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Abstract

Proteomic studies have rapidly advanced in recent years, revolutionizing the field of biology
and biomedical research. Proteomics is the large-scale study of proteins, and it provides an
understanding of protein structures, compositions, functions, protein-protein interactions, and their
cellular activities. In this thesis, MS-based proteomic approaches were applied to two different
biological systems: liver tissues from wood frogs and breast cancer (BC)-derived extracellular
vesicles. Chapter 2 focuses on exploring the molecular adaptations of freeze-tolerant wood frogs.
Wood frogs have excellent freeze tolerance and can survive environmental challenges such as
limited water availability, low oxygen levels, and extremely low temperatures that can lead to
whole-body freezing. A comprehensive proteomic analysis was conducted on frog liver tissue
exposed to anoxia, dehydration, or freezing using a label-free LC-MS/MS proteomic approach.
The quantitative analysis identified 87, 118, and 86 proteins that were significantly upregulated in
the dehydrated, anoxic, and frozen groups, respectively, indicating their potential protective roles.
The study also confirmed the upregulation of three enzymes: GST, ALDOA, and SORD. These
enzymes exhibited significantly higher specific activity in the livers of the frozen and anoxic
groups compared to the controls. Chapter 2 suggests that GST, ALDOA, and SORD may be
involved in the freeze tolerance mechanism by contributing to cellular detoxification and energy
metabolism. Chapter 3 focuses on identifying potential biomarkers from BC-derived EVs. BC is
one of the most diagnosed malignancies among women and the second leading cause of cancer-
related death in North America. Small membrane-derived extracellular vesicles (SEVs) have
considerable potential as diagnostic agents and can be detected at the earliest stage of cancers. We
aim to study global proteome in small EVs to find biomarkers for BC diagnosis, and three BC cell
lines were examined (two cancerous and one non-cancerous cell line). Three types of proteomics
approaches were conducted: quantitative, phosphoproteomics, and proteomics acetylation analysis.
Our quantitative proteomics analyses and previously reported data strongly suggest that 11
identified enzymes may be potential candidates as biomarkers for the diagnosis of BC. Among the
phosphoproteins, we validated four enzymes associated with cancer and present only in SEVs
isolated from cancerous cell lines: ACLY, PFKM, SIRT1, and SIRT6. The protein acetylation
study revealed that ALDOA, PGK1 and ENO showed a significantly higher specific enzymatic

activity in cancerous cell lines in comparison to the non-cancerous cell line. Thus, proteomic



studies reveal that SEVs contain enzymes that could be interesting potential candidates for early
BC diagnostics. Future validation of enzymes using both cancer cell lines and blood from BC

patients remains to be determined.
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Chapter 1. MS-Based Proteomics

1.1 Introduction of Proteins

Proteins are large, complex molecules that play many critical roles in the body. They are
essential for the structure, function, and regulation of the body's tissues and organs. Composed of
long chains of amino acids, proteins are involved in everything from structural support to
catalyzing metabolic reactions. They are encoded by genes and are synthesized within cells
through the process of translation, where the sequence of nucleotides in messenger RNA (MRNA)
is decoded to build a specific sequence of amino acids, ultimately folding into a functional three-
dimensional structure. With 20 different standard amino acids available, the diversity of protein
functions is achieved through variations in the sequence and length of these chains 1.

The structure of proteins is hierarchical and is classified into four levels: primary, secondary,
tertiary, and quaternary. The primary structure refers to the linear sequence of amino acids in the
protein chain, which determines how the protein will fold and function. Secondary structures, such
as alpha helices and beta sheets, are local folded structures that form within a polypeptide due to
interactions between the backbone atoms. The tertiary structure is the overall three-dimensional
shape of a single polypeptide chain, driven by interactions between side chains of the amino acids.
Some proteins consist of multiple polypeptide chains, and their arrangement in a multi-subunit
complex defines the quaternary structure. Each level of structure is crucial in determining a
protein’s specific function 2.

Post-translational modifications (PTMs) are chemical changes that can occur to proteins after
they have been synthesized. These modifications are crucial for the regulation of protein activity,
stability, localization, and interaction with other cellular molecules. PTMs can include the addition
of functional groups, such as phosphate (phosphorylation), acetyl (acetylation), or methyl groups
(methylation), which can alter protein function or activity. Other modifications, such as
ubiquitination, target proteins for degradation, while glycosylation, the addition of sugar
molecules, can affect protein folding, stability, and cell signaling. PTMs provide a mechanism for
cells to dynamically and reversibly regulate protein function in response to various cellular signals
and environmental conditions 2.

The diversity of protein function is further enhanced by their ability to form complexes and
interact with other biomolecules, such as DNA, RNA, lipids, and carbohydrates. Proteins can



function as enzymes, catalyzing biochemical reactions; as structural components, providing
support and shape to cells and tissues; as transporters, moving molecules across cell membranes;
and as receptors, detecting and responding to chemical signals. Proteins are also essential for the
immune response, with antibodies being specialized proteins that recognize and neutralize foreign
invaders such as bacteria and viruses. Additionally, proteins play a role in cell signaling pathways,
where they act as messengers that transmit signals from the cell surface to the interior, initiating
specific cellular responses.

Understanding the structure and function of proteins, as well as the effects of post-translational
modifications, is crucial in many fields of biology and medicine. Misfolding of proteins or aberrant
PTMs can lead to diseases such as Alzheimer's, Parkinson's, and cancer 3. Consequently, studying
proteins and their modifications can provide insights into the molecular basis of diseases and
possibly lead to the development of targeted therapies. The study of proteins is a central focus in
biochemistry and molecular biology, and advances in proteomics, which involves the large-scale
study of proteins, continue to enhance our understanding of cellular mechanisms and the

complexity of life.

1.2 Non-MS-based Methods to Study Proteins

To understand their complex functions and mechanisms, scientists have developed a variety of
techniques to study proteins. These methods encompass structural analysis, functional assays, and
interaction studies, each providing unique insights into protein biology.

X-ray crystallography, nuclear magnetic resonance (NMR) spectroscopy, and cryo-electron
microscopy (cryo-EM) are methods that are commonly used in understanding the structure of
proteins. X-ray crystallography is a powerful technique for determining the three-dimensional
structures of proteins at atomic resolution. This method involves crystallizing a purified protein
and exposing the crystal to X-ray beams. The diffraction pattern produced by the X-rays is
analyzed to generate an electron density map, which reveals the arrangement of atoms within the
protein. X-ray crystallography has been instrumental in elucidating the structures of numerous
proteins, including enzymes, receptors, and large macromolecular complexes. However, the
requirement for crystallization can be a significant limitation, as not all proteins readily form

crystals 4.



NMR spectroscopy is another important method for studying protein structure and dynamics.
Unlike X-ray crystallography, NMR does not require crystallization, allowing proteins to be
examined in solution, which more closely resembles their natural state. NMR exploits the magnetic
properties of certain atomic nuclei to provide information about the local environment and spatial
arrangement of atoms within a protein. This technique is particularly useful for studying small to
medium-sized proteins and for investigating protein dynamics, folding, and interactions. However,
the complexity of data analysis and size limitations can pose challenges in NMR studies °.

Cryo-electron microscopy (cryo-EM) has revolutionized structural biology by enabling the
visualization of large protein complexes and membrane proteins at near-atomic resolution. In cryo-
EM, proteins are rapidly frozen in a thin layer of vitreous ice, preserving their native structure
without the need for crystallization. High-resolution images are captured using an electron
microscope, and computational algorithms reconstruct three-dimensional models from these
images. Cryo-EM is particularly valuable for studying proteins that are difficult to crystallize or
are too large for NMR analysis. Recent advances in cryo-EM technology have significantly
improved its resolution and broadened its applications ®.

Functional analysis is another important aspect of proteins study. Enzyme assays are
fundamental tools for studying the catalytic activity of proteins. These assays measure the rate at
which an enzyme catalyzes a specific biochemical reaction, providing insights into enzyme
kinetics, substrate specificity, and regulatory mechanisms. Enzyme assays can be conducted using
various detection methods, including spectrophotometry, fluorometry, and radiometry, depending
on the nature of the reaction and available substrates. Kinetic parameters such as the Michaelis-
Menten constant (Km) and the maximum reaction velocity (Vmax) can be determined, helping to
characterize the enzyme’s efficiency ’.

Fluorescence spectroscopy is a versatile technique used to study protein structure, dynamics,
and interactions. Proteins can be intrinsically fluorescent or labeled with fluorescent probes to
monitor changes in conformation, folding, and binding events. Techniques such as Forster
resonance energy transfer (FRET) and fluorescence anisotropy provide information on protein-
protein interactions and conformational changes. Fluorescence spectroscopy is widely used in real-
time assays to investigate protein dynamics in living cells, offering insights into biological

processes such as signaling and trafficking 8.



Circular dichroism (CD) spectroscopy is a technique that measures the differential absorption
of left- and right-handed circularly polarized light by chiral molecules, such as proteins. CD
spectroscopy provides information about the secondary structure content of proteins, including
alpha helices, beta sheets, and random coils. This method is useful for studying protein folding,
conformational changes, and interactions with ligands or other proteins. CD spectroscopy is
particularly valuable for characterizing structural changes in response to environmental conditions
such as temperature, pH, and ionic strength °.

In addition to structural and functional analysis, protein-protein interaction studies are essential
for understanding the complex networks and pathways that underpin cellular functions and
biological processes. Proteins rarely act in isolation; instead, they interact with other proteins to
form complexes that carry out specific tasks such as signal transduction, metabolic pathways, and
structural assembly. By studying these interactions, researchers can elucidate the mechanisms by
which proteins work together to regulate cellular activities, identify potential points of
dysregulation in diseases, and discover new targets for therapeutic intervention. Understanding
protein-protein interactions also provides insights into the evolution of protein functions and the
development of novel biomolecular tools and drugs, thereby advancing both basic biological
research and applied biomedical sciences *°.

The yeast two-hybrid (Y2H) system is a genetic method used to identify protein-protein
interactions. It relies on the reconstitution of a transcription factor when two proteins of interest
interact in the yeast nucleus, leading to the activation of a reporter gene. The Y2H system is widely
used for mapping interaction networks and identifying novel protein partners. However, the
method can produce false positives and negatives, and interactions detected in yeast may not
always reflect physiological conditions in higher organisms 1.

Co-immunoprecipitation (Co-1P) is a biochemical technique used to detect physical
interactions between proteins in a complex. It involves using an antibody specific to a target protein
to precipitate the protein and its interacting partners from a cell lysate. The precipitated proteins
are then identified using techniques such as Western blotting or mass spectrometry. Co-IP is a
powerful method for confirming interactions observed in other assays and for studying post-
translational modifications. The technique is limited by the availability and specificity of

antibodies and may not detect transient or weak interactions 2.



Surface plasmon resonance (SPR) is a label-free technique for measuring real-time interactions
between biomolecules. It detects changes in the refractive index near a sensor surface to quantify
binding kinetics and affinity. SPR is used to study a wide range of interactions, including protein-
protein, protein-DNA, and protein-ligand interactions. The technique provides detailed
information on binding kinetics, such as association and dissociation rates, and can be used to
screen potential drug candidates. However, the requirement for immobilization on a sensor chip
can affect interaction dynamics, and SPR may be less effective for low-affinity interactions 2.

Other advanced techniques, such as protein microarrays and single-molecule techniques are
also used in protein studies. Protein microarrays are high-throughput platforms used to study
protein expression, interactions, and functions on a large scale. These arrays consist of thousands
of proteins immobilized on a solid surface, allowing simultaneous analysis of multiple protein
features. Protein microarrays are used in proteomics research to identify disease biomarkers, study
protein-DNA interactions, and profile immune responses. They offer significant advantages in
terms of speed and scalability but require careful optimization and validation to ensure reliable
results.

Single-molecule techniques, such as atomic force microscopy (AFM) and single-molecule
fluorescence spectroscopy, provide detailed insights into protein behavior at the individual
molecule level. These techniques allow researchers to study protein folding, dynamics, and
interactions in real-time, revealing information that is often obscured in ensemble measurements.
Single-molecule studies have advanced our understanding of complex biological processes, such
as enzyme catalysis and molecular motors, by uncovering heterogeneity and transient states that

are crucial for function 3.

1.3 MS-based Proteomics Overview

The field of "omics" represents a collective group of disciplines dedicated to the
comprehensive study of various biological molecules and their roles within living organisms.
These disciplines include genomics (the study of genomes), transcriptomics (the study of RNA
transcripts), metabolomics (the study of metabolites), and proteomics (the study of proteins),
among others 4. Each "omics" field provides a different perspective on the complex biological

processes that govern life. By integrating data from multiple omics studies, researchers can obtain



a holistic understanding of biological systems, uncovering how different molecules interact and
contribute to health and disease *°.

The concept of proteomics began to take shape with the development of two-dimensional gel
electrophoresis in the 1970s. In 1975, O'Farrell, Klose, and Scheele introduced the two-
dimensional gel technique to map proteins from Escherichia coli, mouse, and guinea pig,
respectively 1618, This technique allowed scientists to separate and visualize proteins based on
their isoelectric point and molecular weight, providing a way to analyze complex protein mixtures.
However, protein identification remains unclear °. Their functions and interactions were also
undiscovered *°. Starting from the 1990s, the advances of mass spectrometry and bioinformatics
have propelled the development of proteomics, enabling the detailed analysis of protein
expression, protein functions, post-translational modifications, and protein-protein interactions 2°.

Mass spectrometry (MS) is an analytical technique used to measure the mass-to-charge ratio
of ions, enabling the identification and quantification of molecules in a sample. The analysis is
achieved with three primary steps: ionization, mass analysis, and detection L. During ionization,
the sample is ionized by an ion source to produce charged molecules. Common ionization methods
include electrospray ionization (ESI), electron impact (EI), matrix assisted laser desorption
ionization (MALDI), and etc 2*. After ionization, the charged molecules will enter the mass
analyzer for mass analysis. In this step, the ions are separated based on their mass-to-charge ratio
(m/z). Common types of mass analyzers include orbitrap, time-of-flight (TOF), quadrupole and
etc 2L, Once the molecules are separated, they are sent to the detector, and the resulting data is used
to generate a mass spectrum for further analysis 2.

The MS instrument that we used in our studies was the orbitrap fusion tribird mass
spectrometer (Thermo Fisher Scientific) and ESI was the ion source. It applies a high voltage to a
liquid sample as it flows through a fine capillary, forming a mist of charged droplets. As the solvent
evaporates, the droplets become smaller, increasing the charge density and resulting in the
formation of gas-phase ions 2. Compared to other ionization sources, ESI can produce multiple
charged ions which enables the analysis of high molecular weight proteins. It can efficiently ionize
large, polar molecules such as peptides and proteins without extensive fragmentation 22. This
capability is essential for proteomics, where maintaining the integrity of large biomolecules is
important for accurate analysis. In addition, ESI can couple with liquid chromatography (LC)

easily. LC is an analytical technique that is used for the separation and analysis of complex



mixtures. In proteomics, the peptide mixture passes through a column packed with a stationary
phase under high pressure. As peptides travel through the column, they interact differently with
the stationary phase based on their chemical properties, then they are eluted from the column at
different retention time, and thus separated. In an LC-MS system, the separated peptides would
enter ESI and continued for MS analysis. In our studies, we utilized a nano LC-MS system for
proteomic analysis. Nano LC works similar to conventional LC but it increases the sensitivity,
because nano LC uses narrower columns and lower flow rate, which increases the concentration
of peptides when entering ESI. Increase of sensitivity allows a better detection of low abundance
proteins 23, Also, nano LC can minimize the injected sample volume 2. This is very important for
proteomics especially when we work with limited biological samples. The nano LC-MS system
that was used in our studies offers numerous advantages in proteomics, including enhanced
sensitivity, superior separation efficiency, improved ionization efficiency, accurate quantification,
and comprehensive proteome coverage 24, These benefits make nano LC-MS an essential tool for
detailed and accurate proteomic analysis, providing deeper insights into protein expression,
function, and regulation.

In general, mass spectrometry is a powerful analytical technique widely used in proteomics to
identify and quantify proteins in complex biological samples. Proteomic MS generates large
datasets that require sophisticated statistical and bioinformatic analyses to extract meaningful
biological insights. These analyses involve several key steps, including data preprocessing,
statistical modeling, protein identification and quantification, and functional interpretation. By
integrating statistical methods with bioinformatic tools, researchers can decipher complex
proteomic data to understand cellular processes, identify biomarkers, and explore disease
mechanisms.

Before statistical and bioinformatic analyses can begin, proteomic MS data must be
preprocessed to ensure accuracy and reliability. Data preprocessing involves several critical steps,
including peak detection, noise reduction, alignment, and normalization. Peak detection identifies
the relevant ion signals corresponding to peptides, while noise reduction removes background
signals that can interfere with accurate analysis. Alignment is crucial for comparing multiple MS
runs, ensuring that peaks are consistently identified across samples. Normalization methods, such
as total ion current normalization or variance stabilization, are applied to correct systematic biases

and ensure comparability across samples.



The identification and quantification of proteins from MS data are fundamental steps in
proteomic analysis. Protein identification typically involves matching experimental MS spectra to
theoretical spectra generated from protein sequence databases. This process is facilitated by search
algorithms such as SEQUEST, Mascot, and MaxQuant, which use scoring functions to evaluate
the similarity between experimental and theoretical spectra. Accurate protein identification relies
on comprehensive and up-to-date protein databases, as well as stringent criteria to minimize false
positives.

Protein quantification can be achieved using label-free or labeled approaches. Label-free
quantification methods, such as spectral counting and intensity-based approaches, directly measure
the abundance of peptides in the sample. In contrast, labeled approaches, such as isotope-coded
affinity tags (ICAT), tandem mass tags (TMT), and stable isotope labeling by amino acids in cell
culture (SILAC), introduce isotopic labels into peptides to facilitate relative quantification 2°. Each
quantification method has its advantages and limitations, and the choice of approach depends on
the specific experimental design and research objectives.

Statistical analysis plays a crucial role in identifying differentially expressed proteins between
experimental conditions. Common statistical methods include t-tests, analysis of variance
(ANOVA), and linear models, which assess the significance of changes in protein abundance.
These analyses must account for multiple hypothesis testing, as the large number of proteins
analyzed can lead to an increased risk of false discoveries %. To address this issue, correction
methods such as the Benjamini-Hochberg false discovery rate (FDR) procedure or Bonferroni
correction are applied to control for false positives 2%,

The ultimate goal of proteomic MS analyses is to derive meaningful biological insights from
the data. Bioinformatic tools and databases, such as Gene Ontology (GO), Kyoto Encyclopedia of
Genes and Genomes (KEGG), and Reactome, are used to annotate proteins with functional
information and identify enriched biological pathways. Pathway analysis helps to contextualize
the findings by highlighting the cellular processes and networks affected by differential protein
expression 2,

Functional enrichment analysis involves comparing the observed frequency of specific
biological categories among differentially expressed proteins to the expected frequency based on

a reference set. Statistical tests, such as Fisher's exact test or hypergeometric test, are used to



determine the significance of enrichment, identifying key pathways and biological processes that
are altered in the experimental conditions 2°.

Proteomic data can be further explored through network analysis, which examines the
interactions and relationships between proteins. Protein-protein interaction networks provide
insights into the functional organization of the proteome and help identify key regulators or hubs
that play central roles in cellular processes *2. Network-based approaches, such as cluster analysis
and community detection, can reveal functional modules and pathways that are perturbed in
disease states 30. Integration of proteomic data with other omics data, such as genomics,
transcriptomics, and metabolomics, enhances the understanding of biological systems by
providing a more comprehensive view of cellular processes. Multi-omics integration involves the
use of bioinformatic frameworks and statistical models to combine data from different sources,
uncovering synergistic interactions and regulatory mechanisms. This holistic approach is
particularly valuable for elucidating complex diseases, where multiple molecular layers contribute
to pathogenesis.

