from exosomes (Jeppesen et al. 2019).

1.1.2 Methods for Isolation of EVs

Current EV isolation methods are able to enrich EVs from biological matrices such
as blood, saliva, urine or cell culture supernatant (Brennan et al. 2020; Patel et al.

2019). These isolation methods are commonly based on on their size, density, or the



presence of biological molecules, typically surface proteins . Current EV isolation
protocols include differential ultracentrifugation (dUC), density gradient separation,
ultrafiltration (UF), polymer-based precipitation, affinity-based enrichment and mi-

crofluidic methods (P. Li et al. 2017).

Differential ultracentrifugation is the most commonly used technique for EV isolation
(Willms et al. 2018). EVs are pelleted by sequential ultracentrifugation steps by
subjecting the biological matrix to increasing centrifugal forces, which separates EVs
based on their sedimentation coefficient, dependent on their size, density and shape
(Livshits et al. 2015). Due to the overlap of these characteristics among EV subtypes,
dUC yields a diverse population of EVs (P. Li et al. 2017). EVs isolated by dUC
can be further separated by density gradients in form or centrifugation or flotation
approaches (X. Zhang et al. 2020). The addition of a density gradient enabled the
isolation of EV subpopulations with distinct density and protein profiles (Onédi et

al. 2018).

Filtration-based isolation methods are typically combined with dUC protocols to
achieve a more defined size distribution (J. Li et al. 2019). Used independently, UF
protocols require much less time and have been demonstrated to enrich exosomes and
microvesicles from cell line derived EVs (Zeringer et al. 2015). However, the low
recovery of EVs from filter membranes (Martin-Jaular et al. 2020) and the potential
to rupture or aggregate EVs makes it less suitable for some applications that require

intact EVs (Xin et al. 2012).

Polymer-based EV precipitation methods have been used for fast EV isolation that



require only low speed centrifugation. The solubility of EVs is reduced by volume-
excluding polymers such as polyethylene glycol, and both polymer and EVs are then
pelleted by centrifugation (Brennan et al. 2020). Polymer-based methods were found
to preserve the biological activity of EVs (P. N. Brown and Yin 2017), however the
amount of coprecipitated proteins and insufficient removal of isolation reagent in-
terfere with MS analysis and yield low numbers of detected proteins (Risha et al.

2020).

Affinity-based EV isolation techniques offer great potential to yield homogeneous sub-
populations by capturing EVs that carry a specific protein of interest on their surface
(Bellotti et al. 2021; Nakai et al. 2016). These methods have gained prominence de-
spite being labor intensive and cost expensive (Greening et al. 2015). Furthermore,
the choice of an appropriate surface target may be difficult if the source of EVs is not

well understood.

Other methods such as flow field-flow fractionation (AF4) are being explored to iso-
lated and characterize EVs (H. Zhang and Lyden 2019; P. Li et al. 2017). AF4
separates EVs based on hydrodynamic size and its capability to separate nanoparti-
cles in size ranges from a few nanometers discovered non-membranous nanoparticles
termed exomeres (H. Zhang et al. 2018). In another study, EVs below and above
200 nm were efficiently separated based on size and density using ultrasound standing
waves (Lee et al. 2015). Microfluidic devices promise quick and specific isolation of
EVs populations, but there is currently a lack of standardization across protocols and

the inability to isolate EVs from large volumes make them insufficient for MS based



analysis of EVs (P. Li et al. 2017).

1.1.3 Extracellular Vesicles in Breast Cancer

The highly complex nature of healthy and diseased states requires sophisticated in-
tercellular communication methods, from which BC is no exception (Giordano et al.
2020). In recent decades, EVs have been established as mediators of intercellular
communication by playing an essential role in the initiation, progression, metastasis
and drug resistance of BC (Yu et al. 2015; Adem, Vieira, and Melo 2020; Jabbari et

al. 2020; Dong et al. 2020).

Cancer progression is a multistep process that depends on the cell-cell communication
within the tumor environment (Tai et al. 2018). It has been suggested that exosomes
in the tumor environment actively regulate cancer progression by inducing autocrine
and paracrine signalling, reprogramming stromal cells and by promoting angiogenesis
(Maia et al. 2018). The development of a diagnostic platform with the ability to
detect exosomes, or EVs, with a molecular signature of cancer progression may serve

as biomarker for early detection of the disease (Lu and Risch 2016).

Cancer-derived EVs have the ability to transform surrounding or distant cells to a
more malignant phenotype by transferring their bioactive contents (Arena et al. 2017)
with specific molecules, such as microRNAs (miRNAs) (Arena et al. 2017; Abdouh
et al. 2017; Wei et al. 2017). The exosomal miR-222-3p has been demonstrated to
functions as a regulator of gemcitabine resistance and malignant characteristics by

targeting the promotor of SOCS3, a negative feedback regulator of the JAK/STAT sig-

10



naling pathway (Yoshimura, Naka, and Kubo 2007). EVs have the ability to remodel
the extracellular matrix via matrix metalloproteases, which may promote metastatic
niche formation (Nawaz et al. 2018). Moreover, the uptake of tumor-secreted EVs
has been shown to promote metastatic niches at distant sites (Hoshino et al. 2015)
and the profile of surface integrin proteins of exosomes influenced their organotrophic
uptake from liver and lung (Hoshino et al. 2015). EVs may have the potential to
provide a snapshot that gives insight on the metastatic state of BC and thus could be
useful as a source of biomarkers that can predict the overall outcome of the disease.
Furthermore, a better understanding of the organtrophic nature of EVs isolated from

biofluids like blood may help prevent metastasis of BC to different organs.

Chemotherapy, among others, is a standard treatment for invasive BC, however
there is a variety of mechanisms by which tumor cells evade drug-induced cell death
(Dallavalle et al. 2020). Some of these mechanisms include efflux or inactivation of
drugs (Dallavalle et al. 2020), enhancement of deoxyribonucleic acid (DNA) damage
repair (Battista et al. 2020), and inducing epithelial-mesenchymal transition (Navas
et al. 2020). HER2-overexpressing tumor cell lines SKBR3 and BT474 secrete ac-
tive HER2 protein on exosomes, which was demonstrated to bind to and inhibit the
monoclonal antibody treatment, Trastuzumab, which is used to treat HER2-positive
BC patients (Ciravolo et al. 2012). This suggests EVs may be useful as predic-
tive biomarkers to inform clinicians about drug sensitivity or resistance to possible

treatments.

One determining factor of BC prognosis is the early detection of cancerous cells,

11



which can reduce the death rate significantly (L. Wang 2017). However, current
approaches for detection and diagnosis of BC such as mammography, ultrasound,
magnetic resonance imaging, computerized tomography or needle biopsy are costly,
time consuming and not adapted to young women creating a burden to the healthcare
system as well as individuals (Milosevic et al. 2018). These complications combined
with a lack of sensitivity of early detection of new cancer cells make most methods
unsuitable for broad screening for BC. While genetic mutations such as in the BRCA1
and BRCAZ2 gene are used for risk assessment of BC, there are currently no biomarkers
that can be detected in liquid biopsy to diagnose BC in early stages (Duffy et al.

2015).

EVs are involved in a broad spectrum of processes in BC which suggests they may
be a non-invasive source of diagnostic, prognostic and predictive biomarkers (Chitti
and Nedeva 2021; Shaw et al. 2015). One of the most common techniques employed
for protein biomarker discovery is MS (Crutchfield et al. 2016). Mass spectrometers
are unique in their ability to analyze virtually any biological molecule and specifically

quantify more than 1000 proteins in parallel.
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1.2 Mass Spectrometry-Based Proteomics

Cells are composed of a quasi-innumerable number of biomolecules of distinct nature
that act concordantly together allowing all forms of life to exist, reproduce, and re-
act to external stimuli (Marth 2008). The understanding of the interplay between
all these molecules is the fundamental question of molecular biology (Levin 2006).
The discovery of DNA as the carrier of genetic material was revolutionary to our
understanding about how cells proliferate to allow for organisms to develop. This un-
derstanding led to the postulation of the central dogma of molecular biology, which
describes the unidirectional flow of information from DNA to RNA to proteins (Crick
1970). The exploration of the human genome has been motivated by recent advance-
ments in sequencing technologies that have allowed for sequencing of the whole human
genome, as well as its transcribed genetic material (Venter et al. 2001). The fields
of genomics and transcriptomics study the totality of DNA or transcribed RNA of
an organism, respectively. While the genome provides the information for all cellu-
lar processes, proteins are the main player executing cellular functions. Therefore,

proteomics aims to understand the proteome, the complete set of proteins of a cell

(Aebersold and Mann 2003).

Nowadays, the most popular technique to identify and quantify almost entire pro-
teomes is based on the combination of liquid chromatography and tandem mass spec-
trometry (LC-MS/MS). LC-MS/MS follows in most cases the bottom-up strategy,
in which proteins are first subject to proteolytic digestion to generate peptides that

can be separated by LC and analyzed by MS. In contrast, the top-down approach

13



analyzes intact proteins, which remains a technical challenge applied to large scale
analysis (K. A. Brown et al. 2020). Besides the growing number of subfields such
as phosphoproteomics, spatial proteomics, single-cell proteomics, et cetera, the pri-
mary question addressed by MS-based proteomics is the identification and relative or

absolute quantification of proteins. (Aebersold and Mann 2003)

1.2.1 Bottom-Up Proteomics

Bottom-up proteomics experiments can be applied to a wide number of sample
sources, ranging from cell culture material to tissue or body fluids from patients.
The workflow can be separated into three main steps: (1) Sample preparation of pro-
teins from the crude biological matrix to generate defined peptides, that can be (2)
analyzed by LC-MS/MS generating a set of MS1 and MS2 spectra, which are then
used as input for (3) search engine matching of experimental spectra against in-silico

predicted spectra to identify and quantify peptides and proteins.

Reduction (TCEP) &
protein Alkylation (IAA) &
extraction & Digestion
denaturation (Trypsin/Lys- -

| — — ¢

@ Sample @ Protein @ Peptides (4) nLC-MS/MS @ Data Analysis

(alkylated)

Fig. 1.2 General schematic of a proteomics experiment. (1) A sample from any biological
matrix is subjected to a protein extraction method to obtain (2) proteins in solution. Pro-
teins are then digested into (3) peptides to be analyzed by (4) LC-MS/MS. Generated mass

spectra are then analyzed for (5) peptide and protein identification.
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Sample Preparation for MS Analysis

The primary challenge of sample preparation for proteomics is performing efficient
proteolytic digestion of proteins to generate peptides for MS analysis. To address
this challenge, proteins must be solubilized and denatured, ideally to a linearized
form, to allow the protease to access peptide bonds for cleavage. Here, only the in-
solution digestion approach will be discussed, as advancements in MS technologies
have made protein separation by SDS-polyacrylamide electrophoresis (SDS-PAGE)

and accompanied in-gel digestion obsolete (Shevchenko et al. 2006).

The first step is to lyse the biological matrix, followed by protein extraction and sep-
aration from other cellular structures, such as the lipid membranes or protein-DNA
complexes. The separation of proteins from other biomolecules may be facilitated by
physical pressure, heat, solvents, or detergents such as sodium dodecyl sulfate (SDS)
or n-dodecyl-8-D-maltoside (DDM) which act by disturbing the intermolecular in-
teractions and facilitate bring proteins into solution (Niu et al. 2018). There are
a wide range of detergents: ionic, non-ionic, and detergents that retain the native
confirmation of proteins, the latter of which is colloquially known as MS-compatible
detergents and are useful for affinity enrichment and MS analysis. The type of de-
tergent should carefully consider the origin and composition of the sample, as well
as the downstream application. Subsequently, proteins are denatured, if not already
done by the detergent. Protein denaturation can be accomplished by chaotropes
such as urea or guanidinium chloride. These agents disturb the secondary structure

by interfering with intramolecular hydrogen bonding. To support denaturation and
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prevent spontaneous refolding, disulfide bonds between cysteine residues are reduced
with dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine (TCEP) and are capped
by a thiol-reactive halogen compound, iodoacetamide (IAA) for example. Following
denaturation and capping of cysteine residues, one or multiple proteases are used to
digest proteins into peptides that are identifiable by MS. The majority of studies uses
trypsin, a pancreatic serine protease, due to its highly specific cleavage C-terminal
to arginine and lysine residues. Both amino acids have a suitable frequency and dis-
tribution in the proteome and increase the positive charge of peptides due to their
basic nature, which is necessary for ionization during MS analysis. Other proteases
find application by either supporting tryptic digestion, in the case of endoproteinase
Lys-C (Lys-C) which cleaves C-terminally to lysine with higher efficiency than trypsin
(Saveliev et al. 2013), or to enable the analysis of proteins where lysine and arginine
do not provide sufficient coverage, such as Chymotrypsin (C-terminal of tyrosine,
phenylalanine, tryptophan, and leucine) for membrane proteins. After digestion of
proteins, peptides are separated from interfering molecules, such as salts and buffer

components by C18 cartridges prior to MS analysis.

