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Abstract

Shotgun proteomics refers to the untargeted and unbiased analysis of
the global proteome as this occurs in a biological system. The overarching
aim of my research is to develop a proteomics methodology for the in-depth
profiling of tissue and cell-lines and apply this novel methodology in mouse
model and human samples in order to identify molecular mechanisms and
novel therapeutic targets of obesity and obesity-related chronic diseases,
including Alzheimer’s disease and oesophageal adenocarcinoma.

The innovative quantitative proteomics methodology we developed for
the global, untargeted proteomic profiling of cell lines and tissue has wide
applications in different subject areas of biomedical research. Depending on
the samples analysed and experimental design, this methodological
approach can provide novel insight into physiological processes, the
pathophysiology of disease, as well as identify novel therapeutic targets and

disease markers.
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Section 1: Introduction
1.1 Introduction on Proteomics

Shotgun proteomics refers to the untargeted and unbiased analysis of
the global proteome as this occurs in a biological system. Shotgun
proteomics has engaged the scientific community’s interest as protein
expression constitutes the functional end-point of a cell’s genetic material
and defines its phenotype. Therefore, studying the proteomic profile of a
biological system within the context of a specific disease can provide insight
into its pathophysiology. Furthermore, proteomics may also identify novel
therapeutic targets and markers of diagnosis/prognosis and progression of
disease. Additionally, examining proteome perturbations of a biological
system after a particular intervention, for example pharmacologic treatment
or nutritional/physical activity regiments can provide valuable information on
the global, on- and off-target effects of the intervention to the system but also
uncover novel markers of response to treatment."?

The global proteomic profiling of a biological system provides direct
evidence of the expression levels of a particular protein, as opposed to the
indirect evidence of a protein’s levels derived from global transcriptomic
(mRNA) analysis. It is well-established that mRNA expression levels do not
always reflect the expression levels of the respective protein®* and the
correlation of the expression levels between mRNA and protein has been
shown to be low.® Furthermore, transcription-level evidence cannot provide
insight in the post-translational modifications of the respective protein.

Other analytical techniques used for the interrogation of proteins, for
example ELISA measurements, immunohistochemistry and Western
blotting, rely on the use of antibodies for the detection of a priori selected
protein targets. In this reductionist science approach, the researcher forms a
logical hypothesis based on current scientific knowledge and designs an
experiment through the targeted analysis of specific proteins in order to
confirm or disprove his working hypothesis. Even though the reductionist
research approach has created a huge amount of knowledge and

understanding in biomedical research, it also entails some important
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limitations. Firstly, by focusing on a few proteins in a biological system the
system-wide effects are largely ignored. This may thus create a “miss the
forest for the trees” type of experimental bias, where too much focus is
placed on a few selected protein targets whereas the holistic behaviour of
the biological system is not examined. Another limitation of the reductionist
approach is that since the formulation of the hypothesis is based on previous
knowledge, the creation of entirely new and unanticipated knowledge is
usually hampered. Yet another limitation is that functional aspects for any
particular protein is also defined by its direct or indirect interaction(s) with
other proteins constituting a biological system, a feature that is largely
overlooked in reductionist experimental approaches.® For these reasons, a
recently introduced research approach supports an untargeted profiling of
the biological system as the initial step of biomedical research projects. In
this type of systems biology scientific approach, one or several -omic
experiments for the untargeted, global assessment of the biological system’s
profile at the gene, transcript, non-coding RNA, proteome and metabolome
level are performed. In a multi-omic approach, the biological system is
profiled at multiple levels of biological organization and information ranging
from DNA alterations to protein expression and metabolome differences can
be combined for a more in-depth, multi-level interrogation of the system’s
features.’

The main challenges of proteomics are still multifaceted. Proteins
found in biological systems exhibit extensive diversity in their physico-
chemical properties, including but not limited to their molecular weight,
hydrophobic/hydrophilic character, dipole moment, innate protein-protein
interactions, native concentration levels, topology, their induction from a
post-translational modification event (i.e. phosphorylation status), their
propensity to undergo oxidation and reduction, etc. These physicochemical
properties have a direct effect on their ability to be detected with mass
spectrometry.

Furthermore, the amino acid sequence of a given peptide that uniquely

occurs in a protein directly affects its ability to ionize in the gas phase. For
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example, if a peptide is composed of non-polar or non-acidic amino acids, it
will be very difficult to analyse with the current mass spectrometry
technologies.®

Another important limitation to current mass spectrometry techniques
stems from the fact that only about 1% of the peptide ions introduced at the
source get eventually detected. This fundamental drawback is due to a
combination of factors including ion-optical design, limits to the degree of
vacuum provided by the current pump systems, and detector ion-collection
and electronics.® Also, the amino acid composition and charge state of a
given target peptide may limit its fragmentation efficiency and thus hamper
its amino-acid sequencing.'® Other limitations include the current protein
databases and their inability to deconvolute protein splice variants (induced
by disease or viruses), and chemical covalent modifications or chemical
adduct species."

A shotgun proteomics approach in complex protein mixtures, such as
those encountered in cell lines and tissue, includes: A. Protein extraction, B.
Protein digestion, C. Label-based vs. label-free approach, D. Protein and
peptide separation techniques, E. Liquid chromatography-mass
spectrometry analysis, and F. Biostatistics and bioinformatics analysis.?
Each of these steps will be discussed briefly in terms of the different
approaches that exist along with their strengths and limitations. An overview

of a typical proteomics pipeline is presented in Appendix A.

A. Protein extraction

Sample preparation is an important step in the proteomic analysis
pipeline, as the effective extraction of proteins will dictate the depth of
proteomic coverage. An optimal sample preparation protocol should
reproducibly isolate the full complexity of a biological system’s proteome
without causing artificial, post-extraction alterations to the proteins and whilst
removing non-specific contaminants (e.g. auto-digest peptides, fatty acids,
phthalates, plastic polymers, DNA, RNA etc.) and artefacts (e.g. salt clusters,

adduct species etc.). Isolating the full proteomic complement from a
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biological system is an intrinsically difficult task because proteins vary widely
in terms of molecular weight, charge state, conformational states,
hydrophobic and hydrophilic character, post-translational modifications, sub-
cellular distribution and complex formation with other macromolecules and
enzymatic co-factors.’® Samples collected for proteomic analysis should be
stored in -80°C freezers or in liquid nitrogen storage facilities (-196°C) and
transported/shipped between laboratories in dry ice (-78.5°C) since enzymes
maintain a small level of enzymatic activity even at -20°C, thus causing
protein degradation.

Specifically, for tissue analysis, a few important aspects of sample
processing prior to long-term storage should be taken into consideration.
Tissue specimens (derived from humans or animal models) should be
thoroughly cleaned from blood contamination, as this can adversely affect
the downstream analysis and final result. Blood contamination can affect the
proteomic result for two main reasons: Firstly, because blood contains high-
abundant blood proteins, such as albumin and a wide-array of low-abundant
proteins derived from different cell types, tissues and organs. Contamination
of tissue with high abundant blood proteins can mask the analysis of
biologically relevant, low-abundant tissue proteins whereas contamination
with low-abundant blood proteins can introduce noise in the expression
levels of a protein at the tissue-level. Secondly, blood contains proteases
that can cause decomposition of tissue proteins.

The total handling time between performing human tissue biopsy or
animal model sacrifice and storing the respective tissue for proteomic
analysis should ideally be kept consistent across samples and lasting for less
than 15 minutes." Consistency in tissue isolation is more feasible with
mouse models but rather difficult in the isolation of human samples during
surgery or post-mortem due to practical reasons. In this case, this information
should be provided in the respective publication and inconsistency in sample
collection and storage prior to proteomic analysis should be mentioned as a

study limitation.

MANOUSOPOULOU A. 11



Biological specimens must be subjected to homogenisation as the
initial pre-processing step. For cell lines, techniques used for sample
homogenisation include benchtop homogenizing systems and probe-type
sonication. Tissue samples can be disrupted by freezing them using liquid
nitrogen and grinding them with a mortar and pestle or using a benchtop
homogenizing system combined with specific sample tubes filled with
ceramic beads. Tissue and cell line specimens are then dissolved in a
solution that facilitates the solubilisation of proteins, for example
triethylammonium bicarbonate (TEAB) buffer. This can be combined with an
ionic surfactant (detergent) such as sodium dodecyl sulfate (SDS) or sodium
deoxycholate (SDC) at concentrations less than 0.1% and 1% respectively,
in order not to hinder enzymatic activity of trypsin in the respective
downstream part of the protocol.™ A cocktail of protease inhibitors can also
be used at this step. However, caution must be given so as to minimise
residual exposure for these proteases during the protein enzymolysis step.