Despite the advancements in statistical and bioinformatic analyses of proteomic MS data,
several challenges remain. The complexity and variability of biological samples, along with the
technical limitations of MS, can introduce biases and uncertainties in data interpretation.
Standardization of experimental protocols, data processing workflows, and reporting formats is
essential to ensure reproducibility and comparability across studies. The continued development
of advanced computational tools and algorithms will enhance the capacity to analyze large-scale
proteomic datasets and integrate them with other omics data. Emerging technologies, such as
single-cell proteomics and spatial proteomics, present new opportunities to explore protein
expression and function with unprecedented resolution and context. As these technologies evolve,
the integration of proteomic data with clinical and phenotypic information will be crucial for

translating proteomic discoveries into clinical applications and personalized medicine.

1.4 Conclusions

Overall, mass spectrometry has emerged as the leading technology for proteomics due to its
unparalleled ability to analyze complex biological samples with high sensitivity and specificity.
MS can identify and quantify thousands of proteins in a single experiment, providing

comprehensive coverage of the proteome. This capability is crucial for understanding the dynamic



nature of proteins, including their post-translational modifications and interactions. The versatility
of MS allows for the analysis of various sample types, from simple mixtures to complex tissues,
enabling researchers to study proteins in diverse biological contexts. Additionally, advancements
in MS instrumentation and techniques, such as tandem mass spectrometry (MS/MS) and high-
resolution mass analyzers, have significantly improved the accuracy and resolution of proteomic
analyses, making it possible to detect even low-abundance proteins that are critical for
understanding cellular processes and disease mechanisms.

Another reason MS is the leading technology in proteomics is its ability to provide quantitative
data, which is essential for studying changes in protein expression and modification in response to
biological stimuli or disease states. MS-based proteomics can employ both label-free and labeling
techniques to achieve precise quantification of proteins across multiple samples or conditions. This
quantitative capability is vital for biomarker discovery, drug development, and systems biology
research, where understanding the relative abundance and dynamics of proteins is key. Moreover,
the integration of MS data with bioinformatics tools and databases allows for the comprehensive
interpretation of proteomic data, facilitating the identification of biological pathways and networks
involved in various physiological and pathological processes. Together, these attributes make MS

an indispensable tool in proteomics research, driving discoveries in biology and medicine.
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2.1 Abstract

Ectothermic animals that live in seasonally cold regions must adapt to seasonal variation and
specific environmental conditions. During the winter, some amphibians hibernate on land and
encounter limited environmental water, deficient oxygen, and extremely low temperatures that can
cause the whole body freezing. These stresses trigger physiological and biochemical adaptations
in amphibians that allow them to survive. Rana sylvatica, commonly known as the wood frog,
shows excellent freeze tolerance. They can slow their metabolic activity to a near halt and endure
freezing of 65-70% of their total body water as extracellular ice during hibernation, returning to
normal when the temperatures rise again. To investigate the molecular adaptations of freeze-
tolerant wood frogs, a comprehensive proteomic analysis was performed on frog liver tissue after
anoxia, dehydration, or freezing exposures using a label-free LC-MS/MS proteomic approach.
Quantitative proteomic analysis revealed that 87, 118, and 86 proteins were significantly
upregulated in dehydrated, anoxic, and frozen groups, suggesting potential protective functions.

The presence of three upregulated enzymes, glutathione S-transferase (GST), aldolase (ALDOA),
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and sorbitol dehydrogenase (SORD), was also validated. For all enzymes, the specific enzymatic
activity was significantly higher in the livers of frozen and anoxic groups than in the controls. This
study reveals that GST, ALDOA, and SORD might participate in the freeze tolerance mechanism
by contributing to regulating cellular detoxification and energy metabolism.

2.2 Introduction

Many animals show extraordinary resilience in the face of harsh environmental conditions,
showcasing their remarkable ability to adapt and survive under diverse conditions 1. Through the
process of natural selection, species have developed an amazing array of adaptative strategies that
enable them to thrive in challenging habitats, ranging from the Arctic tundra to scorching deserts.
Under extreme cold conditions, these can include adaptations such as thick fur or insulating
blubber to conserve body heat among mammals or, oppositely, the use of heat-dissipating
mechanisms in order to regulate body temperatures within a narrow range 2. Strong metabolic
rate depression is also widespread to minimize rates of energy production and consumption in
order to cope with limited food resources or extreme temperatures %’. Behavioral adaptations, such
as migration, hibernation, or burrowing, also aid various species in avoiding unfavorable
conditions &1°. Furthermore, the ability to enter states of dormancy or suspended animation allows
many species to survive through periods of environmental extremes (e.g. heat, cold, drought, etc.)
11,12.

The present study focuses on the wood frog, Rana sylvatica (also known as Lithobates
sylvaticus), that stands out as one of Canada's most intriguing amphibians due to its amazing
capacity for freeze tolerance. Wood frogs are widely distributed across diverse habitats, from the
southern Appalachian Mountains to the boreal forests as far north as the Arctic Circle 3. These
adaptable frogs have mastered the art of survival under Canada'’s varying climates. One of the most
astonishing aspects of their resilience is their remarkable ability to tolerate the freezing of up to
65-70% of their total body water as extracellular ice *. When they freeze, their cells face
challenges of severe dehydration caused by water loss into extracellular ice masses and extended
periods of oxygen deprivation due to freezing of blood plasma, that interrupts oxygen supply to
organs 1°. Consequently, these frogs have developed tolerances for both cell/tissue dehydration

and anoxia as adaptations to cope with harsh winter conditions. Most essential physiological
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activities, such as respiration, heartbeat, muscle function, and brain activity, are strongly slowed
or entirely halted during freezing .

In addition to physiological adaptations, wood frogs exhibit multiple biochemical adaptations
for winter survival. They achieve their remarkable freeze tolerance via two main strategies: (1) the
production of high concentrations of cryoprotectants and (2) the regulation of ice recrystallization
15, Under the subzero temperatures of winter, extracellular water freezes causing a high proportion
of intracellular water to be drawn out of cells to comply with osmosis. As a result, cells lose a high
percentage of their water, but to prevent cells and organs from being damaged by dehydration,
wood frogs and other freeze-tolerant species produce high concentrations of cryoprotectants that
are packed into their cells (e.g., glucose, glycerol, sorbitol, or urea) that act as natural antifreeze.
In addition, cells and tissues can be physically damaged by ice crystals penetrating cell
membranes. To protect their intracellular environment, wood frogs can also produce ice-binding
proteins to restrict the formation and maintenance of ice crystals to extracellular and extra-organ
compartments only °.

In addition to the production of high concentrations of cryoprotectants and ice-binding
proteins, metabolic modifications also contribute to freeze tolerance. Wood frogs generally adapt
their metabolism for fuel and energy preservation during the winter 7. During this period, the
overall metabolic activities of these ectotherms decrease strongly as temperature falls, leading to
a substantial reduction in energy expenditure 8. This slowdown in metabolism helps conserve fuel
reserves, allowing frogs to survive the winter without food intake. In addition, some metabolic
processes, such as detoxification, can be preserved as part of the stress response *°.

With their extraordinary freeze tolerance, wood frogs can survive being frozen solid for weeks
or months. Then, with the arrival of spring, they thaw out and resume their normal activities with
little or no tissue damage °. This unique survival strategy has captured the attention of many
scientists and researchers, leading to extensive studies aimed at unraveling the biological
mechanisms behind this incredible feat. However, unlike commonly used model organisms such
as humans and rats with well-annotated genomes, non-model organisms, such as wood frogs, lack
extensive genetic information, making traditional genetic studies challenging. Mass spectrometry-
based proteomics has emerged as a powerful tool in studying non-model organisms, expanding
our understanding of their biology and adaptation to diverse environments 2°. By analyzing the

proteome, researchers can gain insights into protein expression patterns, post-translational
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modifications, protein-protein interactions, and signaling pathways, providing valuable
information about the organism'’s responses and adaptations to environmental stress.

In the present study, we undertook protein profiling of wood frog liver using MS-based
proteomics approaches to understand further metabolic processes that contribute to freeze
tolerance. Liver tissue was harvested from wood frogs after exposure to anoxia, dehydration, or
freezing stress conditions. Tissue samples were analyzed by nano-liquid chromatography-tandem
mass spectrometry (nLC-MS/MS), and protein profiles were compared with those of 5°C control
frogs. The results revealed multiple differentially expressed proteins. Three significantly

upregulated proteins were chosen for validation and deeper analysis.

2.3 Materials and Methods

2.3.1. Biological sample preparation

Adult wood frogs (~5-7 g) were collected from early spring breeding ponds in the Ottawa,
Ontario region and transferred to the lab in coolers containing snow or crushed ice. In the lab, all
frogs were given a bath in cold water containing tetracycline and were then housed in opaque
plastic boxes (12 x 10 x 3 inches) lined with damp sphagnum moss and transferred into an
incubator at 5°C for a two-week acclimation period. Frogs were checked daily. The control group
was sampled randomly from this condition after the acclimation period 2%,

Dehydration exposure was conducted as previously described 2L, Briefly, acclimated frogs
were individually weighed, and then 5-6 frogs of diverse initial weights were placed in each of
several tall, opaque, and dry plastic buckets in a 5°C cold incubator. Under these conditions, frogs
slowly lost body water via evaporation across the skin. Frog weights were initially recorded twice
a day and more frequently as the target water loss was approached. Calculation of the amount of
body water lost was performed using the following equation:

(M;—Mg)

% Dehydration = ==——, =

X 100%

where M; is the initial body mass of the frog, Mg is the mass after experimental dehydration, and
BWCi is the initial body water content of frogs before dehydration treatment. The BWC; was
previously determined to be 80.8 + 1.2% g of H,0 per g body mass 1. Water loss was discontinued
when frogs reached approximately 40% dehydration.

Anoxia exposure was conducted following a previously published protocol 2. Briefly,

acclimated frogs were placed in cold containers (held in crushed ice) that had been pre-flushed
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with nitrogen gas via ports in the lid for 30 minutes. Frogs were then quickly added (typically 5
per container), and then the container was flushed again with nitrogen gas for 30 minutes. Ports
were sealed, and containers were transferred back to the 5°C incubator for 24 hours. After 24-hour
exposure under a nitrogen gas atmosphere, containers were returned to a crushed ice container, the
nitrogen gas line was reconnected, and frogs were rapidly sampled.

For freezing exposure, small groups of frogs were placed in plastic containers lined on the
bottom with damp paper towels. Animals were held at -4°C in an incubator for 45 minutes to
trigger ice nucleation in their bodies due to contact with ice on the paper towel. Temperature was
then raised to -2.5 °C, and frogs were held for 24 hours at -2.5 °C followed by quick sampling .

Frogs in all groups were humanely euthanized using approved methods, followed by prompt
dissection of the liver first (samples of other tissues then followed). Liver samples were
immediately frozen in liquid nitrogen and then preserved at -80 °C until required for analysis.
Groups of 18 frogs were prepared for each treatment group. Ethical procedures were strictly
adhered to, with all animal protocols having received prior approval from the Carleton University
Animal Care Committee (Protocol #13683), and following the guidelines set by the Canadian
Council on Animal Care. The collection of wood frogs was authorized under Wildlife Scientific
Collector's Authorization #1085726 granted by the Ministry of Natural Resources of Ontario %,

2.3.2. Tissue homogenization

Frozen liver tissue samples were each suspended in 0.5 mL of ice-cold lysis buffer and
homogenized for 3 minutes. Lysis buffer consisted of 1.5 M urea, 5% (v/v) glycerol, 1 mM DTT,
1:200 (v/v) protease inhibitor cocktail (Thermo Scientific, #78430), and 25 mM HEPES at pH 8.0.
The suspension was centrifuged at 12,000 g for 10 min at 4°C, and soluble protein supernatants
were separated from insoluble debris. Samples of 50 pL of the resulting supernatant were used for
protein quantification, and 150 pL of the supernatant was used for proteomic sample preparation.

2.3.3 Protein Quantification by Bradford Assay

The protein concentration and quantity of the resulting supernatant were determined by the
Bradford assay 2* using a protein assay kit (#23200, Thermo Fisher Scientific) following the
manufacturer’s protocol. The assay absorbance was measured with a spectrophotometer
(Novaspec IlI, Biochrom) and semi-microvolume disposable polystyrene cuvettes (#2239955,
Bio-Rad) at 595 nm.

2.3.4 Protein Reduction, Alkylation and Enzymatic Digestion
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Aliquots of 50 pg of protein were further processed with a modified filter-aided sample
preparation (FASP) protocol for proteomic analysis. The resulting supernatant samples containing
50 ug of protein were diluted to a total volume of 200 pL with a denaturation buffer (8 M urea, 25
mM HEPES at pH = 8.0). The samples were vortexed briefly and transferred to a 10 kDa MWCO
filter (MRCPRTO10, Millipore). The sample volume was reduced to about 20 pL by centrifugation
for 15 minutes at 14,000 g, and proteins were reduced by the addition of 4 mM Tris(2-
carboxyethyl) phosphine (TCEP) in 100 pL denaturation buffer. The samples were then incubated
at 25°C for 30 minutes, followed by a 15-minute centrifugation at 14,000 g. Proteins were then
alkylated with 20 mM of iodoacetamide (IAA) in 100 uL denaturation buffer. The samples were
incubated at 25°C for 40 minutes, followed by a 15-minute centrifugation at 14,000 g. Next, 100
ML of digestion buffer (0.6% v/v glycerol, 25 mM HEPES, pH = 8.0) was added into the filter,
followed by a 15-minute centrifugation at 14,000 g. After buffer exchange, the filter was
transferred to a clean collection tube. Proteolytic digestion was performed by the addition of MS-
grade trypsin/Lys-C mix (#Vv5072, Promega), 1:150 enzyme to protein ratio, and incubated in the
dark with shaking at 600 rpm at 37 °C for 12 hours. Peptides were eluted as filtrate by
centrifugation at 14,000 g for 15 minutes, and 2% (v/v) of formic acid was added to the collected
filtrates to stop digestion. The collected filtrate containing about 50 pg of protein was desalted on
disposable TopTip C-18 micro-spin columns (#TT2C18.96, Glygen, Ellicott City, MD, USA) and
dried by vacuum centrifugation (Savant SPD111V SpeedVac Concentrator, Thermo Scientific).

2.3.5 Nano-LC-MS/MS

Protein samples were analyzed by an Orbitrap Fusion mass spectrometer (Thermo Fisher
Scientific) coupled to an UltiMate 3000 nanoRSLC (Dionex, Thermo Fisher Scientific). One
microliter of peptides (equivalent to 2.0 ug of protein) was loaded onto an in-house packed column
(Polymicro Technology), 15 cm x 70 um ID, Luna C18(2), 3 um, 100 A (Phenomenex) employing
a water/acetonitrile/0.1% formic acid gradient. Peptides were separated for 105 min at a flow rate
of 0.30 pL/min and the following steps: 0—7 min, 2—2% ACN; 7-77 min, 2-38% ACN; 77-82 min,
38-98% ACN; 82-92 min, 98-98% ACN; 92-95 min, 98-2% ACN; 95-105 min, 2-2% ACN.
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 data-dependent MS/MS acquisition following a full

MS survey scan in top-speed mode. Full-scan MS spectra (m/z 350-2000) were acquired at a
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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 5x10°for full FTMS scans and 1 x 10*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%.

2.3.6. MS Spectra Processing

Mass spectrometry raw data files of 72 samples were analyzed using MaxQuant, version
1.6.4.0 %, Peptides were searched against the Lithobates genus (NCBI taxonomy ID: 192752)
FASTA file containing 30,829 reviewed and unreviewed entries (09.04.2021) and a default
contaminants database using the Andromeda search engine, integrated into MaxQuant 2. Default
parameters were used unless stated otherwise. Methionine oxidation and N-terminal acetylation
were set as variable modifications, while cysteine carbamidomethylation was set as a fixed
modification. Trypsin and LysC proteases were chosen as the digestion enzyme-generating
peptides of at least 7 amino acids with a maximum of 2 missed cleavages. A false discovery rate
(FDR) was set to 0.01 for peptides and proteins, which were determined using a reverse sequence
decoy database. A contaminant database provided by the Andromeda search engine was used.
Peptides were identified with an initial precursor mass deviation and a fragment deviation of up to
10 ppm, and 0.5 Da, respectively. To increase the peptide identification rate, the ‘Match between
runs’ algorithm in MaxQuant was performed between all samples 2’. Proteins and peptides
matching to the reverse database or identified as contaminant were filtered out. A minimum ratio
count of 2 was required for label-free quantification. Label-free quantification (LFQ) values were
obtained through MaxQuant quantitative label-free analysis.

2.3.7. Data Filtering

The MaxQuant output tables proteinGroups.txt were loaded in R and analyzed using an in-
house pOmics R package (github.com/nicohuttmann/pOmics). Potential contaminants and reverse
proteins annotated by MaxQuant were excluded from the analysis. Principle component analysis
(PCA) was generated using the prcomp R function based on the imputed label-free quantification
(LFQ) intensity values. Proteins with detected LFQ intensities in 50% of the samples were used
for imputation, and imputation of missing LFQ intensities was based on a down-shifted Gaussian

distribution of log-transformed protein LFQ intensities [shift = 1.8 standard deviations (sd), width
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= 0.3 sd], stimulating low abundance profiles 2. The log. (fold-change) values and p-values by
unpaired t-test for proteins were computed using the imputed LFQ intensities. The GO enrichment
analysis was made by enriching the detected proteins against the Lithobates catesbeianus (NCBI
taxonomy ID: 8400) database.

2.3.8 Data Availability

All MS raw data were submitted to the PRIDE repository (Accession: PXD050540) at the
European Bioinformatics Institute.

2.3.9 Glutathione S-transferase (GST) Activity Assay

Glutathione S-transferase activity was measured using a glutathione S-transferase activity
assay kit (ab65326, Abcam, Toronto, ON, Canada) according to the manufacturer’s procedures.
Frozen liver tissue samples from four wood frog groups were resuspended in 0.5 mL of ice-cold
1x phosphate buffer saline and homogenized for 3 minutes. The suspension was centrifuged at
12,000 g for 10 min at 4°C, and supernatants were collected and used for measurement of
enzymatic activities. Assays were performed at 22 °C, and absorbances were measured at 450 nm
in a kinetic mode according to the manufacturer’s instructions. Enzyme activities were calculated
from the assay time of 40 minutes using the extinction coefficient factor provided by the standard
operating procedure.

2.3.10 Aldolase (ALDOA) Activity Assay

Aldolase activity was measured using an aldolase activity assay kit (ab196994, Abcam,
Toronto, ON, Canada) according to the manufacturer’s procedures. Supernatant samples collected
from liver tissue homogenates prepared initially for GST activity measurement were also used for
the aldolase activity assay. Assays were performed at 25 °C, and absorbances were measured at
340 nm 1in a kinetic mode according to the manufacturer’s instructions. The activity of enzymes
was calculated from the assay time of 40 minutes via the calibration curve of the NADH standard
at known concentrations (Figure S1A).

2.3.11 Sorbitol Dehydrogenase (SORD) Activity Assay

Sorbitol dehydrogenase activity was measured using a sorbitol dehydrogenase activity assay
kit (ab252902, Abcam, Toronto, ON, Canada) according to the manufacturer’s procedures.
Supernatants collected from liver tissue homogenates for GST activity measurement were used for
the sorbitol dehydrogenase activity assay. Assays were performed at 25 °C, and absorbances were

measured at 450 nm in a kinetic mode according to the manufacturer’s instructions. Enzyme
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activities were calculated from the assay time of 40 minutes via the calibration curve of the NADH

standard at known concentrations (Figure S1B).