Throughout the sample preparation process, the pH must be kept stable by compat-
ible buffers to enable efficient and site-specific reduction, alkylation, and proteolytic
cleavage. These controlled conditions aim to produce sequence and modification-
defined peptides, which can be predicted and identified by the mass spectra process-
ing software. The field has heavily invested in protocol development in an attempt to

overcome various challenges during the sample preparation process, such as solvent-
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induced precipitation of proteins or removal of endogenous and exogeneous interfering
molecules, such as lipids, metabolites or MS-incompatible reagents like SDS (Chertov
et al. 2004). A commonly adopted protocol known as filter-aided sample preparation
(FASP) makes use of a molecular weight cut-off (MWCO) filter to rapidly exchange
buffers and eliminate interfering substances during sample preparation (Wisniewski

et al. 2009).

LC-MS/MS Analysis

The development of MS, initially mass spectroscopy due to the qualitative character
of the analysis, terms back to the manipulation of trajectories of neon ions by electric
and magnetic fields, visualized on a photographic plate by J. J. Thomson. Mod-
ern mass spectrometers still rely on the same principles of (i) a source that ionizes
analyte molecules and brings them into the gas phase, in which (ii) ions are sepa-
rated by the mass analyzer based on their mass-to-charge (m/z) ratio through electric
and magnetic fields, and (iii) a detector that measures the intensity of separated ion
species (Glish and Vachet 2003). Modern mass spectrometers address a wide range
of problems in science by application-specific combinations of different types of ion
sources, mass analyzers, and detectors (Finehout and Lee 2004; Nadler et al. 2017).
Additional parts such as ion traps, quadrupoles, and ion routing modules enable sep-
aration, isolation or even fragmentation of peptide ions for precise m/z determination
within a few parts per million, quantification, and structural and sequence determina-
tion. Furthermore, the combination with other instruments such as high-performance

liquid chromatography (HPLC), capillary electrophoresis, or biosensors helps separate
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peptides and decreases the complexity of ions analyzed at a time. The combination
of reversed-phase LC with MS/MS is the most commonly method for bottom-up
proteomics experiments in which peptides are separated by their hydrophobicity on
a C18 column, ionized by electrospray ionization (ESI) to form positive gas phase
ions, and are subjected to MS/MS to determine the peptide precursor m/z and its
sequence composition (Aebersold and Mann 2003). In the following, the combination
of (nano) LC-MS/MS using an Orbitrap-Linear ion trap mass spectrometer operated

in a data-dependent acquisition (DDA) mode is introduced.

Desalted and dried peptides are reconstituted in MS-grade water acidified with e.g. formic
acid to ensure peptide solubility and a positive net charge of peptides. Peptides are
introduced on the C18 LC column and then eluted by a water-acetonitrile gradient
and sprayed into the MS source. This leads to hydrophilic peptides being analyzed
at the beginning and more hydrophobic, and generally longer peptides to elute later
during the experiment. Once peptides elute from the C18 column, they are ionized
and evaporated from the spray needle by ESI. This requires a potential of ~2 kV be-
tween the needle and the the MS source. An aerosol is formed from which the droplets
burst due to the high internal density of positive charges, while water and acetonitrile
evaporate as uncharged molecules (Ho et al. 2003). All molecules that enter the mass
spectrometer are initially filtered for charged ions and uncharged molecules are being
eliminated. Remaining ions are further filtered by a quadrupole to fit a specified
m/z range excluding very small peptides and metabolites by a lower limit of ~300

m/z or very large peptides above ~2000 m/z. First, MS1 spectra are acquired for all
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ions entering the mass spectrometer at a given time using an ultra-high resolution
mass analyzer such as an Orbitrap mass analyzer, providing precise measurement of

precursor m/z of peptides and their charge states from isotope patterns (Zubarev and

Makarov 2013).

As precursor masses, obtained from m/z and charge state, do not suffice to identify
tens of thousands of peptides from complex samples, insight into their respective se-
quence composition is required (Coon et al. 2005). This is obtained by isolation and
fragmentation of peptide ions of a specific m/z, monitored as MS2 spectra. Fragmen-
tation patterns can be predicted in-silico depending on the employed fragmentation
method: collision-induced dissociation (CID), higher-energy collisional dissociation
(HCD), or electron transfer dissociation (ETD). CID, the most frequently utilized
fragmentation method in MS-based proteomics, relies on the collision of peptide ions
with neutral gas molecules such as Helium, Nitrogen or Xenon (McLuckey 1992).
Part of the kinetic energy from the impact of peptide ions with the collision gas is
converted into vibrational energy, which is instantly distributed over all bonds of the
peptide and leads to breakage of the weakest bonds, namely the C-N peptide bond
resulting in so called b- and y-ions (Roepstorff and Fohlman 1984). Depending on
specific applications such as isobaric labelling for quantification or to preserve PTMs,
HCD or ETD are being used, respectively. However, primary reason for the use of
CID in regular proteomics experiments is the short fragmentation time, allowing for
a higher number of acquired MS2 spectra and consequently more identified peptides.

Compared to the high-resolution requirements of the MS1 spectra, MS2 spectra can
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be acquired quickly with a linear ion trap (LIT) and fragment mass deviation of up
to 0.5 Da are accepted. The described sequence of acquiring a high resolution MS1
spectrum and subsequently isolating and fragmenting single ions is referred to as DDA

and proved as an efficient mode for MS-based proteomics (Doerr 2015).

MS Data Analysis

Analysis of MS data can be split into spectra processing and downstream statistical
and bioinformatics analysis, whereas the first provides peptide and protein identifi-
cation and quantification information from raw mass spectra (Yates 2004), which is
then further investigated to infer the state or the composition of a biological system

(Schmidt, Forne, and Imhof 2014).

MS spectra processing is performed by comparing experimental peptide masses from
MS1 spectra and their respective fragmentation patterns from MS2 spectra with an
in-silico generated database of possible peptide sequences (Cox et al. 2011). Based
on the biological system and the experimental conditions, a species-specific database,
in format of a fasta file, of all protein sequences is required. All possible peptide se-
quences are then predicted based on in-silico digestion of given protein sequences with
protease-specific cleavage sites, in combination with given modifications of residues.
Peptide modifications are categorized as variable or fixed modifications, depending if
they are optionally present on a residue such as oxidation of methionine or if they
are expected on each residue such as carbamidomethylation of cysteine residues, the

chemical modification introduced by TAA during sample processing, respectively. In
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the case of variable modifications, unmodified residues are accepted as well. While
analysis software such as MaxQuant (Cox and Mann 2008) and ProteomeDiscoverer
(Orsburn 2021) provide an interface to set all experimental parameters and generate
a list of monoisotipic masses from MS1 and MS2 spectra, each uses a separate search
engine like Andromeda (Cox et al. 2011), Mascot (Brosch et al. 2009), or Sequest
(Eng, McCormack, and Yates 1994) to match experimental data with predicted pep-
tide sequences. Once all precursor masses and MS2 spectra have been compared, each
experimental MS1-MS2 spectrum pair is scored based on precursor mass deviation
and the number of matched fragment ions compared with one or more predicted pep-
tide sequences. This results in the assignment of peptide-spectrum matches (PSMs).
Identified peptides are then aggregated to proteins, however some proteins cannot
be distinguished by the set of identified peptides due to sequence similarities. This
challenge is overcome by assigning protein groups, a set of proteins all identified by
the same set of peptides. In case of distinct protein groups, overlapping peptides,
or so-called razor peptides are being assigned to the protein group with the higher
number of total peptides (Beer et al. 2017). The estimation of a false discovery rate
(FDR) is performed with a decoy database strategy both on the peptide and the pro-
tein level (Elias and Gygi 2007). A database of sequences not expected in the sample,
commonly the reversed main search database, is analyzed in parallel with the true
sequences. The distributions of scores of peptide identifications from both searches
are then compared, while the decoy database generally exhibits a shift towards lower
confidence scores. A confidence threshold for peptide identification for the desired

FDR is then estimated based on the fraction of true and decoy sequences at a given
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confidence score. Besides an FDR, contaminant databases are being used to filter out
peptides and proteins that do not stem from the sample itself and may have been
introduced during the sample processing (Mellacheruvu et al. 2013). The results
from an analysis are provided as protein- and peptide-centric tables which contain
sample-wise identification and quantitative information. Identification is the qualita-
tive information if a peptide or a protein is present in any given sample and if so, the
intensity measured by the mass spectrometer of peptides can be used to infer relative
peptide and protein abundances. While peptide intensities can be compared between
the same species of peptides, protein abundance must be inferred based on the inten-
sity of the respective peptides identified for a given protein. A generic quantification
technology implemented in MaxQuant is the MaxLFQ algorithm, which yields the
so called label-free (protein) quantification (LFQ) intensity [Cox et al. (2014). Pep-
tide intensities are normalized across all samples in order to yield the lowest overall
variation of the proteomes and LFQ intensities for proteins are then obtained by
the pair-wise median ratio of common peptides for each protein between samples.
The resulting LFQ intensity can then be used in further statistical tests to compute

significance and extend of differential protein abundance.
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1.2.2 Proteomics Approaches Beyond Protein Identification

Advancements in the field of proteomics resulted in a wide range of biochemical and
computational approaches, which enable MS-based proteomics to answer a broad
spectrum of questions beyond protein identification and quantification (Altelaar,
Munoz, and Heck 2013). The investigation of PTMs such as phosphorylation or
acetylation requires enrichment of modified proteins, or peptides after proteolytic di-
gestion. Besides PTMs, the function or role of a protein depends on its subcellular
localization (Millar and Taylor 2014). Therefore, understanding of the subcellular
distribution of proteins offers new insights into biological processes in health and
disease states (Lundberg and Borner 2019). The primary mode of compartmental-
ization in the cell is driven by phospholipid membranes to which proteins can be
associated integrally through transmembrane domains, or from the interior or exte-
rior side through PTMs or by interaction with other proteins (Tan, Tan, and Chung
2008). As the relation of proteins to membranes is not ambiguous based on known
sequence composition and PTMs, it must be experimentally determined in respective

cellular compartments or under specific disease states (Pankow et al. 2019).

The discovery of EVs and their role in many biological processes has led to the in-
depth profiling of their proteome (Hoshino et al. 2020), phosphoproteome (Andaluz
Aguilar et al. 2020), transcriptome (Turchinovich, Drapkina, and Tonevitsky 2019),
lipidome (Brzozowski et al. 2018), and metabolome (Puhka et al. 2017). Many
individual proteins from EVs have been assigned to impose changes in recipient cells

or in the extracellular environment, but still the proteome of EVs is considered to be
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not fully understood (Willms et al. 2018; Martin-Jaular et al. 2020). In the following,
different proteomics approaches are discussed, from which additional insight into the
proteome of EVs can be gained. Methods are separated into biochemical and data

analysis-based approaches.

Biochemical Approaches for Proteomics Applications

Biochemical approaches to problems addressed by MS include techniques to separate,
enrich, fractionate, or modify proteins in their native or quasi native environment to
gain information on their cellular or subcellular localization (Lundberg and Borner
2019). For example, introduced chemical modifications can be identified by MS or
serve as affinity tags to enrich subsets of proteins. For this purpose, the chemical
agent must selectively label proteins of interest such as surface exposed proteins by
using an non-membrane permeable agent that only reacts with residues exposed on
the surface of the membrane (Huang 2012). Many variantions of agents are available
for such purposes, by providing differences in residue specificity, charged groups that
impede permeation of membranes, affinity structures for enrichment, and chemical
cleavage sites for convenient elution of affinity captured proteins. A wide range of
approaches have been extensively used to identify cell surface proteins (Henry et al.
2018; M. Li et al. 2021), as well as EV surface proteins (Cvjetkovic et al. 2016; Rai et
al. 2021). Since targeted groups must be accessible for successful labelling, it may in
addition to the localization of proteins, also inform about the availability of residues

for interaction with other proteins like antibodies.

24



Data Analysis Approaches for Proteomics Applications

Data analysis-based approaches for spatial or functional protein classification may be
informative for the state or localization of proteins, without the need to for chemical
modification. Mainly, dimension reduction methods like principal component analysis
(PCA), clustering algorithms, or correlation analysis have been used to identify groups
of proteins which are affected by cellular perturbations and mapped to pathways,
cellular processes, or to organelles or cell types. Similarities in abundance profiles
of proteins in biological replicates over several fractions are used to infer gene co-
expression (Langfelder and Horvath 2008) or protein co-localization (Itzhak et al.

2016).

Weighted gene co-expression network analysis (WGCNA) is a popular framework in-
troducing correlation network analysis initially developed for gene expression data
(Langfelder and Horvath 2008). Gene or protein networks are created based on ex-
pression or abundance data, respectively, by measuring pairwise protein correlation
and further transforming correlation coefficients to identify robust clusters. Such

clusters can then be related to biological concepts through annotation data.

