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Chapter 1

Introduction



Introduction

Cancer describes a vast set of diseases in which multiple alterations occur to normal
healthy cells in order to transform them towards malignant derivatives.! These
aberrations can have numerous and variable origins, occur in different types of cells
as well as various genetic and metabolic pathways.? As a result, the presentation of
the cancer phenotype can be diverse and, due to this complexity, the same clinical
intervention may not work equally for different patients who seemingly suffer from the
same condition.® As a result, a personalized approach to medicine may lead to
improved outcomes for patients. In this sense, personalized medicine aims to use our
understanding of the molecular pathways* manipulated by cancer in order to prescribe

the right intervention at the right time to the right patient.®

Biomarker Discovery

Disease complexity may be resolved by following a set of biological signatures or
“biomarkers” that are correlated with the disease and thus provide an individual
perspective of the disease for each patient. A biomarker may be described as a
biological parameter that is objectively measured to give information regarding
biological, pathological or therapeutic processes.® To provide insights into these
complex biological processes and interactions, the presence, absence, increase, or
decrease of a specific biomarker, can be monitored. As a result, biomarkers may be
used for clinical applications such as screening, diagnosis, prognosis, as well as the
prediction of response to treatment and monitoring disease progression.” Thus,
biomarkers have great importance and huge potential for improving patient health by
means of developing non-invasive testing, greater clinical accuracy, and personalized

medicine.

The discovery and development of biomarkers for clinical use is not limited to a single
field and, as shown is Scheme 1, encompasses research into the expression of genes
(genome), RNAs (transcriptome), proteins (proteome), and metabolites
(metabolome)? as well as lipids (lipidome) and glycans (glycome). Although integrating
multiple fields would provide a comprehensive overview of the biological system of
interest,° the availability of resources, time and expertise pertains that researchers

must often focus on a specific area. As physiological changes caused by disease are



often reflected in the proteome, this field represents an attractive opportunity for
biomarker discovery and development.’In relation to this, proteins demonstrate great
versatility and flexibility to carry out the functions of the cell, in contrast to the genome

which is generally constant.
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Scheme 1. Overview of the ‘omics’ fields. Created with BioRender.com.



Challenges for Biomarker Research

The chief requirement of a clinical biomarker is that it must “improve patient
outcomes”.!"" Moreover, it must be objectively measured using a suitable and
analytically validated assay, which must also demonstrate sufficient performance in
important areas such as clinical sensitivity and specificity, as well as positive and
negative predictive value.'>'® Thus, failure to meet these key performance metrics
leads to challenges for biomarker testing whereby it is questionable whether patient
outcomes are improved or not. A well-known example in this regard is the case of the
prostate-specific antigen (PSA) test, an Food and Drug Administration (FDA)-
approved test for early detection of prostate cancer (PCa).' The test is based primarily
on the premise that the development of PCa is associated with the disruption of the
basement membrane and basal cells of the prostate. As a result, an elevated PSA
concentration is observed in serum after the protein “leaks” into the circulatory
system.' However, it has been reported that the PSA test has a sensitivity of 21%
and a specificity of 91% for detection of any PCa when a cut-off of 4.0 ng/mL is
applied.'® Although the sensitivity for high-grade cancer (Gleason score = 8) was
reported as 51% at this cut-off value.'® As a result, most PCa will not be detected in
patients (false-negative) using a PSA test alone. In addition, it has been shown that
high-grade cancers are found amongst men with PSA levels < 4.0 ng/mL."” Thus, the
test is unable to differentiate malignant and benign forms of the disease. Furthermore,
an elevated PSA concentration in serum may also be the result of other factors and
conditions, such as benign prostate hyperplasia (BPH).'® Thus, when the cut-off is
lowered to 3.0 ng/mL (32% sensitivity and 85% specificity for detection of any PCa),
the likelihood of a false-positive diagnosis as well as overdiagnosis increases.'®
Overall, the poor performance of this biomarker in these important areas leads to
underdiagnosis (false-negatives),'® whereby the malignant disease is not detected
early enough in order to trigger an effective clinical intervention, and overdiagnosis
(false-positives).’® As a result, patients with a benign or non-cancerous condition

undergo an invasive and unnecessary biopsy procedure.