2.4 Results

2.4.1 Liver Protein Profiling Upon External Stressors

Wood frog liver tissue samples containing approximately 50 pg of proteins were prepared from
control, anoxic, dehydrated, and frozen groups. Eighteen biological replicates were obtained per
group and examined independently. Proteins were digested using a FASP method that efficiently
removes impurities from metabolites and consequently can increase the number of proteins

identified 2°. A schematic overview of our experimental strategy is presented in Figure 2.1.
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Figure 2.1. Workflow of proteomic sample preparation. (A) Frogs were treated under different
conditions: control, anoxic, dehydrated, and frozen exposures. Liver tissues were sampled after
the treatment and used for proteomic analysis. (B) Proteomic sample preparation was performed
using the FASP method. Extracted proteins from frog liver tissues were reduced, alkylated, and
digested into peptides and then analyzed with nLC-MS/MS.
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Peptides obtained after digestion were separated and analyzed using nano-liquid
chromatography-tandem mass spectrometry (nLC-MS/MS). Rigorous bioinformatics analysis and
protein identification were applied to the proteomic mass spectrometry data. Proteins were
identified and quantified using MaxQuant search engine using the Lithobates genus (NCBI
taxonomy ID: 192752) database. Proteins were analyzed with strict criteria to ensure high
confidence with a false discovery rate of < 1%. After the removal of reverse sequences and
potential contaminants, a list of all identified proteins along with relevant parameters for protein
identification is presented in Table S1. The total number of identified and quantified proteins for
each group is also presented in Figure 2.2A and Table S2. In total, 1245, 1301, 1308, and 1253
proteins were identified, and 817, 883, 891, and 833 proteins have been quantified in control,
anoxic, dehydrated, and frozen groups, respectively (Figure 2.2A). The Venn diagram of proteins
revealed that 86% of the identified proteins were found in all four groups, and about 1% of proteins

were found as unique proteins for each group (Figure 2.2B).
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Figure 2.2. Overview of the identified and quantified proteins. (A) The total number of
identified and quantified proteins from control, anoxic, dehydrated, and frozen groups. (B) A Venn

diagram showing the number of overlapped proteins from the four groups.

2.4.2 Clustering Analysis of Proteins

A principal component analysis (PCA) and a hierarchical clustering analysis were performed
to determine group similarity. The generation of principal component analysis (PCA) and
hierarchical clustering analysis was based on imputed LFQ intensities for which proteins needed

to be present in at least 50% of the samples in one group. The PCA and the hierarchical clustering
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analysis showed that there were clear differences between the control group and the three other
groups (Figure 2.3). Furthermore, the anoxic and dehydrated groups appear to have a high degree

of similarity in their protein profile as their clusters were partially overlapped.
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Figure 2.3. Clustering analysis of identified proteins. (A) Principal component analysis of
samples from control, anoxic, dehydrated, and frozen groups. (B) Heatmap analysis of samples

from the four groups.

2.4.3 Visualization of Protein Abundance

Volcano plots were produced to visualize the differentially expressed proteins in each
treatment group (Figure 2.4). Fold changes (FC) calculated by LFQ protein intensity and t-tests
for p-values were implemented. FC> 1.5 and p-values < 0.05 were considered thresholds to
identify differentially expressed proteins (DEPS). Overall, 87, 118, and 86 proteins were identified
as significantly upregulated in anoxic, dehydrated, and frozen groups, respectively, as compared
to the control group. The complete list of upregulated, downregulated, and non-significantly
differentially expressed proteins is presented in Table S3. The complete list of upregulated and
downregulated proteins is presented in Supplementary Table S2. In this study, we focus on
upregulated proteins to identify molecular markers that are associated with particular stress

conditions.
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Figure 2.4. Volcano plots of quantified proteins from liver. Protein quantities between the three

conditions and the control group were compared. Red dots indicate proteins that were upregulated
under the stress condition; blue dots indicate proteins that were downregulated under the stress
condition; grey dots show proteins that did not change significantly between control and stress
conditions. The analysis threshold was p-value < 0.05 and the fold change (FC) > £1.5; anything
below these thresholds was considered not significant. (A) Volcano plot of anoxic vs. control; (B)
Volcano plot of dehydrated vs. control; (C) Volcano plot of frozen vs. control.

Figure S2 shows Venn diagram analysis of up- and down-regulated proteins extracted from the
results of VVolcano plot (Figure 2.4, Table S3). For the up-regulated proteins, 18, 34 and 47 proteins
were unique for anoxic, dehydrated and frozen conditions, respectively. An important number of
up-regulated proteins overlap between these three groups (69 proteins). For the down-regulated
proteins, 17, 29 and 38 proteins were unique for anoxic, dehydrated and frozen conditions,
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respectively. There was not a large overlap between these three conditions, but a significant

amount of overlap is observed between dehydrated and anoxic groups.

2.4.4 Functional Analysis of Significantly Upregulated Proteins

Gene Ontology (GO) analysis was used to annotate the significantly upregulated proteins in
anoxic, dehydrated, and frozen groups as compared to the control group (Figure 2.5). The GO
enrichment analysis of up-regulated proteins used cellular components, biological processes, and
molecular function terms. Within the GO cellular component terms, the upregulated proteins were
mainly localized to the cytoplasm, nucleus, ribosomes, and integral component of membrane
categories. The GO biological process was enriched mainly in the term Translation, but several
other terms related to transport were also enriched, including intracellular protein transport,
vesicle-mediated transport, and protein transport. Interestingly, the dehydrated group had more
enriched proteins related to protein transport as compared to the other treatment groups. Within
the GO molecular function terms, the upregulated proteins were mainly annotated as structural
constituents of ribosome, ATP binding, RNA binding, and ATP hydrolysis activity. The results
for these three stress conditions show an overlap between the GO of cellular components,
biological processes, and molecular function terms. However, the number of proteins for each
condition and term differed. Enrichment analysis of GO terms for diverse stress and response

conditions revealed an unexpectedly low number of proteins (Table 2.1).

Upregulated Enzymes | GO for stress-responsive terms Conditions
Eosinophil peroxidase | Defense response [GO:0006952] Anoxic, Dehydrated
Epoxide hydrolase Response to toxic substance [GO:0009636] Dehydrated, Frozen
Aconitate hydratase Response to iron (I1) ion [GO:0010040] Frozen

Table 2.1. GO enrichment analysis of upregulated proteins in anoxic, dehydrated, and frozen
groups in response to diverse stress and response conditions.

Gene Ontology (GO) enrichment analysis of downregulated proteins in anoxic, dehydrated,
and frozen groups as compared to the control group is presented in Figure S3. Although this
analysis was performed on a small number of proteins (39, 49 and 46 proteins in the anoxic,
dehydrated, and frozen groups, respectively), it appears that there are substantial differences in the

terms for GO enrichments in comparison to upregulated protein. It is interesting to note that
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tricarboxylic acid cycle for all three conditions were affected. Therefore, two proteins of
tricarboxylic acid cycle were found to be downregulated in frozen, dehydrated and anoxic

conditions. These proteins include malate dehydrogenase and oxoglutarate dehydrogenase.
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2.4.5 Significant Differentially Expressed Enzymes

Since metabolic changes play a pivotal role in the adaptation of wood frogs to extreme
environments ° and this change can be easily monitored by enzymatic assay to assess these
metabolic alterations, the significantly upregulated protein list was further narrowed by selecting
only enzymes. In the upregulated protein list, 16, 29, and 19 proteins are enzymes in the anoxic,
dehydrated, and frozen groups, respectively. The list of significantly upregulated enzymes can be
found in Supplementary Table S4. Some of these enzymes have a molecular function that can be
linked to the wood frog’s freeze tolerance mechanism (Table 2.2). In addition to the enzymes
shown in Table 2.2, proteomic analysis identified aldolase as a unique protein present only in the

anoxic group.

Upregulated Enzymes Molecular Function Fold Change
Anoxic | Dehydrated | Frozen

Glutathione S-transferase (GST) Detoxification of ROS 3.6 4.5 8.7
Sorbitol dehydrogenase (SORD) | Carbohydrate metabolism | 1.8 1.7 -
Epoxide hydrolase (EH) Metabolism of xenobiotics | - 2.1 3.8
Sulfotransferases (SULT) Detoxification 3.6 3.9 -
Lactate dehydrogenase (LDH) Anaerobic metabolism 2.3 2.5 -

Heme oxygenase (HO) Oxidative stress response | - - 1.9

Table 2.2. Significantly upregulated enzymes in anoxic, dehydrated, and frozen groups
compared to the control group, and their molecular functions. “-” represents that enzymes

were not significantly upregulated in such groups.

2.4.6 Validation of Specific Activity of GST, ALDOA, and SORD

Three significantly upregulated enzymes identified by the proteomics approach were selected
for further analysis: glutathione S-transferase (GST), aldolase (ALDOA), and sorbitol
dehydrogenase (SORD). Enzymatic kits for other enzymes presented in Table 2.1 were not
commercially available and consequently further analyses of these enzymes were not conducted.
Enzymatic activities were tested in frog liver tissues for each enzyme using five biological
replicates. The specific activities were measured in nmol per minute per milligram of proteins, and
the mean specific activities of biological replicates are presented in Figure 2.6. The difference in

specific activity was considered statistically significant if the p-value < 0.05. The specific activity
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levels of all tested enzymes were significantly higher in the frozen and anoxic groups using t-test
analysis as compared with the control group. Similarly, the specific activity of GST was
significantly higher in the dehydrated group as compared with the control group, but ALDOA and
SORD did not show significantly different specific activities among the two groups. To provide
more information regarding multiple comparisons between groups, the results of one-way analysis
of variance (ANOVA\) are performed (Figure S4). The results confirmed significantly different

specific activities among the four groups.
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mean value of the biological replicates, whereas error bars indicate the standard deviation of the
replicates, and p-values obtained from a Student’s t-test are indicated on the top. Data were

considered statistically significant if p < 0.05.

2.5 Discussion

The field of freeze tolerance among animals has been explored since the 1960s 3132, In its early
stages, the field was limited in scope, primarily concentrating on essential data collection about
freeze-tolerant organisms, including information on species variety, freeze survival parameters,
ice nucleators, and identification of cryoprotectants 3. The field has now grown significantly, and
studies from different aspects have been conducted among many animal groups *°. The wood frog,
Rana sylvatica, is the best-researched freeze-tolerant vertebrate and serves as the primary model
for investigating the molecular, biochemical, and physiological mechanisms underlying freezing
survival 8, MS-based proteomics is considered a powerful tool for investigating the molecular
adaptations of organisms for survival under environmental stresses of many kinds. However, there
have been limited proteomic studies conducted on wood frogs. Kiss et al. performed a proteomic
analysis on wood frogs collected during both summer and winter, identifying 33 proteins with
significant seasonal variations. Their results revealed that winter frogs exhibited elevated
expression of proteins associated with cryoprotection, whereas proteins involved in cell
proliferation, protein synthesis, and mitochondrial function showed reduced abundance 34,
Hawkins et al. employed phosphoproteome analysis to investigate the phosphorylation of
metabolic enzymes in wood frogs. Their study focused on enzymes related to glucose and urea
production, specifically in response to freezing, anoxia, or dehydration exposures. The study
revealed distinct stress-specific variations in phosphopeptide abundance of 9 glycolytic enzymes
and 3 urea cycle enzymes in the liver of wood frogs 2.

A shotgun label-free quantitative proteomic approach was performed in our study to
understand the molecular basis of freeze tolerance in wood frogs. The results of this analysis
showed unique proteome patterns and many differentially expressed proteins under different stress
conditions, including anoxia, dehydration, and frozen groups. It is important to note that alteration
in protein abundance is not a necessary consequence in gene expression and can be regulated at

multiple levels including post-transcriptional, translational and protein degradation regulation. As

ectotherms, the metabolic activities of wood frogs dramatically slow in the winter °, although a
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few activities rise as part of the cold stress response. Previous studies showed that winter wood
frogs (when triggered by ice formation on their skin) immediately activate liver glycogenolysis to
produce copious amounts of glucose that is then exported as a cryoprotectant and rapidly taken up
by all tissues %3, These high sugar concentrations mitigate cell/tissue damage from excessive
water loss into extracellular ice masses. Antioxidant defenses and pro-survival pathways are also
enhanced 3", Since ATP provides the energy needed for many essential processes in cells and
organisms 20249 it is not surprising that the GO molecular function term “ATP hydrolysis activity”
was significantly enriched among upregulated proteins. Interestingly, the dehydration group was
mostly enriched in the GO biological process terms “intracellular protein transport”, “vesicle-
mediated transport”, and “protein transport”. Previous studies have demonstrated that the
production of cryoprotectants such as glucose and urea was also increased as part of the response
to dehydration stress in wood frogs 2. Our finding suggests that proteins related to the transport
biological process were upregulated during dehydration to aid cryoprotectant transport and
distribution from liver to other organs in order to provide osmotic resistance against cell shrinkage
below a critical minimum volume.

In order to have a better understanding of the metabolic changes supporting freeze tolerance,
we focused on the significantly upregulated enzymes in treatment groups. Some of these enzymes
were closely related to the freeze tolerance mechanism. For example, the sulfotransferases (SULT)
are a group of transferase enzymes responsible for transferring sulfate groups from a common
donor molecule 3'-phosphoadenosine 5'-phosphosulfate (PAPS) to an acceptor group of numerous
substrates **. The anoxic condition promotes an increase in reactive oxygen species (ROS), leading
to oxidative damage “2. Dehydration can also cause oxidative stress either by elevating the
production of ROS or by deactivating antioxidant enzymes “3. Hossain et al. observed that the
depletion of SULT results in the accumulation of ROS #4. In our work, we found upregulation of
the SULT enzyme in anoxic and dehydrated groups, suggesting that SULTs may be involved in
the oxidative stress response.

Epoxide hydrolases (EH) catalyze the hydration of epoxides to trans-dihydrodiols and are very
important enzymes in toxification—detoxification processes *°. EH is a cytosolic enzyme that is
highly expressed in liver . It is known that glycogen synthase kinase-3beta (GSK3pB) shows a
strong increase in protein levels in liver of glucose-injected wood frogs #’. Li et al. proved that

soluble EH has a protective effect on oxidative damage by reducing ROS levels in rats and
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activating the PI3K/Akt/GSK3p signaling pathway “84°. In turn, activation of the GSK3p signaling
pathway can lead to the overexpression of EH as a component of the stress response. Based on
these potential roles of EH, it is not surprising that significant upregulation of EH in both
dehydrated and frozen groups was identified in this study.

Other than SULT and EH, heme oxygenase (HO) was also identified as being involved in the
cold stress response. Katori et al. showed that overexpression of HO-1 protected rat livers against
cold ischemia-reperfusion injury (IRI) *°. In addition, Venkatachalam et al. found that HO-1 can
protect liver cells from cold ischemia in both in vitro and ex vivo models %X, Ischemia occurs when
blood supply falls below the body's normal demand, causing a shortage of oxygen. When the
affected tissue is reperfused, a rapid and excessive accumulation of ROS occurs, potentially
leading to IRI tissue damage °2. Wood frogs remain frozen for weeks at a time and can also undergo
multiple freeze-thaw cycles showing little or no tissue damage after thawing °. Our findings show
HO upregulation in the frozen group, which suggests that HO potentially plays a key role in
protecting tissues from damage under cold stress.

GO enrichment analysis of upregulated proteins in anoxic, dehydrated, and frozen groups using
diverse stress and response terms revealed only three proteins: eosinophil peroxidase, epoxide
hydrolase, and aconitate hydratase. The frog's liver appears to activate different adaptive molecular
mechanisms under these three conditions but not many proteins are involved in the response to
stress. In general, stress conditions can damage the structure and function of macromolecules and
prolonged stress may cause death °3. Therefore, R. sylvatica has developed a molecular adaptive
mechanism to prevent potential damage to liver cells.

Antibodies specific to frog proteins are not commonly available commercially, so we chose an
alternate method to validate the proteomic results. We chose enzymatic assays that are generally
very sensitive and selective, for our validation method. Enzyme assays were used to assess the
activities of three targets related to the freeze tolerance mechanism: glutathione S-transferases
(GSTs), sorbitol dehydrogenase (SORD), and aldolase (ALDOA).

GSTs are a class of enzymes that catalyze the conjugation of glutathione, a major cellular
antioxidant, to a wide variety of electrophilic compounds °*. Under anoxic conditions, cells
experience significant stress due to the lack of oxygen, which can lead to the accumulation of ROS
and other toxic compounds *°. Research has shown that GSTs are upregulated in response to cold

stress in various organisms, including fungi °, plants °8, and reptiles ’. Interestingly, Willmore
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et al. showed that anoxia exposure caused significant reduction in the specific activity of liver GST
in turtles °*%°. Our findings from proteomic analysis showed significant upregulation of GSTs in
anoxic, dehydrated, and frozen frogs. GST enzymatic activity was significantly higher in all three
treatment groups as well. In the frozen condition, proteomics analysis revealed that GST was found
to be 8.7-fold more expressed when compared to the control group. However, specific enzymatic
activity increased only by about 1.8-fold. This discrepancy could be explained by the fact that
enzymatic activity depends on the post-translational modifications as well as protein-protein
interactions ®!. Notably, freeze-exposed wood frogs showed the highest protein expression and
specific enzymatic activity of GST. Our results, along with previous studies, suggest that GSTs
play a role in cellular detoxification by aiding the clearance of stress-induced ROS and
consequently contributing to prevention of cellular damage.

Sorbitol dehydrogenase (SORD) is an enzyme involved in carbohydrate metabolism,
transforming sorbitol (a sugar alcohol derived from glucose) into fructose, and providing an
alternate source of energy 2. Our proteomic results showed significant upregulation of SORD in
anoxic and dehydrated groups, but not in the frozen group. However, SORD specific activity was
significantly higher only in anoxic and frozen groups. This discrepancy between proteomics
analysis and enzymatic activity assay could be due to the regulation of enzymatic activity by
various post-translation modifications of SORD. The results of this study might suggest that this
enzyme, as part of energy metabolism, can have a role in the adaptation of frogs to anoxic and
dehydrated groups.

Aldolase (ALDOA) is a glycolytic enzyme that splits fructose 1,6-bisphosphate into two triose
phosphate moieties that are further processed to pyruvate and then to either an anaerobic end point
(e.g. lactate) or converted to acetyl-CoA that enters the Krebs cycle for aerobic catabolism. Both
processes lead to ATP production but the aerobic route produces much more ATP . Our findings
from proteomic analysis showed that fructose-bisphosphate aldolase B was a unique protein in the
anoxic group. It is reported that aldolase B is predominantly located in the liver and plays a role in
the glycolysis pathway ®*. Our results using an enzymatic assay showed that ALDOA was detected
in all groups, but its specific activity was significantly higher in anoxic and frozen groups. This
result is also in agreement with previous studies %%, Michaelidis et al. showed that aldolase
activity in frogs initially increased within the first month of hibernation ¢, and Niu et al. revealed

that the mRNA level of fructose-bisphosphate aldolase was significantly increased in hibernating
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frogs, Nanorana parkeri ®. When considering the fact that regular glycolysis is inhibited in wood
frogs during freezing ®, these findings indicate that anaerobic glycolysis continues to function
during hibernation. It appears that it is capable of supplying ATP for energy-requiring activities,
but its efficiency is considerably lower compared to aerobic metabolic pathways. Therefore,
significantly higher specific activity of aldolase in anoxic and frozen conditions could have roles
in maintaining carbohydrate utilization during hibernation and retaining the functional ability to
respond to any environmental changes.

Identified down-regulated proteins are related to different biological functions, but it was found
that two proteins, malate dehydrogenase and oxoglutarate dehydrogenase, of the
tricarboxylic acid cycle were affected for all three conditions. These results are in agreement with
a previously reported investigation whereby pyruvate dehydrogenase from Rana sylvatica was
found to be inhibited during 24 h freezing and 24 h anoxia. It has been suggested that the inhibition
of this enzyme could reduce glycolytic flux and carbon entry into the tricarboxylic acid cycle as
part of metabolic rate depression .

Most enzyme-catalyzed reactions are temperature dependent, and most enzymes show
reduced activity or are even inactivated at low temperatures %0 The enzymatic assay results
revealed that the frozen group displayed the relatively highest specific activity among the three
enzymes tested: GST, ALDOA, and SORD. This increased enzymatic activity in the frozen group
suggests the potential involvement of these enzymes in maintaining basic life functions of wood
frogs under stress. In addition, these enzymes likely play a role in safeguarding tissues against
damage under frozen conditions by maintaining the functionality of the most important metabolic
pathways. The main limitation of this study is the lack of whole-genome sequencing of Rana
sylvatica. The identification of proteins was aided by the genus rank taxonomic representation
(Lithobates) in the Uniprot database instead of the species rank. This may cause potential
misidentification of some proteins. Similar situations were applied to the gene ontology
enrichment analysis, where the analysis was made using the database of a different species,
American bullfrogs (Rana catesbeianus), that has the highest identified proteins under all
conditions. Once the genome sequence of Rana sylvatica becomes available, it will be possible to

obtain a more detailed image of proteome profiles using our reported data.