Dynamic Organellar Maps, a tool for dynamic and quantitative protein subcellular
localization from protein fractionation was initially developed for organelles and in-
tracellular localization prediction (Itzhak et al. 2016). In short, PCA is applied to
protein abundance profiles over several fractions obtained by dUC. The resulting PCA
plot was then annotated by known organelle markers to identify protein cluster for

specific organelles. More recently, the described tool has been used to track changes

25



in protein composition of EVs upon HIV infection (Martin-Jaular et al. 2021).

1.3 Thesis rationale

EVs have emerged as a new mechanism to facilitate intercellular communication.
Deducing their role in physiological and pathophysiological processes is of partic-
ular interest to researchers world-wide (Mallia et al. 2020; Ohno, Ishikawa, and
Kuroda 2013). Proteins, along with other biomolecules, compose the cargo of EVs,
making them a promising source of biomarkers for non-invasive detection of various
diseases (Hoshino et al. 2020) given they can be isolated from all biofluids (Yuan, Li,
and Wang 2021). Early on in the evolution of our understanding of EVs, MS-based
proteomics discovered the protein markers that are widely used for confirming the
presence of EVs: CD63, CD9, and CD81 (Kowal et al. 2016). Moreover, proteomics
profiling of sEVs allowed classification of BC subtypes from cell lines (Rontogianni
et al. 2019). This motivated further exploration of BC cell line-derived EVs to
identify surface biomarkers that can be directly detected from biofluids for BC di-
agnosis by antibody- or aptamer-based diagnosis techniques (Tian et al. 2021). In
this study, two proteomics-based approaches for the discovery of potential surface EV
protein biomarker are demonstrated. EVs were isolated by dUC from three epithe-
lial breast cell lines with varying degrees of malignancy: MDA-MB-231, MCF7 and

non-malignant MCF10A cells.

The first approach is based on cell line specific identification of sEV proteins. Surface

proteins are predicted by database annotations of membrane proteins and cluster
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analysis predicted co-localization of potential biomarkers with EV marker proteins.
The presence of selected markers are then validated by western blot analysis for their

potential use as BC markers.

The second approach uses a biotinylation reagent to experimentally identify proteins
that are accessible from the surface of EVs. Proteins common to EVs from MDA-MB-
231 and MCF7, but not identified in MCF10A EVs, are considered general cancer EV
markers. These proteins are then annotated with disease terms to identify known
BC-associated proteins that can be directly detected from biofluids on the surface of

EVs.
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Chapter 2

Materials and Methods

2.1 Cell Lines and Cell Culture

MDA-MB-231 (ATCC® HTB-26""), MCF7 (ATCC® HTB-22") and MCF10A (ATCC®
CRL-10317") cell lines were obtained from ATCC, Canada. MDA-MB-231 and
MCF7 were cultured in DMEM/F12 growth medium supplemented with 10% (v/v) fe-
tal bovine serum (FBS), 100 U/mL penicillin, 100 ug/mL streptomycin. MCF10A was
cultured in DMEM /F12 growth medium supplemented with 5% (v/v) horse serum
(HS), 100 U/mL penicillin, 100 pug/mL streptomycin, 20 ng/mL epidermal growth
factor (EGF), 0.5 mg/mL hydrocortisone, 10 ug/mL insulin, and 100 ng/mL cholera
toxin (Debnath, Muthuswamy, and Brugge 2003). FBS and HS were diluted 1:1 with
growth medium and centrifuged for 20 h at 100,000 g to prepare EV-depleted growth
medium. All cell lines were grown in EV-depleted cell medium in a humidified incu-

bator at 37 °C with 5% COs for 48 to 72 h until they reached ~90% confluence prior
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to collection of cell culture supernatant.

2.2 EV Isolation by Differential Ultracentrifuga-
tion

The EV isolation protocol for small to large EVs was adapted from previous proto-
cols by calculating the k-factor, a measure for the pelleting efficiency (Livshits et al.
2015). Approximately 37 mL EV-containing cell supernatant were collected per cell
culture dish and transferred to Falcon tubes separately. Cells were depleted by cen-
trifugation at 300 g for 10 min at 4 °C. The supernatant was decanted into another
falcon tube and cell debris and larger vesicles such as apoptotic bodies were depleted
at 2000 g for 20 min at 4 °C and the supernatant was frozen prior to further process-
ing. Frozen samples were thawed overnight at 4 °C and centrifuged again at 2000 g
for 20 min at 4 °C before the supernatant was transferred to ultracentrifuge tubes
(Polypropylene, Open-Top Thinwall centrifuge tubes, 38.5 mL, Beckman Coulter).
Following centrifugation steps were done using a Beckman Coulter XL-A Analytical
Ultracentrifuge. Medium EVs were isolated for 1 h at 4 °C at 16,500 gavs (SW 28
swinging bucket-rotor; k-factor: 1,541, 11,200 rpm, Beckman Coulter). The super-
natant was collected for sEV isolation for 3 h at 4 °C at 100,000 gavs (SW 28 swinging
bucket-rotor; k-factor: 256, 11,200 rpm, Beckman Coulter). Pellets from both cen-
trifugation steps were resuspended in PBS and subjected to a repeated centrifugation

step at previous conditions. Pellets were resuspended in 100 pl. PBS and frozen at
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-20 °C until further processing.

2.3 Determination of Protein Concentration

The protein content of individual samples was measured with the Bradford assay. 4 uL.
of solubilized EV samples was incubated with 10 pl. Coomassie reagent (Pierce™
Coomassie Plus (Bradford) Assay Reagent) and incubated for 10 min at RT. The
absorption was read at a wavelength of 595 nm using a NanoDrop™ One Microvolume

UV-Vis Spectrophotometer. A calibration curve was prepared with bovine serum

albumin (BSA).

2.4 Nanoparticle Tracking Analysis

A ZetaView nanoparticle tracking microscope PMX-110 (Particle Metrix) was used
for determining the size distribution of EVs. Camera shutter speeds of 85 and 40
were used. The Instrument was calibrated and the camera was focused with 102 nm

polystyrene beads (Microtrac 900383).

2.5 Transmission Electron Microscopy

EVs were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4).
Fixed suspensions were spotted on Formvar coated copper grids (200 mesh; Canemco,
Lakefield, ON, Canada) for 30 s. Samples were negatively stained with 2% uranyl

acetate in water for 6 min and dried with filter paper. Vesicles were examined on

30



a transmission electron microscope (JEOL JEM 1230, Japan) that was operated at

50 kV.

2.6 Western Blot Analysis

SDS electrophoresis and Western blot (WB) experiments were carried out as described
previously (Risha et al. 2020). The dilution for primary antibodies was 1:1000 and
the dilution for the secondary antibody was 1:5000. All antibodies were purchased

from Abcam.

2.7 Sample Preparation for Proteomics Analysis

The sample preparation protocol was adapted from the filter-aided sample processing
(FASP) protocol (Wisniewski et al. 2009). Frozen EV samples in PBS, approximately
100 uL, were thawed at room temperature and adjusted to 0.1% DDM, 50 mM TRIS-
HCI, pH 7.5. Samples were heated to 95 °C for 3 min and cooled to RT before transfer
to a 10 kDa MWCO filter (Microcon® 10K device, Cat No. MRCPRT010, Millipore).
Buffer was exchanged by centrifuging the filter devices for 15 min at 14,000 g and
adding 100 pL denaturation buffer (8 M urea, 50 mM TRIS HCI, pH 8). Proteins
were reduced by adding 4 pL. 100 mM TCEP in ddH,O and incubation for 30 min
at RT followed by centrifugation for 15 min at 14,000 g. 100 pL. denaturation buffer
and 4 pL 500 mM TAA in HyO were added to alkylate proteins in the dark for 45 min

at RT. The reaction was completed during the 15 min centrifugation at 14,000 g.
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Digestion buffer (50 mM TRIS HCI, 0.6% glycerol, pH 8) was added and remaining
urea was washed by a repeated centrifugation step before digestion buffer and 300 ng
trypsin/Lys-C were added. The digestion was maintained at 37 °C for 12 h. Peptides
were collected by centrifugation at 14,000 g for 10 min, adding of 40 puL digestion
buffer, and an additonal 15 min of centrifugation. Peptides were acidified with 2 pL of
100% formic acid and desalted for MS analysis using C18 TopTip microcolumns (Cat
No. TT2C18, Glygen) according to the manufacturer’s protocol. Purified peptides

were vacuum dried and frozen at -20 °C.

2.8 Surface Protein Labelling of Extracellular Vesi-

cles

Cell culture supernatant was collected and prepared as previously described with-
out freezing the media. Following the first ultracentrifugation steps for mEVs and
sEVs at 16,500 g and 100,000 g, respectively, pellets were resuspended in 10 mM
EZ-Link™ Sulfo-NHS-SS-Biotin (ThermoFisher Scinetific, 21331) in PBS pH 7.4.
Primary amines exposed on the surface of EVs were biotinylated for 2 h at RT. The
reaction was quenched by adding an equal volume of 200 mM TRIS pH 8 and incu-
bation for 15 min. Labelled EVs were separated from free Sulfo-NHS-SS-Biotin-TRIS
conjugates by diluting EVs and free linker with PBS and and an additional cleanup
ultracentrifugation step as previously described. Pellets were resuspended in PBS

and frozen until further processing.
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2.9 Surface Protein Enrichment

While labelled EV samples were thawed, 120 uL (binding capacity: 60 ug of biotiny-
lated BSA) Pierce™ Streptavidin Agarose resin (ThermoFisher Scientific, 20349) was
added on top of Pierce™ Micro-Spin Columns (ThermoFisher Scientific, #89879) and
washed three times with 1X binding buffer (0.1% DDM, 50 mM TRIS, 150 mM NaCl,
1 mM MgCly, 5% glycerol, pH 7.5). Thawed EV samples were adjusted with 10X
binding buffer and heated to 95 °C for 3 min. Samples were cooled down, added to the
resin columns and labelled proteins were captured on streptavidin resin for 30 min at
4 °C while shaking. Columns were placed in new Eppendorf tube to collect unlabelled
proteins. Unbound proteins were washed five times with 1X binding buffer with 2 M
Urea and collected by gentle centrifugation. Following the last wash, columns were
transferred to a new tube and 1X binding with 50 mM TCEP was added to release
bound proteins. The cysteine bond of the biotin linker was reduced for 2 h at RT. In
parallel, collected unbound proteins were added to a 10 kDa MWCO filter, on which
the buffer was exchanged to 1X binding buffer with 50 mM TCEP and incubated for
2 h at RT. Biotinylated proteins were eluted from the streptavidin resin column by
gentl centrifugation and an additional wash with binding buffer and 2 M Urea, and

added on top of a 10 kDa MWCO filter for MS sample preparation.

From here, both washed non-biotinylated and eluted biotinylated samples were treated
the same. The binding buffer with TCEP was exchanged by centrifugation for 15 min
at 14,000 g with denaturation buffer (8 M urea, 50 mM TRIS HCI, pH 8) and an

additional centrifugation for 15 min at 14,000 g. 100 puL denaturation buffer and

33



4 pL 500 mM TAA in HyO were added to alkylate proteins in the dark for 45 min
at RT. The reaction was completed during the 15 min centrifugation at 14,000 g.
Digestion buffer (50 mM TRIS HCI, 0.6% glycerol, pH 8) was added and remaining
urea was washed by a repeated centrifugation step before digestion buffer and 300 ng
trypsin/Lys-C were added. The digestion was maintained at 37 °C for 12 h. Peptides
were collected by two centrifugation steps at 14,000 g for 10 min, after which 40 uL
digestion buffer was added, and 15 min. Remaining peptides on top of the filter, were
digested by adding 100 L digestion buffer with 10 mM CaCly and Chymotrypsin
for 4 h at 25 °C. Peptides were eluted as described above, acidified with 4 pL of
100% formic acid and desalted for MS analysis using C18 TopTip microcolumns (Cat
No. TT2C18, Glygen) according to the manufacturer’s protocol. Purified peptides

were vacuum dried and frozen in -20 °C.