A single biomarker approach such as the PSA test is an appealing strategy as
concentration cut-off values are straightforward to implement.?’ Evidently, however,
there are pitfalls associated with this method which may arise due to a failure to take

protein complexity into account. Proteome complexity mainly arises due to post-



transcriptional and post-translational events such as alternative splicing®' as well as
post-translational modifications (PTMs)?? which may generate multiple proteoforms of
the same protein that is transcribed from a single gene.?>?* Thus, single biomarker
assays, including many assays using antibody-based detection, generally do not

distinguish between various proteoforms which may lead to inaccurate results.?

Opportunities for Discovery

The challenges posed by proteoforms for clinical testing also present future
opportunities for biomarker discovery and development. It has been postulated that
improvements in clinical test performance will be achieved when proteoforms are
incorporated into clinical assays.?®?® For example, pathophysiological changes
associated with cancer cell development result in changes to various proteoforms,
including PTMs such as glycosylation, in addition to differences in protein expression
levels. Glycosylation is a critical PTM as correct glycosylation is required for protein
folding, interactions between receptors and ligands, cellular signaling and recognition,
and immune response.?’ Thus, oncogenesis is associated with aberrant glycosylation
as the expression of regulatory enzymes such as glycosyltransferases as well as the
availability of monosaccharide residues is impacted.?®-33 As a result, the interaction
between the onset of cancer and glycosylation also represents potential opportunities
for biomarker discovery and development.3%3' In fact, the majority of FDA-approved
cancer biomarkers currently implemented in clinical practice are glycoproteins,3*
although the glycosylation-specific features are often not taken into account during
clinical testing.%® In any case, this has given rise to the development of glycosylation-
focused “omics” fields, namely the glycoproteome and glycome,® that may be

explored in their own right as biomarkers of disease.

Glycosylation

Glycosylation refers to the process of modifying a carrier protein or lipid with
carbohydrate molecules. In this process, sugar building blocks, also known as
monosaccharides, are used to form larger and more complex carbohydrate structures,
better known as oligosaccharides or glycans. These structures consist of a series of
monosaccharides covalently linked together via glycosidic bonds. As shown in Figure

1A, there are seven monosaccharides that are commonly found throughout the human
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Figure 1. Most common monosaccharides found in humans. (A) Monosaccharides are
shown in the alpha (a) conformation. Abbreviations for each group of sugars that share the
same monoisotopic mass (M) as well as each individual sugar residue are shown. In this case,
fucose (F) and sialic acid (S) are the primary deoxyhexose and N-acetylneuraminic acid found
in humans, respectively. (B) The three glycans types, high mannose, hybrid and complex are
shown. The symbol “+” denotes that monosaccharides may be further added or subtracted from
the structure. The colored symbol for each monosaccharide is depicted according to the
Consortium of Functional Glycomics.'0?

body as part of different glycoconjugates whereby the term “conjugate” refers to
another compound, often a protein or a lipid, that is decorated with glycan structures.
In the case of proteins, the glycans may be N- or O-linked. The former refers to the
attachment of the glycan to the nitrogen atom of an asparagine (Asn) when the motif

Asn-X-serine (Ser)/threonine (Thr) is found in the amino acid sequence whereby “X”



is any amino acid except proline (Pro). An O-linked glycan refers to glycans that are
bound to the protein via the oxygen atom of Ser or Thr. The sequences of Asn-X-
Ser/Thr and Ser/Thr are referred to as the glycosylation sites of the protein and there
may be multiple N- and O-linked glycosylation sites present on a single protein.
Furthermore, different glycosylation sites may also have different occupation levels.
Thus, therein lies the complexity that is found on glycoproteins as macroheterogeneity
(multiple glycosylation sites) and microheterogeneity (different glycans found on the
same glycosylation site) contribute to the formation of different glycoforms of the same

protein.%’

In eukaryotes, glycosylation begins in the endoplasmic reticulum (ER). In order to
produce N-linked glycoproteins, first a lipid-linked oligosaccharide is built by linking
multiple mannoses and glucoses to a GIcNAc that is priorly attached to the lipid.
Following this, the glycan portion is transferred to a polypeptide chain whereby it
ensures proper folding during post-translation modification of the protein before the
entire glycoconjugate is translocated to the Golgi apparatus. Depending on the
location of the glycoprotein in the Golgi apparatus (cis-, medial-, or trans-) as well as
the presence of different glycosyltransferases, exoglycosidases, and
endoglycosidases, Figure 1B shows that different glycan structures may be produced