2.6 Conclusion
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The aim of this study was to analyze liver tissue from wood frogs under normal conditions and
after anoxia, dehydration, or freezing exposures. The proteomic analysis confirmed differences in
protein expression between controls and the three experimental groups. These results indicated
that frogs developed many aspects of the molecular and cellular responses to these three stress
conditions. Among differentially regulated proteins, three enzymes: GST, ALDOA, and SORD,
were validated. The enzymatic assay results revealed that these enzymes showed a significantly
higher specific enzymatic activity under anoxia and frozen treatments than the control group. Thus,
our results strongly suggest that these enzymes might have important roles in maintaining normal
metabolic function under extreme stress conditions. Overall, our data can provide a rich source of

protein markers that may be used for further exploration of animal freeze tolerance.
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3.1 General Introduction

Breast cancer, one of the most common cancers affecting women worldwide, poses significant
challenges in early detection, prognosis, and treatment. Traditional diagnostic methods, such as
mammography and biopsy, while effective, have limitations in sensitivity and specificity,
particularly in early-stage detection. Statistic results indicate that early detection of BC greatly
enhances patient outcomes and can prevent the progression of symptoms *. Consequently, there is
a critical need for more precise and non-invasive biomarkers that can improve early diagnosis,
monitor disease progression, and possibly predict treatment responses.

Small extracellular vesicles are membrane-bound particles released by cells into the
extracellular environment. They play a crucial role in cell-to-cell communication, as they carry a
variety of molecules, including proteins, lipids and nucleic acids 2. Through the transfer of these
molecules, sEVs influence various aspects of tumor development, metastasis, and resistance to
therapy 2. Recent studies show that proteomics offers a promising avenue for discovering such
biomarkers from small extracellular vesicles (SEVS) by providing a comprehensive analysis of
protein expression, post-translational modifications (PTMs), and interactions 5. Many PTMs,
including phosphorylation and acetylation, have been linked to tumor progression, growth, and
survival by altering the normal functions of proteins in tumor cells ’.

This chapter provides proteomic analysis from three approaches, quantitative,
phosphoproteomics, and proteomics acetylation analysis, in analyzing sEVs proteins from BC cell
lines. It also reports the distinct enzymes found only in cancerous cell lines, and some of them

were validated by enzymatic assays.
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3.2 Phosphoproteomic Analysis of Breast Cancer-Derived Small Extracellular Vesicles

Reveals Disease-Specific Phosphorylated Enzymes

3.2.1 Abstract

Small membrane-derived extracellular vesicles have been proposed as participating in several
cancer diseases, including breast cancer (BC). We performed a phosphoproteomic analysis of
breast cancer-derived small extracellular vesicles (SEVS) to provide insight into the molecular and
cellular regulatory mechanisms important for breast cancer tumor progression and metastasis. We
examined three cell line models for breast cancer: MCF10A (hon-malignant), MCF7 (estrogen and
progesterone receptor-positive, metastatic), and MDA-MB-231 (triple-negative, highly metastatic).
To obtain a comprehensive overview of the SEV phosphoproteome derived from each cell line,
effective phosphopeptide enrichment techniques IMAC and TiO», followed by LC-MS/MS, were
performed. The phosphoproteome was profiled to a depth of 2003 phosphopeptides, of which 207,
854, and 1335 were identified in MCF10A, MCF7, and MDA-MB-231 cell lines, respectively.
Furthermore, 2450 phosphorylation sites were mapped to 855 distinct proteins, covering a wide
range of functions. The identified proteins are associated with several diseases, mostly related to
cancer. Among the phosphoproteins, we validated four enzymes associated with cancer and
present only in sEVs isolated from MCF7 and MDA-MB-231 cell lines: ATP citrate lyase (ACLY),
phosphofructokinase-M (PFKM), sirtuin-1 (SIRT1), and sirtuin-6 (SIRT6). With the exception of
PFKM, the specific activity of these enzymes was significantly higher in MDA-MB-231 when
compared with MCF10A-derived sEVs. This study demonstrates that sEVs contain functional
metabolic enzymes that could be further explored for their potential use in early BC diagnostic and
therapeutic applications.
Keywords: ATP citrate lyase (ACLY); breast cancer; phosphofructokinase-M (PFKM);

phosphoproteomics; sirtuin-1 (SIRTL); sirtuin-6 (SIRT6); small extracellular vesicles.

3.2.2 Introduction

Extracellular vesicles (EVs) derived from human cancer cell lines are involved in multiple
biological processes in tumor biology, such as modulation of the microenvironment, angiogenesis,
sustained growth, and tissue invasion 7. EVs act as transport vectors or signal transducers that

can deliver specific biological information by transferring bioactive content (nucleic acids,
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proteins, and metabolites) from donor to nearby or distant cells 8°, Therefore, EVs emerged as
key regulators of cell-cell communication within multicellular organisms, in health and disease.
EVs include several subtypes of membrane-bound vesicles, including exosomes and microvesicles,
distinguished by their biogenesis pathway. These subtypes may be roughly categorized by their
measured diameter, with small extracellular vesicles (SEVs) or exosomes in the range of 30 to 150
nm 12 and medium extracellular vesicles (MEVs) in the range of 50 nm to 1000 nm in diameter
13 this study’s vesicles with a measured diameter in the range of 50 to 300 nm are referred to as
SEVs.

In order to elucidate the molecular changes that coincide with cancer or discover new
biomarkers, it is important to measure protein expression in EVs, followed by the identification of
post-translationally modified proteins such as phosphorylated proteins. Protein phosphorylation is
the most important post-translational modification that dominates signaling transduction, which
plays an essential role for almost all cellular functions and is involved in major regulatory
mechanisms of cell signaling networks 4 Recent studies have indicated that certain
phosphoproteins encapsulated within EVs function as key regulators in the tumor
microenvironment 16, A recent study found high expression levels of tyrosine kinases (RTKS),
such as phosphorylated EGFR and HER2, in MCF7 cell line-derived exosomes; these sEVS were
capable of stimulating the MAPK pathway in monocytes through the transport of functional RTKSs,
leading to the inactivation of apoptosis-related caspases 1’. It has been reported that human
colorectal cancer exosomes, derived from the SW620 cell line, were found to contain 313
phosphoproteins with 1091 phosphosites, of which 202 were newly discovered 6. These exosome-
derived phosphoproteins had a remarkably high level of tyrosine-phosphorylated proteins (6.4%)
which were functionally relevant to ephrin signalling pathway-directed cytoskeleton remodeling.

Some studies reported the detection of phosphoproteins in biofluids for disease diagnosis 820,
For instance, an in-depth analysis of phosphoproteomes in plasma from both microvesicles and
exosomes measured phosphorylation changes across patients with breast cancer (BC) and healthy
individuals 8, Using label-free quantitative phosphoproteomics, 144 phosphoproteins were
identified in plasma EVs, which were more abundantly expressed in patients diagnosed with breast
cancer compared with healthy controls 8. In another quantitative EV phosphoproteomic study,
plasma samples from patients diagnosed with kidney cancer were analyzed in order to identify

direct markers of cellular signaling and disease progression °. The results of these analyses
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revealed 28 proteins present in kidney cancer samples that were not detected in the control samples.
Several EV isolation methods have been assessed for highly efficient capture of EVs from human
urine samples 2°. For example, using the EVTRAP isolation method, close to 2000 unique
phosphopeptides were identified from 10 mL of urine. Data obtained for protein phosphorylation
in EVs presents a potential opportunity for understanding cancer signaling and early-stage cancer
diagnosis.

Cell lines are commonly used as models in cancer biology since they are easily grown and
relatively inexpensive, making them suitable for high-throughput testing and omics studies 2.
Blood is a systemic source of EVs from all tissue types in the body, not only breast tumors;
therefore, it is difficult to select appropriate biomarkers relevant to breast cancer (BC).
Comparative analyses of body fluids and cell lines may help find more tissue specific biomarkers.
In recently published work, the difference in proteomes between cancerous (MCF7 and MDA-
MB-231) and noncancerous (MCF10A) cell line-derived EVs has been investigated ®’. The results
revealed that 87 sEV %and 112 mEV ’ proteins relevant to BC in which MDA-MB-231 cell line-
derived SEV proteins were proposed as potential breast cancer biomarkers for disease diagnosis
and prognosis as well as for potential therapeutic targets and resistance against chemotherapy
agents. Moreover, the study also validated three enzymes—ornithine aminotransferase (OAT),
transaldolase (TALDO1) and bleomycin hydrolase (BLMH)—using standard enzymatic assays.
Two of the three enzymes, OAT and TALDOZ1, had significantly higher specific enzymatic
activities in MDA-MB-231-derived sEVs than MCF10A. BLMH was found to be highly expressed
in MDA-MB-231 microvesicles (MVs) when compared with MCF10A-derived MVs. EV
enzymes have not been previously investigated in a comprehensive manner. Therefore, this study
aimed to provide support for the investigation of enzymes derived from EVs for BC diagnosis and
therapeutic applications.

The aim of this study was to gain insight into the phosphoproteome of sEVs derived from the
metastatic BC cell lines MDA-MB-231 and MCF7 and from the non-cancerous cell line MCF10A.
Differences in phosphoproteomes were observed between the control cell line, MCF10A, and BC
cell lines, MDA-MB-231 and MCF7. We selected and validated four phosphoenzymes: ATP
citrate lyase (ACLY), phosphofructokinase-M (PFKM), sirtuin-1 (SIRT1), and sirtuin-6 (SIRT6)
identified in both MDA-MB-231 and MCF7 that might be potentially relevant to BC diagnosis.
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3.2.3 Materials and Methods

3.2.3.1 Cell Culturing and sV Isolation

Breast cancer epithelial cell lines MDA-MB-231 (ATCC HTB-26) and MCF7 (ATCC HTB-
22) and the non-tumorigenic breast epithelial cell line MCF10A (ATCC CRL-10317) were
obtained from the American Type Culture Collection (ATCC) and used in this study. MDA-MB-
231 and MCF10A cells were cultured as described in our previous work 6. MCF7 cells were
cultured in EV-depleted DMEM/Ham’s F12 (GIBCO-Invitrogen) supplemented with 10% fetal
bovine serum (Sigma Life Science, St. Louis, USA). The three cell lines were plated in increased
attachment cell culture dishes (VWR) and grown for 7 days. Each liter of cell culture supernatant
was harvested from approximately 4 x 108 cells.

3.2.3.2 Differential Ultracentrifugation (UC)

Small EVs were isolated from cell culture supernatant by UC, as described previously .
Conditioned medium (240 mL) was harvested after 7 days of incubation and immediately
centrifuged at 300x g for 10 min. Apoptotic bodies were removed by centrifugation at
2000x g using a Sigmal3190 rotor (MBI) for 20 min. Samples were then spun at 16,500x g for 1
h using an SW28 Ti rotor (Beckman Coulter, Indianapolis, USA) to deplete microvesicles. To
pellet SEVs, the same rotor was used to centrifuge samples for 3 h at 100,000x g. Collected SEVs
were washed with PBS and centrifuged at 100,000x g for 1 h and finally resuspended in 200 pL
PBS and stored at —80 °C. A Bradford protein assay kit (Thermo Scientific, Rockford, USA, Cat
No. 23236) was used to assess sample protein concentrations. The average amount of EV protein
from three replicate samples was roughly 22 + 5, 27 + 6 and 34 + 6 pg for MCF10A, MCF7 and
MDA-MB-231 cell lines, respectively. These samples were used for proteomic analysis.

3.2.3.3 Quantification of SEVs by Nanoparticle Tracking Analysis (NTA)

The average particle diameter and concentration of isolated EV samples were measured by the
ZetaView PMX-110 (Particle Metrix, Meerbusch, Germany). The camera shutter speeds were
adjusted to 85 and 40. The instrument was calibrated and focused with 102 nm polystyrene beads
(Microtrac, Cat No. 900383).

3.2.3.4 Sample Preparation for Phosphoproteomics

Isolated sEVs were resuspended in the lysis buffer with a volume ratio of 4:1 (fraction/buffer)
with a final concentration of 20 MM HEPES, pH 8.0, 5% glycerol, 0.1% n-Dodecyl-p-D-Maltoside,
0.2 mM DTT, 1.6 M urea, and 1/250 (v:v) phosphatase inhibitors (phosphatase inhibitor 2 and 3;
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Sigma: Cat No. P0044 and P5726) and gently vortexed for 3 min. The suspension was centrifuged
for 1 min at 10,000x g, and the supernatant was then collected.

3.2.3.5 Phosphopeptide Enrichment by IMAC and TiO>

Protein samples obtained from the isolated sEVs were reduced, alkylated, digested, and
desalted, as described previously . Phosphopeptide enrichment by IMAC was performed
according to the protocol of Pierce Fe-NTA phosphopeptide enrichment kit (Thermo Scientific,
Cat No. 88300). TiO2-phosphopeptide enrichment was carried out according to the manufacturer’s
protocol (Pierce TiO2 phosphopeptide enrichment and clean-up kit, Cat No. 88301). All enriched
phosphopeptide samples were acidified by adding TFA (1% final concentration), subsequently
desalted (TopTip C-18 columns; Glygen Corp.), and dried in a vacuum evaporator.

3.2.3.6 Nano-LC-MS/MS

To process samples, the Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific,
Mississauga, ON, Canada) coupled to an UltiMate 3000 nanoRSLC (Thermo Fisher Scientific,
Mississauga, ON, Canada) was utilized, as previously described with modified instrument
parameters ®7. Following the reconstitution of digested peptides with 20 pL MS-grade H.0/1%
formic acid (v/v), three microliters of sample was injected onto an in-house packed column and
eluted for 65 min at a flow rate of 300 nL/min (0-10 min, 2-2% ACN; 10-40 min, 2-38% ACN;
40-45 min, 38-98% ACN; 45-50 min, 98-98% ACN; 50-55 min, 98-2% ACN; 55-65 min, 2—
2% ACN). The ESI+ parameters were set as follows: top speed mode, ion source temperature
250 °C, ion spray voltage 2.1 kV, and a full-scan MS (m/z 350-2000) resolution of 60,000. For
collision-induced dissociation (CID), the automatic gain control (AGC) target was set to 5 x
10° for full scans and 1 x 10* for MS/MS scans. Precursor ions were filtered from +2 to +7 charge
states within 2 m/z isolation windows. CID in the linear ion trap was performed at a normalized
collision energy of 35%. For the higher-energy collision dissociation (HCD) method, the AGC
target for precursor ions was set to 5 x 10° with an ion filling time of 150 ms. The highest intensity
ions were isolated and fragmented with a normalized collision energy of 32% and detected at a
mass resolution of 15,000. The AGC target for MS/MS was set to 5 x 10* with a maximum
injection time of 150 ms and a dynamic exclusion of 30 s.

3.2.3.7 MS Spectra Processing

MS raw files were analyzed with MaxQuant (version 2.0.1.0) ?? and the built-in Andromeda

search engine 2%, as previously described with slight modifications °. Peptides were searched
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against the human UniProt FASTA file, containing 20,396 entries (21 April 2021), and a default
contaminants database. MaxQuant’s default parameters were used unless otherwise stated. In
addition to N-terminal acetylation and methionine oxidation, phosphorylation of serine, threonine,
and tyrosine were set as variable modifications. Meanwhile, carbamidomethylation of cysteine
was set as a fixed modification. Tryptic peptides with a minimum of 6 amino acids and a molecular
weight maximum of 4600 Da were searched with a maximum of two missed cleavages. The initial
precursor mass deviation was set to 10 ppm, while a fragment mass deviation of 0.5 Da was used.
The false discovery rate (FDR) was set to 0.01 for peptide spectrum matches (PSM) and protein
identification, using a reverse sequence decoy database.

3.2.3.8 Data Filtering and Phosphorylation Site Localization

MaxQuant output tables for protein groups, peptides, and phosphosites were used for all
analyses in R 2. We only retained phosphopeptides, which were measured in at least two out of
the three replicates. Remaining phosphopeptides were used to classify phosphosites based on their
combined localization probability into class I, Il and 11, and IV ?°. Known phosphosites and
kinase-substrate interactions were downloaded from PhosphoSitePlus (30 July 2021) 6. In
addition, kinases were predicted for remaining phosphosites using GPS 5.0, with the threshold
parameter set to high . Predicted kinases were represented as kinase groups and related to
previously identified kinases in MDA-MB-231 sEVs 6.

3.2.3.9 Disease and Functional Annotation Analysis

DisGeNET protein—disease annotations were retrieved with the disgenet2r R package 2.
Cancer- and breast cancer-related proteins were identified by semantically related terms such as
“mammary carcinoma” or “malignant neoplasm of breast”. Gene ontology functional annotations
were obtained with the org.Hs.eg.db annotation package 2°3!. Absolute number of proteins for
each biological term was compared between cell lines.

3.2.3.10 Data Availability

All MS raw data were submitted to the PRIDE repository (Accession: PXD030424) at the
European Bioinformatics Institute.

3.2.3.11 ATP-Citrate Synthase Activity Assay

Cells and sEVs were lysed by gentle vortexing in extraction buffer provided by the ACLY
Activity Assay Kit (AMSBIO, Cat No. 79904). Supernatants were collected and used for the
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analyses of enzymatic activities. ACLY Activity Assay Kit was used according to the
manufacturer’s instructions. The assays were performed at room temperature for 60 min.

3.2.3.12 Phosphofructokinase Activity Assay

The phosphofructokinase activity was measured using Kkits from Sigma-Aldrich
(Phosphofructokinase Activity Colorimetric Assay Kit MAKO093) according to manufacturer’s
instructions. The assays were performed at room temperature in 100 uL of reaction mixture. The
phosphofructokinase activity was calculated via the standard curve of the NADH standard at
known concentrations. The samples were mixed and incubated for 30 min, and the absorbance was
monitored at 450 nm.

3.2.3.13 SIRT1 and SIRT6 Activity Assay

The enzymatic activity of SITR1 and SIRT6 was assessed by using the Fluorescent Screening
Assay Kit (ab156065, ab156068; Abcam, Toronto, Canada) following the manufacturer’s
instructions. The protein extract from cells and EVs was obtained by treatment with Triton X-100
(final concentration 0.5%). The assay was performed in 96-well black microplate (Greiner Bio-
One 655209; Fischer Scientific, Monroe, USA) with a reaction volume of 50 uL per well. Briefly,
the reaction was started by incubating the protein extract with the reaction mixture containing an
acetylated peptide substrate. Samples were incubated for 30 min at 23 °C. Control samples were
prepared in absence of NAD". Fluorescence intensities of SIRT1 (Aex = 340 nm, Aem = 450 nm)
and SIRT6 (Aex = 488 nm, Aem = 530 Nm) were measured using a microplate reader (FilterMax F3
and F5 Multi-Mode Microplate Readers from Molecular Devices). The activity of enzymes was
calculated from the assay time between 5 and 10 min.

3.2.3.14 Western Blot

SDS electrophoresis and Western blot experiments were carried out as previously described ©.

3.2.4 Results

3.2.4.1 Isolation of SEV

In this work, we carried out a systematic analysis of the phosphoproteome of sEVs derived
from MCF10A, MCF7, and MDA-MB-231 cell lines to provide insight into the molecular
mechanism of breast cancer. To evaluate the range of measured diameters of sEVs isolated by
differential ultracentrifugation, nanoparticle tracking analysis was performed. Isolated vesicles,

from the three cell lines, measured 50 to 300 nm in diameter, with an average size of about 125
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nm (Figure 3.2.1A). Additionally, Western blots were performed to validate the presence of EV
markers CD9, CD63, and CD81. The results revealed the presence of markers in all free SEV
fractions derived from three cell lines: MCF10A, MCF7, and MDA-MB-231 (Figure 3.2.1B
and Figure S1).
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Figure 3.2.1. Characterization of extracellular vesicles by nanoparticle tracking analysis
(NTA) and Western blot. (A) NTA characterization showing size distributions of isolated SEVs
from MCF10A, MCF7, and MDA-MB-231 cell lines. (B) Western blot analysis of SEV marker
proteins, CD9, CD63, and CD8L1.