2.10 LC-MS/MS Analysis

The LC-MS/MS analysis procedure has been described previously (Risha et al. 2021).
Protein samples with up to 20 ug of protein content as determined by Bradford assay
were analyzed on an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific)
coupled to an UltiMate 3000 nanoRSLC (Dionex, Thermo Fisher Scientific). Peptides
were separated on an in-house packed column (Polymicro Technology), 15 cm x 70 pm
ID, Luna C18(2), 3 um, 100 A (Phenomenex) employing a water/acetonitrile/0.1%
formic acid gradient. Samples were loaded onto the column for 105 min at a flow

rate of 0.30 pL/min. Peptides were separated using 2% acetonitrile in the first 7 min
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and then using a linear gradient from 2 to 38% of acetonitrile for 70 min, followed by
a gradient from 38 to 98% of acetonitrile for 9 min, then at 98% of acetonitrile for
10 min, followed by a gradient from 98 to 2% of acetonitrile for 3 min and wash 10 min
at 2% of acetonitrile. Eluted peptides were directly sprayed into a mass spectrometer
using positive electrospray ionization (ESI) at an ion source temperature of 250 °C
and an ion spray voltage of 2.1 kV. The Orbitrap Fusion mass spectrometer was
run in the top speed mode. Full-scan MS spectra (m/z 350-2000) were acquired
at a resolution of 60,000. Precursor ions were filtered according to monoisotopic
precursor selection, charge state (+2 to +7), and dynamic exclusion (30 s with a
10 ppm window). The automatic gain control settings were 5x 10° for full FTMS scans
and 1x104 for MS/MS scans. Fragmentation was performed with collision-induced
dissociation (CID) in the linear ion trap. Precursors were isolated using a 2 m/z

isolation window and fragmented with a normalized collision energy of 35%.

2.11 MS Data Processing

MS raw files were analyzed with MaxQuant (version 2.0.1.0) and the Andromeda
search engine (Cox and Mann 2008; Cox et al. 2011). Peptides were searched against
a human UniProt FASTA file containing 20,412 entries (03.01.2019) and a default
contaminants database. Default parameters were used if not mentioned otherwise. N-
terminal acetylation and methionine oxidation were set as variable modifications, and
cysteine carbamidomethylation was set as a fixed modification. A minimum peptide

length of 6 amino acids was required and false discovery rate (FDR) was set to 0.01 for
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both the protein and peptide level, determined by searching against a reverse sequence
decoy database. Enzyme specificity was set as C-terminal to arginine and lysine, for
regular proteomics samples and including Chymotrypsin for labelled proteins, with a
maximum of two missed cleavages. Peptides were identified with an initial precursor
mass deviation of up to 4.5 ppm and a fragment mass deviation of 0.5 Da. The ‘Match
between runs’ algorithm in MaxQuant was performed between all samples to increase
peptide identification rate. (Nagaraj et al. 2012) Proteins and peptides matching to
the reverse database were discarded. For label-free quantification, a minimum ratio

count of 2 was required.

2.12 Data Analysis

All data analysis and visualization was done in R and the in-house built pOmics
R package (github.com/nicohuttmann/pOmics). MaxQuant output tables protein-
Groups.txt were loaded in R. Potential contaminants and reverse protein identifica-
tions, as annotated by MaxQuant, were excluded from the analysis. Proteins needed

to be identified by at least one unique peptide in two or more samples to be considered

identified.

PCA was performed with the prcomp R funtion based on scaled LFQ intensity values.
Proteins with a LFQ value in at least 50% of samples were used and missing values
were imputed by drawing values from a down shifted Gaussian distribution of log-
transformed protein LFQ intensities (shift = 1.8 standard deviations (sd), width =

0.3 sd) to simulate low abundance profiles (Lazar et al. 2016).
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Correlation matrices to predict protein co-localization were constructed for sEVs from
each cell line separately by computing the pairwise Pearson correlation coefficient
from protein LF(Q intensity. A hierarchical clustering was computed from the result-
ing matrix using euclidean distance and complete linkage clustering. The correlation
matrices were plotted and the position of potential biomarkers and EV proteins CD63,
CD9 and CD81 was indicated to visualize protein clusters of similar abundance pro-

files.

Protein subcellular localizations were retrieved with the UniProt.ws R package (Carl-
son, Ortutay, and Maintainer 2021), Gene ontology annotations from the org.Hs.eg.db
R package (Carlson 2019), and gene-disease relations with the disgenet2r package

(Pifiero et al. 2020).

Identification of surface-accessible proteins by the labelling approach was performed
in biological triplicates for each cell line and EV fraction. The number of replicates in
which a protein was identified was compared between wash and the eluted fractions.
Proteins identified in at least two more elution fractions than wash fractions were

considered surface accessible.
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Chapter 3

Results

3.1 Characterization of Cell Line-Derived EVs

In previous studies, sEVs or mEVs from BC and breast epithelial cell lines were
compared to identify potential new biomarkers for non-invasive liquid biopsies (Risha
et al. 2021, 2020; Rontogianni et al. 2019). While the focus of this study lays on
sEVs, mEVs were analyzed as well to provide a comprehensive view of the vesicles
secreted from MDA-MB-231, MCF7 and MCF10A. Cells were grown in EV-depleted
growth medium for 48 - 72 h to reach a confluence of 80 - 90%. The supernatant
was collected and remaining cells, debris, and apoptotic bodies were depleted by
centrifugations at 300 g and 2000 g (Fig. 3.1A). From sequential centrifugation steps,
mEVs were collected from the 16,500 g pellet, whereas sEVs were collected from the
100,000 g pellet. The pellets of mEVs and sEVs were washed once by resuspension

and ultracentrifugation at 16,500 g and 100,000 g, respectively. The centrifugal forces
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selected for the EV isolation protocol described here considered values published in
the literature but were modified to account for the available rotor type and dimensions
(Théry et al. 2006). Following isolation, EV pellets were resuspended in PBS and

stored at -20°C prior to further experiments.

The isolated mEVs and sEVs were each characterized by NTA, TEM, and WB anal-
ysis. The size range of the particles was measured by NTA. The median diameter of
mEVs isolated from MDA-MB-231, MCF7 and MCF10A cells was 159 nm, 146 nm
and 150 nm, while the median diameter of sEVs was 107 nm, 110 nm and 129 nm,
respectively (Fig. 3.1B). TEM analysis of the isolated vesicles demonstrates the pres-
ence of an intact lipid membrane (Fig. 3.1D). WB analysis was used to confirm the
presence of protein markers known to be present on EVs: CD63, CD9, and CD81
(Fig. 3.1C). All EV marker proteins were present in sEV pellets from each cell line,
however CD63 was only found less prominent in mEVs from MCF7 cells, suggesting

an enrichment of EVs in the sEV pellet.
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Fig. 3.1 Characterization of EVs isolated from cell culture supernatant by dUC. A) Work-
flow for EV isolation from cell culture supernatant based on dUC. B) Size distribution of
isolated sEVs and mEVs obtained by NTA. C) WB analysis of standard EV markers CD63,
CD9 and CD81 (full images in Fig. S2). D) TEM images of isolated sEVs and mEVs from

MDA-MB-231 cells.
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3.2 Proteomic Profiling of Cell Line-Derived EVs

Next, the proteomes of sEVs and mEVs from all three cell lines were compared. EVs of
each cell line were prepared from twelve biological replicates for protein identification

and quantitative analysis. Total protein content of each isolation, about 5 ug, was

analyzed by nLC-MS/MS (Fig. S1).

A total of 2,459 proteins were identified with at least one unique peptide in two
or more replicates in mEVs and sEVs from any of the three cell lines after removing
contaminant proteins. Proteins were mapped to gene symbols and compared with ex-
isting proteomics databases for EVs. Vesiclepedia (last updated 2018) and ExoCarta
(last updated 2015) contain proteins from 13,267 and 5,405 genes which were identi-
fied in EVs from human tissue or cell lines (Fig. 3.2A), respectively (Kalra et al. 2012;
Keerthikumar et al. 2016). In addition, the Top 100 EV protein list was included,
which consists of the most frequently identified EV proteins. All proteins have been

identified, whereas 125 proteins have not been reported in any EV database.

On average, 1,483 proteins were identified per sample with higher numbers in sEVs
(Fig. 3.2B). In sEVs and mEVs, 1315 and 1128 proteins were common to all cell lines
(3.2C & D) and EV markers CD63, CD9 and CD81 probed by WB analysis were
identified in sEVs and mEVs from each cell line. Combined, sEVs and mEVs shared
1928 proteins (Fig. 3.2E). To compare all cell line fractions, PCA was conducted
based on scaled LFQ intensity (Fig. 3.2F). Principal components 1 and 2 distinctly
separate sEVs from all three cell lines, while mEVs from MCF7 and MCF10A were

not separated.
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3.3 Selection Criteria for EV Breast Cancer Mark-

ers

The proteomic patterns of SEVS and mEVs from three breast cell lines were analyzed
to derive a list of proteins that are present on the surface of EVs which may have
diagnostic value for BC detection. To satisfy these criteria, a filtering strategy was for-
mulated based on differences between cell lines, protein annotations, and a prediction

of which proteins were likely to co-localize with known EV markers (Fig. 3.3).

The observed enrichment of EV marker proteins in sEVs shifted the focus of the
following analysis to proteins identified in sEVs. Initially, SEV proteins were classified
into positive (only identified in MDA-MB-231, MCF7, or both sEVs) and negative
markers (only identified in MCF10A sEVs) based on Venn diagrams (Fig. 3.2C). Since
the detected abundance should be consistent across samples containing sEVs, proteins
needed to be identified by two or more peptides in all respective biological replicates,
while identification of no peptide was required in sEVs and mEVs of the control cell

lines. This resulted in a list of 44 proteins (Fig. S4).

Next, UniProt annotations for membrane proteins were used to select proteins ac-
cessible on the surface of EVs (Tab. S1). The final list of potential EV BC surface
biomarkers contains 25 proteins. To predict co-localization of remaining 25 membrane
proteins with EV marker proteins, correlation matrices were constructed for sEVs of
each cell (Fig. S5). Pairwise Pearson’s correlation coefficients were computed from

protein abundances from 12 biological replicates and hierarchical clustering was per-
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1. Cell line specific expression: 557 proteins unique to
malignant or non-malignant cell line derived sEVs

2. Consistent high abundance: 42 proteins identified by min.
2 peptides in all replicates and absent in control EVs

3. Surface proteins: 25 transmembrane proteins based on
UniProt annotation

4. Predicted core EV proteins: 11 proteins co-expressed with
EV marker proteins (CD63, CD9, CD81)

MDA-MB-231 MCF7

m

g

C8A ST14 ITGA7
AXL FAM20B MEGF10
ST14 PROM2 SHISA2
CLDN3 GJC1
IFNGR1

Potential EV Breast Cancer Markers

Fig. 3.3 Biomarker selection strategy. 1. Proteins uniquely identified in sEVs for each
cell and common to MDA-MB-231 and MCF7 were selected (Fig. 3.3c). 2. Abundance
by at least 2 peptides in all replicates and absence of any peptides in control cell lines was
required (Fig. S3). 3. Proteins were classified by UniProt subcellular locations to identify
membrane proteins (Fig. S3). 4. Only proteins with predicted co-localization with EV

marker based on correlation matrices were used as potential biomarkers (Fig. S4).

formed on the resulting distance matrix to sort proteins into clusters of co-expression.

Similar approaches have been used in the context of cell types in tissue samples, where
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measured protein abundances or gene counts mainly depend on the overarching com-
position of subgroups like cell types in tissue samples, organelles within cells, and EV
subtypes within isolated pellets (Itzhak et al. 2016; Tsoucas et al. 2019). clusters
from the correlation matrices were then used to predict protein co-localization on vesi-
cle subtypes (Fig. S5 similar to a recently published approach (Martin-Jaular et al.
2020, 2021). Finally, three, four, and five proteins were found within the same major
cluster with EV marker proteins (CD63, CD9, CD81) in MDA-MB-231, MCF7 and

MCF10A-derived sEVs, respectively (Tab. 3.1). An investigative literature search of

Table 3.1 List of cell line-specific SEV surface proteins proposed as biomarkers for BC.