(high mannose, hybrid, and complex) before the glycoprotein is secreted by the cell.¥”

Glycans are structurally more complex than other macromolecules such as proteins
owing to their non-linear production and branching nature. For example,
polysaccharides are built by linking a monosaccharide to any available hydroxyl
oxygen of another sugar via its anomeric carbon. Furthermore, glycosidic linkages
may be present in an alpha (a) or beta () configuration. As a result, this gives rise to
structures that may contain different compositions (monosaccharides), linkages,
configurations (a- or B-), and branching. Thus, the structural diversity found within
glycans gives rise to their numerous functions and roles in biological systems,
including molecular structure and organization, as well as intrinsic and extrinsic
signaling and recognition.3” For instance, glycans with the same composition may
have different linkages or structures (isomers) that affect their function. Sialic acids
may mask or allow access to an underlying galactose for binding depending on
whether they are a2,6- or a2,3-linked.®® For example, a2,6-linked sialylation allows

interaction with the asialoglycoprotein receptor whereas the a2,3-linked variant blocks



this interaction.®® In addition, a galactosylated a6-antenna, rather than the a3-antenna,
increases monoclonal antibody FcyRIIIA binding affinity.*° Finally, it has been shown
that core-fucosylation plays a role in regulating the immune system*'*3 whereas

antennary fucosylation may function more in mediating host—microbe interactions.*445

Glycoproteins as Cancer Biomarkers

The importance of glycosylation is evident in the malignant and physiological changes
that result in aberrant glycosylation profiles during cancer progression. It has been
shown that not only abnormal glycosylation patterns are generated, but that
glycosylation actively contributes to tumor proliferation, metastasis and
angiogenesis.*®4” As a result, aberrant glycosylation is continually being recognized
as a hallmark of cancer. Undoubtedly there are a plethora of cancer-associated
physiological alterations that affect cellular glycosyltransferases and glycosylation
profiles, and vice versa. However, although glycosylation shows strong disease
indications and greater promise for biomarker development, the glycosylation of
human proteins and their clinical validity have not yet been thoroughly defined.3® As a
result, characteristic glycosylation signatures in cancer still require further
investigation and, importantly, suitable methodology to measure these changes must

be developed.

PSA Proteoforms as PCa Biomarkers

PSA is a glycoprotein with a single N-glycosylation (Asnes) and, although the PSA test
underperforms in relation to PCa screening and diagnosis, its various glycoforms have
been associated with differentiating specific groups of PCa patients. In relation to this,
specific PSA glycosylation signatures such as an increase in both a2,3-sialylation*®
and fucosylation*® were correlated with the distinction between PCa and non-PCa
groups, as well as normal and tumor-derived cells, respectively. Furthermore, other
possibilities for biomarker development may be found by examining the disruption of
the biological processing of PSA into its various proteoforms during prostate disease.
Figure 2 summarizes the PSA proteoforms that are found in serum during normal
bioprocessing of the protein in healthy cells. The prepropeptide form of PSA is
produced in epithelial cells where it is co-translationally cleaved at Alai7 into [-

7]proPSA PSA,505" an inactive precursor form that contains a 7-amino acid long



Introduction

propeptide, proPSA ([-7]proPSA).5? Cleavage of [-7]proPSA at Argz4 in the lumen
results in the active form of the protein (PSA), which is normally secreted by the
epithelial cells into semen. However, in cases of PCa, the epithelial lining of the
prostate becomes disrupted, resulting in the entry of active PSA and inactive [-
7]proPSA, as well as its constituent degradation products ([-5]proPSA, [-4]proPSA, [-

Lumen bPSA_ Serum
A I
bPSA iPSA iPSA
I —
Processing InteL|_1rnal
Proteolysis
Transport cleavage PSA cPSA
— q
Proteolysis by
hK2, hK4
[-7]proPSA
[ -«
Degradation *
[-5]proPSA* [-5]proPSA*
[ [
Secretory Basal Basement
epthelium cells membrane
117 60 261 peoopsa
B Inactive
1824 69 261
ProPSA
Inactive
25 69 261 PSA
Active
25 69 108-110 169-170 205-207 261 Cleaved PSA (bPSA)