3.2.4.2 Overall Phosphoproteome Profiling

A total of three biological replicates were prepared from MCF10A-, MCF7-, and MDA-MB-
231-derived sEVs and examined independently. EVs were buffered with phosphatase inhibitors,
digested, and the phosphopeptides were enriched to enhance the identification of low-abundance
phosphorylated proteins. In addition, we combined two techniques for the enrichments of
phosphopeptides: Fe-IMAC and TiO; affinity chromatography. An overview of our experimental
strategy is presented in Figure 3.2.2A. The enriched phosphopeptides were analyzed by ultra-high-
performance nLC-nESI-MS/MS using two fragmentation modes (CID and HCD), and the obtained
data were subjected to rigorous assessment and peptide identification. Each sample represents the

data obtained from peptides of three independent experiments after filtering as described in
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Materials and Methods (Section 3.2.3.8, Data Filtering). The reliable phosphopeptides were
considered if they were identified in at least two biological replicates. After removal of potential
contaminants, the total number of identified phosphopeptides for each sEV sample, using two
enrichment and fragmentation methods, are presented in Figure 3.2.2B and Table S1. Significant
differences were observed using CID and HCD fragmentation for both enrichment methods and
Fe-IMAC and TiO; affinity chromatography from all sEVs (Figure S2). In addition, a higher
number of phosphopeptides was obtained using IMAC in comparison with TiO.. In total, from
2003 phosphopeptides, 207, 854, and 1335 were identified in MCF10A, MCF7, and MDA-MB-
231 sEVs, respectively. Among all identified phosphosites (2450), the probability of correct site
analysis identified a total of 1613 class | (>75% confidence), 774 class Il and Il (25-75%
confidence), and 63 class IV (<25% confidence) phosphosites, respectively 2°. Among Class |
phosphosites, 60 are novel phosphorylated sites, not previously reported (Table S2. Identified
phosphopeptides correspond to 145, 462, and 587 phosphoproteins in MCF10A-, MCF7-, and
MDA-MB-231-derived sEVs, respectively. The Venn diagram of combined phosphoproteins from
three cell lines revealed a total of 855 distinct proteins (Figure 3.2.2D).
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Figure 3.2.2. Overview of the identified phosphopeptides and phosphoproteins. (A) Workflow
illustration of phosphoproteome analysis of SEVs from MCF10A, MCF7, and MDA-MB-231 cells.
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(B) Total number of phosphopeptides identified using Fe-IMAC and TiO2 enrichment methods, as
well as two fragmentation methods: CID and HCD. (C) The probability of correct site
identification in peptide sequences. (D) A Venn diagram showing the number of EV
phosphoproteins identified from the sEVs of three cell lines.

3.2.4.3 Phosphorylation Site Distributions, Phosphorylation Motifs and Predicted Potential
Kinases for Identified Phosphorylation Sites

Figure 3.2.3A presents the distribution of phosphosite residues for different cell line-derived
SEVs. In total, 1987 phosphoserine (pS), 433 phosphothreonine (pT), and 30 phosphotyrosine (pY)
sites were identified (Table S2). Similar distributions of pS, pT, and pY sites were observed among
SEVs from the three cell lines. The result revealed that pS was most strongly represented, followed
by pT and pY sites. The distribution of the number of phosphorylation sites localized on each
protein from the three cell lines is given in Figure 3.2.3B. A single phosphorylation site was
localized on most of the identified phosphoproteins in all three SEV fractions. An important
number of the identified phosphoproteins was found to be phosphorylated more than once. Small
EVs derived from MCF7 (275 phosphoproteins; 60.0%) and MDA-MB-231 (355 phosphoproteins;
62.3%) cell lines contained a higher number of multiply phosphorylated proteins than MCF10A
(78 phosphoproteins; 54.5%) cells (Figure 3.2.3B). Some proteins contained a high number of
phosphorylated sites, such as serine/arginine repetitive matrix protein 2 (SRRM2) (72 in MDA-
MB-231 EVs, 81 MCF7 EVs, and only 3 in MCF10A). Other proteins that phosphorylated multiple
times were mainly present in MDA-MB-231 seVs, and MCF7 sEVs include Bcl-2-associated
transcription factor 1 (BCLAFL), Serine/threonine-protein kinase PRP4 homolog (PRPF4B) and
Thyroid hormone receptor-associated protein 3 (THRAP3) (Table S3).
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Figure 3.2.3. Overview of the identified phosphosites and frequency distribution of
phosphorylated amino acid and phosphorylation motifs. (A) Frequency distribution of
phosphorylated amino acid: pS, pY, and pY. (B) Numbers of sites observed per protein in all three
SEV fractions. (C) Pie chart representation of predicted kinases groups (green) and their link to
identified kinases (blue) in MDA-MB-231 sEVs ©. Node size represents the scaled number of
predicted phosphorylation sites.

We visualized sequence motifs for the phosphorylated amino acids for each cell line fraction
(Figure S3). The majority of phosphorylation sites that contained serine and threonine residues
were followed by proline motifs (P at +1). These motifs for pS and pT are well known to be
targeted mitogen-activated protein kinases (MAPKS) and cyclin-dependent kinases (CDKs) *2.
Significantly enriched S-based motifs were (D,E+1). The substrate of peptides containing D/E-
rich motifs belonged to the casein kinase 1 (CK1) and 2 (CK2) families and some other kinases .

In addition, we used the GPS 5.0 software 2’ to predict which kinases are responsible for
phosphorylation of proteins at the identified sites. Among the phosphorylation sites identified in
this analysis, most of them were predicted to be phosphorylated by groups of kinase family such
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as CMGC, CAMKs, STE, AGC, TKL, CK1, and TK (Figure 3.2.3C). These results were consistent
with those derived from the phosphosite sequence motifs. Kinases previously identified in MDA-
MB-231 EVs ® mainly belonged to the STE and TK kinase families that largely include subfamily
members p2l-activated kinase 4 (PAK4), STE20-like serine/threonine-protein kinase (SLK),

tyrosine-protein kinase Fyn (FYN), and proto-oncogene tyrosine-protein kinase Src (SRC).

3.2.4.4. ldentified Phosphoproteins in the Context of Cancer/Breast Cancer

To determine whether identified phosphoproteins are linked to cancer diseases, we annotated
proteins using the recent set of disease annotations from the DisGeNET database 2.
Phosphoproteins are associated with several diseases, but they are most commonly related to
cancer (Figure S4). In total, 137 and 161 phosphoproteins were associated with cancer diseases in
SEVs derived from MCF7 and MDA-MB-231 cell lines, respectively (Figure 3.2.4A). Among
them, 40 and 50 sEV phosphoproteins derived from MCF7 and MDA-MB-231 are related to breast
cancer, respectively (Figure 3.2.4B). The commonly associated breast cancer phosphoproteins
unique to both MCF7 and MDA-MB-231 sEVs include 23 phosphoproteins (Figure 3.2.4C, Table
S3). Furthermore, phosphosites unique for MCF7 and MDA-MB-231 sEVs were compared with
previously identified phosphosites in plasma EVs in patients diagnosed with breast cancer and
healthy controls 8. We found in our study nine phosphosites that were common with previously

reported studies (Table S4).
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Figure 3.2.4. Assessment of identified phosphoproteins related to cancer. (A) The Venn
diagram compares cancer-related phosphoproteins unique for MCF7 and MDA-MB-231 sEVs. (B)
The Venn diagram compares the number of phosphoproteins relevant to BC unique for sEVs from
cancerous cell lines. (C) A list of 23 common BC proteins from MCF7 and MDA-MB-231 sEVs
IS presented.

3.2.4.5. Functional and Pathway Analysis of Identified Phosphoproteins

We annotated and classified proteins using the KEGG pathway database. Pathways terms such
as metabolic pathway, spliceosome, cell cycle, and viral carcinogenesis were highly abundant in
MCF7- and MDA-MB-231-derived sEVs, compared with MCF10A-derived sEVs (Figure 3.2.5)
(Table S5). Interestingly, 13 and 10 proteins identified in the MDA-MB-231 and MCF7 SEVSs,
respectively, were related to cell cycle. Among these cell cycle proteins, five proteins belonged to
kinases: cyclin-dependent kinase 1 (CDK1) and 2 (CDK2), glycogen synthase kinase 3 beta
(GSK3B), polo-like kinase 1 (PLK1), and protein kinase/DNA-activated, catalytic subunit
(PRKDC) (Table S5). We previously studied the presence of three functional metabolic enzymes
in BC-derived MVs that might be used as potential biomarkers in BC therapy ’. This investigation
indicated that SEV enzymes can effectively be incorporated into accurate, quick, and sensitive
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early diagnostic assays that work by measuring their enzymatic activities. Therefore, we focused
on sEV enzymes annotated by the term “metabolic pathways” by the KEGG database. After data
analysis, six enzymes were identified only in the MCF7- or MDA-MB-231-derived SEVs at least
once in three biological replicates. These enzymes are involved in the biosynthesis of cofactors
(ACLY, ACSS2), glycolysis (PKFM), deacetylase activity (SIRT1 and SIRT6), and pyrimidine
biosynthesis (CTPS1) (Table 3.2.1). Two enzymes, ACLY and PKFM, contained the highest
number of identifications of phosphopeptides among the list of proteins presented in Table 3.2.1.
The SIRT1 and SITR6 enzymes were identified in all three biological replicates of MCF7 and/or
MDA-MB-231 seVs with the IMAC phosphopeptide enrichment technique using either CID or
HCD fragmentation methods. Therefore, four enzymes that have at least six identifications of
phosphopeptides were further investigated: ACLY, PKFM, SIRT1, and SIRT6. Representative
MS/MS spectra for these four enzymes are presented in Figure S5. Measuring the enzymatic assay
for CTPSL1 requires specific instrumentation, is time consuming, and is difficult to implement for

routine use 4. For this reason, no further validation of this enzyme was performed.
Hepatocellular carcinoma -
MicroRNAs in cancer 4
Insulin signaling pathway 4
Colorectal cancer 1
Endocytosis 1

Spliceosome

Cell cycle 4

Metabolic pathways -

Viral carcinogenesis 1

10 20
# Proteins
MCF10A B MCF7 MDA-MB-231

O 4

Figure 3.2.5. KEGG pathway analysis of phosphoproteins derived from MCF10A, MCF7, and
MDA-MB-231 sEVs.
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Table 3.2.1. Summary of the identifications of phosphosites for enzymes in three biological
replicates of MCF7 and MDA-MB-231 sEVs. Six proteins were identified using IMAC and either
CID or HCD fragmentation method in all three replicate samples in at least one cell line. In addition,
PKFM has also been identified from TiO2 enrichment in two replicates using HCD fragmentation

in contrast with the rest.

MDA-MB-231
SEV

Number of MCF7sEV
Enzyme Gene Phosphorpeptide

Identifications CID HCD CID HCD

Found in sample replicates

(Number/3)
ATP citrate lyase ACLY 8 3 3 1 1
6-Phosphofructokinase PFKM 8 1 0 3 3
Sirtuin 1 SIRT1 7 3 1 0 3
CTP synthetase 1 CTPS1 7 1 0 3 3
Sirtuin 6 SIRT6 6 0 3 0 3
Acetyl-CoA synthetase 2 ACSS2 5 2 3 0 0

3.2.4.6. Analysis of ACLY, PKFM, SIRT1, and SIRT6 in Cells and Their sEVs

ACLY, PKFM, SIRT1, and SIRT6 activities were detected in all extracted protein fractions
from the three cell lines, as well as their SEVs (Figure 3.2.6, Table S6). The specific activity of
ACLY was significantly higher in MDA-MB-231 when compared with MCF7- and MCF10A-
derived sEVSs. The specific activity of PFKM in sEV fractions, although slightly higher in MDA-
MB-231 in comparison with the other two cell lines, was relatively similar in all SEV fractions.
The specific activity of SIRT1 and SIRT6 in MDA-MB-231 and MCF7 was substantially higher
in comparison with MCF10A in both cell-free extract (CFE) and sEV fractions, respectively
(Figure 3.2.6). However, a more significant difference in specific activity between sEVs derived

from non-cancerous and cancerous cell lines was observed for SIRT1.
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Figure 3.2.6. Specific enzymatic activity of (A) ATP citrate lyase (ACLY), (B)
phosphofructokinase-M (PFKM), (C) sirtuin-1 (SIRT1), and (D) sirtuin-6 (SIRT6) in cell-free
extract (CFE) and their corresponding sEV fractions. The bar graph represents mean values, while
error bars indicate the standard deviation (SD) of four replicates and p-values obtained from a
Student’s t-test.

3.2.5 Discussion

To understand the molecular and cellular regulatory mechanisms important for BC tumor
progression and metastasis, we performed a phosphoproteomic analysis of BC-derived sEVs. In
our study, we used sEVs from two breast cancer cell lines, MCF7 and MDA-MB-231, and a non-

tumorigenic breast cell line, MCF10A. Two enrichment techniques, IMAC and TiO,, and
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fragmentation methods, CID and HCD, were employed to maximize the purification and
identification of phosphopeptides. We identified 2450 phosphorylation sites with 60 novel ones.
These phosphorylation sites were mapped to 870 distinct proteins, covering a broad range of
functions. Many identified phosphoproteins were unique to BC EVs encompassing a variety of
signaling, metabolic, and regulatory pathways and cellular processes. The significant difference in
the number of phosphoproteins identified from sEVs isolated from MCF10A and either MDA-
MB-231 or MCF7 could be due to MCF10A producing a lower number of SEVS. This is supported
by studies showing that MCF10A cells produce significantly fewer sEVs and less protein content
than MDA-MB-231 %%, Moreover, differences in the phosphoproteins identified were also
observed between MCF7 and MDA-MB-231 EVs (Figure 3.2.2D). Furthermore, the intensity of
EV markers observed by Western blot analysis varied for these cell lines, particularly for CD63
and CD81 markers (Figure 3.2.1B). The difference in phosphoproteome patterns and abundance
of EV markers may be attributed to natural cell-to-cell variation in protein expression and sV
biogenesis. Distinct cell lines may release different ratios of EV subtypes that consequently change
the overall number of identified proteins, as well as their expression.

In this study, among all groups of kinases, CMGC, CAMKs, STE, AGC, and TKL were
predicted to regulate the largest number of phosphorylation events in sEVs (Figure 3.2.3C).
Kinases previously identified in MDA-MB-231 EVs ® mainly belong to the STE and TK kinase
families including subfamily members such as p21l-activated kinase 4 (PAK4), STE20-like
serine/threonine-protein kinase (SLK), tyrosine-protein kinase Fyn (FYN), and proto-oncogene
tyrosine-protein kinase Src (SRC). The PAK4 protein kinase is often highly expressed in TNBC
cells and plays an important role in cell growth, survival, and migration *. The Ste20-like kinase,
SLK, is involved in the control of BC cell motility *. It has been reported that FYN, a member of
the SRC family kinases, is required for the maintenance of the basal breast cancer subtype 8. For
instance, c-Src proto-oncogene tyrosine kinase has been shown to support cancer cell migration
and proliferation *°. The presence of these kinases in EVs may be important for the regulation of
protein phosphorylation in recipient cells, and consequently, the promotion of cancer progression.

In total, 266 phosphoproteins were associated with cancer in sEVs derived from MCF7 and
MDA-MB-231 cell lines. Among them, 78 are related to breast cancer, suggesting that the cargo
of phosphoproteins in SEVs may play an important role in cancer progression and metastasis.

Moreover, these identified phosphoproteins could serve as biomarkers for BC diagnosis. Therefore,
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this study identified nine proteins (Table S4) previously found in plasma EVs of patients diagnosed
with BC and healthy controls 8. These nine phosphoproteins may be further explored in BC
biomarker development and clinical use.

Advancements in proteomics facilitate discovery of enzymes that can provide an attractive
source for cancer biomarker tests. Due to their unique enzyme specificity and selectivity,
enzymatic assays are a reliable, simple, and rapid diagnostic method “°. A phosphoproteomic
approach is particularly important because the phosphorylation of enzymes may affect enzymatic
activities 4414, Therefore, for the selection of potential BC biomarkers for detection and
prognosis as well as for pharmacological purposes, the focus in this work was on the identification
of phosphorylated sEV enzymes identified only in BC cell lines. This led to the selection of
phosphorylated enzymes present only in cancerous cell lines. These enzymes include ACLY,
PKFM, SIRT1, and SIRT6.

ACLY is a cytoplasmic homologous tetramer composed of four polypeptide chains and acts as
a metabolic enzyme involved in fatty acid synthesis in rapidly proliferating cancer cells 444°,
ACLY plays a role in modulating proliferation, growth, migration, and apoptosis that has been
reported in many cancer cells 4+, The expression of ACLY in human lung adenocarcinoma has
been investigated to be higher compared with non-carcinogenic lung control tissue 4’ and
contributes to increased lipogenesis and tumor growth 8. It has been shown that miR-22 inhibits
the growth and metastasis of MCF7 cells by decreasing ACLY expression “°. BMS-303141, an
ACLY inhibitor, has been suggested for HCC treatment °°. It could induce endoplasmatic
reticulum stress and activate the p-eIF2a/ATF4/CHOP axis, promoting HCC cell apoptosis.
Recent studies highlight ACLY as a potential biomarker for predicting breast cancer recurrence in
patients %%, In this study, we found that ACLY enzymatic activity was increased in breast cancer-
derived SEVs isolated from the MDA-MB-231 cell line, in comparison with SEVs isolated from
MCF7 and MCF10A cell lines. Further studies are needed to investigate the potential of this protein
as a clinical indicator for prognosis in breast cancer.

Expression levels of phosphofructokinase-M (PFKM) are closely related to the occurrence and
development of malignant tumors. To meet the metabolic demands of tumor cells in energy, the
activity of PFKM in cancer cells is increased %2, The inhibition of 2,6-2-fructose production
decreases PFKM activity, which results in the inhibition of the growth of tumor cells °’. The gene-

based analysis of early-onset BC has identified a region containing the key glycolysis regulation
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gene, PFKM, which is proposed as a potential target for BC prevention and treatment °8. Our study
indicates that the specific activity of PFKM in sV fractions of MDA-MB-231 was slightly higher
than its activity in sEVs from MCF7 and non-cancerous MCF10A cell lines, suggesting that the
phosphorylation of PFKM in MDA-MB-231 sEVs does not significantly affect the enzyme’s
activity. Therefore, this enzyme from sEVs might not effectively serve as a prognostic biomarker
for BC.

Sirtuin-1 (SIRT1) is a class-11l histone deacetylase (HDAC) enzyme involved in gene
regulation, genome stability, apoptosis, autophagy, senescence, proliferation, aging, and
tumorigenesis *°. This enzyme deacetylates histones and non-histone proteins important in cancer
biology such as p53, p73, Rb, and NF-«xB %61, SIRT1 is proposed as a prognostic indicator as well
as a novel therapeutic candidate in triple-negative breast cancer (TNBC) 2. Studies looking at the
expression of SIRT1 in BC indicate its contradictory roles as a tumor suppressor or promoter 63-°,
Specific activity of SIRT1 from whole cell and SEV protein fractions is higher in MCF7 and MDA-
MB-231 than its corresponding MCF10A fractions. This suggests that SIRT1 could be useful to
investigate as a potential prognostic and therapeutic target for BC.