Protein accession Gene name Protein name

MDA-MB-231 sEVs

P07357 C8A Complement C8 alpha chain

P30530 AXL AXL receptor tyrosine kinase
MDA-MB-231 & MCFT7 sEVs

QIY5Y6 ST14 ST14 transmembrane serine protease matriptase
MCF7 sEVs

075063 FAM20B FAM20B glycosaminoglycan xylosylkinase

Q8N271 PROM2 Prominin 2

015551 CLDN3 Claudin 3

Q13683 ITGAT Integrin subunit alpha 7
MCF10A sEVs

QI6KGT MEGF10 Multiple EGF like domains 10

Q6UWI4 SHISA2 Shisa family member 2

P36383 GJC1 Gap junction protein gamma 1

P15260 IFNGR1 Interferon gamma receptor 1

the working list of identified potential biomarkers revealed a subset of proteins with
known relevance in cancer and BC, that have not been studied in the context of
EVs: Suppressor of tumorigenicity 14 protein (ST14; MDA-MB-231 and MCF7 sEV-

specific), Claudin-3 (CLDN3; MCF7 sEV-specific), Tyrosine-protein kinase receptor

45



UFO (AXL - MDA-MB-231 sEV-specific), and Integrin alpha-7 (ITGA7; MCF10A
sEV-specific). Presence and and possibility of immunodetection of these proteins was
probed by WB analysis in sEVs and mEVs from each cell line (Fig. 3.4 and full images

in Fig. S6 and S7). AXL was not detected by WB in MDA-MB-231 EVs as found

MDA-MB-231  MCF7 MCF10A

AXL ' 100 kDa
ST14 *'-| | | | | - |—100kDa
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CLDN3 - |
ITGA7
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Fig. 3.4 WB analysis of potential BC EV markers: AXL, ST14, CLDN3 and ITGA?Y.

by MS, but was observed in MCF10A sEVs and mEVs. The presence of ST14 was
detected by WB in sEVs from MDA-MB-231 and to lesser extent in MCF10A, but not
in MCF7. It was fully absent in mEVs. This is in contrast with the proteomics results
which identified ST14 in MDA-MB-231 and MCF7 sEVs. CLDN3 was only identified
in sEVs and mEVs from MCF7, which is in agreement with the proteomics data.
This result suggest the presence of two isoforms in sEVs and mEVs with approximate
masses of 15.8 and 17.7 kDa. ITGA7 was identified only in MCF10A sEVs by pro-
teomic analysis; notably, the full protein was found in MCF10A mEVs and the heavy
chain with a lower mass was observed in MCF10A sEVs and a faint band in MCF7
mEVs. The full WB image shows that the 70 kDa form and the light chain of ITGA7

were identified in MCF7 mEVs as well. The different proteoforms of CLDN3 and
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ITGAT in different EV types exemplifies the heterogeneity of EVs and furthermore

suggest the potential utility of specific proteoforms for diagnostic purposes.
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3.4 Identification of Surface Proteins on EVs

Following the selection of potential EV biomarker proteins based on annotated trans-
membrane proteins, a second approach aims to experimentally identify proteins ac-
cessible from the surface of EVs using biotin labelling. A commonly used reagent,
Sulfo-NHS-SS-Biotin, was used to react with free lysine residues and N-termini on the
surface of EVs. Chemical modification of surface proteins with a biotin tag allows for
affinity separation of labelled and unlabelled proteins, and subsequent MS analysis
(Fig. 3.5). The labelling procedure of surface proteins on EVs has been incorporated
into the ultracentrifugation protocol to remove free biotin, which would otherwise
interfere with affinity enrichment. Isolated EVs were then lysed and incubated on
a streptavidin-affinity column. Unlabelled proteins were washed, labelled proteins
were retained, then finally eluted from the column by cleavage of the disulfide bond
of the biotin label with TCEP. The trypsin digestion of both protein fractions was
supplemented with chymotrypsin, to account for missing cleavage at labelled lysine
residues. Both EV pellets, sEVs and mEVs, were prepared in biological triplicates

from MDA-MB-231, MCF7, and MCF10A cells.

In total, 846 proteins were found on the surface of EVs. A comparison with EV
databases revealed 154 proteins not yet reported in EV studies (Fig. 3.6A). Identified
proteins in this experiment common to the Top 100 EV proteins include tetraspanins
(CD63, CDY9, CD81), 14-3-3 adapter proteins and heat shock proteins. On the con-
trary, proteins such as histones and proteins of the Rab GTPase family are not found

to be located on the surface of EVs and therefore not accessible.
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Fig. 3.5 Schematic workflow for identification of surface-accessible proteins on EVs. EVs
were isolated by dUC as previously described, without resuspension and clean-up of the
pellets. Surface proteins on EVs were then labelled using an amine-reactive Sulfo-NHS-SS-
Biotin linker which was quenched by adding Tris. Free quenched biotin linker groups were
removed by ultracentrifugation. Labelled surface proteins were enriched on a streptavidin-
affinity column and eluted by cleaving the disulfide bond of the biotin linker. Both washed
and eluted fractions were analyzed by MS. Proteins only identified in the eluted fraction

were considered surface accessible.
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Surface proteins identified by the labelling approach display a considerable number of
proteins not identified by the regular proteomics approach (Fig. 3.6B). Many of these
proteins may be underrepresented in global proteomic analysis, hence are enriched
as the subset of surface proteins or identified due to different preparation conditions.
Furthermore, the small overlap of proteins with the previous marker selection that
was based on total proteomic analysis prompted independent analysis of these re-

sults.
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Fig. 3.6 An overview and comparison of the number of identified surface proteins on EVs
from cell lines. A) Comparison of all identified surface proteins from three cell lines and two
EV fractions with EV databases. B) Comparison of identified proteins from sEVs and mEVs
from each cell line from previous total proteomics analysis with surface proteins identified

by surface labelling and MS analysis.

Based on the experimentally identified surface proteins, proteins were compared be-

51



tween cell lines and compared to known disease-related proteins. With the goal of
selecting general BC protein markers, the focus was first on finding which proteins
were common to malignant cell lines. Surface proteins of sEVs and mEVs were sep-
arately compared between cell lines, showing a large overlap between MDA-MB-231

and MCF7 sEVs (Fig. 3.7A) and MDA-MB-231 and MCF10A mEVs (Fig. 3.7B).
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Fig. 3.7 Biomarker selection based on biotin-accessible surface proteins on A) sEVs and
B) mEVs. Common surface proteins from MDA and MCF7, not identified in MCF10A
sEVs, were annotated with known disease associations from the DisGeNET database and
subsequently, proteins associated with cancer and breast cancer were selected. The final
list of potential BC EV surface markers were ranked based on LFQ intensity to prioritize

more abundant proteins.

Next, 88 and 32 proteins common to sEVs and mEVs from MDA-MB-231 and MCF7

and absent in MCF10A (Tab. S2 and S3), respectively, were compared with the Dis-
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GeNET database for disease associations (Pifiero et al. 2020). Among the 88 and
32 identified surface proteins, 25 and 10 were annotated to several cancers. Further-
more, 9 and 2 proteins in sEVs and mEVS had known implications in BC, respectively.
These proteins were ranked based on their intensity to approximate the abundance

of proteins on the surface of EVs, important for diagnostic approaches. The 4 most

Table 3.2 List of surface proteins common to MDA-MB-231 and MCF7 sEVS and mEVs

with known BC-association.

Protein accession Gene name Protein name

sEVs
P09211 GSTP1 Glutathione S-transferase pi 1
P13639 EEF2 Eukaryotic translation elongation factor 2
Q13206 DDX10 DEAD-box helicase 10
P06401 PGR Progesterone receptor
P15153 RAC2 Rac family small GTPase 2
014672 ADAM10  ADAM metallopeptidase domain 10
Q99798 ACO2 Aconitase 2
075691 UTP20 UTP20 small subunit processome component
Q86UW6 N4BP2 NEDD4 binding protein 2
mEVs
075340 PDCD6 Programmed cell death 6
075691 UTP20 UTP20 small subunit processome component

abundant biotin-accessible surface proteins common to sEVs from MDA-MB-231 and
MCF7 (GSTP1, EEF2, DOX10, PGR) and two surface proteins common to mEVS
from MDA-MB-231 and MCF7 (PDCD6, UTP20) can be explored for their potential
as BC biomarkers in future studies. The experimental evidence of their surface ac-
cessibility increases the possibility that EVs carrying these proteins can be isolated

or directly detected from body fluid samples of patients.
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Chapter 4

Discussion

4.1 EV Isolation

Currently, EV isolation methods enrich EVs from biological matrices such as cell
media or blood plasma based on size, density, or presence of biological molecules,
commonly surface proteins (Brennan et al. 2020; Patel et al. 2019). Ideally, isolation
methods are designed to separate EVs from whole cells, cellular debris and soluble
proteins. However, available isolation protocols fail to fully discriminate between
EVs of different cellular origins, such as exosomes and microvesicles, due to overlap
and similarities in size, density, and biochemical composition (Doyle and Wang 2019;

Willms et al. 2018).

EV isolation techniques that are based on affinity enrichment offer great potential
because they allow for discrimination between EV subtypes, mainly exosomes and

microvesicles, by probing for proteins on the surface specific to each subgroup (Bel-
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lotti et al. 2021; Nakai et al. 2016). However, the surface proteome of EVs is not yet
well understood, both within and between EV subgroups; this may introduce biases
to analyses. Moreover, future studies may benefit from more sensitive diagnostic tests
as a result of being able to specifically isolate known EV subtypes, such as exosomes
or organ-derived EVs from complex biofluids (Sayyadi et al. 2021). Filtration-based
isolation methods are typically combined with dUC protocols to achieve EV isolates
with defined size ranges (J. Li et al. 2019), however there is generally a low recov-
ery of EVs from filter membranes (Martin-Jaular et al. 2020). Polymer-based EV
precipitation methods have been found to preserve the biological activity of EVs (P.
N. Brown and Yin 2017), but insufficient removal of isolation reagent might inter-
fere with MS analysis and only yields low numbers of detected proteins (Risha et al.
2020). Other methods such as density gradient isolation, flow cytometry and flow
field-flow fractionation (AF4) hold great potential in defining or discovering EV sub-
types and subpopulations, but rely on initial EV enrichment by dUC (Deville et al.
2021; Onddi et al. 2018; H. Zhang and Lyden 2019). Considering all factors, dUC is
the most suitable method for isolation of EVs that will have downstream applications

in proteomic studies (Risha et al. 2020).

The isolation of EVs by dUC achieves a sufficient yield and purity of EVs for proteomic
analysis (J. Li et al. 2019). In addition to being the most commonly used technique
for EV isolation (Willms et al. 2018), it proved useful in the past to define the
currently used EV markers CD63, CD9, and CD81 (Kowal et al. 2016; Livshits et

al. 2015). The originally published dUC protocols have been modified over the years
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by many groups with the intentions of improving EV yield, sample processing time
and specificity for EV subtypes (Théry et al. 2006). Likewise, the procedure used
in previous studies of BC cell line-derived EVs (Risha et al. 2021, 2020) has been

modified.

4.2 EV Characterization and Sample Preparation

Isolated vesicles of the 16,500 g and 100,000 g pellets were considered to be mEVs
and sEVs, respectively, as suggested by MISEV guidelines to highlight the isolation
of vesicles by dUC (Théry et al. 2018). Notably, centrifugation separates particles
based on their mass, density and shape. In contrast, particles separated by density
gradients are commonly characterized by their density. Both sEVs and mEVs have
been previously found to be enriched in proteins related to exosomes and microvesi-
cles, respectively (Doyle and Wang 2019). Characterization of isolated EV pellets
by NTA confirmed an overlap in the size distributions of vesicles between sEVs and
mEVs in all cell lines that were studied. Western blot analysis identified EV mark-
ers, sometimes referred to as exosome markers, CD63, CD9, and CD81 exclusively
in sEVS of all cell lines, except the presence of CD63 in mEVs from MCF7 cells.
Due to the higher sensitivity of proteomic analysis, these proteins were subsequently

identified in all fractions due to higher sensitivity.

Following EV isolation by dUC, the protein composition was profiled by MS-based
proteomics. In contrast to previous proteomics studies of BC cell line-derived EVs, the

in-solution sample preparation protocol (Risha et al. 2021, 2020) has been modified to
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a FASP protocol to remove interfering molecules (e.g. metabolites) during proteolytic
digestion and MS analysis (Wisniewski et al. 2009). The observed increase in the
number of proteins identified per sample may be in part due to improved sample
preparation methods, however it is known that the cell culturing conditions and
chosen isolation protocol contribute to observed difference in the types and quantity
of yielded protein (Zaborowski et al. 2015). Ultimately, the increased number of
identified proteins per sample led to a higher number of commonly identified proteins
between cell lines and EV fractions. Despite controlling for the quantity of protein for
all cell lines and fractions, sEVs from MDA-MB-231 cells gave rise to a lower number
of distinct proteins per sample compared to MCF7 and MCF10A sEV. This has been
previously observed in another study for TNBC cell lines including MDA-MB-231
(Rontogianni et al. 2019). Furthermore, the number of identified proteins between

EV fraction of each cell line only differed between MCF7 and MCF10A.

4.3 Protein Classification Methods for Selection of

Potential EV biomarkers

Previous BC biomarker studies of cell line-derived EVs simply compared the pro-
teomic composition of EVs from malignant MDA-MB-231 and control MCF10A cells
(Risha et al. 2021, 2020). Potential marker proteins were selected based on cell
line-specific identification of proteins, UniProt annotation of membrane proteins and

known disease implications. Another study evaluated ten cell lines corresponding to
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four groups of cell lines: TNBC, HER2-positive, ER/PR-positive, and control epithe-
lial cells (Rontogianni et al. 2019) The proteomic analysis revealed the utility of BC
cell line-derived sEVs to discriminate between BC subtypes. In this study, control
breast epithelial cells MCF10A have been compared with two malignant cell lines
MDA-MB-231 (TNBC) and MCF7 (ER/PR-positive) to account for subtype specific

differences and to eventually identify general BC biomarkers.