" NRF KK GKS Inactive

Figure 2. Normal bioprocessing of PSA. (A) The prepropeptide form of PSA is co-
translationally cleaved into [-7]proPSA. 505 [-7]proPSA may also undergo further degradation
which results in truncated proPSA forms, including [-5]proPSA. In the lumen.5%-%2 [-7]proPSA
undergoes proteolysis by hK2 and hK4 to obtain PSA. This active form of the protein is secreted
by the prostate gland into seminal fluid, however it may also undergo further processing in the
lumen to inactivate the protein, yielding internally cleaved PSA (bPSA) and inactive PSA
(iPSA).5051 A smalll portion of each proteoform also enters into blood circulation whereby active
PSA forms complexes with protease inhibitors which produces complexed PSA (cPSA).5051
Asterisk (*) refers to other proPSA forms such as [-4], [-3], [-2], and [-1]proPSA. (B) PSA
proteoforms include preproPSA with signal peptide, [-7]proPSA, active PSA, and cleaved
bPSA.%% Amino acid positions are highlighted along the top. The N-glycosylation site is
highlighted in red and the most abundant glycan (H5N4F1S2) is shown. The most prominent
cleavage sites and associated amino acids are shown for bPSA.505!" Created with
BioRender.com.
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2]proPSA, [-1]proPSA) into the bloodstream.?%-52 Conversely, active PSA may also be
inactivated by undergoing internal cleavage at specific amino acid positions (R1os —
F110, Kisa — K170, K2os —S207)%3-%% to produce inactive cleaved PSA%*, also known as
benign PSA (bPSA)%. Interestingly, bPSA appears to be enriched in the transition
zone of the prostate in hyperplastic BPH tissue which is thought to be a highly
proteolytic environment.%® Thus, the impact that disease has on the biological
processing of PSA gives a clear example of how specific proteoforms may be
investigated in order to improve the clinical performance of a diagnostic test when
testing for PCa (proPSA) or BPH (bPSA). Despite these developments,
comprehensive studies of PSA proteoforms, especially in body fluids other than
serum, are lacking. Although PSA variants have been examined with some beneficial
outcomes,®! these tests are still dependent on protein concentration, rather than a
proteoform profile. As a result, further studies into the clinical relevance of PSA

proteoforms must still be carried out.

CRC N-Glycosylation Signatures

In relation to colorectal cancer (CRC), aberrant N-glycosylation signatures may be
found during CRC progression. For example, a study that used CRC stem cells
showed an increase in lectin binding for branched tri- and tetra-antennary structures,
which was accompanied by an increase in the expression of N-
acetylglucosaminyltransferase V (MGAT5),%” the enzyme responsible for B1,6-
branching.%8 Interestingly, MGAT5 overexpression is associated with an increase in
malignancy and tumor growth rate in human colon carcinoma cells.?® In addition,
upregulation of ST6 beta-galactoside a-2,6-sialyltransferase 1 (ST6GAL1)%%6! and a
concurrent increase in expression of a2,6-sialylation is reported in CRC.82 Here,
sialylation modifies B1 integrin conformation, resulting in a protective effect against
apoptosis in CRC cells.®® Additionally, the aforementioned glycosylation signatures
may also be investigated as biomarkers of the disease. For example, Vroome et al.
showed an increase in tri- and tetra-antennary N-glycan structures as well as an
overall elevation in a2,6-sialylation when comparing the total serum N-glycome of
CRC patients with healthy controls.®* Furthermore, the authors illustrated the
discrimination of cases from controls and CRC survival was also predicted.®* Another
study focused more specifically on the glycosylation patterns of the current CRC

biomarker, carcinoembryonic antigen (CEA).85 CEA is a highly glycosylated protein



and it is expected that the assessment of its heterogeneous and abundant
glycosylation could result in biomarkers that better reflect cancer progression.®® In this
case, Zhao et al. examined CEA from tumor tissues in comparison with paired tumor-
adjacent normal tissues using a lectin microarray.%> Greater levels of fucose and
mannose were observed whilst there was a decrease in N-acetylglucosamine
(GlcNAc), N-acetylgalactosamine (GalNAc), galactose as well as branched and
bisecting N-glycans on CEA.%5 Evidently, glycosylation is involved throughout
numerous cancer processes in CRC, however further investigations are required in
order to determine the most suitable approach (total serum versus specific
glycoprotein), glycosylation signature, as well as analytical methodology that will

enable translation of the results into the clinics.