During the tissue homogenisation steps, proteins can be briefly
exposed to higher temperatures (e.g. during FastPrep and tip sonication).
This increase in temperature can in turn activate proteases in the sample
that may cause protein degradation. Special care should be taken to
maintain the sample always on ice during all these steps. One further change
that can occur to proteins during sample homogenisation is oxidation. Protein
oxidation is usually an artefact during sample preparation, and this should be
accounted for in the algorithm that matches spectra to peptides. Assessing
the oxidative status of proteins in a biological system requires the use of
specific chemical derivatization reagents (e.g. Daz-2, iodoacetamide, etc.) in
order to stabilise protein oxidation as this occurs innately and allow its
discrimination from that caused artificially during the sample handling
process.

Other processes that can occur during the sample homogenization
process may be the enzymatic cleavage of target proteins from the in situ
presence of various proteases (i.e. serine proteases, zinc metalloproteases,

collagenases, etc.). However, protease activity is minimised by keeping the
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protein eluates on ice and by the inclusion of chaotropes and detergents,
which denature the proteases thus hindering their enzymatic activity.
Samples are then centrifuged to eliminate contaminants and the
supernatant is further analysed. Alternatively, after sample homogenisation,
proteins can be precipitated using for example trichloroacetic acid (TCA) or
chloroform-methanol (C-M). However, protein precipitation protocols have
been reported to show non-reproducible results and a bias toward the
precipitation of larger proteins while the smaller and hydrophilic proteins are

poorly captured.’

B. Protein digestion

The two main techniques used for protein digestion are enzymatic and
non-enzymatic (or chemical) digestion. The most commonly applied method
for protein digestion involves proteases. There are many different proteases
available, and each one has its own unique characteristics in terms of
efficiency, specificity and optimal digestion conditions. Trypsin, a serine
protease, is the most widely used enzyme in shotgun proteomics pipelines.
Trypsin is relatively cheap and has high specificity, as it predominantly
cleaves proteins at the carboxyl (or C-terminal) side of the amino acids lysine
(Lys) and arginine (Arg), except when either of these two amino acids is
followed by proline (Pro). However, large-scale proteomics studies suggest
that trypsin cleaves even at the presence of proline."® Arg and Lys are
abundant amino acid residues in the human proteome, and most often
evenly distributed in a protein.'” This results in tryptic peptides that have a
length of approximately 14 amino acids on average with a minimum of two
positive charges, an ideal situation for mass spectrometry analysis.

Despite the numerous advantages of trypsin, the use of alternative
proteases may be necessary in some cases, for example due to incompatible
pH conditions or when Arg and Lys residues are not present or are present
at high numbers in a protein. Alternative proteases include aspartic
proteases (such as pepsin) that are active in low/acidic pH conditions and

endoproteinases (including Arg-C, Glu-C, Lys-C, Asp-N) that provide high
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cleavage specificity and efficiency and are thus used as an alternative to
trypsin or sequentially/simultaneously combined with trypsin. The combined
use of proteases can improve cleavage efficiency.'®%

Chemical digestion, an alternative method of protein digestion, can be
achieved by treating the protein mixture with dilute solutions of acids (such
as formic acid, acetic acid, hydrochloric acid) or with other types of chemicals
(including  cyanogen  bromide, hydroxylamine and  2-nitro-5-
thiocyanobenzoate). Chemical digestion usually produces larger peptides
compared to enzymatic proteolysis that are suitable for middle-down
proteomic approaches.?"?> Middle-down proteomics, the analysis of larger
peptides up to 15kDa as opposed to the analysis of smaller peptides up to
7kDa in a typical bottom-up proteomics experiment, require the use of ultra-
high resolution platforms and longer duty cycles for the accurate assessment
of their molecular weights. However, middle-down proteomics exhibits
greater versatility in the analysis of peptides from a wide array of large
proteins (>50 kDa) not amenable to top-down proteomics workflows, the
mass spectrometry analysis of intact proteins. Middle down proteomics has

been successfully used for antibody characterisation studies.??

C. Label-based vs. label-free proteomics

An important aspect of a shotgun proteomic experiment is being able
to assess the relative expression levels of the identified proteins between
sample groups (e.g. disease vs. control) when using data dependent
acquisition approaches. In order to achieve this goal, there are two different
approaches: the label-free and the label-based approach.

The chemical, label-based proteomics approach refers to the use of
isobaric stable isotope reagents at the proteotypic peptide or protein level
that impart improved ionization and fragmentation behaviour and multiplexed
workflows. Commercially available kits that permit chemical label-based
proteomic experimental designs include the Isotope Tags for Relative and
Absolute Quantitation (iTRAQ) (Sciex, Inc., Toronto, Ontario, CA) and
Tandem Mass Tags (TMT) (Thermo Pierce, Inc., Rockford, IL, USA). The kit

suppliers also offer software tools that assist with data processing for the
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relative quantitation of the labelled peptides or proteins. Isobaric tags, as the
name implies, have the same molecular weight prior to the last fragmentation
step of mass spectrometry analysis. Thus, labelled peptides of all samples
included in the multiplex experiment can be mixed together post-labelling
and analysed under the exact same conditions. This significantly reduces the
instrument time required for analysis but also minimises bias stemming from
analysing samples under different analytical conditions.

The main limitation of label-based proteomics, also referred to as
isobaric tag-MS? pipelines, is peptide co-isolation or co-elution. Peptide co-
isolation or co-elution refers to the parallel isolation of more than one
precursor peptides and subsequent co-fragmentation due to their similarities
in molecular weights and chromatographic retention time index stemming
from homologous physico-chemical properties.?* This process results in
distorting the accuracy of relative peptide expression and compromises its
precise identification. Efforts have been made to use the multi-notch MS?®
approach, whereby proteotypic product ions are further subjected to high-
energy fragmentation and in the process eliminate peptide interference
effects. Even though such an approach does indeed maximise accuracy of
peptide relative quantitation, it requires the use of more specialized
quadrupole-iontrap-Orbitrap (i.e. tribrid) platforms. Furthermore, the
increased duty cycle time required to accumulate sufficient ion yield in the
multi-notch MS?® technique, significantly compromises sensitivity in the
relative quantitation of lesser abundant proteins. Consequently, the resulting
MS? derived proteomes lack both depth and breadth of coverage needed to
gain important biological insight.?® The effective use of the isobaric tag-MS?
pipeline necessitates the use of good chromatographic technique so as to
minimize peptide co-isolation effects in combination with using high-
resolution tandem mass spectrometry systems with suitably high scan
speeds to ensure sufficient chromatographic sampling.?®

As a recent development, the use of the complement reporter ion
approach (TMTc) to the isobaric tag-MS? pipeline substantially reduces the

interference limitation to a higher degree achievable by the multi-notch MS?
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approach without compromising proteome coverage. The TMTc approach is
based on the phenomenon whereby the TMT-isobaric labeled precursor
peptides fragment to produce the MS? product ions that include the low m/z
“reporter ions” in addition to residual non-fragmented precursor peptides that
remain covalently bound to the mass balancing group of the TMT reagent,
and referred to as complement TMT ions or TMTc. A key feature of these
TMTc ions is that they encode for different experimental conditions
analogously to the low m/z reporter ions do but with the added benefit that
the m/z value of the TMTc ion varies in accordance to the m/z value of the
intact peptide species. Consequently, accurate quantification can be inferred
and corrected regardless if other peptides are co-isolated into the same
product ion MS? spectrum. An additional advantage to the TMTc approach is
that it could be used retroactively to existing datasets to verify and, if
necessary correct, any inaccuracies of peptide relative quantitation.?”?® The
continuous improvements made to mass spectrometry hardware design in
terms of higher resolution with faster scan speeds and chromatographic
column design in combination with the developments of expanded
multiplexing capabilities of isobaric reagents stand to maintain label-based
approaches as the preferred quantitative proteomics approach.