The selection strategy included four steps leading to 12 potential marker proteins
from sEVs of which four have been further investigated. Initially, cell line specific
expression of proteins was used to find BC specific proteins. A common approach
in proteomic studies is to primarily compare groups like control and case based on
the relative abundance of proteins and impute missing quantitative values under the
assumption that unidentified proteins fall under the limit of detection while still being
present (L. Jin et al. 2021). Here, the absence of a protein was assumed as missing
not at random (MNAR) and therefore considered informative for the analysis. Four
subgroups of proteins were defined based on Venn diagram representation of identified
proteins: Only identified in MDA-MB-231 sEVs, only identified in MCFEF7 sEVs, only
identified in in MDA-MB-231 and MCF7, and only identified in MCF10A. Proteins
identified in malignant cell line-derived EVs may serve as BC biomarkers and proteins
only identified in control cell line EVs, potential tumor suppressor genes, were included

as a control for following experiments.

The 557 EV specific proteins were identified by at least one unique peptide in two

or more replicates per cell line EV fraction, including identification of low abundant
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proteins. Therefore, the list was further restricted to only include proteins identified
in all 12 replicates, by at least two unique peptides, in respective EV fractions. In
addition, the condition for a protein not to be identified in a cell lines was extended to
no peptide in any fraction of sEVs and mEVs. The purpose of these restrictions was
to ensure a consistent presence of proteins detected from EVs and that low abundant
protein identifications were accounted for; this resulted in 42 cell line specific SEV

proteins (Fig. S4 and Tab. S1).

Surface proteins on EVs were predicted using a previously described approach by us-
ing UniProt subcellular location annotations (Risha et al. 2020), which resulted in 25
membrane proteins. Transmembrane proteins were assumed to expose an extracellu-
lar domain on the surface of EVs. It has been shown that some proteins exhibit an
inverse orientation of the N- and C-terminus in EVs, compared to cells (Cvjetkovic et
al. 2016). Furthermore, many proteins on the surface of EVs bind non-covalently to
exposed proteins on EVs which creates a protein corona that further modifies the sur-
face (Téth et al. 2021). This challenge is addressed in the second selection approach:

the biotinylation of surface proteins.

Until now, all proteins identified from the dUC isolated pellets were considered EV
proteins. Still, the origin of each protein cannot be confirmed unless experimentally
verified by a single-vesicle method, such as flow cytometry (Nolan and Duggan 2018).
One method of predicting the cellular origin of a protein based on fractionation is
referred to as protein correlation profiling, or more generally, correlation analysis.

There are many applications of correlation analysis, such as the identification of co-
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regulated gene modules (Langfelder and Horvath 2008), co-expressed plasma proteins
(Wewer Albrechtsen et al. 2018) or organellar maps of proteins (Itzhak et al. 2016)
and recently for the composition of EVs (Martin-Jaular et al. 2020, 2021). The
analysis of protein localization by organellar maps and representation as PCA plots,
that has recently been applied to the study of EVs, relies on fractionation of the
biological sample (Martin-Jaular et al. 2021). EVs have been collected from 10,000g,
30,000g, and the 100,000g pellets and were analyzed by MS-based proteomics. Each
fraction is then normalized to the total amount of proteins of each fraction. PCA was
then applied to the protein levels and known protein markers of cellular organelles
in the PCA plot are then used as a reference for a support-vector machine (SVM)
classification. This results in a two-dimensional plot of all proteins, in which groups
of proteins are annotated to specific cellular organelles or origins by the SVM. This
approach has been applied to detect changes in the location of single proteins (Itzhak
et al. 2016) and alterations in the composition of EVs upon HIV-1 infection of cells
(Martin-Jaular et al. 2021). Here, correlation matrices were constructed from the
LFQ intensity of each protein from 12 replicates for both EV fractions, sEVs and
mEVs, per cell line separately. Pairwise correlation coefficients between all proteins
were calculated and the resulting correlation matrix was subjected to hierarchical
clustering. Within the ordered correlation matrix, proteins in the same clusters were
considered to be co-expressed and assumed to be co-localized on the same EV types.
Known tetraspanin marker proteins CD63, CD9 and CD81 were used to indicate clus-
ters of “core EV proteins,” which was compared with the list of potential BC markers.

14 proteins were predicted to be co-localized with EV markers and considered useful
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for further investigation.

The PCA and SVM-based generation of organellar maps may provide a more detailed
classification by taking different fractions into account. The collection and analysis of
at least three EV fractions is often not a reasonable computational problem, however,
the method presented here allows for the identification of co-localized proteins based

on correlation analysis from only one type of fraction.

The interaction of EV membrane proteins with other proteins that ultimately forms
a protein corona (T6th et al. 2021), poses a challenge for the direct detection of
EV proteins or enrichment of EVs positive markers through affinity-based approaches
(Palviainen et al. 2020). To gain experimental evidence on EV proteins accessible
from the surface, a biotinylation protocol was adopted to identify and enrich such
proteins. A biotinylation reagent, Sulfo-NHS-SS-Biotin, has been used in many stud-
ies to identify surface proteins on cell and EVs (Henry et al. 2018; M. Li et al. 2021;

Cvjetkovic et al. 2016; Rai et al. 2021).

The charged sulfonate group of the crosslinking reagent allows for the solubilization
in water, while being membrane impermeable. The N-succinimidyl group reacts with
primary amines from proteins and other molecules, labelling accessible lysine residues
and N-termini. The biotin group enables a separation of labelled and unlabelled
proteins on a streptavidin affinity column, since labelled proteins can be eluted by
a reaction that induces cleavage of the disulfide bond within the linker. Prior to
proteomics analysis, both washed and eluted proteins were digested with trypsin/Lys-

C and chymotrypsin. Chymotrypsin cleaves proteins at the carboxyl side of tyrosine,
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phenylalanine, tryptophan, and leucine residue and was used to overcome incomplete
digestion of labelled proteins, as modified lysine residues did not serve as cleavage
sites to trypsin or Lys-C anymore. Proteins were then identified by MS analysis and
classified into surface accessible or non-accessible, depending if they were identified
in the unbound or biotinylated fraction. The rigorous washing of the column resulted
in a strong, nearly complete separation between labelled and unlabelled proteins,
therefore relative quantification in washed and eluted fraction as proposed in other

studies was not applicable (Keilhauer, Hein, and Mann 2015).

Following comparison of surface proteins among cell lines and EV types, common
surface proteins between sEVs and mEVs from MDA-MB-231 and MCF7 were se-
lected as potential markers of BC that could be directly detected on the surface of
cancerous EVs. Known protein-disease annotations from the DisGeNET database
were then retrieved to propose BC surface EV markers (Pifiero et al. 2020). Finally,
9 proteins GSTP1, EEF2, DDX10, PGR, RAC2, ADAM10, ACO2, UTP20, N4BP2
and 2 proteins PDCD6, UTP20 were obtained by the selection approach described
above in sEVS and mEVs, respectively. The 9 proteins in sEVS were then ranked by
their detected intensity with the intention of selecting more abundant proteins. This
approach, as it selects already known disease-associated proteins, does not discover
new proteins involved in BC, however here the translation of known proteins into EV

biomarkers was anticipated.

The proteins identified from both strategies resulted in relatively small overlap, there-

fore two separate biomarker selection strategies were considered. The first approach
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predicted transmembrane proteins which were then assumed to be surface proteins,
whereas the final list of the second approach only contained two membrane proteins,
PGR and ADAM10. This suggests that the majority of directly accessible proteins on
EVs may not be directly associated to the lipid bilayer (Rai et al. 2021). Other studies
have used different approaches as well, such as digestion of surface proteins by Pro-
teinase K (Cvjetkovic et al. 2016) and subsequent MS analysis of remaining proteins
or EDTA treatment of isolated EVs prior to labelling with a biotin reagent (Téth et
al. 2021). Both approaches may yield a different surface profile for EVs, however it

is not evident that all proteins may then be detectable under native conditions.

4.4 Initial Assessment of Potential EV Surface Biomark-
ers for Non-Invasive Breast Cancer Diagno-
sis

The final panel of potential biomarkers obtained through the first selection approach

include the following proteins: ST14, CLDN3, AXL, ITGAT.

AXL has been identified by proteomics as an MDA-specific protein. The results
could not be validated by WB analysis, thus the experiment will be repeated with a
different antibody clone. Overexpression of AXL has been reported in many differ-
ent cancers, including breast, ovarian, prostate, non-small cell lung cancer and head
and neck squamous cell carcinoma (Gay, Balaji, and Byers 2017). Activation of the

AXL signalling pathway promotes cell proliferation, migration, invasion, epithelial-
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mesenchymal transition (EMT) and tumor angiogenesis (Gjerdrum et al. 2010). It
has been shown that AXL is associated with multiple receptor tyrosine kinases, such
as EGFR (Debruyne et al. 2016), HER2 (Guo et al. 2017), ALK (Liu et al. 2009),
and VEGFR (X. Wu et al. 2015) resulting in activation of these receptor tyrosine ki-
nases in a ligand-independent manner, which induces resistance to targeted therapies.
Activation of AXL signalling has an immunosuppressive effect, which in turn reduces
the antitumor immune response (Z. Zhang et al. 2012; Zhou et al. 2016). Quan-
titative phosphoproteomics of a panel of TNBC cell lines discovered that AXL was
overexpressed and activated in ~40% of TNBC cell lines associated with high inva-
sion and strong anti-aniokis oncogenic phenotypes (Aguilera et al. 2016). It has been
shown that higher expression of AXL was significantly associated with poor prognosis
of patients with TNBC and humanized anti-AXL monoclonal antibody was able to in-
hibit oncogenic phenotypes in vitro and reduces tumor formation in xenograft mouse
models (Aguilera et al. 2016). Although, AXL is considered a predictive prognosis
biomarker for breast cancer, it may not be suitable as a EV biomarker, as proteomics

and WB analysis gave contradictory results.

The suppressor of tumorigenicity 14 protein (ST14), also called Matriptase, is a mem-
ber of the transmembrane protease serine 3 (tmprss3) family (Alef et al. 2009). ST14
has been identified by proteomics in sEVs from MDA and MCF7 cells, and WB found
expression in MDA sEVs and to less extent in MCF10A sEVs. The single-pass type
IT transmembrane protein plays an essential role in extracellular matrix degrada-

tion through its trypsin-like activity and is involved in formation and regulation of
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oral epithelium, epidermis, hair follicles, and thymic epithelium (Arena et al. 2017;
Bergum et al. 2012; Bhatt et al. 2003; Dai et al. 2021; Ge et al. 2006). It is specu-
lated to interact with other proteins to regulate its activity and cellular localization,
and has been reported to be anchored to the actin cytoskeleton in cells (J. S. Jin
et al. 2007). ST14 was initially discovered in breast cancer cell lines, high protein
expression has been shown in EMT from malignant cells isolated from human breast
carcinomas (Petri and Klinge 2020; C. Kim et al. 2005; K. Y. Kim et al. 2019; List
et al. 2006). Reduced expression of ST14 slowed tumor growth in mice by impair-
ment of pro-HGF /c-Met signalling pathway and cell proliferation (List et al. 2003).
Similar results were obtained by targeting ST14 with peptide epitopes derived from
its autocatalytic loop and monoclonal antibodies, suggesting it may be suitable as a
pharmaceutical target (List et al. 2002). Finally, ST14 gene methylation is predictive
for survival rates in breast cancer patients (Petri and Klinge 2020). The presence of
ST14 in sEVs from MDA sEVs may affect its activity due to different interaction part-
ner and transfer the protein to distant sites, where it may be involved in metastatic
niche formation (Takeuchi et al. 2000). This suggests that ST14 contributors to the

transfer of malignant traits in metastatic BC (Zoratti et al. 2015).

Claudins are tight junction proteins of 20-24 kDa in mass, that are present on the
apicolaterla membranes of epithelial, endothelial and mesothelial cells (Ylermi Soini
2011; Osanai et al. 2017). In malignancies, the expression of claudins varies depending
on the type of the tumor (Y. Soini 2005). For example, overexpression of claudins 3

and 4 has been found in several carcinomas, including breast cancer (Y. Soini 2005).
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In MCEFY7 cells, inhibiting CLDN3 overexpression decreased cell migration (Todd et al.
2015). Recent findings indicate an association between the outcome of BC patients
and expressions of claudins 3, 4 and 7 in membranes and cytoplasm (Jéédskeldinen et
al. 2018). Moreover, CLDN3 expression is positively correlated with BRCA mutations
in women (Danzinger et al. 2019). Proteomic analysis of human bile-derived EVs has
been performed to identify novel biomarkers for cholangiocarcinoma (CCA) (Ikeda et
al. 2021). From 166 CCA-specific proteins, ELISA for CLDN3 exhibited statistically
significant differences and high diagnostic accuracy. In addition, a proteomics study
of sEVs from malignant PC3 and benign PNT1A cells, combined with subsequent
ranking of proteins specific to malignant cells based on public databases identified
CLDNS3 as a putative prostate cancer biomarker (Worst et al. 2017). Here, it was
demonstrated that CLDN3 could be used as an exemplary EV-based biomarker for
BC. Still, further analysis is needed to determine if CLDN3 is detectable in biofluid

from BC patients, and if so, the degree of diagnostic value.