The discovery and development of glycoproteins as biomarkers for clinical use
requires suitable analytical methodology for this purpose. In this case, the technique
must demonstrate sufficient sensitivity in order to detect low abundant analytes as well
as specificity so that associations of specific analytes with the disease may be
determined. In relation to the latter, antigen-binding approaches using antibody or
lectin arrays are fraught with the potential for non-specific binding.?53% For example,
Zhao et al. reported that Aleuria aurantia lectin (AAL) shows specificity for a1-2
(antennary) fucose® whereas other studies describe specificity towards a1-6 (core)
fucose,?” highlighting the ambiguity that may arise from such approaches. In contrast,
measurands used in clinical tests must be clearly defined.®® Furthermore, it is
important to develop a proper understanding of the disease biology in order to develop
biomarkers that can accurately monitor disease processes. Thus, it is important to
build the required specificity into the biomarker test throughout the discovery and
development period. In this sense, mass spectrometry (MS) is a technique that is
ideally suited for this purpose as it allows specific identification via unique precursor

mass and fragmentation patterns as well as direct quantification of proteins.356°



Glyco(proteo)mics

Mass Spectrometry

MS describes a range of techniques wherein gas-phase ions of compounds are
produced followed by the measurement of these ions as mass-to-charge ratios (m/z).
The process of ionization produces gas-phase ions in the source, often via matrix-
assisted laser desorption ionization (MALDI) or electrospray ionization (ESI). This is
followed by mass separation of the ions in the mass analyzer under a vacuum. This is
a critical function of MS as the ions are directly related to the nature, structure, and
composition of the precursor molecule. Several types of mass analyzers have been
developed for this purpose and, in many cases, they are combined in order to enhance
the selectivity of the measurement. For example, quadrupole time-of-flight (QTOF)
instruments implement a mass range pre-selection via the quadrupole which is
followed by the separation of the ions inside a flight tube. The m/z of the ion is
determined by the time taken to reach the detector, which is directly related to its mass.
Finally, the data output from the detector is given as a mass spectrum, which may then
be interpreted manually or using appropriate software in order to yield important

information regarding the molecule of interest.”®

The power of MS can be further enhanced by adding an extra separation dimension
prior to mass detection. This may be achieved via the coupling of an online separation
technique before the introduction of the sample into the mass spectrometer. With
regard to the analysis of glycoproteins, two separation techniques have demonstrated
a wide range of applications when hyphenated with MS: capillary electrophoresis
(CE)-ESI-MS®8.71-77 and liquid chromatography (LC)-ESI-MS.78-84

Capillary Electrophoresis—Electrospray lonization—Mass Spectrometry

Electrophoresis refers to the separation of compounds in solution following the
application of voltage in order to generate an electric field.8% Thus, analytes will migrate
towards the cathode or anode depending on whether they are positively or negatively
charged, respectively. In the case of capillary zone electrophoresis (CZE), the capillary
is filled with a buffer known as the background electrolyte (BGE) in order to facilitate
separation.®® Depending on the charge of the analytes and their hydrodynamic size,

each analyte displays its own electrophoretic mobility. In this case, an analytes charge



is determined based on its pKa as well as the pH, ionic strength, and concentration of
the BGE.?” However, the migration of each analyte within the capillary depends on the
combined influence of its electrophoretic mobility as well as the electroosmotic flow
(EOF) of the system. The EOF is generated by applying a voltage to the capillary and
an interaction between cations, anions, and the capillary wall will occur, resulting in a
bulk flow of the solution. In relation to this, the strength of the EOF may be influenced
by controlling parameters such as the properties of the BGE, the coating present on
the capillary internal wall, and the applied voltage.8” Moreover, the resulting charge of
the compound of interest and direction of the EOF must also be carefully considered

to ensure that the analyte migrates efficiently towards the detector.