The label-free proteomics approach refers to the qualitative analysis of
each sample separately using LC-MS and assessment of the expression
levels of a particular peptide between samples based on how many times
the peptide was observed during mass spectrometry analysis (spectral
counting). The main disadvantage of a label-free approach is that spectral
counting is highly affected by sample handling and analytical conditions,
which can in turn introduce analytical bias. To overcome this limitation, the
same sample should be analysed multiple times (duplicate or ftriplicate
analysis) to assess reproducibility of the findings. Therefore, the instrument
time required for such type of analysis is significantly higher compared to a
multiplexed, isobaric tag-based experiment that allows for the analysis of up
to 11 samples simultaneously. By contrast to label-based methods, another

fundamental limitation of label-free proteomics is its inability to quantify
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peptides that exhibit a small, albeit significant, differential expression
between biological or clinical replicates thus concealing important

biochemical and molecular biology networks and pathways.?%°

D. Protein and peptide separation techniques

Protein separation can be performed using either gel-based
techniques (i.e. SDS-PAGE) and/or liquid chromatography approaches (e.g.
size exclusion chromatography). Gel electrophoresis for the initial separation
of proteins followed by their in-gel digestion to generate their surrogate
peptides prior to LC-MS analysis has some important limitations. Firstly, the
separation of proteins using gel electrophoresis is not reproducible,
especially when larger total protein amounts are applied (higher than 1 mg).
This lack or reproducibility particularly holds true for the lower abundant
proteins masked by the presence of the higher abundant proteins.
Additionally, gel-based separation techniques lack the ability to efficiently
capture proteins with molecular weights less than 10 kDa or higher than 200
kDa, or biologically important hydrophobic proteins typical associated with
cell membranes. Also, highly acidic (pKa < 4) or highly alkaline (pKa > 10)
proteins are poorly recovered with gel-based separation techniques. Another
important limitation to gel-based techniques is their poor sensitivity of protein
detection as the only mass spectrometry compatible staining reagent is
Colloidal Coomasie Blue. Consequent to these important limitations, a broad
spectrum of proteins that naturally occur in biological or clinical specimens
are never observed with gel-based methods resulting in poor proteome
coverage and a low degree of biological or biochemical inference that is
essential to systems biology research and biomarker discovery. %303

By contrast, the correct use of multi-dimensional liquid
chromatography (MDLC) exploits the diverse physico-chemical properties
found in proteins and peptides to maximise separation efficiency and thus
making them more amenable to mass spectrometry. From this perspective,
the science of liquid chromatography when hyphenated with mass

spectrometry using the electrospray ionization source played a pivotal role
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in the re-emergence of proteomics in biomedical research. A limitation of
MDLC in shotgun proteomics is that it can generate many peptide fractions
thus reducing analysis throughput, which is however offset by the extensive
proteome coverage.

Liquid chromatography is an analytical chemistry technique that
involves a pump in order to pass a sample mixture along with a pressurized
liquid through a column filled with a stationary phase. Liquid chromatography
allows the separation of a complex mixture of macromolecules, such as
peptides, as these migrate at different speeds through the chromatographic
column due to their differential degree of physico-chemical interaction with
its stationary phase chemistry and its geometry. In other words, molecules
are separated based on their differences in physicochemical properties that
dictate the type of interaction with the stationary phase chemistry and
geometry chosen for a particular analysis application.

MDLC constitutes an effective way to maximise separation efficiency
and is well suited for reducing the intrinsic proteomic complexity of biological
or clinical specimens. Such an approach makes sequential use of two or
more columns with complimentary chromatographic behaviour that augment
separation efficiency, a term referred to as chemical orthogonality.®? A
component to the MDLC approach includes the initial use of offline LC
fractionation as the first dimension applied to the pooled sample of labelled
peptides derived from all biological or clinical replicates. The offline
chromatography can be performed in an HPLC system, using columns
lengths ranging from 100mm to 300mm (as single or sequentially connected
units), inner diameters (ID) ranging from 1mm to 7mm, particle sizes ranging
from 3 —5 ym and pore sizes ranging from 100 — 300 A. Depending on these
dimensions, the mobile phase flow rates span from 100 yL/min — 5 mL/min.
From this initial offline peptide chromatographic step (1% dimension), a
number of fractions is collected (usually 40-70) followed by their individual
online chromatography (2™ dimension) with nano-capillary columns (0.05 —

0.075 mm ID), nanospray ionization and mass spectrometry (MS).
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The use of the offline liquid chromatographic approach using larger ID
columns as the 1% dimension, as opposed to smaller diameter columns
commonly used in online two-dimensional liquid chromatographic
approaches, permits the loading of higher protein amounts thanks to the
higher chromatographic capacities available to these larger ID columns. This
results in the collection of denser peptide fractions and therefore allow for
the more sensitive online LC-MS analysis. Also, the manual collection of
peptide fractions substantially reduces exposure of the online LC-MS system
to salts, underivatized isobaric reagents, and other impurities. The collective
attributes of the offline larger ID — online nano-capillary ID analysis strategy
results to an increased proteome coverage as demonstrated in this thesis.

The most common types of liquid chromatography used for peptide
separation are ion exchange (IEX), further categorized to strong anion (SAX)
and strong cation exchange (SCX), reversed-phase (RP) and hydrophilic
interaction liquid chromatography (HILIC). lon exchange chromatography
separates peptides based on their differences in charge state using an ion
exchange mechanism. In the anion exchange chromatography the stationary
phase is positively charged whereas in the cation exchange negatively
charged. The use of increasing amounts of a counter-ion in the mobile phase
such as ammonium hydroxide for anion exchange chromatography or formic
acid for cation exchange chromatography allows the subsequent
displacement and elution of the negatively or positively charged peptides,
respectively. The peptide fractions from this type of chromatographic process
contain high amounts of salts that may compromise the subsequent
electrospray ionization process of the LC-MS analysis. Furthermore, a lower
degree of chromatographic orthagonality is observed in IEX — RP
combinations relative to HILIC — RP or RP-RP combinations. Such limitations
associated with IEX have made its use less prevalent over the years.

In the RP chromatography, peptides are separated based on their
hydrophobic/hydrophilic character. The stationary phase is comprised of
carbon-chains (C4, C8 or C18 reflecting the number of carbons on the

aliphatic chain) bonded to a silica particle substrate. As the percentage of
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the organic mobile phase mixed with the aqueous mobile phase increases,
peptides with a more hydrophobic character pass from the stationary phase
to the mobile phase and are eluted. Therefore, in a RP type of
chromatography, hydrophilic peptides are eluted first, followed by amphoteric
peptides and finally hydrophobic peptides.

Similarly to RP, HILIC chromatography also separates peptides based
on their hydrophobic/hydrophilic character although with the exact opposite
trend, i.e. hydrophobic peptides are eluted first whereas hydrophilic peptides
are eluted last. A potential limitation in the use of HILIC is the precipitation of
larger and more hydrophilic peptides during the initial use of a high organic
solvent content. This may be partially offset with fluorinated organic solvent
substitutes. However, these solvents exhibit more health hazards to the
chromatographic practitioner and are therefore avoided. Such a limitation is
not observed with RP phase chromatographic applications and therefore
constitutes a major advantage over the use of HILIC. Despite these
limitations, the use of HILIC in combination with RP separation approaches
is better suited for the analysis of specific post-tranlationally modified
peptides such as phosphopeptides,* which was beyond the scope of the
present thesis.

Gilar et al® examined different combinations of offline-online
chromatography types providing maximum orthogonality in terms of peptide
separation. SCX-RP, HILIC-RP and RP-RP combinations provided suitable
orthogonality. The RP-RP (using significantly different pH in both separation
dimensions, i.e. alkaline offline RP and acidic online RP chromatography)
combination had the highest practical peak capacity of all two-dimensional
systems examined. The on-going and increasing rate of technological
advancements made to liquid chromatography makes it feasible to combine
multiple chromatographic stationary phase chemistries (i.e. multiphasic
columns); miniaturized geometries (nano-scale dimensions) and open
tubular monolithic architectures that makes it possible to achieve a higher
degree of separation efficiency at shorter chromatographic timelines and

improved mass density.>*>%’
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E. Mass spectrometry analysis

The constant technological improvements made to liquid
chromatography make it increasingly possible to exploit and expand the
analysis utility of the available ionization sources hyphenated with mass
spectrometry.®® A mass spectrometry system has three main components:
an ion source, a mass analyser and a detector. Depending on the phase of
the sample (solid, liquid) the ionization techniques vary. Two basic analytical
approaches used in proteomics are: (l) the matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF-MS) and (ll) liquid
chromatography hyphenated with electrospray ionisation (ESI) and tandem
mass spectrometry (LC-MS). Gas chromatography hyphenated with mass
spectrometry (GC-MS) is primarily used for the analysis of thermally stable
and volatile small molecules, most often for forensic substance identification,
but not for peptide analysis.