Sirtuin-6 (SIRT6) is involved in multiple molecular pathways related to DNA repair, glycolysis,
gluconeogenesis, tumorigenesis, neurodegeneration, and cardiac hypertrophic responses . SIRT6
may be linked to cancer progression and tumor growth. It was identified as a tumor suppressor that
regulates aerobic glycolysis in cancer cells 6", In vivo studies revealed the critical role of high
SIRT6 levels in slowing down hepatic cancer at an early stage of its progression . 4H-Chromen,
an activator of SIRT6, has been studied in various breast cancer cells and demonstrated to decrease
cell proliferation in TNBC cells °. In this work, like SIRT1, cancerous MCF7 and MDA-MB-231
cell line-derived sEVs exhibited higher enzymatic activity of SIRT6 than SEVs of the non-
cancerous MCF10A cell line. This finding suggests that this enzyme may be useful to investigate
as a potential biomarker for BC diagnosis.

Previous studies have investigated the phosphoproteome of BC cell lines, as well as their EVs
071 "However, our methodological approach for studying phosphoproteins of BC cell lines was
different from these reports "*:"2, Phosphoproteomic analysis of EVs derived from several BC cell
lines including MCF7, MDA-MB-231, and MCF10A was performed using only IMAC enrichment
and HCD fragmentation methods; ACLY and SIRT1 were identified, but not PFKM and SIRT®.
In another report that studied the phosphoproteomic characterization of KAIMRC1, MCF-7, and
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MDA-MB-231 BC cell lines, TiO2 enrichment and CID fragmentation methods were employed
for peptide enrichment and fragmentation; the study was based on cell culture lysates and did not
identify the four enzymes presented in our work.

The objective of this study, along with previously published works ®7, was to investigate
proteins or enzymes that may be later explored for their efficacy as biomarkers for BC early
detection. To achieve this objective, blood sEVs from healthy and BC patients should be studied
for the presence or activity of these potential biomarkers. This study was limited by the isolation
method of SEVs since extracellular vesicle subtypes are diverse in their diameter and density.
Therefore, ultracentrifugation does not differentiate SEVs that originate from different biogenesis
pathways. Due to the heterogeneity of EV populations that come from different intracellular
origins, our study did not examine a specific EV subtype, but instead considered a diverse
population of SEVs. It has been reported that the EV isolation method can significantly impact EV
yield and purity from human serum 2. For this reason, it will be most challenging to determine the
most suitable method for the isolation of EVs from blood in the future. In this study, we found that
phosphorylated enzymes identified from sEV fractions were already proposed to play a role in
cancer therapy. Our findings support further efforts to investigate these enzymes, especially ACLY,
SIRT1, and SIRTG6 for breast cancer diagnosis and therapy.

3.2.6. Conclusions

In this study, we conducted a phosphoproteomic analysis of breast cancer-derived extracellular
vesicles from MCF10A, MCF7, and MDA-MB-231 cell lines. In total, 855 distinct
phosphoproteins were identified collectively among the cell lines, covering a wide range of
functions, most of which are related to cancer. Among these phosphoproteins, we validated four
enzymes: ACLY, PFKM, SIRT1, SIRT6. The results demonstrate that the specific activity of
PFKM in BC cancer cell lines was not statistically different from the non-cancerous cell line. In
contrast, the three phosphorylated enzymes ACLY, SIRT1, and SIRT6 showed a significantly
higher specific enzymatic activity in MDA-MB-231 in comparison to MCF10A-derived SEVS.
These three enzymes might serve as a potential prognostic biomarker for BC. They have been
previously proposed as therapeutic targets for cancer therapy. Thus, our findings justify further

investigation of these enzymes as promising drug targets for BC treatment.
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3.2.7 Supplementary Materials

The following supporting information can be downloaded
at: https://www.mdpi.com/article/10.3390/biomedicines10020408/s1, Figure S1: Full-length
images of Western blot gels, Figure S2: Venn diagrams presenting the overlap of phosphopeptides
identified from either IMAC or TiO2 enrichment method using two fragmentation methods, CID
and HCD, Figure S3: Phosphorylation motifs of EVs from MCF10A, MCF7, and MDA-MB-231
cells for pS, pY, and pY, Figure S4: Fractions of disease annotations for selected disease categories
using phosphoproteins unique for MCF7 and MDA-MB-231 sEVs, Figure S5: Representative
MS/MS spectra of phosphopeptides from ACLY, PFKM, SIRT1, and SIRT6, Table S1: Total
number of identified phosphopeptides for each SEV sample, using two enrichment and
fragmentation methods, Table S2: The probability of correct site analysis for phosphoserine,
phosphothreonine, and phosphotyrosine sites identified from three cell line-derived SEVs, Table
S3: The list of identified phosphoproteins indicating breast cancer phosphoproteins common to
MDA-MB-231 and MCF7 sEVs and number of identified phosphosites per protein per cell line,
Table S4: Phosphosites found in MCF7 and/or MDA-MB-231 EVs common to previously
identified phosphosites in plasma EV of healthy patients and diagnosed with breast cancer ‘8, Table
S5: KEGG pathway functional annotation terms for sEV MCF10A of MCF7 and MDA-MB-231,
Table S6: Activities of ACLY, PFKM, SIRTL, and SIRT6 in the different protein extracts from
cells and their derived sEV fractions. The numbers in parentheses indicate the number of biological

replicates.
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3.3 Lysine Acetylome of Breast Cancer-Derived Small Extracellular Vesicles Reveals

Specific Acetylation Patterns for Metabolic Enzymes

3.3.1 Abstract

Cancer-derived small extracellular vesicles have been proposed as promising potential
biomarkers for diagnosis and prognosis of breast cancer (BC). We performed a proteomic study
of lysine acetylation of breast cancer-derived small extracellular vesicles (SEVSs) to understand the
potential role of the aberrant acetylated proteins in the biology of invasive ductal carcinoma and
triple-negative BC. Three cell lines were used as models for this study: MCF10A (non-metastatic),
MCF7 (estrogen and progesterone receptor-positive, metastatic) and MDA-MB-231 (triple-
negative, highly metastatic). For a comprehensive protein acetylation analysis of the SEVs derived
from each cell line, acetylated peptides were enriched using the anti-acetyl-lysine antibody,
followed by LC-MS/MS analysis. In total, there were 118 lysine-acetylated peptides, of which 22,
58 and 82 have been identified in MCF10A, MCF7 and MDA-MB-231 cell lines, respectively.
These acetylated peptides were mapped to 60 distinct proteins and mainly identified proteins
involved in metabolic pathways. Among the acetylated proteins identified in cancer-derived sEVs
from MCF7 and MDA-MB-231 cell lines are proteins associated with the glycolysis pathway,
annexins and histones. Five acetylated enzymes from the glycolytic pathway, present only in
cancer-derived sEVs, were validated. These include aldolase (ALDOA), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), phosphoglycerate kinase (PGK1), enolase (ENO) and
pyruvate kinase M1/2 (PKM). For three of these enzymes (ALDOA, PGK1 and ENO) the specific
enzymatic activity was significantly higher in MDA-MB-231 when compared with MCF10A-
derived sEVs. This study reveals that SEVs contain acetylated glycolytic metabolic enzymes that
could be interesting potential candidates for early BC diagnostics.
Keywords: breast cancer, protein acetylation, small extracellular vesicles, aldolase (ALDOA),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoglycerate kinase (PGK 1),
enolase (ENO), pyruvate kinase M1/2 (PKM)

3.3.2 Introduction
Extracellular vesicles (EVs), derived from human cancer cells, play a role in driving various

cellular processes related to cancer biology, such as the modulation of tumor microenvironment,
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angiogenesis, sustained growth and tissue invasion and metastasis 8. EVs carry a variety of
molecules (nucleic acids, proteins and metabolites) that can be released from the donor to nearby
or distant cells 811, Consequently, EV exchange between cells appears as a crucial modulator of
cell—-cell communication and could be an important player in health and disease states. Membrane-
bound EVs are classified, based on their distinct biogenesis pathways, into three main subtypes:
exosomes, microvesicles and apoptotic bodies. Additionally, EVs can also be classified based on
their substantially different sizes. Small extracellular vesicles (SEVs) are in the range of 30 to 150
nm 213 while medium extracellular vesicles (mEVS) are in the range of 100 nm to 1000 nm in
diameter *°, In our study, we isolated vesicles in the range of 50-300 nm in diameter, referred to
as sEVs.

EVs are of great interest for molecular biomarker discovery that enable monitoring cancer
progression as well as early diagnosis and accurate prognosis of BC. In our previous investigations,
using proteomics approaches, numerous proteins have already been identified from EVs as
potential biomarkers for early diagnosis or as therapeutic targets "8. Moreover, using a
phosphoproteomics approach, we previously assessed the enzymatic activity of three enzymes
associated with cancer and only present in SEVs derived from the cancerous cell lines MCF7 and
MDA-MB-231: ATP citrate lyase (ACLY), sirtuin-1 (SIRT1) and sirtuin-6 (SIRT6) 6. The
specific activity of these enzymes was significantly higher in MDA-MB-231 sEV fractions when
compared with similar MCF10A fractions. Our previous work demonstrated the presence of
functional metabolic enzymes in SEVs specific to BC cells that may be further explored for early
BC diagnostics. Furthermore, this investigation also indicates that post-translational modifications
(PTMs) of EV proteins can be a valuable resource for biomarker candidates. Enzymes related to
the NAD+ deacetylase group, such as sirtuin-1 (SIRT1) and sirtuin-6 (SIRT6), can have several
different functions -2, SIRT1 has been shown to participate in apoptosis, autophagy, senescence,
proliferation, aging, tumorigenesis, genome regulation, stability and maintenance -2, SIRT6 also
affect several processes and is involved in DNA repair, glycolysis, gluconeogenesis,
tumorigenesis, neurodegeneration and cardiac hypertrophic responses 2426, The presence of these
enzymes in SEVs questions the role of protein acetylation in the regulation of BC progression and
tumor growth.

Protein acetylation is a reversible PTM in which the acetyl group from acetyl coenzyme A (Ac-

CoA) is transferred to either the a-amino group of the protein’s N-terminus or to the g-amino group
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of lysine residues ?’. The lysine acetylation of proteins is catalyzed by lysine acetyltransferases
(KATSs), and this PTM is reversible and regulated by enzymes, namely deacetylases (KDACS),
that can remove the acetyl group 22°. Acetylation results in the neutralization of the positive
charge on the lysine residue and consequently alters protein function 282°, Interestingly, some
studies have reported that lysine acetylation in mitochondria, where a high concentration of acetyl-
CoA and an elevated pH are present, can also occur in a non-enzymatic manner 303,

By using proteomic approaches, 181 and 244 acetylation sites have been identified in human
BC MDA-MB-231 cells from enrichment with the monoclonal antibody cocktail and the
polyclonal antibody, respectively 2. The overall acetylome revealed that the acetylation levels of
the majority of proteins in BC tissue were significantly higher than those in normal tissue 3. This
study revealed that highly acetylated proteins were significantly enriched in histone H2A.X
(H2A.X) complexes and nucleophosmin (NPM1). Atypically acetylated proteins have been shown
to promote breast cancer metastasis and the proliferation of breast cancer **“°. Moreover,
acetylation can inhibit the sensitivity of tumor cells to anti-tumor therapy oncogenesis and
progression of BC 142, The regulation of acetylated proteins such as CREB binding protein (CBP),
ALDHI1AL1, a-tubulin, cortactin and Forkhead Box O3 (FOXO3) show tumor-suppressing effects
in BC 3%, It has been demonstrated that inhibitors targeting protein acetylation can be used as
potential drug candidates .

Reversible lysine acetylation acts as an indispensable regulator in multiple cellular pathways,
oncogenesis and progression of BC. To date, the potential role of this PTM in extracellular vesicles
related to cancer and more specifically to BC is still unknown. The fact that protein acetylation
can affect protein function will elicit interest in exploring and evaluating this PTM for early
diagnosis of BC. This study explored the lysine acetylome of SEVs derived from metastatic BC
cell lines, MDA-MB-231 and MCF7, and the non-cancerous breast tissue cell line MCF10A.
Differences in EV acetylomes were observed between the non-cancerous and cancerous breast cell
lines. We selected and tested the enzymatic activity of five acetylated enzymes: aldolase
(ALDOA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoglycerate kinase
(PGK 1), enolase (ENO) and pyruvate kinase M1/2 (PKM). ALDOA, PGK 1 and ENO had
significantly higher specific enzymatic activities in MDA-MB-231 compared to MCF10A-derived
SEVs.
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3.3.3 Materials and Methods

3.3.3.1 Cell Culturing and SEV Isolation

Culturing of epithelial breast cancer cell line MDA-MB-231 (ATCC HTB-26), MCF7 (ATCC
HTB-22) and MCF10A non-tumorigenic epithelial breast cancer cell line (ATCC CRL-10317)
was performed as described previously "8 sEVs were isolated by using differential
ultracentrifugation as described in our previous investigation "6,

3.3.3.2 Quantification of SEVs by Nanoparticle Tracking Analysis (NTA)

The concentration and size distribution of SEVs were determined using The ZetaView
nanoparticle tracking microscope PMX-110 (Particle Metrix, Meerbusch, Germany) at 85 and 40
camera shutter speeds 6.

3.3.3.3 Characterization of EVs Protein Markers

Marker-based assessment of EVs isolated from MCF10A, MCF7 and MDA-MB-231 cell lines
was performed using the commercially available Exo-Check Exosome Antibody Array kit (System
Biosciences, Palo Alto, CA, USA) according to the manufacturer’s protocol.

3.3.3.4 Sample Preparation for Acetylomics

Isolated SEVs were added in lysis buffer with a volume ratio of 4:1 (fraction/buffer) consisting
of a final concentration of 20 mM HEPES, pH 8.0, 0.1% NP-40, 1 mM DTT, 1.6 M urea, 1/1000
(v:v) protease inhibitor cocktail (Cat No. 78430, Thermo Fischer Scientific, Mississauga, ON,
Canada), 3 uM Trichostatin A (TSA) and 10 mM Nicotinamide (NAM) and were gently vortexed
for 2 min. The suspension was centrifuged for 3 min at 10,000x g and the supernatant was then
collected. The protein concentration was determined using a Bradford protein assay kit (Thermo
Scientific, Cat No. 23236, Waltham, MA, USA).

3.3.3.5 Protein Reduction, Alkylation and Enzymatic Digestion

Protein samples obtained from the isolated sEVs were reduced, alkylated and digested using
FASEB method as described previously #°. Proteolytic digestion was performed by addition of
sequencing grade modified trypsin (Promega, #V5111, Madison, WI, USA), 1:300 enzyme to
protein ratio, and incubated under shaking at 500 rpm at ambient temperature overnight. The
digestion was stopped by addition of formic acid (1% final concentration) and centrifuged at
15,000x% g for 3 min. The supernatant containing about 100 g of digested protein was desalted on
disposable TopTip C-18 columns (Glygen, #TT2C18.96, Ellicott City, MD, USA) and dried by

vacuum centrifugation.
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3.3.3.6 Enrichment of Acetylated Peptides

The peptides were dissolved in 100 pL of the immunoprecipitation buffer solution containing
50 mM HEPES (pH 8.0), 100 mM NaCl, 1 mM EDTA, 0.1% NP-40 and incubated with 30 puL
pre-washed antibody beads (catalog no. PTM-104 for Kac, PTM Biolabs, Inc., Hangzhou, China)
at 4 °C overnight with gentle shaking. The bound lysine-acetylated peptides were then processed
according to the protocol of PTM Biolabs. The eluted peptides were collected and vacuum-dried
followed by resuspension in 20 pL of 0.1% FA and analyzed by LC-MS/MS.

3.3.3.7 Nano-LC-MS/MS

An Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific, Mississauga, ON, Canada)
equipped with an UltiMate 3000 nanoRSLC (Thermo Fisher Scientific, Mississauga, ON, Canada)
was used for nanoLC-MS/MS analysis. Three microliters of enriched acetylated peptides were
loaded onto the column for 65 min at a flow rate of 0.30 uL./min and separated on an in-house
packed column (Polymicro Technology, Phoenix, AZ, USA), 15 cm x 70 pm ID, Luna C18(2), 3
pm, 100 A (Phenomenex) employing a water/ACN/0.1% formic acid gradient. The following steps
were employed: 0-10 min, 2-2% ACN; 10-40 min, 2-38% ACN; 40-45 min, 38-98% ACN; 45—
50 min, 98-98% ACN; 50-55 min, 98-2% ACN; 55-65 min, 2-2% ACN. Data-dependent MS/MS
acquisition was performed following a full MS survey scan. The Orbitrap parameters in ESI+ were
set up as follows: ion spray voltage 2.1 kV, ion source temperature 250 °C, top speed mode over
the m/z range (m/z 350-2000) at a resolution of 60,000. Precursor ions were filtered according to
monoisotopic precursor selection and charge state (+2 to +7), and dynamic exclusion was enabled
for 30 s. The automatic gain control settings were 5 x 10° for full scan and 1 x 10* 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%.

3.3.3.8 MS Spectra Processing

Proteome Discoverer 2.1 (Thermo Fisher Scientific, Mississauga, ON, Canada) was used for
protein identification. The precursor mass tolerance was set at 10 ppm and 0.6 Da mass tolerance
for fragment ions. Search engine SEQUEST-HT implemented in Proteome Discoverer was applied
for all MS raw files. Search parameters were set to allow for dynamic modification of methionine
oxidation, lysine (K) acetylation, N-terminus acetylation and static modification of cysteine

carbamidomethylation. Peptides were searched against a human UniProt FASTA file containing

79



20,396 entries (21 April 2021) and a default contaminants database. The false discovery rate (FDR)
was set to 0.01 for both the protein and peptide level.

3.3.3.9 Data Filtering and Acetylation Site Localization

The SEQUEST-HT output table containing information on PSMs was used for all analysis in
R “6. Each cell line was cultured and analyzed in triplicate. Acetylated peptides which were found
in at least two out of the three replicates were used for further analysis. Acetylated peptides were
then collapsed to acetylation sites on unique proteins. Enriched motifs for acetylation sites per cell
line were identified with motif-x. The biological function of acetylated proteins in each cell line
were annotated with Gene Ontology (GO) and KEGG terms. Identified acetylation sites were
compared with known acetylation sites downloaded from PhosphoSitePlus (20 October 2022) #'.

3.3.3.10 Disease and Functional Annotation Analysis

Gene ontology and KEGG functional annotations were obtained through the clusterProfiler R
package %80, Absolute numbers of proteins belonging to presented biological themes were
compared between cell lines.

3.3.3.11 Data Availability

All MS raw data were submitted to the PRIDE repository (Accession: PXD040413) at the
European Bioinformatics Institute.

3.3.3.12 Aldolase Activity Assay

Cells and isolated extracellular vesicles were resuspended in ice-cold Aldolase Assay Buffer
from the kits (ab196994, Abcam, Toronto, ON, Canada) and gently vortexed. After centrifugation
at 10,000x g for 1 min, supernatants were collected and used for enzymatic activities. The assays
were performed at 37 °C, and absorbances were measured at 450 nm in a kinetic mode according
to the manufacturer’s instructions. The activity of enzymes was calculated from the assay time of
30 min.

3.3.3.13 Glyceraldehyde 3 Phosphate Dehydrogenase Activity Assay

The glyceraldehyde 3 phosphate dehydrogenase activity was measured using a Glyceraldehyde
3 phosphate dehydrogenase Activity kit (ab204732, Abcam, Toronto, ON, Canada) according to
the manufacturer’s procedures. The assays were performed in 100 uL of the reaction mixture on a
microplate reader at 37 °C, and absorbances were measured at 450 nm in a kinetic mode based on
the manufacturer’s instructions. The activity of enzymes was calculated from the assay time at 10
(cells) and 50 min (EVs).
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3.3.3.14 Phosphoglycerate Kinase Activity Assay

The Phosphoglycerate Kinase Activity was assessed by using a colorimetric assay (The
Phosphoglycerate Kinase Activity Assay Kit, ab252890, Abcam, Toronto, ON, Canada) following
the manufacturer’s procedures. The assays were performed on a microplate reader (Greiner Bio-
One 655209; Fischer Scientific, Toronto, ON, Canada) at 37 °C in a kinetic mode at 340 nm as
described in the manufacturer’s instructions. The activity of enzymes was calculated from the
assay time of 20 min.