CE is regarded as an analytical technique which generates excellent peak resolution
and high peak capacity, mainly because of the sharp peaks that are produced due to
the flow profile that is EOF driven.8” As a result, the hyphenation of CE with MS via
ESlis a powerful approach which achieves high sensitivity and selectivity by the online
separation of analytes based on their properties inside the capillary and used BGE. In
the context of glycoproteomics, CE-ESI-MS has demonstrated efficient separation of
sialylated glycans due to the negative charge that sialic acids carry.88 Furthermore,
isomeric separation can also be achieved as it was shown that sialic acids with
different linkages are resolved as they have different pKas,® and likely also different
hydrodynamic volumes, although the latter observation was not investigated. In
addition, co-migrating compounds with different masses may be determined when
coupled with MS detection. Overall, CE-ESI-MS has been applied across multiple
areas in the glycomics and glycoproteomics fields, including the analysis of released

glycans,”™-"3 glycopeptides,’*7% and intact glycoproteins.”®77

Liquid Chromatography—Electrospray lonization—Mass Spectrometry

Chromatography achieves separation based on the interaction of compounds with the
stationary and mobile phases. In this regard, the chemistry that is observed is largely
dependent on the chromatographic system and the properties of the analyte inside
that system. In relation to this, there are several chromatographic principles that are
mainly applied in glycomic and glycoproteomics research, including high-
pH/performance anion-exchange chromatography (HPAEC),%® porous graphitized
carbon (PGC)-LC,788% reversed-phase (RP)-LC,’%8° and hydrophilic interaction-LC



(HILIC).8"%0 |n regard to HPAEC, glycans are separated following the application of a
high pH which results in the deprotonation of monosaccharide hydroxyl groups.®! In
particular, this technique has been employed with pulsed-anomeric detection (PAD)
for the analysis of individual monosaccharides following glycan hydrolysis.® Typically,
this separation approach is difficult to couple with MS due to the incompatibility of the
solvents, however hyphenation has been achieved via implementing an online
desalting step prior to MS detection.® In general, the latter LC approaches (PGC, RP,
HILIC) are more easily coupled with MS than HPAEC and have demonstrated
numerous applications within the field of glycomics and glycoproteomics.”8-81.83.84,92
For example, hydrophobic and polar interactions influence PGC separation, as a result
this technique demonstrates excellent separation of glycan isomers.%2% In the context
of RPLC, a nonpolar stationary phase is employed and a noncovalent interaction is
formed between the stationary phase and the analytes’ nonpolar residues. Analytes
elute in order of increasing hydrophobicity as their retention is dependent on the
competitive solubilization between the stationary and mobile phases.®! In the context
of N-glycan analysis, elution is largely dominated by non-carbohydrate moieties at the
reducing-end of the glycan.®! Finally, HILIC is also a popular technique for separating
glycoconjugates due to their hydrophilic nature and, as a result, separation is mainly
determined by the glycans themselves. In this case, it has been reported that an
analyte partitioning effect is created due to the presence of organic solvent in the
mobile phase and the water-enriched layer at the polar stationary phase.®*% Thus,
analyte elution is strongly influenced by the polar associations of the carbohydrate
residues with the stationary phase, as well as other interactions which include
hydrogen bonding, ion exchange and dipole-dipole interactions.® Therefore, HILIC-
MS has been an important technique for the efficient separation and analysis of

various types of glycoconjugates.

Top to Bottom MS Approaches

There are several approaches for analyzing glycoproteins by MS which range from
top-down to bottom-up techniques (Figure 3). The approach for analyzing
glycoproteins depends on the research question and level of detail that is required.
For example, intact glycoprotein analysis involves the analysis of the entire
glycoconjugate, with little sample preparation and, as a result, fewer modifications are

introduced to the molecule during sample processing.%®® The separation may be
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Figure 3. Top to bottom glyco(proteo)mic approaches. An ordinal scale is used to compare

the four approaches across five categories, ranging from none to high. Analysis time refers to total
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performed under denaturing or native conditions with the aim of assessing the intact
mass of different proteoforms as well as protein integrity and complexes when native
conditions are employed.®” Importantly, it should be noted that top-down analysis
includes the performance of MS/MS fragmentation on the protein in order to gain
sequence information.®” However, intact protein or top-down analysis requires mainly
isolated proteins and these techniques does not allow site-specific information to be
gained. Furthermore, sensitivity is a challenge due to the dispersion of the signal over
the charge envelope of the protein. Native top-down MS generates proteins with lower
charge states,% however the aqueous solvent lacks the organic solvent and low pH

that is often favorable for protein solubility and ion desolvation.%

Subunit analysis may also be carried out by following a middle-up or middle-down
approach. Protein subunits may be generated by reducing protein disulfide bonds or
enzymatic digestion, such as IdeS digestion of antibodies.?! Similarly to the top-down