MALDI and ESI are the only two ionization techniques able to generate
ions without causing chemical decomposition of the analyte. MALDI is based
on using a crystallisable organic substance (i.e. alpha cyano-cinnapinic acid)
that can absorb at a specific wavelength in the UV spectrum (i.e. 190nm),
referred as the “matrix”, which is mixed with a liquid solution containing
protonated peptides derived from the proteolysis of target proteins in
acidified water and acetonitrile. The matrix and peptide solution are
deposited on a stainless-steel plate, referred to as the MALDI target, and
allowed to air dry to form a homogeneous crystal spot. The spot is then
irradiated with a UV laser (i.e. Gas Phase Nitrogen or Solid State Nyodium-
Yag) under vacuum during which the matrix will absorb and transfer the UV
energy to the embedded peptides. Exposure of the peptides to the UV energy
increases their kinetic energy to a sufficient level for them to undergo
desorption into the gaseous phase for subsequent mass spectrometry.%4°

Electrospray ionisation (ESI) refers to the application of a high voltage
potential (i.e. 2000 — 5000 eV) to a liquid medium containing ionized
macromolecules such as peptides in a mixture of acidified water and an

organic solvent such as methanol or water and other additives. During this
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process, the liquid undergoes droplet formation whose size decreases due
to the vaporization of the solvent medium while at the same time the
proximity of the contained protonated peptides increases. Eventually the
ever-proximal protonated peptides will undergo electrostatic repulsion and
expulsion into the gas phase and eventually mass spectrometry analysis.*'#?

Both MALDI and ESI sources are classified as “soft” ion sources as the
chemical integrity of the target analyte (i.e., peptides) remains predominately
intact thus allowing their mass spectrometry analysis. However, the ESI ion
source exhibits a substantially higher degree of versatility in the mass
spectrometry analysis of a broad spectrum of peptides, and proteins along
with their possible post-translational modifications.** Such a feature was not
available with the other ionization techniques used in GC-MS methods,
which cause extensive chemical decomposition to thermally labile bio-
molecular compounds, such as peptides. In essence, the MALDI and ESI
sources made it possible to apply mass spectrometry to molecular biology
and biochemistry research. Such was the importance of the MALDI and ESI
ion sources that Koichi Tanaka and John Fenn, inventors of MALDI and ESI
techniques respectively, were awarded with the 2002 Nobel Prize in
Chemistry.

The effective analysis of peptides and proteins requires the use of
higher resolution mass spectrometry systems able to distinguish their mass-
to-charge with high mass accuracy. This requirement in typically achieved
by two basic mass spectrometry geometries, namely, the full-spectral
acquisition systems that make use of multi-channel detectors available to
Time-of-flight (TOF) platforms and their hybrid variants with single
quadrupoles (QqTOF) or the mass scanning acquisition systems used in the
ion trap-based geometries (3D Quadrupole ion traps, linear ion traps and
Orbitrap based systems).

The main advantage of the Orbitrap geometry over the other
geometries is its unsurpassed mass resolution, which offers, under optimum
calibration conditions, the highest degree of mass accuracy. By comparison,

the TOF based geometries offer better sensitivity with a broader linear

N
N
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dynamic range and are therefore more ideally suited for targeted mass
spectrometry applications. As such, the Orbitrap and TOF-based geometries
exhibit a high degree of performance complementarity in terms of their use
in non-targeted discovery and targeted absolute quantitative analysis
workflows respectively.

Mass spectrometry is able to decipher the exact amino acid sequence
of peptides (when using bottom-up proteomics methods) and proteins (when
using top-down proteomics methods). In order to achieve this, the ion has to
be first fragmented and then the mass/charge (m/z) ratio of the intact ion
(precursor ion) and its fragment ions (product ions) are measured. Collision
induced dissociation (CID), or collisionally activated dissociation (CAD), is a
mass spectrometry technique that causes fragmentation of ions in the
gaseous phase. Peptides undergo preferential fragmentation at the amide
bond, constituting their least strong covalent bond. This results in the
generation of the complementary b, and y, product ions whose masses are
dependent on the type of amino acids comprising the peptide of interest from
the N-terminus to the C-terminal end.

This fragmentation pattern allows the de novo interpretation of the
amino acid sequence starting from the b, diagnostic product and then
proceeding sequentially to the higher mass b-series ions. The mass
differences between the b-series ions corresponds to the mass of the
unknown amino acid that can qualitatively be determined from the high
accuracy assessment of the mass difference.** The higher mass y-ion
product species can be repeated in reverse (starting from the C-terminal end
to the N-terminus) allowing the cross examination of the b-ion interpretation
or even substituting the missing b-ions product ions or vice versa for those
peptides observed with a poor signal to noise ratio. In general, established
mass spectral interpretation rules are used to identify the b,- and yn- ion
series and therefore the exact peptide sequence.** An example of an
annotated peptide spectrum is presented in Appendix B.

Efforts are being made to automate this de novo sequencing process

with the use of advanced algorithms that apply mass spectral interpretation
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sub-routines (e.g. the Peaks software program). A complementary high-
throughput approach use probability based algorithms, such as Mascot and
Sequest, that compare the similarity of a given experimentally generated
peptide product ion spectrum against those found in in silico digested protein

databases.®®

F. Biostatistics and bioinformatics analysis

Raw data files, containing the spectra of all analysed peptides, should
be compared with a protein database of the studied species, in silico
“‘digested” with the same method as the one used in the respective
experiment (e.g. tryptic peptides). Spectra are then matched to peptides, and
peptides are mapped to proteins. The most commonly used resource for
proteome reference databases is the UniProt Knowledge Base (UniprotKB).
The UniProtKB has two sections: the UniProtKB/Swiss-Prot, a manually
annotated and reviewed database, and the UniProtKB/TrEMBL, an
automatically annotated and not reviewed database of protein sequences.
There are different algorithms, embedded in the respective software tools,
that can be used in order to match the acquired spectra to peptides and these
to proteins, such as Sequest, PEAKS, X!Tandem, Andromeda, Mascot
Server, Comet etc. Peptides are characterized as unique or proteotypic if
these occur uniquely in one specific protein and non-unique when these are
common between several proteins. If an isobaric tag was used for peptide
labelling, this should also be included in the search algorithm to examine the
relative expression levels of each peptide between samples. Usually,
reporter ion ratios of unique proteins only are used for the inference of the
relative abundance levels between samples of the respective protein.

Once the spectra have been matched to peptides and these in turn to
proteins, results should be analysed in order to identify differentially
expressed proteins between studied groups (e.g. disease vs. control). In a
label-based proteomic experiment, the relative expression levels of a protein
between samples is calculated from the mean value of all reporter ion ratios

of unique peptides (i.e. peptides that uniquely map to this specific protein as
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opposed to non-unique peptides that map to multiple proteins). Reporter ion
intensities from non-unique peptides are commonly excluded from the
quantitation of a protein, since these map to more than one protein and can
therefore introduce noise in the relative expression levels of a specific
protein.

Protein reporter ion ratios are median normalised across all samples
and then logatransformed, in order to achieve a normal distribution of data
points. Different statistical tests can be applied to identify differentially
expressed proteins between sample groups, for example standard deviation
cut-offs, permutation testing, linear modelling analysis, one-sample T-Test.
Once the differentially expressed proteins between sample groups have
been identified, in silico bioinformatics analysis can be performed in order to
identify significantly over-represented biological processes, gene ontology
terms, pathways and protein interaction networks. Some commonly used
software tools wused for bioinformatics analysis are DAVID
(https://david.ncifcrf.gov), BINGO (https://www.psb.ugent.be), STRING
(https://string-db.org), Ingenuity Pathway Analysis (IPA) (Qiagen
Bioinformatics, Hilden, Germany) and MetaCore (Clarivate Analytics,
Philadelphia, PA, USA). A table briefly describing the type of bioinformatics
analysis that can be performed with each one of these tools, as well as their

strengths and limitations is presented in Appendix C.