Beyond cell line-specific expression of CLDN3 in the context of BC, WB analysis
revealed the presence of two isoforms of CLDN3 in MCF7 EVs. Both isoforms were
identified in sEVs and mEVs, suggesting specificity of isoforms to exosomes and mi-
crovesicles, which are enriched in sEVs and mEVs, respectively. Most claudins are
known to express multiple isoforms (Lal-Nag and Morin 2009; Tipsmark and Madsen
2012). However, an isoform-specific protein loading has not been described for EV
subtypes yet. Further investigation could shed light on the mechanisms of EV loading

through sequence motifs, PTMs or PPIs.
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Integrins are a major family of cell adhesion receptors which consist of 18 alpha and
8 beta subunit genes in mammalians, which form at least 24 non-covalently linked,
heterodimeric complexes from an alpha and a beta subunit (Humphries, Byron, and
Humphries 2006). These heterodimers are transported from the endoplasmic retic-
ulum to the Golgi apparatus and transferred to the cell surface in an inactive state
(De Franceschi et al. 2015). As a receptor on the cell membrane, integrins primarily
interact with ECM components to mediate cell adhesion (Harjunpéé et al. 2019).
Integrins are well known constituents of EVs and have been studied in different can-
cers (Wanessa Fernanda Altei et al. 2021; Ferrarelli 2020). In particular, the integrin
content of EVs is able to distinguished different cancers (Hurwitz and Meckes 2019)
and impaired adhesion of tumor-derived EVs (Wanessa F. Altei et al. 2020). Cel-
lular ITGA7 has been found to influence migration, invasion, and EMT to function
as a tumor suppressor gene in BC (Bhandari et al. 2018) and papillary thyroid car-
cinoma cells (Guan et al. 2020). Furthermore, transcriptomic analysis of stem-like
cells from primary BC identified ITGAT7 as a predictive marker for chemotheraphy
response (Gwili et al. 2021). This study indicates that ITGA7 is highly expressed
in MCF10A compared to MCF7 and MDA-MB-231 derived sEVs, which proposes
that ITGAT7 might be used as a control biomarker for BC assessments. Furthermore,
different forms of ITGA7 have been detected by WB analysis, suggesting presence
of the unprocessed form in MCF10A mEVs, the heavy chain in MCF10A sEVs and
to less extent in MCF7 mEVs, and the 70 kDa form and the lighjt chain in MCF7
mEVs. The presence or presence of different isoforms of ITGA7 may both be used

for diagnostic purposes if isoform specific antibodies are available.

68



The second approach, based on surface proteomics of EVs, highlighted nine proteins
with known implications in BC. These proteins were only found on the surface of EVs
MDA-MB-231 and MCF7, but not on EVs from control MCF10A cells. These include
Glutathione S-transferase P1 (GSTP1), Elongation factor 2 (EEF2), DEAD/H box
RNA helicase (DDX10), progesterone receptor (PGR), Ras-related C3 botulinum
toxin substrate 2 (RAC2) and Disintegrin and metalloproteinase domain-containing
protein 10 (ADAM10). The four proteins with the highest abundance were selected
as promising biomarkers for BC detection. Notably, ADAMI10 has been previously

identified as a potential BC biomarker (Risha et al. 2020).

GSTP1 belongs to the family of phase II metabolic enzymes and has been described
to inhibit several anti-cancer drugs by conjugating them to glutathione (Coles and
Kadlubar 2003). Previous studies have demonstrated the role of GSTP1 in treatment-
resistance of BC (Arai et al. 2008; G. Yang et al. 2005). High GSTP1 expression has
been linked to resistance to docetaxel, paclitaxel, cyclophosphamide and doxorubicin
in BC patients (Arai et al. 2008; Eralp et al. 2013; F. Su et al. 2003). After treat-
ing 30 BC patients with anthracycline/taxane-based neoadjuvant chemotherapy, the
levels of GSTP1 in exosomes from patients in the progressive disease/stable disease
group were significantly increased compared to those in the partial response/complete
response group (S. Yang et al. 2017). This suggested GSTP1 may transferred by an
exosome-based mechanism and be involved in of drug resistance, making it poten-
tially useful as a predictive marker for chemoresistance. The identification of GSTP1

on the surface of EVs, to potentially act outside the cell, could further explain the
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chemoresistant activity of GSTP1-carrying exosomes.

The elongation step of mRNA translation requires substantial amounts of energy
as well as eukaryotic elongation factors (eFFs) such as EEF2 (Kaul, Pattan, and
Rafeequi 2011). The activity of EEF2 is regulated by its phosphorylation state by
a specific kinase known as eEF2 kinase (EEF2K). It has been reported that de-
creased eEF2 phosphorylation, mediated by increased PP2A activity, contributes to
resistance against HER2 inhibition and may pose a novel target for therapeutic in-
tervention in HER2-positive BC (McDermott et al. 2014). In addition, a recent
study demonstrated that EEF2K plays a key role in the maintenance of aggressive
tumor behaviour and chemoresistance in treatment-resistant TNBC (R.-X. Wang et
al. 2019). Based on this research, EEF2K silencing was proposed as a novel strat-
egy for the treatment of TNBC. In this study, EEF2 is identified in both cancerous
cell lines, MDA-MB-231 and MCF7, but not in the non-cancerous control cell line

MCF10A and may serve as a diagnostic biomarker.

DEAD/H box RNA helicases are a group of regulating mRNA translation with grow-
ing knowledge about their involvement in cancer (Heerma van Voss, van Diest, and
Raman 2017). Gene mutation and changes in DDX10 expression have been previ-
ously investigated in osteosarcoma, hepatocellular carcinoma, leukemia, and ovarian
cancer (Gorello et al. 2013; Shi and Hao 2019; Z. Wang et al. 2015; Y. Wang et al.
2017). Reported evidence suggests that proteins of the DDX family play a crucial
role in tumorigenesis of cancer cells and stem cell differentiation (Yassin et al. 2010).

However, little is known about the detailed molecular mechanisms of DDX protein
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regulation. Suppression of five candidate genes (DDX10, SKA3, EPHA5, CLTC and
TNIK) impacted the growth and proliferation of breast cancer cells (Jiao et al. 2013).
Moreover, downregulation of DDX10 in breast cancer cells led to an increased fre-
quency in apoptosis. Therefore, the mechanism and utility of DDX10 in BC sEVs is

not evident.

Estrogen receptora (ERa or ESR1) and progesterone receptor (PGR) are crucial
prognostic and predictive biomarkers in breast cancer (BC) (Kunc et al. 2021). It has
been shown that ESR1 and PGR were highly expressed in MCF7, T47D and MDA-
MB-361 metastatic cell lines, suggesting that these cancer cells represent models
of estrogen- and progesterone-dependent cancers (Hevir et al. 2011). Moreover,
high ESR1 and PGR expression levels were observed in MCF7, BT-474 and T-47D,
and low ESR1 and PGR expression was found in MDA-MB-231 (J.-R. Wu et al.
2020). These results suggest that mRNA expression levels of ESR1 and PGR can be
considered distinct biomarkers and essential prognostic factors for ER-positive BC.
This work identified PGR on the surface of sEVs from MCF7 and MDA-MB-231 cells

and suggests potential as EV biomarker for BC.

Programmed cell death protein 6 (PDCDG6) is a pro-apoptotic protein contributing to
T-cell receptor-, Fas-, and glucocorticoid-induced programmed cell death (K. Zhang et
al. 2013; Shibata et al. 2004), as well as endoplasmic reticulum stress induced apop-
tosis during organ formation (Rao et al. 2004; Mahul-Mellier et al. 2006). PDCD6
expression was found to be upregulated in tumor tissue samples from lung, breast,

colon cancer, and ovarian cancer, which suggested that PDCD6 may be involved in
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maintenance of cellular viability (la Cour et al. 2008, 2003; Hgj et al. 2009; D. Su
et al. 2012). Recently, it has been demonstrated that miR-124-3p attenuated tumor
metastasis by inhibiting PDCD6 expression in BC, suggesting potential as a thera-
peutic target in patients with advanced disease (L. Zhang et al. 2018). Another study
showed that the over-expression of the same microRNA inhibited cell proliferation,

migration and invasion, and induced apoptosis by suppressing PDCD6 expression in

SKOV3 and OCVARS3 cells in vitro.

Small subunit processome component 20 (UTP20) is present in both 90S and 40S pre-
ribosome particles (Dez, Dlaki¢, and Tollervey 2007). It has been hypothesized to
be important for the building of early 90S particle intermediates, which is suggested
by proteomic and bioinformatics analyses that showed UTP20 to be heavily inter-
connected and in close physical proximity to components of the tUTP, UTP-B and
UTP-C subunits (Pérez-Fernandez et al. 2007). The UTP20 gene has been identified

to be associated with colorectal cancer (L.-C. Sun and Qian 2018).

Some potential biomarkers that are proposed here have already been investigated
extensively in BC studies (ST14, CLDN3, AXL), making their translation to EV
based diagnostics more likely than others. Nevertheless, our understanding of EVs
is far from conclusive and mainly consists of studies highlighting the importance of
individual proteins in EVs or diseases (Y. Zhang et al. 2019). Therefore, functional
aspects for the surface localization of some proteins can only be speculated. While
the surface expression of several proteins may be the specific mode of transfer due to

protein interaction partners (DDX10, EEF2, PDCD6, UTP20), some studies demon-
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strated functional aspects of surface proteins on EVs such as presenting antigens to
evade chemotherapy against therapeutic or endogenous antibodies (Ciravolo et al.
2012; Marleau et al. 2012) or degradation of the extracellular environment (Nawaz
et al. 2018; Sanderson, Bandari, and Vlodavsky 2019), emphasizing the importance
of understanding the role of EV surface proteins for diagnostic and therapeutic pur-

poses.
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Chapter 5

Conclusions

5.1 Summary

The aim of this study was to identify EV surface proteins with potential as BC
biomarkers. EVs were isolated by dUC from three cell lines, malignant MDA-MB-231
and MCF7 cells and control non-malignant MCF10A cells. Two selection strategies
for the selection of biomarkers were applied to derive cell line specific EV proteins
with known implications in BC. The first approach was based on cell line specific
identification of sEV proteins, UniProt annotation of transmembrane proteins and
cluster analysis to predict co-localization with EV markers (CD63, CD9, CD81), and
resulted in 11 proteins, four of which were further investigated by WB analysis. ST14,
CLDNS3, and ITGAT7 were validated as potential biomarkers, while AXL was detected
in MCF10A EVs instead of MDA-MB-231 and requires reevaluation. The second

approach used biotinylation labelling to experimentally identify proteins that are
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accessible from the surface of EVs. Proteins common to MDA-MB-231 and MCF7, but
not identified in MCF10A were subjected to database annotation for BC resulting in 9
proteins (GSTP1, EEF2, DDX10, PGR, RAC2, ADAM10, ACO2, UTP20, N4BP2)
and 2 proteins (PDCD6, UTP20) as potential surface markers of BC in sEVs and

mEVs, respectively.

5.2 Limitations

This study is based on a limited number of cell lines to identify potential markers that
could be further validated in EVs derived from plasma from BC patients. Increasing
the number of cell lines studied would allow for more powerful biomarker selection as
it could enable the identification of BC subtype specific markers (Rontogianni et al.
2019). Furthermore, a direct comparison of primary cell lines derived from tumor and
adjacent tissue could uncover the differences in EV in patients (Hoshino et al. 2020).
Lastly, cell line-based studies are generally considered initial exploration studies for
biomarker discovery, however they require further validation with clinical samples.
This poses a fundamental challenge to the analysis of EVs from biological samples
like plasma or urine since they contain EVs from many different tissues and cell types
of the body. Furthermore, body fluids are accessible to all cell types, hence EVs from

some cell types may not be detectable at all.

The current definition of EVs depends on accepted EV markers like CD63, CD9 and
CD81. EVs are known to be heterogeneous, containing subtypes like exosomes and

microvesicles, each containing very different cargoes despite being within the same
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“subgroup,” but cannot be separated by current isolation methods (Willms et al.
2018). To respect the most recently published MISEV guidelines, the terms sEVs

and mEVS were used to specify the studied biomaterial.

Addressing the heterogeneity of EVs, this study presented an approach to predict
co-localization of such marker proteins with selected BC biomarkers similar to recent
studies (Martin-Jaular et al. 2020, 2021). Still, predictions based on bulk analysis
of EVs and correlation analysis must be further validated by single-vesicle techniques
such as flow cytometry or analysis of affinity-enriched EVs fractions. For this reason,
a binary comparison of identified and not identified proteins was chosen in both ap-
proaches, to overcome differential abundance due to subtype variation and to simplify
possible future biomarker assays, which may not discriminate based on an abundance
threshold but rather based on the mere presence of a protein. Likewise, flow cytometry
or similar approaches are needed to confirm the surface expression and accessibility

of proteins identified by the second approach.