3.3.3.15 Enolase Activity Assay

The protein extracts from cells and EVs were treated with enolase assay buffer (Abcam Enolase
assay kit, ab241024, Abcam, Toronto, ON, Canada), and supernatants were collected after
centrifugation at 10,000x g for 1 min. The assay was performed as indicated in the manufacturer’s
instructions at 37 °C in a kinetic mode using a fluorometric method (Ex/Em = 535/587). The
activity of enzymes was calculated from the assay time between 10 and 30 min.

3.3.3.16 Pyruvate Kinase Activity Assay

Briefly, the reaction was started by incubating the protein extract with the reaction mixture
following the manufacturer’s instructions (Pyruvate Kinase Assay Kit, ab83432, Abcam, Toronto,
ON, Canada). Samples were incubated at 37 °C in a kinetic mode, and the fluorescence was
measured between 0 and 10 min using a microplate reader (EX/Em = 535/587).

3.3.3.17 Statistical Analysis

Enzymatic assays were conducted at least in quadruplicates. Replicates of each cell line within
a sample origin group, cell-free extract or SEVS, were compared for statistical significance of their
means by a Student’s t-test. All p-values were annotated and a p-value of <0.05 was considered

significant.

3.3.4 Results

3.3.4.1 Isolation of SEV

To explore the potential role of acetylated proteins for early BC diagnostics, we performed a
systematic acetylome analysis of sEVs derived from MCF10A, MCF7 and MDA-MB-231 cell
lines. Nanoparticle tracking analysis (NTA) was used to evaluate the size distribution of SEVs
isolated by differential ultracentrifugation. The diameter of isolated SEVs ranged from 50 to 300

nm, with an average size of about 125 nm (Figure 3.3.1). Additionally, the ExoCheck kit validated
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the presence of several external (CD63, EpCAM, ANXA5, CD81 and ICAM) and internal
(TSG101, ALIX and FLOT1) EV markers in isolates from all three cell lines (Figure S1).

MCF10A MCF7 MDA-MB-231
1.50
1.25
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0.75
0.50
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2 10 100 1000 2 10 100 1000 2 10 100 1000
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Figure 3.3.1. Nanoparticle tracking analysis (NTA) of extracellular vesicles. NTA plots show
the size distribution profiles of isolated SEVs from MCF10A, MCF7 and MDA-MB-231 cell lines.

3.3.4.2 Overall Acetylome Profiling

Samples of about 100 pg from MCF10A, MCF7 and MDA-MB-231 derived sEVs collected
from three biological replicates were prepared and examined independently. Proteins were
digested and the acetylated peptides were enriched using anti-acetyl-lysine (KAC) immunoaffinity
chromatography to enhance the identification of low-abundance acetylated proteins. A schematic
overview of our experimental strategy is presented in Figure 3.3.2A. After harvesting and isolating
SEVs using ultra-centrifugation, acetylated peptides were enriched then analyzed by nano liquid
chromatography-tandem mass-spectrometry (nLC-MS/MS) using CID fragmentation mode. The
proteomic mass spectrometry data were subjected to rigorous bioinformatics assessment and
protein identification related to lysine acetylation. Acetylated peptides were considered reliable if
they were identified in at least two biological replicates. After removal of potential contaminants
like keratins, the total number of identified acetylated peptides for each cell line is presented
in Figure 3.3.2B and Table S1. In total, from 118 acetylated peptides 22, 58 and 82 have been
identified in MCF10A, MCF7 and MDA-MB-231sEVs, respectively (Figure 3.3.2B). The Venn
diagram of acetylated proteins revealed in total 60 identified proteins from three cell lines
including 13, 41 and 44 acetylated proteins from MCF10A, MCF7 and MDA-MB-231 sEVs,
respectively (Figure 3.3.2C and Table S2).
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Figure 3.3.2. Overview of the identified acetylated peptides/proteins. (A) Workflow illustration
of acetylome analysis of SEVs from MCF10A, MCF7 and MDA-MB-231 cells. (B) Total number
of acetylated peptides identified from three independent replicates of each cell line (C) A Venn

diagram showing the number of EV acetylated proteins identified from the three cell lines.

3.3.4.3 Acetylation Site Distributions and Motifs for the Identified Acetylation Sites

The distribution of acetylated residues per protein in sEVs derived from three breast cell lines
is presented in Figure 3.3.3A. Among the 97 identified sites, 25 are not previously reported (Table
S3). Assingle acetylation site was localized on most of the identified acetylated proteins in all three
SEV fractions. A notable number of the identified proteins were found to be lysine acetylated at
two or more sites. MCF7 (eight acetylated proteins) and MDA-MB-231 (16 acetylated proteins)
derived sEVs contained a higher number of multiply acetylated proteins than MCF10A (five
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acetylated proteins) derived particles (Figure 3.3.3A). Some proteins contained five or more
acetylated sites such as fatty acid synthase (FASN) and H4 clustered histone 9 (H4C9).
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Figure 3.3.3. Overview of the acetylated sites and acetylation motifs. (A) Barplot depicting the
distribution of numbers of acetylation sites observed per protein in all three EV-derived cell lines.
(B) Conservation of acetylation motif for £10 amino acids around the lysine acetylation sites. The
central K refers to the acetylated lysine and the size of each letter corresponds to the frequency of

the amino acid residue in that position.
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Visualized sequence motifs from the acetylation for each cell lines derived sEV are presented
in Figure 3.3.3B. Acetylation motives have not revealed substantially different motifs for lysine
acetylation from all EV fractions. It appears that G at the —1 and —2 positions as well as K and G
at the +4 position are overrepresented in MCF10A in comparison to MCF7 and MDA EVs. Some
variations of amino acids were observed at the position from +1 to +5 in all three EV fractions.

Therefore, these results may suggest different acetylation dynamics between the three cell lines.

3.3.4.4 Functional and Pathway Analysis of Identified Acetylated Proteins

Identified acetylated proteins were annotated and classified using the Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. Within the GO subcellular
localization terms, the identified lysine-acetylated proteins were mainly localized to the
membrane-bounded organelle, cytoplasm, extracellular vesicle, nucleus and membrane (Figure
3.3.4A). KEGG enrichment demonstrated that many proteins were associated with the terms of
metabolic pathways, glycolysis/gluconeogenesis, biosynthesis of amino acids, HIF-1 signaling
pathway and pyruvate metabolism (Figure 3.3.4B). For all these terms, a larger number of proteins
was presented in MCF7 and MDA-MB-231 derived sEVS, in comparison to MCF10A derived

SEVs. Remarkably, the majority of acetylated proteins were associated to the glycolysis pathway

(Figure 3.3.5).
A B
Membrane-bounded ]
organelle | F Metabolic pathways F
Cytoplasm F Glycolysis / |
Gluconeogenesis
Extracellular vesicle- — Biosyntr?esis of r
Nucleus-| | —— amino acids | r
| HIF-1 signaling
Membrane r pathway | r
Cell periphery-
Peripnery r Pyruvate metabolism- [l MDA
Mitochondrion- M B MCF7
Cytoskeleton| s RNA degradation - . B MCF10A
0 10 20 30 40 0 5 10 15
Fraction of Proteins Fraction of Proteins

Figure 3.3.4. GO cellular localization (A) and KEGG pathways analysis (B) of acetylated proteins
derived from MCF10A, MCF7 and MDA-MB-231 sEVs.
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Figure 3.3.5. The enrichment of acetylated enzymes in the glycolysis pathway and TCA cycle in
breast cancer cell lines. The acetylated enzymes from MCF10A, MCF7 and MDA-MB-231 are

marked in blue, red and yellow respectively.

A noteworthy number of lysine-acetylated proteins from MCF7 and MDA-MB-231 derived
SEVs were observed for annexins (Figure S2). Numerous acetylated histones were identified
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among different cell line derived sEVs including H4 clustered histone 9, H3 clustered histone 1,
H3.4 histone, H2B clustered histone 18, H2B clustered histone 20 and H1.5 linker histone (Table
S2). Interestingly, KAT8 regulatory NSL complex subunit 1, which was identified in this study, is
known to be involved in the acetylation of nucleosomal histone H4 in various lysed residues °L.
Our previous work focused on identifying metabolic enzymes in BC-derived EVs and MVs
that could be explored as diagnostic BC biomarker &6, We chose to focus on enzymes as
biomarkers since they can be easily incorporated into quick, accurate and sensitive diagnostic
assays that can assess specific enzymatic activity. SEV enzymes annotated by the KEGG database
with the term “glycolysis/metabolic pathways” were selected for downstream experiments. We
investigated five enzymes (Table 3.3.1, Figure S3) mainly acetylated in MCF7 and/or MDA-MB-
231 sEVs: aldolase (ALDOA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
phosphoglycerate kinase (PGK1), enolase (ENO) and pyruvate kinase M1/2 (PKM). We did not
perform further validation for phosphoglycerate mutase 1 (PGAM1) because of the unavailability

of a kit capable of measuring its enzymatic activity.

Table 3.3.1. Summary of the acetylation sites for enzymes related to the glycolysis pathway, TCA
cycle, and acetyl-CoA metabolism from MCF10A, MCF7 and MDA-MB-231 sEVs. These

acetylated enzymes were identified at least in two replicate samples for each cell line.

MCF10A MCE7 SEV MDA-MB-
Acetylation S
Enzyme Gene ) y SEV 231 sEV
Sites
Position of Acetylation
K-42, K-
Aldolase ALDOA 3 K-147 K-147, K-230
147, K-230
Glyceraldehyde-3-P- K-61, K-194,
GAPDH 3 K-219
dehydrogenase K-219
Phosphoglycerate kinase
. PGK1 1 K-131
hosphoglycerate
PROSPIOgY PGAM1 1 K-100
mutase 1
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MCF10A MDA-MB-

Acetylation MCF7 seV
Enzyme Gene ) y SEV 231 sEV
Sites
Position of Acetylation
K-60, K-193,
Enolase 1 ENO1 4 K-343 K-343
K-203, K-343
Enolase 2 ENO2 1 K-343
Enolase 3 ENO3 2 K-60, K394
pyruvate kinase M1/2 PKM 1 K-433 K-433

3.3.4.5 Analysis of ALDOA, GAPDH, PGK 1, ENO and PKM in Cells and Their SEVs

The enzymatic activity was detected in all extracted protein fractions from the three cell lines
(Figure 3.3.6, Table S5). The specific activity levels of all tested enzymes are significantly higher
in MDA-MB-231 when compared with MCF10A cell line. Similarly, the specific activities of
ALDOA and ENO were significantly higher in MDA-MB-231 and MCF7 when compared with
MCF10A cell derived sEVs. The specific activity of PGK1 was significantly higher in MDA-MB-
231 in comparison to MCF10A and MCF7 stV fractions. Very low or absence of activity was
observed for GAPDH and PKM in all EV fractions. Although some activity of GAPDH was
observed in MDA-MB-231 and MCF7 from sEV in comparison to MCF10A, the results cannot be
conclusive because of very low specific activity. Therefore, ALDOA and ENO reveal a more
significant difference in specific activity between seV derived from MCF10A and MCF7 or MDA-
MB-231.

88



31074

A [

s _ew0r
%‘gbw T o |
SE ALDOA  1x10+
u E r 1
==
8 g
SE0

0
MCF10A MCF7 MDA MCF10A MCF7 MDA
CFE sEVs
B 0.01
r |
100 01
_ f 1
£ p o 0.8
€ o] o GAPDH
wE
BE o 00s
w = —
0 .
MCF10A MCF7 MDA MCF10A MCF7 MDA
CFE sEVs
c O.DI

800
_3;"3500 1210
S E
g g4l PGK1 10103
g Ewo
g E 200
w100 |

0
MCF10A MCF7 MDA MCF10A MCF7 MDA
CFE sEVs
D 0.03
0.02
120 [ —
:‘E"g' 1oa 0.79
ge ¥ ENO 2x10°*
60 —
£ 82107
SE W —
& E 0.02
a= N — =
0 [—— 1
MCF10A MCF7 MDA MCF10A MCF7 MDA
CFE sEVs
E 2010
42107

400 f 1
z-‘—u
s g'aoo
2 E 200 Bx10° PKM 0.44
L2E | — 1
g2 0.18
aE 100 0.89

0
MCF10A MCF7 MDA MCF10A MCF7 MDA
CFE sEVs

Figure 3.3.6. Specific enzymatic activity of (A) aldolase (ALDOA), (B) glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), (C) phosphoglycerate kinase (PGK1), (D) enolase (ENO)
and (E) pyruvate kinase M1/2 (PKM) in cell-free extract (CFE) and their corresponding sEV
fractions. The bar graph represents mean values, while error bars indicate the standard deviation
(SD) of at least five replicates, and p-values obtained from a Student’s t-test are indicated on the
top.
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3.3.5 Discussion

In recent years, proteomics has played a remarkable role in providing information about EVs
and their function in breast cancer tumor progression and metastasis 2®. Post-translational
modification of proteins intersects with cancer, playing a decisive role in regulating various
cellular processes and being implicated in the major regulatory mechanisms of cell signaling
networks. In our previous investigation, using proteomics analysis, we demonstrated that EVs
contain functional, phosphorylated, metabolic enzymes that could be potential candidates in early
BC diagnostic and therapeutic applications
identified in sEVs from two breast cancer cell lines (MCF7 and MDA-MB-231) and the non-

metastatic (MCF10A) cell line. These acetylated sites were mapped to 60 distinct proteins. The

. In this study, 25 novel acetylated sites were

cancerous cell lines used in this work present a good model for studying invasive ductal carcinoma
(MCF7) and triple-negative BC (MDA-MB-231).

Although enrichment analysis was performed using the same initial quantity of proteins, about
100 pg from all three SEVs, there was a significant difference in the number of identified acetylated
proteins isolated from these three cell lines. Therefore, EVs from MCF10A produced a lower
number of lysine acetylated proteins in comparison to MDA-MB-231 and MCF7. This finding
suggests that lysine acetyltransferase enzymes are working more effectively in cancerous cell lines.
Some of these enzymes have been overexpressed in various types of cancers such as colon, liver,
glioma, bone, lung, breast and prostate cancers °2°3. Accordingly, some studies have explored
small-molecule inhibitors from the KAT protein family for cancer therapy . In this study,
numerous identified acetylated proteins in sEV-derived BC cell lines indicated that their
modification could affect protein function and holds a biological role and prognostic value in
breast cancer.

The majority of acetylated proteins were identified to participate in various metabolic
processes such as glycolysis, biosynthesis of amino acids and pyruvate metabolism. It has been
investigated that cancer cells are able to reprogram different metabolic processes to meet
requirements for proliferation, invasion and survival in hostile environments >, Glucose is one
of the primary fuel sources for malignant cells and plays an important role in tumorigenic
metabolism and cancer progression 6. Therefore, it is not surprising that several identified

acetylated proteins are associated with the glycolysis pathway. During the process of oncogenesis,
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an essential piece of metabolic reprogramming of cancerous cells is enhancing aerobic glycolysis
and glucose uptake °"%8. Five enzymes involved in glycolysis present only or mainly in SEVs
isolated from cancer-derived cell lines were validated: aldolase (ALDOA), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), phosphoglycerate kinase (PGK1), enolase (ENO) and
pyruvate kinase (PKM). However, only three of these enzymes, ALDOA, PGK1 and ENO, have
a higher value for specific enzymatic activity in MDA-MB-231 derived sEVs when compared with
MCF10A ones. Several investigations demonstrated increasing activity/expression of these
enzymes in breast cancer cells or tissues and are proposed as promising breast tumor markers. The
enzyme activities of ALDOA and ENO were found to significantly increase in cancerous breast
tissue when compared to normal tissue *°. The overexpression of phosphoglycerate kinase has been
demonstrated in most cancer types, including BC °. This study validated that PGK1 can be used
for BC prognosis. In the present work, we found that the activities of ALDOA, PGK1 and ENO
were increased in BC derived sEVs isolated from the MDA-MB-231 cell line, in comparison to
sEVs isolated from MCF10A cell lines. These findings suggest that SEV enzymes may be potential
clinical indicators for the diagnosis of BC.

The presence of metabolite products from identified acetylated enzymes from the glycolysis
pathway and malate dehydrogenase from the TCA cycle can serve as precursors for amino and
fatty acid synthesis ®*. This finding suggests that pathways for amino and fatty acid synthesis were
affected with lysine acetylation. This is not surprising because it is known that in addition to
glucose, tumor cells metabolize amino and fatty acids at much higher rates than their nontumor
equivalents 2.

In this study, we also identified four acetylated annexin proteins (annexin 1, 2, 5 and 6) present
in cancerous cell line derived sEVs. Annexin family members can regulate various cellular
functions including vesicle trafficking, vesicle fusion, plasma membrane repair, promotion of
membrane segregation and actin cytoskeleton dynamic regulation 8356, Dysregulation of annexins
has been associated with multiple cancers including BC, and these proteins have emerged as
potential biomarkers and pharmacological targets for medical applications ¢’. Quantitative mass
spectrometry-based proteomic analyses revealed significantly higher ANXAL protein expression
in more invasive glioblastoma cells ®. The abundance of ANXAZ1 was significantly higher in the
high-grade glioblastoma EVs compared with low-grade glioblastoma EVs ®°. Therefore, this

protein has been proposed as a potential EV biomarker for glioblastoma. In a model of human BC,
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ANXA1 can promote tumor-formation, and it has been suggested that some basal-like TNBCs
may require high endogenous tumor cell Annexin Al expression for continued growth . In
addition, ANXAL has been suggested to be a useful prognostic marker in HER-2+ BC patients ",
The protein Annexin A2 has been explored as a prognostic marker because of the expression of
this protein in various cancer cells "2 including oral squamous cell carcinoma " and prostate cancer
7476 1t was found that Annexin A2 is highly expressed in breast tumor tissues ’” and that FOXD1-
dependent RalA-ANXA2-Src complex promotes circulating tumor cell formation in BC 8.
Moreover, Annexin A5 (ANXADS5) was found to promote prostate cancer stem cells, pancreatic
adenocarcinoma, sarcoma and tumorigenesis and progression of BC ’°. This protein has been
proposed to be a predictive biomarker for tumor development, metastasis and invasion and be of
diagnostic, prognostic and therapeutic significance in cancer ’°. Moreover, in BC cells, ANXA5
up-regulation suppresses Raf-1 and MEK1/2 expressions, ERK1/2 phosphorylation and Ras
activation in MCF-7 ®. The protein ANXAG6 has been implicated in various cellular functions
including cell growth, differentiation and motility, which underlie tumor progression 8.
Consequently, reduced expression of ANXAG is associated with decreased cell motility and rapid
growth of xenograft TNBC tumors in vivo 8. Our work demonstrates the high level of acetylation
of several annexins in cancerous BC derived EVs suggesting that this post-translational
modification may cause a change in protein structure and function, and consequently alter its
function.

Aberrant acetylated histones identified mainly in cancerous cell line derived sEVs include H4
clustered histone 9, H3 clustered histone 1, H3.4 histone, H2B clustered histone 18, H2B clustered
histone 20 and H1.5 linker histone. Epigenetic regulation via histone acetylation plays an important
role in chromatin remodeling and in the regulation of gene transcription, which can be involved in
tumorigenesis 382, Several studies have suggested modifications to histone acetylation and
proposed them as potential diagnostic or prognostic biomarkers in cancer 3. Analysis of global
histone modification in BC patients’ analysis revealed that the loss of acetylated H4 at K16 may
serve as an early indication of cancer, and low levels of H3 acetylated at K9 and K14, and H4 at
K12 are prognostic of poor outcomes . In our work we identified the acetylation of H2B clustered
histone 18 in both MCF7 and MDA-MB-231 derived EVs. It has been shown that the expression
profile of MAP3K4-deficient trophoblast stem cells includes an H2B acetylation-regulated gene
signature that closely overlaps with that of human BC cells &,
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In our previously published works &€, we investigated potential enzyme biomarkers for BC
early detection, exploring the proteomic content of SEVs from cancerous cell lines. The discovery
of potential biomarkers based on enzymatic assays with reliable clinical significance would most
likely require a panel of multiple enzymes. For this reason, future studies to find more enzyme
candidates should be performed using proteomics approaches on different cell lines as well as
isolated blood from healthy and BC patients. Our results, based on proteomics analysis of SEVs
from cancerous cell lines, found that three enzymes, ALDOA, PGK1 and ENO, may be potential
biomarkers for BC diagnosis. These enzymes were already investigated to significantly increase

activity in BC cells and tissue > supporting future exploration of these enzymes for BC prognosis.