The overarching aim of my research was to develop a proteomics
methodology for the in-depth profiling of tissue and cell-line specimens and
apply this novel methodology in mouse model and human samples affected
by three different types of chronic disease, namely obesity, Alzheimer’s

disease and cancer.

The specific methodological objectives of my research were to:
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e Develop a refined protocol for tissue/cell-line homogenisation and
protein extraction

¢ |dentify the most effective combination of offline and online liquid
chromatographic chemistries in order to maximise proteomic coverage

¢ Create a mass spectrometry method for data acquisition that increases

protein identifications in cell-line and tissue samples
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1.2 Obesity: a modern pandemic

Obesity is a modern pandemic and a major public health burden in both
developed and developing countries.*® Obesity, defined as excessive body
fat accumulation, is an endocrine disorder that increases the risk of other co-
morbidities and reduces life expectancy.*’*® The most commonly used index
to define obesity is the body mass index (BMI).** BMI is an anthropometric
measurement that is calculated by dividing a person’s weight by the squared
meters of their height (normal range: 18-25 kg/m?). Overweight is defined by
a BMI between 25 and 30 kg/m?, obesity by a BMI between 30 and 35 kg/m?,
and morbid obesity by a BMI over 35 kg/m?. According to the WHO, in 2008
35% of adults over 20 years were overweight and another 12% were obese
worldwide.* The global prevalence of obesity has increased since 1980.°" A

study by Finkelstein et al*?

estimated that obesity prevalence will increase by
33% whereas morbid obesity prevalence by 130% within the next two
decades. The United Kingdom has the highest rates of obesity in western
Europe, with 28% of the population classified as obese in 2014, whereas for
the same year, over two-thirds of males and 60% of females were overweight
or obese.> Medical care costs attributed to obesity-related diseases in 2008
were estimated to be $147 billion in the United States, whereas in the UK
obesity is costing the healthcare system approximately £5.1 billion a year.**

Obesity is a multifactorial disease, most commonly attributed to the
increased consumption of highly processed, energy-dense and nutrient-void
food in combination with a sedentary lifestyle.>>*® Environmental pollutants,
including various classes of chemicals in air pollution, water pollution, food,
household cleaning agents, personal hygiene products, cosmetics etc., may

also play a role in this modern pandemic 7%

whereas genetic factors are
only considered to have a very small contribution to the incidence of
obesity.>

Addressing the obesity epidemic is a major public health challenge.
Targeting individual perceptions and lifestyle choices is one venue of

reducing the rates of obesity in a population, however changing the
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obesogenic environment through political initiatives and economic incentives
has the potential of being more effective.

Obesity is associated with an increased risk of various chronic
diseases, including type Il diabetes mellitus®®, cardiovascular disease®’,

6283 and cancer.® Insulin resistance, the pathological state of cells

dementia
not responding normally to the hormonal stimulus of insulin, could play an
important role as a mechanistic link between obesity and the development of

chronic diseases.®®

1.3 Maternal obesity & foetal programming

Women of reproductive age have also been affected by the global
obesity epidemic. On a global scale, over 20% of young women are
estimated to be obese.®® Rates of obesity during pregnancy are also high,
both due to a high number of women with obesity becoming pregnant but
also because of excess weight gain during pregnancy.®”®

Obesity during pregnancy adversely affects equally the health of the
mother and the offspring. Prenatal complications due to maternal obesity
include increased risk of pre-eclampsia, thromboembolism, gestational
diabetes and miscarriage.®® Furthermore, maternal obesity can negatively
affect the placental physiology, the embryonic and foetal growth, as well as
incur post-partum complications.®®7°

David Barker first suggested that in utero exposure to adverse
nutritional conditions is linked to an increased risk of later-life disease, a
process described as foetal or developmental programming.”’ Foetal
exposure to obesity during pregnancy can increase the offspring’s long-term
risk for several diseases, including asthma, cardiovascular disease, type Il
diabetes mellitus, and premature death in the adult offspring.”? A recent
systematic review found that children born to mothers with
overweight/obesity prior to pregnancy were at high risk of autism spectrum
disorders [OR=1.36; 95% CI 1.08 to 1.70; 1°=60.5], developmental delay

[OR=1.58; 95% CI 1.39 TO 1.79; 1°=75.8], attention deficit hyperactivity
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disorder [OR=1.62; 95% CIl 1.62; 95% Cl 1.08 to 1.70; 1°=70.15] and
emotional/behavioural problems [OR=1.42; 95% Cl 1.26 to 1.59; 1>=87.74]."
Four possible underlying mechanisms linking maternal obesity with
adverse neurodevelopmental outcome in the offspring have been
suggested”:
1. Insulin/glucose dysregulation and leptin signalling in the developing brain;
2. Inflammation and oxidative stress;
3. Dysregulation of serotonergic and dopaminergic signalling in the reward
system;
4. Changes in brain derived neurotrophic factor (BDNF) - mediated synaptic
plasticity
The increased number of children born to mothers with obesity makes
it important to clarify a potential association between early exposure to
obesity and adverse neurodevelopmental outcomes in the adult offspring.
Therefore, the aim of the first paper was to decipher the role of maternal

obesity on the proteomic profile of the adult offspring’s cerebral cortex.
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1.4 First publication
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SHORT COMMUNICATION

Are you also what your mother eats? Distinct proteomic
portrait as a result of maternal high-fat diet in the cerebral
cortex of the adult mouse

A Manousopoulou'?, J Woo?, CH Woelk?, HE Johnston'?, A Singhania?, C Hawkes?, SD Garbis"*** and RO Carare**

Epidemiological studies suggest an association between maternal obesity and ady devel | outcomes in offspri

Our aim was to compare the global proteomic portrait in the cerebral cortex between mice born to mothers on a high-fat or :onud
diet who themselves were fed a high-fat or control diet. Male mice born to dams fed a control (C) or high-fat (H) diet 4 weeks before
conception and during gestation, and lactation were assigned to either C or H diet at weaning. Mice were killed at 19 weeks and

their cerebral cortices were analysed using a two-d | liquid ch hy spectrometry methodology. In total,

6695 proteins were identified (g < 0.01), 10% of which were modulated in at least one of the groups relative to controls. In silico
i led that mice cl d based on the diet of the mother and not their own diet and that maternal high-fat diet was

slgllﬁanw associated with resp to hyp d stress and ap in the cerebral cortex of the adult offspring.

M | high-fat diet resulted in distinct endoph pic changes of the adult offspring cerebral conex Independem of its current

diet. The identified p could rep novel the p targets for the pi tion of ical f resulting

from maternal obesity.

International Journal of Obesity (2015) 39, 1325-1328; doi:10.1038/ij0.2015.35

INTRODUCTION

Females of reproducuve age have not been exempted from me
obesity epidemic.’ Since the ‘Barker’ theory arose 22 years ago,’
accumulaung emdence corrobomes tha( fetal adaptations
to d (for

Special Diet Services, United Kingdom, n=4) 4 weeks before
conception and during gestation and lactation. At weaning,
4-week-old male offspring (n=24) were assigned to C or H,
genemmg four groups (CC, CH, HC, HH, n =6 for each) (Figure 1a).

N week-old mice were anaesthetised, perfused intracar-

example, rnalnu(mnon. obesity) may result in later-life advevse

dially with phosphat&bllfered saline, brains removed, dissected
for f ietal cortices and snap frozen. Experimental proce-

health consequencs, a pfocess defined as devel
gical studies have found an associa-

dures were approved by the Institutional Animal Care and Use

non | obesity and hological f in

C i at the University of Southampton and the Home

the offspring such as cogniti bk in childhood, eating
disorders in adolescence and psychonc episodes in adulthood.®
High-fat diet-induced obesity in rodents has been extensively
used as an in vivo model to study the effects of obesity on various
organ systems.” To our best knowledge, global tissue proteomics
has not been previously applied to assess the effects of maternal
obesity on brain regions of the adult offspring. Our aim was to
and compare the endoph ypic portrait of male adult
mouse cerebral cortices whose mothers during pregnancy/
lactation and th ves after were d to a high-
fat or control diet.