5.3 Future Work

In this study, the presence of potential marker proteins was validated by WB analysis,
however the result for AXL contradicted the proteomics results and needs to be
reevaluated. A different clone of anti-AXL antibody can be used to help confirm AXL
as MDA-MB-231 specific marker. Alternatively, the kinase activity of AXL can be
investigated by enzymatic assays and getting functional insights into the difference

between cell line EVs. Similarly for the second selection approach, proposed BC
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biomarkers must be further investigated by WB analysis or flow cytometry to confirm

the presence of respective proteins on the surface of EVs.

The two proteomics and biomarker selection approaches yielded promising lists of
potential BC EV biomarkers. For further validation of their potential use for BC
detection from plasma derived EVs in patients, the proteomics analysis could first
be extended to include more BC cell lines such as BT549, Hs578T, LM2 (all triple-
negative subtype), or HER2 positive subtype cell lines (HCC1954, HCC1419, JIMT1,

SKBR3).

Future studies on plasma derived EVs may be the final goal of such exemplified
biomarker discovery studies, however they pose major challenges for the analysis of
EVs. Cell line studies, including other epithelial cell lines from different organs may be
used to enrich a subclass of breast tissue specific EVs from plasma. Such enrichment
of EV subsets would require understanding of their surface proteome which can be
achieved with the presented labelling approach. Here, only native conditions were
used during labelling of EVs, however other studies proposed EDTA treatment of
EVs prior to labelling to remove the protein corona (Rai et al. 2021), which might
be more similar to conditions used for plasma derived EVs and facilitate downstream

applications.

In this study, the surface of EVs and their quantitative composition have been ana-
lyzed separately. However, an understanding of EV surface protein distribution could
support biomarker studies as well as holds the potential to gain insight into the het-

erogeneity of EVs. It will therefore be important to adjust proteomics protocols to
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obtain quantitative data of the surface proteins (Ravenhill et al. 2020). Finally, de-
scribed large scale proteomics data will require extensive validation by single-vesicle
methods like flow cytometry to confirm surface expression and to analyze the distri-
bution of surface markers on EVs [(Maia et al. 2020); Nolan and Duggan (2018)]. The
presented approaches combined may uncover the heterogeneity of EVs and facilitate

biomarker studies of EVs on a large scale.
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Figures

MDA MB 231 MCF7 MCF10A Differential Ultracentrifugation (dUC)
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Fig. S1 Schematic workflow from cell culture to MS analysis of isolated EVs. Cell culture
supernatant was collected and dUC was used to isolate sEVs and mEVs. EV proteins were
digested with a FASP protocol, desalted with C18 TopTips and analyzed by nLC-MS/MS.

Raw MS spectra were processed with MaxQuant and data analysis was conducted in R.
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Fig. S2 Biotinylation of primary amines for surface protein identification. Sulfo-NHS-SS-

Biotin reacts with lysine residues and protein N-termini via Michael addition.
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Fig. S3 Full WB images of CD63 (A), CD81 (B), and CD9 (C) presented in Fig. 3.1C.
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Fig. S6 Full WB images of AXL (A) and ST14 (B) presented in Fig. 3.5.
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Tables

Table S1 List of cell line-specific SEV proteins identified form global proteomics profiling. Single-

and multi-pass transmembrane proteins are annotated based on UniProt subcellular-locations.

Protein accession Gene name Multi-pass membrane  Single-pass membrane

MDA-MB-231
014684 PTGES
014975 SLC27A2
015394 NCAM?2 X X
015427 SLC16A3
015551 CLDN3
043653 PSCA
043768 ENSA
075063 FAM20B X X
075366 AVIL
094907 DKK1
096005 CLPTM1
P00736 CIR
P00747 PLG
P04004 VTN
P07357 C8A
P07996 THBS1
P09758 TACSTD2 x X
P10620 MGST1
P10643 c7
P13726 F3
MDA-MB-231 & MCEF7
P15260 IFNGR1 X X
P16949 STMN1
P17302 GJA1
MCF7
P17931 LGALS3
P19823 ITIH2
P25929 NPY1R
P27169 PON1
P29034 S100A2
P30530 AXL X X
P32926 DSG3 X X
P36383 GJC1
Q13683 ITGAT X X
Q15165 PON2
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Q16819
Q6UWI4
Q6UXG2

MCF10A
Q86SF2
Q8N271
QI6KG7
Q99674
QIBY76
QIUBW7
QIUMD9
QIY5Y6

MEP1A
SHISA2
ELAPOR1

GALNT7
PROM2
MEGF10
CGREF1
ANGPTL4
ZMYM?2
COL17A1
ST14

"
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Table S2 List of surface marker proteins of sEVs common to MDA-MB-231 and MCF7, and

absent in MCF10A.

Protein accession Gene name

Protein name

060706 ABCC9
QI6SE0 ABHD1
Q99798 ACO2
014672 ADAMI10
QIUEYS ADD3
Q8N1IW1 ARHGEF28
Q6ICH7 ASPHD2
P20020 ATP2B1
P56378 ATP5MJ
P35613 BSG
POCOL4 C4A
P07358 C8B
Q8IXQ3 C9orf40
P27352 CBLIF
P08962 CD63
Q14004 CDK13
Q8N8U2 CDYL2
QT7L279 CENPQ
094986 CEP152
QIUL16 CFAP45
P10909 CLU
QINXGO CNTLN
P07339 CTSD
Q13618 CUL3
P98082 DAB2
Q13206 DDX10
Q09013 DMPK
QINX36 DNAJC28
Q92784 DPF3
Q00858 ECT2L
P13639 EEF2
Q04637 EIF4G1
QIHBO03 ELOVL3
P02794 FTH1
094808 GFPT2
P09211 GSTP1

ATP binding cassette subfamily C member 9
Abhydrolase domain containing 1

Aconitase 2

ADAM metallopeptidase domain 10
Adducin 3

Rho guanine nucleotide exchange factor 28
Aspartate beta-hydroxylase domain containing 2
ATPase plasma membrane Ca2+ transporting 1
ATP synthase membrane subunit j

Basigin (Ok blood group)

Complement C4A (Rodgers blood group)
Complement C8 beta chain

Chromosome 9 open reading frame 40
Cobalamin binding intrinsic factor

CD63 molecule

Cyclin dependent kinase 13
Chromodomain Y like 2

Centromere protein Q

Centrosomal protein 152

Cilia and flagella associated protein 45

Clusterin

Centlein

Cathepsin D

Cullin 3

DAB adaptor protein 2

DEAD-box helicase 10
DM1 protein kinase

DnaJ heat shock protein family (Hsp40) member C28

Double PHD fingers 3
Epithelial cell transforming 2 like

Eukaryotic translation elongation factor 2
Eukaryotic translation initiation factor 4 gamma 1
ELOVL fatty acid elongase 3

Ferritin heavy chain 1
Glutamine-fructose-6-phosphate transaminase 2

Glutathione S-transferase pi 1
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Q99525
QIY4L1
QINRR6
P26006

P19823
Q6ZWJS
Q15058
AGNMG62
Q5JTD7

QIUJA3
015146
043795
QSNAQS
QI6UW6

QSWX02
Q6UWY5
P06401
ABNCS6
P48426

P54277
P36873
014818
P35998
QI6CEYT

QIP2B2
Q2TAKS
P15153

QI6EQS
QIULK6

P18124
Q59EK9
Q5TEAG
Q15758

QOUHI7

QIH2H9
P13366
Q9C093
QIBXGS
QIH3Y6

QIUQ35
Q93045

H4C7
HYOU1
INPPSE
ITGA3

ITIH2
KCP
KIF14
LRRC53
LRRCT73

MCMS
MUSK
MYOI1B
N/A
N4BP2

NELFB
OLFML1
PGR
PINLYP
PIP4K2A

PMS1
PPP1CC
PSMATY
PSMC2
PTCD3

PTGFRN
PWWP3A
RAC2
RNF125
RNF150

RPL7
RUNDC3A
SEL1L2
SLC1Ab
SLC23A1

SLC38A1
SLCbHA1
SPEF2
SPZ1
SRMS

SRRM?2
STMN2

H4 clustered histone 7

Hypoxia up-regulated 1

Inositol polyphosphate-5-phosphatase E
Integrin subunit alpha 3

Inter-alpha-trypsin inhibitor heavy chain 2
Kielin cysteine rich BMP regulator
Kinesin family member 14

Leucine-rich repeat-containing protein 53
Leucine rich repeat containing 73

Minichromosome maintenance 8 homologous recombination

Muscle associated receptor tyrosine kinase
Myosin 1B

Putative uncharacterized protein FLJ34945
NEDD4 binding protein 2

Negative elongation factor complex member B
Olfactomedin like 1

Progesterone receptor

Phospholipase A2 inhibitor and LY6/PLAUR domain
Phosphatidylinositol-5-phosphate 4-kinase type 2 alpha

PMS1 homolog 1, mismatch repair system component
Protein phosphatase 1 catalytic subunit gamma
Proteasome 20S subunit alpha 7

Proteasome 26S subunit, ATPase 2

Pentatricopeptide repeat domain 3

Prostaglandin F2 receptor inhibitor

PWWP domain containing 3A, DNA repair factor
Rac family small GTPase 2

Ring finger protein 125

Ring finger protein 150

Ribosomal protein L7

RUN domain containing 3A

SEL1L2 adaptor subunit of ERAD E3 ligase
Solute carrier family 1 member 5

Solute carrier family 23 member 1

Solute carrier family 38 member 1

Solute carrier family 5 member 1

Sperm flagellar 2

Spermatogenic leucine zipper 1

Src-related kinase lacking C-terminal regulatory tyrosine

Serine/arginine repetitive matrix 2
Stathmin 2
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Q15431
QSNBN3
Q6ZUX3

QIBX84
Q99816
043657
QIGAET
P02766

QT0EL2
075691
060765

SYCP1
TMEMST7A
TOGARAM?2

TRPM6
TSG101
TSPANG
TTC17
TTR

USP45
UTP20
ZNF354A

Synaptonemal complex protein 1
Transmembrane protein 87A
TOG array regulator of axonemal microtubules 2

Transient receptor potential cation channel subfamily
Tumor susceptibility 101

Tetraspanin 6

Tetratricopeptide repeat domain 17

Transthyretin

Ubiquitin specific p eptidase 45
UTP20 small subunit processome component
Zinc finger protein 354A
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Table S3 List of surface marker proteins of mEVs common to MDA-MB-231 and MCF7, and

absent in MCF10A.

Protein accession Gene name

Protein name

QI6UQ4
P55008
P54836
QIWW43
QIY2Y0

Q6ICHT
P21926
QIUL16
QI6RY5
Q09013

QIY295
QSTE6S
075426
Q15751
P51659

QSND56
ASMW99
QIULR5
Q15113
075340

P48426
P14314
Q92729
QIGEQS
QIBZW?2

Q15758
043173
QIH2K2
QSNB66
Q8N2C7

075691
P98182

ABCA13
AlIF1
ALDHI18A1
APH1B
ARL2BP

ASPHD?2
CD9
CFAP45
CRAMP1
DMPK

DRG1
EPS8L1
FBX024
HERC1
HSD17B4

LSM14A
MEI4
PATP2B
PCOLCE
PDCD6

PIP4K2A
PRKCSH
PTPRU
RNF125
SLC13A1

SLCI1A5
ST8SIA3
TNKS2
UNC13C
UNCS80

UTP20
ZNF200

ATP binding cassette subfamily A member 13
Allograft inflammatory factor 1

Aldehyde dehydrogenase 18 family member Al

Aph-1 homolog B, gamma-secretase subunit

ADP ribosylation factor like GTPase 2 binding protein

Aspartate beta-hydroxylase domain containing 2
CD9 molecule

Cilia and flagella associated protein 45
Cramped chromatin regulator homolog 1

DM1 protein kinase

Developmentally regulated GTP binding protein 1

EPSS like 1

F-box protein 24

HECT and RLD domain containing E3 ubiquitin protein
Hydroxysteroid 17-beta dehydrogenase 4

LSM14A mRNA processing body assembly factor
Meiotic double-stranded break formation protein 4
Poly(A) binding protein interacting protein 2B
Procollagen C-endopeptidase enhancer
Programmed cell death 6

Phosphatidylinositol-5-phosphate 4-kinase type 2 alpha
Protein kinase C substrate SOK-H

Protein tyrosine phosphatase receptor type U

Ring finger protein 125

Solute carrier family 13 member 1

Solute carrier family 1 member 5

ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 3

Tankyrase 2
Unc-13 homolog C
Unc-80 homolog, NALCN channel complex subunit

UTP20 small subunit processome component
Zinc finger protein 200
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