approach mentioned above, the term “middle-down” is used when MS/MS



experiments are carried out during the measurement.®” Several benefits are gained
from following a protein subunit approach. For instance, the molecular weight of the
analyte is lowered and, therefore, isotopic resolution may be achieved which allows
the accurate mass to be determined. In addition, modifications may be assigned to
specific subunits of the protein.®® Despite these advantages, enzymes that cleave the

protein into large polypeptides are generally not available for most proteins.%

Bottom-up analysis involves the enzymatic digestion of the protein and, unlike middle-
up/down analysis, the protein is digested into peptides rather than subunits. Moreover,
there is a large number of enzymes to choose from in order to generate smaller
peptides, although trypsin is the most commonly applied.'®® This approach generates
great detail about the glycoprotein of interest, including the identification of N-
glycosylation sites and glycosylation site-occupancy, provided the peptide backbone
is unique. Although glycopeptide analysis provides information regarding both the
peptide and the glycan, the technique generates highly complex spectra. In addition,
little information regarding the peptide sequence is gained from applying collisional-
induced dissociation (CID), a commonly used technique for glycosidic bond

fragmentation, and other fragmentation techniques should be utilized in this case.'®

Finally, N-glycans may also be released entirely from the glycoprotein via enzymes
such as an endoglycosidases. In this case, the complete range of glycan
microheterogeneity may be assessed. This approach has several advantages,
including the absence of any protein interference which produces spectra with less
complexity. However, as a result, information regarding the carrier protein is lost.
Furthermore, glycans possess poor ionization efficiency and do not contain a natural
chromophore. In this case, sample preparation of glycans often involves reducing-end
labeling with a fluorophore-containing compound in order to enable fluorescence

detection. 0"

As demonstrated in Figure 3, each approach shows that there are several factors that
should be considered when determining which tactic to follow, including the sample
purity, time required for performing sample preparation and measurements, the
modification of interest, and the complexity of the generated data. Alternatively, to gain
a comprehensive picture, multiple approaches can be applied. For example, in cases

where the assessment of different glycoprotein proteoforms via a top-down approach



may be the primary objective, bottom-up analysis would provide the necessary
complimentary information regarding glycosylation site identification and occupancy
determination. In addition, released glycan analysis can provide the full overview of
glycan microheterogeneity and abundance. Moreover, subunit analysis provides
further support regarding modifications to the protein sequence. Thus, a multilevel

approach generates the most complete overview of the glycoprotein.



Scope

The aim of this thesis is to explore and develop MS workflows coupled with online
separation for the discovery of glyco(proteo)mic signatures in cancer. In this case, two
different approaches are taken in order to explore PCa and CRC, both in terms of

sample processing and separation mode.

In the first part of this thesis, we focus on a specific glycoprotein, namely PSA, and
perform intact protein analysis in order to assess the potential of its proteoforms for
stratifying PCa patients. Chapter 2 describes the development of a CE method in
combination with MS detection in order to profile urinary intact PSA. In addition, the
performance and application of the method is validated via intermediate and
repeatability measurements as well as a small patient study. In Chapter 3, the data
processing workflow is further developed, overcoming one of the main challenges that
was identified in Chapter 2. Importantly, this chapter focuses on the same data set as
Chapter 2 in order to validate the findings by comparing extracted ion and
deconvolution quantification approaches. New insights are also obtained as the
profiles of urinary and seminal PSA are compared, and further support for proteoform

assignment is achieved via middle-up and bottom-up analyses.

In the second part of this thesis, the potential of total serum N-glycosylation as a
biomarker for CRC is evaluated. Chapter 4 describes the development and validation
of a RPLC method in order to separate fluorescently labeled and sialic acid linkage
derivatized N-glycans. Importantly, specific isomeric structures are differentiated by
retention time and mass differences. Following this, the application of the method is
demonstrated using a cohort of pre- and post-operative samples from CRC patient
sera in Chapter 5. The clinical results are corroborated by comparison of the results
with previous MALDI-MS measurements of the same cohort. Additional information is

also gained by the separation of isomeric structures that was previously not observed.

Finally, a general discussion is provided in Chapter 6. Here, the analysis of isomeric
N-glycans by RPLC is further examined. In addition, the technical challenges
encountered during this thesis and potential improvements to the methodology are
discussed. Finally, future perspectives regarding biomarker and method translation

are described.
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