9

MATERIALS AND METHODS

Proven C57b1/6 dams were fed a control (C) (21% kcal fat, 17%
kcal protein, 63% kcal carbohydrate, n=4) or high-fat (H) chow
diet (45% kcal fat, 20% kcal protein, 35% kcal carbohydrate;

Office.”

Specimens were di d in 0.5m triethyl ium bicarbo-
nate, 0.05% sodium dodecyl sulfate and homogenised using the
FastPrep system (Savant Bio, llkirch, France) followed by pulsed
probe sonication (Misonix, Farmingdale, NY, USA). Lysates were
centrifuged (160009, 10min, 4°C) and supernatants were
measured for protein content using the bicinchoninic acid assay
(Thermo Pierce, Rockford, IL, USA) per manufacturer’s instructions.
Three individual protein extracts were pooled (33.3 pg from each
lysate giving 100 g final protein content) to form two biological
replicates for each of the four conditions and subjected to
reduction, alkylation, trypsin proteolysis and Isobaric tags for
relative and absolute quantitation (iTRAQ) labelling per supplier’s
specifications (ABSciex, San Hose, CA, USA). Only biological
replicates were included in the study design as the technical
reproducibility of the iTRAQ proteomics method used has been
reported by the authors.®® Labelled peptides were pooled and
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Figure 1. (a) P 3 kflow and labelling scheme, (b) Principal component analysis of the iTRAQ ratios of all analysed proteins in the
cortex of mice based on the matemal diet and not their current diet, that is, blue dots (CH/CC) clustering

separately from red (HH/CC) and green dots (HC/CC) along principal component 1. The sample division along pnndp:l component 2 results

from dividing each sample by a different control, that is, CC1 (dots in the top) or CC2 (dotsin the b (c) Venn diag| of
and downregulated proteins in CH, HC and HH mice compared with controls (CC). (d) Hierarchical cls

‘up-

analysis of P

the HC and HH groups have a similar proteomic portrait, which was different from that of CH mice.

fractionated with high-PH reverse phase chromatography using
the Waters, XBridge Cg column (150x3mm, 3.5um particle)
wkh the UltiMate HPLC (Lc Packings, Amsterdam, NL, USA)
(S y Methods 1).” Each I fraction was liquid
chromatogmphymass spectrometry ana'ysed with low-pH reverse
phase capillary chromatography (PepMap Cyg, 75 um IDxSOcm
length, 100A pore, 3.5um particle) and pray

was above or below+1 sd. across all biological replicates.
Proteomics data were dep d to the Pr hange
Consortium via the PRIDE partner repository (data set identifier
PXD001540).

Principal component analysis using reporter ion ratios of the
smdy proteome and hea(map construction of reproducibly

FT-MS (Ultimate 3000 UHPLC - LTQ-Velos Pro Orbitrap Elite, Thermo
Scientific, Bremen, DE, USA) (Figure 1a) (Supplementary Methods 2)80

The unprocessed raw files were submitted to Proteome
Discoverer 1.4 for target decoy searching with SequestHT for
tryptic peptides, allowing two missed cleavages, 10 ppm toler-
ance, minimum peptide length 6 and 2 maximum variable
(1 equal) modifications: oxidation (M), deamidation (N, Q),
phosphorylation (S, T, Y), iTRAQ 8plex (Y). Methythio (C) and iTRAQ
(K and N-teminus) were set as fixed modifications. Fragment ion
mass tolerances were 0.02Da and 0.5Da for the higher energy
collisional induced dissociation and collision induced dissociation
spectra, respectively. False discovery rate (FDR) was estimated
with the Percolator at £0.01 and validation set at g-value <0.01.
Reporter ions extracted within 20ppm and rejected if any
channels were absent. Quantification ratios were mednan-

d using BioConductor-R
(version 2.15. l) and g- pb!s inR (version 3.0.2). MetaCore (GeneGo,
St Joseph, MI, USA) and BINGO were applied to identify prebuilt
processed networks and gene ontology terms overrepresented in
the modulated proteome. FDR corrected P-values <005 were
considered significant.

RESULTS

The proteomic analysis resulted in the identification of 18 543
peptides surrogate to 6695 unique proteins (Supplementary Table 1).
The average coefficient variation for the TRAQ ratios of all
proteins profiled across biological replicates was determined to be
16%, 12% and 13% for the CH, HC and HH groups, respectively.
Analogous coefficient variation values between biological repli-
cales weve reponed by the authors using similar proteomics

normalised and log, transformed. A protein was consid
modulated in one group relative to controls when its log, ratio

International Journal of Obesity (2015) 1325~ 1328
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fat diet irrespective of their current diet (Figure 1b). A total of 662
proteins (Supplementary Table 2) were found modulated in at
least one of the three groups. Their hierarchical clustering
revealed that the cerebral cortex of mice whose mothers were
on high-fat diet, regardless their own diet, shared a very similar
endophenotypic portrait, which was distinct from that of mice
whose mothers were on control diet (Figure 1¢).

Of the modulated p 251 were ¢ in the HC and
HH groups (Figure 1d and Supplememary Table 3). MetaCore
analysis showed that toh stress (FDR

corrected P-value=145€-02) and the apoptosis/endoplasmic
reticulum stress pathway (FDR corrected P-value = 3.53E-02) were
significantly overrepresented processes only in the cerebral
cortices of mice perinatally exposed to high-fat diet (Figure 2).
Induction of apoptosis by oxidative stress was cross-referenced
with BiNGO (Supplementary Figure 1). By contrast these functions
were not significantly enriched in CH mice.

DISCUSSION
Our study constitutes the most compreh

Maternal obesity and mouse brain proteomics
A Manousopoulou et al

scavenging proteins could suggest increased oxidative stress in
the cerebral cortex of adun mice as a result of maternal obesity.

It has been p: ported that | high-fat diet leads
to increased auidatlve stress in brain regions of the adult offspring
by g levels of 3-nit ine and protein carboxylation,

providing thus an indirect cue to oxidative stress.'" The oxid:
metabolism of fatty acids typically generates ROS, that cause the
covalent modification of intracellular nucleophiles such as
mitochondrial DNA and proteins, ncludmg lhose lnvolved in
redox processing.'” The acc of

products in the cy!oplasm of neurons precedes the deposltlon
of AB in cerebral amyloid angiopathy and Alzh s disease."”
The ROS-mediated covalent modflcmnn of AB, among other
proteins, may also have a role to its reduced clearance.'

Global cerebral ischaemia/reperfusion (I/R) is a useful model on
the effects of increased oxidative stress in brain regions. I/R leads
to increased free radical production and oxidative stress, which in
turn can cause neuronal apoptosis.'* Through the VR model, it has
been found that by reducing oxidk stress I damage in
the brain could be p d.'® As | is is an

ible | idative stress could reduce the

profiling of the mouse cerebral cortex to date. The resuks provide
novel evidence of an assodauon between maternal high-fat diet

process, i ing
risk of neurodegenerative disease. A recent study showed the
neuroprotective effects of B-myrcene, a natural product derived

with endoph in the cortex of the from thyme and parsley, in mke Iollowlng VR In this study,
adult offspring. Epig: DNA hylation p. may be a B-my conc ly wnh the lnduaion of VR
possible mechanism by which this ‘nutritional imprinting’ was reduced oxidative stress and p via
established,'® but deciphering this was beyond the scope of  the induction of ROSscavengng enzymes such as glutathione
this study. dase and

In silico p of p I dulated in the " Another study showed that pre-treatment of Swiss albino mice
cerebral cortex of mice perlnmlr/ exposed to high-fat diet with S~al'yl cyste(ne. a phyto<heml<al in garlic, pfeven(ed the
revealed a significant p of toh a/ ¢ and b of in-induced

oxidative stress and apoptosis/endoplasmic reticulum stress
(Figure 2), both suggestive of a progression to a g9
tive phenotype.