3.3.6 Conclusions

Here, we performed a protein acetylation analysis of breast cancer-derived extracellular
vesicles from MCF10A, MCF7 and MDA-MB-231 cell lines. We found that 60 distinct acetylated
proteins were identified collectively among cell lines, covering different metabolic functions and
especially within the glycolytic pathway. Among these acetylated proteins, we validated five
glycolytic enzymes, ALDOA, GAPDH, PGK1, ENO and PKM. The results revealed that the
specific activity of GAPDH and PKM in cancerous cell lines was at the limit of detection and
therefore cannot be taken in consideration as a viable biomarker. In contrast, acetylated enzymes
ALDOA, PGK1 and ENO showed a significantly higher specific enzymatic activity in MDA-MB-
231 in comparison to MCF10A-derived EVs. Our results, based on protein acetylation analysis of
BC-derived sEVs as well as previously reported studies on BC cells or tissues, strongly suggest

that these enzymes may be good candidates as potential prognostic biomarkers for BC.
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exosome antibody array analysis for expression of well-known five external (CD63, EpCAM,
ANXAD5, CD81 and ICAM) and three internal (TSG101, ALIX and FLOT1) EV protein exosomal
(or sEV) markers isolated from MCF10A, MCF7 and MDA-MB-231 cells. GM130 cis-Golgi
marker is used to monitor any cellular contamination in SEV isolations, a labeled positive control
for HRP detection, and a blank spot as a background control; Figure S2: The position of annexin
acetylation sites from MCF10A, MCF7 and MDA-MB-231 marked with blue, red and yellow,
respectively; Figure S3: The position of acetylated sites of enzymes in the glycolysis pathway from
MCF10A, MCF7 and MDA-MB-231, respectively; Table S1: A total number of identified
acetylated peptides for each SEV sample; Table S2: The list of identified acetylated proteins from
three cell lines derived SEV; Table S3: The list of acetylated sites identified from three cell lines
derived sEV; Table S4: GO functional annotation labels for cellular compartment and KEGG
pathway analysis for sEVs from MCF10A, MCF7 and MDA-MB-231; Table S5: The specific
activities of ALDOA, GAPDH, PGK1, ENO and PKM in the different cell free extracts and their

derived sEV fractions. The numbers in parentheses indicate the number of biological replicates.
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3.4 Proteomics Approaches for the Discovery of Potential Enzymatic Biomarkers for Early

Diagnosis of Breast Cancer

3.4.1 Abstract

Breast cancer (BC) is one of the leading causes of death in Canadian women, with an average
survival rate of 5 years after diagnosis. Early detection of BC can greatly improve patient outcomes
and survival. However, a non-invasive BC detection method is not currently available in clinics.
Recent studies suggest that proteins from small extracellular vesicles (SEVs) could be promising
biomarkers for non-invasive BC early-stage diagnosis. SEVSs are membrane-enclosed vesicles
secreted by cells that drive different stages of carcinogenesis in BC. The purpose of this work was
to analyze different published proteomics datasets to identify enzymes that could be potentially
used as diagnostic biomarkers. Three cell line studies were compared, and overlapping BC proteins
were highlighted with proteins found in SEVs from blood and plasma. In total, 106 proteins were
selected based on the cell line studies, of which 40 have been identified in blood/plasma sEVs.
These 106 proteins were mostly enriched with cell—cell signaling and DNA repair terms based on
GO analysis. Furthermore, these 40 proteins contained 11 enzymes that can be explored as
potential BC biomarkers. Future validation of enzymes using cancer cell lines and blood from BC
patients remains to be determined.

Keywords: breast cancer; biomarkers; enzymes; proteomics; extracellular vesicles

3.4.2 Introduction

Extracellular vesicles (EVs) are small, membrane-bound particles that are released by most
cells in the body. They contain a variety of molecules, such as proteins, metabolites, and nucleic
acids, and are thought to play important roles in cell-cell communication . EVs can be classified
into several subtypes based on their size, biogenesis, and cargo, including small extracellular
vesicles (SEVs), microvesicles, and apoptotic bodies ®. Research has shown that EVs can be
involved in a range of physiological and pathological processes, such as immune regulation, tumor
progression, and neurodegenerative diseases. EVs also have potential as diagnostic and therapeutic
tools, as they can be isolated from biological fluids such as blood and urine, and their cargo can

be manipulated for targeted delivery of therapeutic agents 2.
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SEVs have emerged as promising biomarkers for cancer due to their ability to reflect the
molecular signature of their cell of origin 3°. Cancer cells release SEVs that contain a variety of
molecules, such as proteins, which can be detected in blood, urine, or other types of bodily fluids.
By analyzing the proteins of these SEVs, specific biomarkers associated with cancer development,
progression, and treatment can be identified. Breast cancer (BC) is one of the leading causes of
death in women 3. Early detection of BC can greatly improve patient outcomes and survival.
However, a non-invasive BC detection method is not available in clinics yet 4. Recent studies
suggest that proteins in EVs could be promising biomarkers for non-invasive BC in early-stage
diagnosis °.

Various studies have been performed with the aim of discovering potential BC biomarkers in
EVs, and MS-based proteomic analysis is one of the main approaches. For example, Risha et al.
isolated EVs from a highly metastatic BC cell line and MCF-10A, a non-cancerous epithelial breast
cell line ©. The proteomic analysis of the isolated SEVs revealed 726 proteins unique to the BC cell
line ©. Minic et al. isolated SEVs and enriched phosphopetides and performed phosphoproteomic
analysis using LC-MS/MS to expand the known proteome of such sEVs. The profiling of the
phosphoproteome resulted in the identification of 2003 phosphopeptides that were mapped onto
855 different proteins, encompassing a broad range of functionalities °. Rontogianni et al. isolated
EVs from nine subtypes of BC cell lines and MCF-10A, which were used to perform both
quantitative proteomic analysis and phosphoproteomic analysis. Their results reveal that EVs are
subtype-specific in BC cell lines, which indicates EVs could potentially play an important role in
BC subtyping in clinical diagnostics *. In addition to BC cell lines, researchers also isolated EVs
from human plasma and serum to perform proteomic analysis. For example, Muraoka et al. isolated
EVs via the affinity capture isolation method from EDTA plasma and serum and successfully
identified a total of 4079 proteins by quantitative proteomics ’. This presents the deepest proteomic
study of plasma and blood EVs besides the medium EV (mEV) study by Kverneland et al. 8.

Enzyme biomarkers can be very efficient for early detection, diagnosis, therapeutic treatment,
and monitoring disease recurrence of cancer patients °. Although enzyme biomarkers can be
efficiently used for precise measurement of cancer progression, a limited number of clinically
approved cancer biomarkers are available for early diagnosis °. Advancement of proteomic
technologies enables the identification of potential biomarkers using different human cancer cell

lines and blood.
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The purpose of this work was to find potential BC-associated proteins identified from cell
line sEV studies that can be isolated from blood or plasma sEVs and may serve as diagnostic

biomarkers.

3.4.3 Methods

3.4.3.1. Data Source

The data were obtained from the supplemental material from the studies presented in Table
3.4.1.

Table 3.4.1. Published BC proteomics studies used for data analysis.

Publication Sample Types Breast Cancer Subtypes Control
Risha et al. © BC cell lines MDA-MB-231 MCF-10A
Minic et al. ® BC cell lines MDA-MB-231, MCF-7 MCF-10A

MCEF-7, Hs578T, BT549, MDA-
Rontogianni et al. * BC cell lines MB-231, LM2, HCC1954, MCF-10A
HCC1419, JIMT1, SKBR3

Muraoka et al. ’ Plasma and serum Healthy human subjects

3.4.3.2. Bioinformatics Analysis

The protein groups identified from all datasets were compared based on the first protein
accession ID. Contaminant and reverse proteins were removed if still present °. In the cell line
studies, proteins identified in the control MCF10A cell line, which was used in all datasets, were
pooled and subtracted from all proteins identified in more than 50% of replicates for any given BC
cell line. When only quantitative data were available ®, proteins were considered to not be
identified in MCF10A if their log2 LFQ intensity was one SD below the average with a significant
ANOVA test 1. Then, only proteins identified in BC cell lines were compared between the datasets
and only selected if present in two out of three studies. The resulting proteins were compared with
proteins identified in blood or plasma.
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Gene Ontology enrichment analysis was performed with the clusterProfiler R package using
the 106 overlapping proteins against all identified proteins in cell lines. Enzyme commissions were

retrieved from the org.Hs.eg.db R annotation package.

3.4.4 Results and Discussion

Usually, proteins are first identified in both non-cancerous and cancerous cell lines, and
cancer-specific proteins are selected as potential biomarkers. Then, those biomarker candidates are
matched in serum/plasma samples, which are among the most accessible biological samples from
patients. EVs can be detected in different types of biofluids, such as blood and urine, making them
an ideal subject for our study on the use of EVs for the early diagnosis of BC. In this work, we
compared the proteins obtained from different studies on EVs derived from human BC cell lines.
Three of them, Risha et al. 6, Minic et al. °, and Rontogianni et al. %, used EVs isolated from breast
cancer cell lines, and Muraoka et al. ” used EVs isolated from blood and plasma.

The three cell lines studies identified a total of 5309 proteins from both the non-cancerous
epithelial breast cell line and various breast cancer cell lines reflecting different BC subtypes.
Proteins that were identified in MCF-10A were removed from the total identified proteins,
resulting in 831 proteins unique to the BC cell lines. This led to the identification of 106 proteins

present in at least two out of the three cell line studies (Figure 3.4.1 and Table S1).
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Figure 3.4.1. The overlap between identified SEV proteomes from three breast cancer cell line

studies 1. In total, 106 proteins were identified in at least two out of the three studies.
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These 106 proteins were then compared to the proteomic data from the blood and plasma
study. In total, 40 proteins overlapped, from which 11 enzymes were identified as enzymes by
their enzyme commission number (Table 3.4.2). Four of these enzymes belong to the family of
protein kinases: unc-51-like kinase 3, protein kinase C beta, G-protein-coupled receptor kinase 2,
and glycogen synthase kinase 3 alpha. Several reports found that targeted inhibition of unc-51-like
kinase 3 contributed to the inhibition of metastasis and tumor growth in a diverse range of cancers
10-12 Tt has been found that the expression of protein kinase C beta (PKCP) and G-protein-coupled
receptor kinase 2 promotes tumorigenesis in BC ¥4 Using MCF7 cell lines, it has been
demonstrated that glycogen synthase kinase-3 protects estrogen receptor alpha from proteasomal
degradation and is required for full transcriptional activity of the receptor . This estrogen receptor
is known to play a significant role in the formation of BC %7, Two enzymes are associated with
ligase in the ubiquitin pathway: thyroid hormone receptor interactor 12 and WW domain
containing E3 ubiquitin protein ligase 2. Ubiquitination-related proteins (URGSs) have been
proposed as important biomarkers and therapeutic targets in cancer, including BC 8, The WW
domain containing E3 ubiquitin protein ligase 2 has been proposed to play a central role in
tumourigenesis and has potential as a prognostic marker and molecular therapeutic target °. Other
identified enzymes include galactosidase alpha, dipeptidyl peptidase 4, peptidylprolyl cis/trans
isomerase—NIMA-interacting 1, acyl-CoA synthetase short-chain family member 2, and CTP

synthase 2. All these enzymes have been reported to have different roles in cancer biology 292,

Table 3.4.2. List of enzymes identified in EVs from blood and plasma suggested as potential BC
biomarkers. Eleven enzymes were identified in SEVs from both BC cell lines and blood and plasma.

T indicates that the enzymes were identified in the proteomic data from the published BC cell lines

studies.
UniProt Ref. Ref. Ref.
Enzyme Gene Name
ID 6 5 1

Thyroid hormone receptor
Q14669  6.3.219 TRIP12 T T -
interactor 12

Q6PHR2  2.7.11.1 ULKS Unc-51-like kinase 3 T T
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UniProt Ref. Ref. Ref.
Enzyme Gene Name

ID 6 5 1
PO5771 2.7.11.13 PRKCB Protein kinase C beta T T
P25098 2.7.11.15 GRK2  G-protein-coupled receptor kinase 2 T T
P49840 2.7.11.26 GSK3A Glycogen synthase kinase 3 alpha T T
P06280 32122 GLA Galactosidase alpha T T

P27487 3.4.145 DPP4 Dipeptidyl peptidase 4 T T

Peptidylprolyl cis/trans isomerase,
Q13526 5.2.1.8 PIN1 _ _ T T
NIMA-interacting 1

Acyl-CoA synthetase short-chain
Q9NR19 6.2.1.1 ACSS2 _ T T
family member 2

WW domain containing E3
000308 6.3.2.19 WWP2 o o T T
ubiquitin protein ligase 2

Q9NRF8  6.3.4.2 CTPS2  CTP synthase 2 T T

The functional enrichment analysis of the selected 106 proteins (Table S2) revealed many
enriched terms, including cell—cell signaling (Table S3) and DNA repair. EVs are known to play
an important role in mediating cell—-cell signaling, immune response, and tumor metastasis 2°.
Additionally, altered DNA repair systems are often related to an increase in the cancer rate 26. Our

findings suggest that EVs play a role in DNA repair during cancer progression.

3.4.5 Conclusions
In conclusion, the results of this study and previously reported data strongly suggest that 11
identified enzymes may be potential candidates as biomarkers for the early diagnosis of BC. In our

previous report °, we also identified and validated some enzymatic biomarkers from sEVs derived
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from BC cell lines. All these candidates, including those reported here, provide a feasible panel of

potential biomarkers that can be tested using plasma/blood from BC patients.

3.4.6 Supplementary Materials

The following supporting information can be downloaded
at: https://www.mdpi.com/article/10.3390/ECB2023-14099/s1. Table S1: the overlap between
identified SEV proteomes from three breast cancer cell lines studies identified in at least two out
of the three studies; Table S2: gene ontology enrichment result using Biological Process terms for
106 overlapping BC proteins vs. all identified cell line proteins. Table S3: proteins that are related

to cell—cell signaling function according to Gene Ontology analysis.
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3.5 Conclusions

In this chapter, different proteomic approaches were used to analyze proteins from breast
cancer-derived extracellular vesicles. 855 distinct phosphoproteins and 60 distinct acetylated
proteins were identified in BC cell lines. Nine of these proteins were selected for validation.
Among them, three phosphorylated enzymes (ACLY, SIRT1, and SIRT6) and three acetylated
enzymes (ALDOA, PGK1 and ENO) showed a significantly higher specific enzymatic activity in
BC-derived SEVs in comparison to non-cancerous. Our quantitative proteomics analyses and
previously reported data strongly suggest that 11 identified enzymes may be potential candidates
as biomarkers for the diagnosis of BC. Future validation of these enzymes using both cancer cell

lines and blood from BC patients remains to be determined.
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Chapter 4: General Conclusion: Enzymatic Activity
Assays for the Validation of Identified Proteomic

Biomarker

An enzymatic assay is a laboratory technique used to measure the activity of enzymes in a
sample, providing insight into their function, regulation, and kinetic properties *. These assays are
widely utilized in biochemical research, drug development, and clinical diagnostics 23. In this
thesis, enzymatic assays were used as the validation method for studies in both Chapter 2 and
Chapter 3.

Enzymatic assays provide several advantages over Western blot when studying non-model
organisms like wood frogs, particularly because they measure enzyme activity directly without the
need for species reagents. One of the primary challenges in working with non-model organisms is
the lack of readily available antibodies tailored to their proteins, which is essential for Western
blotting *. Enzymatic assays bypass this limitation by relying on the universal principles of
enzyme-substrate interaction, which are often conserved across species. This flexibility allows
researchers to study organisms where specific antibodies for protein detection are unavailable or
costly to develop. Enzymatic assays can also be easily adapted for different species with minimal
modifications, making them especially valuable in comparative studies of biodiversity or in fields
like evolutionary biology and ecology.

Another key advantage of enzymatic assays is their ability to provide functional data based on
enzyme activity °, which is often more insightful than just detecting the presence of protein.
Western blot can confirm the expression of an enzyme, but it doesn't reveal whether the enzyme
is active or functional under given conditions. Enzymatic assays, however, directly measure the
catalytic activity of the enzyme, allowing researchers to quantify how well an enzyme is
functioning in real-time °. This is particularly important in the study of non-model organisms,
where researchers may be interested in understanding how unique metabolic pathways or adaptive
mechanisms operate in environments or under stresses that differ from those of well-studied
species. Enzyme activity measurements can provide critical insights into the physiological and

ecological adaptations of these organisms.
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In addition to functional insights, enzymatic assays are often more straightforward and cost-
effective to implement compared to Western blot, particularly for high-throughput applications.
Western blot requires complex procedures such as protein extraction, gel electrophoresis, transfer
to membranes, and antibody incubation, all of which can be time-consuming and require
specialized reagents that may not be readily available for non-model species . Enzymatic assays,
on the other hand, typically involve simpler workflows, such as adding a substrate to a sample and
measuring the product formation, often using a colorimetric or fluorometric readout ’. This
simplicity and scalability make enzymatic assays more practical. These factors together make
enzymatic assays a powerful tool for studying non-model organisms, offering both practical and
scientific advantages over traditional validation methods like Western blot.

Despite their many advantages, enzymatic assays come with several limitations that
researchers must consider. One major limitation is that enzymatic assays are highly sensitive to
experimental conditions such as pH, temperature, and ionic strength ’. Since enzyme activity can
fluctuate based on these factors, even small deviations from optimal conditions can significantly
affect the accuracy and reproducibility of the results ’. This makes it necessary to carefully control
the assay environment, which may not always be feasible when working with complex or
heterogeneous biological samples, such as tissue extracts from non-model organisms. In studies
involving environmental stressors (e.g., freeze-thaw cycles in wood frogs), maintaining
appropriate conditions for the assay can be particularly challenging.

Another limitation is that enzymatic assays often require purified or relatively simple samples,
as the presence of other enzymes, proteins, or small molecules can interfere with the results.
Complex biological samples may contain inhibitors, activators, or other compounds that can alter
enzyme activity, leading to false positives or negatives 8. For instance, in whole tissue
homogenates, it might be difficult to isolate the specific enzyme of interest without interference
from other cellular components. This can necessitate additional sample preparation steps, such as
partial purification or dialysis 8.

In this thesis, we performed the proteomics analysis of protein phosphorylation and acetylation
from EVs derived of control and cancerous BC cell lines. These PTMs of proteins are major
regulatory mechanisms of cell signaling networks, thus essential for almost all cellular functions.
Therefore, protein phosphorylation and acetylation play crucial roles in the regulation of protein

functions.  Enzymatic assays are predominately used to measure the functional
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properties of proteins. Enzyme based biomarkers have been used for disease diagnosis for many
decades. Including. In this thesis, we identified several potential enzyme-based biomarkers for BC.

Finally, enzymatic assays may struggle to detect enzymes that have low activity or are present
at very low concentrations. While the assay measures functional activity, enzymes that are not
highly expressed or only active under specific conditions might not generate detectable levels of
product, leading to underestimation or failure to detect the enzyme's presence. Advanced detection
techniques, such as fluorescence-based methods, can sometimes overcome this limitation °, but
these approaches may require expensive equipment or specialized reagents, making them less
accessible to all laboratories. As a result, enzymatic assays can sometimes lack the sensitivity
needed for detecting low-abundance enzymes. In conclusion, enzymatic assays are powerful tools
to validate results from the proteomic fields, offering precise and quantitative insights into enzyme
behavior. However, their effectiveness is often contingent upon carefully controlled experimental

conditions, appropriate sample preparation, and consideration of potential interferences.
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