The analysed enzymes assocmed wlth response to hypoxia/
oxidative stress were p 2. pe'oui
edo)dn-4 stpemude di (Mn) mitochondrial, g

fe omega 1,

mduaase I cytopk and hi

expermmal dementia. This effect was aurbu(ed to the nduc(lon
of ROS-scavenging p including g

Similar trends have been observed for fruit-derived por/phenols
Despite their low systemic bioavailability and slow reactivity in the
direct sequestration of ROS species, polyphenols trigger cellular
and molecular mechanisms, in part through the induction of ROS-
scavengng enzymes, that result in reduced neuronal oxidative

The downregulation of these reactive oxygen specles (ROS)
a b

and cognitive decline.'” Denny Joseph et al.*® highlighted
the efficiency of combining fish oil and quercetin, a compound

P to Hypoxia_C Stress
2. Process Network Analysis using MetaCore: significant

\pop Stress Pathway
for (l) to h ia/oxidative stress (FDR corrected

P-value = 3.53E-02) and (b) apoptosis/endoplasmic reticulum stress pathway (FDR corrected P-value = IASEOZ) in the :erebul comx ol ma
adult offspring as a result of maternal high-fat diet. Analysed proteins are denoted with a circle (red = up blue = d
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found in red onions, in lowering oxidative stress in rat brain and
thus protectlng against neurodegeneration.

Study | i include the non-validated mass spectrometry
analysis results using alternative approaches (for example, immuno-

detection of the human papillomavirus at the protein level. J Proteome Res

2013; 12: 2078-2089.
9 A-Daghri NM, Al-Attas 05, Johnston HE, Singhania A Alokail MS, Alkharfy KM
« al. Whole serum 30 LC+ nwms quantitative proteomics reveals sexual
in the and cbese adults. J Proteome Res

histochemistry), the lack of functional assays and protein
status These ¢ objectives for prospective
studies. In conclusion, our study demonstrated that maternal
obesity resuled In distinct proteomic portraits, suggesting a
ype in the adult offspring cerebral cortex.
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1.5 Commentary on first publication

The main finding of the first publication is that exposure to maternal
obesity creates a “nutritional imprinting” in the cerebral cortex of the adult
offspring, suggestive of a neurodegenerative phenotype, that is independent
of its own diet. One possible mechanism that could mediate the observed
association is epigenetic changes established in the brain of the offspring in
utero and persisting until adulthood.

To examine whether this holds true, the epigenetic modifications, e.g.
DNA methylation status and histone modification, of the adult offspring
cerebral cortex could be examined in future studies. This study findings
could be functionally validated by examining the cognitive function and
memory of the adult mice in utero exposed to maternal obesity using a
variety of tests (e.g. novel object recognition, Morris water maze etc.).

It would also be interesting to investigate whether this effect of
“nutritional imprinting” can be extended to more than one generation, i.e.
examine the effects of obesity in the grandmother to the brain proteomic
profile of the grandchild. Furthermore, a future study could also examine
whether supplementation with whole food extracts (e.g. green coffee, cocoa,
blueberry) to pregnant mice on a high-fat diet can reduce the risk of a
neurodegenerative phenotype in the adult offspring.

In order to avoid introducing experimental variability due to sexual
dimorphism, only male offspring were included in the present study. It would
be interesting to perform the same study for female offspring and assess
potential sex-specific effects of maternal obesity to the offspring’s brain.

One study limitation was the sample pooling strategy used (n=6 mice
per experimental condition; n=3 samples pooled to form two biological
replicates of pooled samples per experimental condition) to include all four
experimental conditions (mother/offspring diet: N/N, HF/N, N/HF, HF/HF;
N=normal diet, HF=high-fat diet) in an eight-plex design. Sample pooling
does not allow the assessment of biological variability and entails the risk of
an outlier affecting the protein expression levels within the group of pooled

samples. Furthermore, due to the sample pooling used, this study did not
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have sufficient statistical power, since only two biological replicates of
pooled samples were assessed per experimental group. Another study
limitation is that the entire cerebral cortex was analysed, which could have
resulted in non-specific findings compared to examining specific parts of the

cerebral cortex (e.g. neocortex, allocortex etc).
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1.6 Hypothalamus: central appetite control

The hypothalamus is a brain region that controls circadian rhythms,
sleep, fatigue, body temperature, hunger, thirst and attachment
behaviours.”® The hypothalamus is comprised of anatomically distinct
regions and nuclei.”® The anatomical regions of the hypothalamus are
defined as anterior, tuberal and posterior. The anterior region contains the
medial preoptic, supraoptic, paraventricular, anterior hypothalamic and
suprachiasmatic nuclei. The tuberal region contains the dorsomedial
hypothalamic, ventromedial, arcuate, lateral and lateral tuberal nuclei. The
posterior region contains the mammillary, posterior, lateral and
tuberomammillary nuclei. A schematic overview of the hypothalamic nuclei
is provided in Appendix D.

Supporting evidence gathered over the past century suggests that
body fat accumulation could also partly stem from the central nervous
system.”®®% The participation of hypothalamic regions in the regulation of
energy balance was identified in the 1940s and 1950s from degeneration
studies: lesions in the lateral hypothalamus reduced food intake whereas
destruction of the hypothalamic dorsomedial, paraventricular and
ventromedial nuclei was associated with hyperphagia.?'#°

Even though these approaches appear crude by today’s research
standards, they were nevertheless crucial in identifying the hypothalamus as
an important regulator of food intake and energy balance. A breakthrough
came in the 1990s when the gene encoding leptin was discovered. Leptin is
a hormone primarily produced by adipose cells that participates in the
regulation of energy homeostasis by inhibiting hunger.®

Following this discovery, receptors for leptin were found to be localized
on hypothalamic structures, including these implicated in regulating energy
homeostasis by degeneration studies.®” However, the leptin receptors were
predominantly identified in a tuberal hypothalamic structure, the arcuate
nucleus.® Leptin was shown to activate the pro-opiomelanocortin neurons
leading to increased energy expenditure and suppressed food intake while

simultaneously suppressing the activity of the orexigenic agouti-related
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protein - neuropeptide Y neurons.® Reducing central orexigenic signals is
an attractive therapeutic approach in addressing the current obesity
epidemic. Therefore, the aim of the second publication was to examine the
proteomic profile of mice with obesity in order to identify novel therapeutic

targets of appetite regulation.
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ORIGINAL ARTICLE
Hypothalamus proteomics from mouse models with obesity
and anorexia reveals therapeutic targets of appetite regulation

AM ilou', Y K

7, S Karaliota?, CH Woelk', ES Manolakos**, K Karalis*** and SD Garbis"**®

OBJECTIVE: This study ined the ic profile of the hypothal in mice exposed to a high-fat diet (HFD) or with the anorexia
of acute illness. This comparison could provide insight on the effects of these two opposite states of energy balance on appetite regulation.
METHODS: Four to six-week-old male C56BL/6) mice were fed a normal (control 1 group; n=7) or a HFD (HFD group; n=10) for
8 weeks. The control 2 (n=7) and lipopolysaccharide (LPS) groups (n=10) were fed a normal diet for 8 weeks before receiving an
In]ectlon of saline md LPS, respemvely Hypothalamic regions were analysed using aq i hod based ona

bination of techniq g iTRAQ stable isotope labeli h di | llquid c
”, h d with pray and high- lution mass specwommy Key proteins were validated with quanmalive PCR.
RESULTS: Qi of the hypothal. regions profiled a total of 9249 protein groups (q < 0.05). Of these,
7718 protein groups weve profiled with a mlnlmum of two unique peptides for each. Hierachical cl g of the diff
led distinct p for the hypothal under the HFD and LPS I conditions. L

research with in silico bioinformatics Intevpvemion of the differentiated proteome identified key biological relevant proteins
and Implkated pamways Funhefmore the study identified potential pharmacologic targets. In the LPS groups, the anorexigen

pr rtin was d

S s

neuropeptide Y levels were el

gulated. In mice with obesity, nuclear factor-kB, glycine receptor subunit alpha-4 (GlyR) and
1B levels decreased.

CONCLUSIONS: thpredsbn p i led that under acute sy ic inflk in the hypothal. as
a resp to LPS, h mect diating loss of take effect. Conversely, under chronic inflammation in the
hypothal as a resp: to HFD, mechani diatil d ‘p | cycle' of enhancement were observed.

The GlyR protein may constitute a novel treatment target for the reduction of central orexigenic signals in obesity.
Nutrition & Diabetes (2016) 6, e204; doi:10.1038/nutd.2016.10; published online 25 April 2016

INTRODUCTION

Overweight and obesity as a result of positive energy balance
constitute major public health burdens with significant economic
and social implications.' The hypothalamus is the key brain site for
the regulation of food intake and energy balance in mammals.
Under physiological conditions, a variety of peripheral signals
regulate appeme and adjust energy intake to match energy

c ion req temic acute i y signals
can cause profound anorexla by dlsruplln? the physiological
regulamn of ite in the h Conversely, emer-

ging evidence suggests that hypothalamuc ‘inflammatory” activa-
tion as a result of a high-fat diet (HFD) and obesity can disturb

ar genic and th: g signals and promote abnormal
body weight control.* Deciphering the molecular events of these
two contradictory observations in a global and directly compara-
tive way allows for a more causal understanding on the relations
between diet, inflammatory signals and appetite regulation.
Provided that nutritional intervention protocols are likely to
interfere with multiple pathways inside the cell, a sys(em wnde

The aim of this study was to compare the global proteomic
profile of the hyp | in mice exposed to a HFD or with
anorexia of acute illness. We hypothesise that such a comparison
can shed new insight on the effects of these two opposite states
of energy balance on appetite regulation.

MATERIALS AND METHODS

Animal model

Studies were conducted in male mice on C56BL/6) background. Mice
were bred and maintained at regular housing temperatures (23 °C) and
12-h light/dark cycle starting at 0700 hours. Animals had ad libitum
access to water and food and were weighed at weekly intervals. Four to
six-week-old mice (n=34) were randomly divided into four groups: the
control 1 (C1) group (n=7), the HFD group (n=10), the control 2 (C2)
group (n=7) and the lipopolysaccharide (LPS) group (n = 10). Mice in the
C1 group were fed a control diet (4.5% fat, 34% starch, 5.0% sugar and
22.0% protein), whereas the HFD group was fed a HFD (24% fat, 41%
carbohydrate, and 24% protein; Research diets D12451 formula) for
8 weeks after which they were anaesthetised and perfused intracardially

interrogation of the host using noi g qs
tive proteomics was warranted.”

with phosphate-buffered saline. A diet containing 24% fat (45% kcal fat)
was selected because it efficiently induces obesity and better simulates
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a human HFD as opposed to a more extreme 60% kcal fat diet.*” Mice in
the C2 and LPS groups were fed a control diet for 8 weeks. After this
period, mice in the C2 group received an intraperitoneal injection of
03 ml saline, whereas in the LPS group received an intraperitoneal
injection of LPS (Escherichia coli 0111:84 (Sigma No. L-2630)) at a dose of
120 pg per mouse dissolved in 0.3 ml saline. Mice in the C2 and LPS
groups were killed 18 h ahe' lhe In]ecllon asdescribed above. As protein

in the hy is known to be under tlvcadlan

Bioinformatics analysis

of diff ly d proteins in the HFD and
LPS groups compared with their 1especuve cmlrd vas generated using
Cluster 3.0 (http/bonsai.hgc jp/ ~ md htm)
and Java Treeview (h ). MetaCore (GeneGx
St Joseph, MI, USA) and BCNGO were applled to differentially expressed
proteins analysed with at least two unique peptides to identify over-

regulation,” mice were killed at 0700 hours.
were approved by the Irml(utlonal Animal Care and Use Commlme at
the Centre of Basic R dical Research Found of the
Academy of Athens.

Dy ination of insulin resi by HOMA-IR

HOMA-IR analysis was used to assess insulin resistance in HFD-fed mice.
After overnight fasting, values for homeostasis model assessment of insulin
resistance (HOMA-IR) were cakulated from the values of fasting serum
glucose (mgdl™') and fasting serum insulin (WU ml~') by using the
following formula: HOMA-IR =fasting glucose value (mgdl~’)x fasting
insulin value (WU ml~')/405. Low HOMA-R values indicate high insulin
sensitivity, whereas high HOMA-IR values indicate low insulin sensitivity
(insulin resistance). Fasting glucose concentrations were measured using a
hand-held glucometer (Biorad, Hercules, CA, USA), whereas serum insulin
levels were quantified by ELISA (Mercodia, Uppsala, Sweden).

Quantitative proteomics sample processing
Hypothalamic regions were removed and snap hozen at -80°C. Speci-
mens were dissolved in 05m hyl b 0.05%

in the modul of each group compared
wnh their respective control. FDR-corrected P-values < 0.05 were considered
significant.

Total RNA isolation and cDNA synthesis

For the quantitative PCR analysis the hypothalamic regions from four mice
were utilised per group (C1, C2, HFD, LPS) (n=16 in total). Total RNA from
mouse hypothalamus was extracted using an RNA Isolation Kit (Qiagen,
Hilden, Germany) according to the manufacturer's instructions. RNA
concentration and purity were determined by NanoDrop 2000c Spectro-

h (Thermo Walth MA, USA). Rib | RNA band
integrity was evaluated by conventional 1% agarose gel electrophoresis
and the Agilent Bioanalyzer with the RNA 6000 Nano Kit (Agilent, Santa
Clara, CA, USA).

For y DNA (cDNA) synth, 300 ng total RNA from each
sample was reverse transcribed into ¢DNA using M-MLV Reverse Tran-
scriptase (Thermo Scentific) according to the manufacturer’s instructions. All
the ¢cDNA samples were stored at - 20 *C until quantitative PCR analyses.

Quantification of mRNA
) d for the foll

sodium dodecyl sulphate, homogenised using the Fast Prep system
(Savant Bio, Cedex, France) followed by pulsed probe sonication (Misonix,
Farmingdale, NY, USA). Lysates were centrifuged (16 000 g, 10 min, 4°Q)
and supernatants were measured for protein content using infra-red
spectroscopy (Merck Millipore, D d For the i
analysis, the regions from three mice were used for
MeCl and C2 groups and from six mice for the HFD and LPS groups (n= 18
in total). Three individual protein extracts were pooled (33.3 ug from each
lysate giving 100 pg final protein content) to form one sample for the C1 and
C2 groups and two biological replicates for the HFD and LPS groups. Lysates
were then reduced, alkylated and sub, d to trypsin p lysis. Peptides

Q fi of mRNA was pr NFk-8,
ptide Y (NPY), 5-hyd receptor 1B, glycine
receptor alpha-4 subunit, pro-opiomelanocortin. The PCR mixture contained
1 ul diluted cDNA, 10 um gene-specific primer (forward and reverse mixed
together) and 10 pl of 2 x Fast SYBR Green Master Mix (Roche Diagnostics,
Rotkreuz, Switzedand) in a total volume of 20ul Amplification was
performed in 96-well optical reaction plates (Roche Dhgnoslics) on
Lighl{ydﬂ 480 (Roche Dk ics) using the foll 94°C
for 3 min to activate polymerase, 40 cycles at 94 °C lor 20 5, 60°C for 205
and 72 °C for 20 5; melting curve analysis was performed after every run by
heating up to 95°C to monitor presence of unspecific products. Two
negative controls were included in each assay run, with water instead of

were labelled using six of the eight-plex iTRAQ reagent kit (113=C1,
114=C2, 115=HFD1, 116=HFD2, 117=LPS1, 118=LPS2) and analysed
using high ion two-d | liquid ch graphy with nanos-
pray ionization tandem mass spectrometry as reported previously by the
authors”'? (Figure 1a) (Supplementary Methods 1).

Database searching

Unprocessed raw files were submitted to Proteome Discoverer 1.4 for
target decoy searching against the UniProtKB/TrEMBL mus musculus
database comprised of 57 475 entries (release date 03 September 2014),
allowing for up to two missed cl ges, a p mass of
10 ppm, a minimum peptide length of six and a maximum of two variable
(one equal) modifications of; iTRAQ 8-plex (Y), oxidation (M), deamidation
(N, Q) or phosphorylation (S, T, Y). (Q) and iTRAQ (K, N terminus)
were set as fixed modifications. Reporter ion ratios from unique peptides
only were taken into for the of the respective
protein. Quantification ratios were median-nomalised and log2 trans-
formed. Proteins were grouped using the pmleln gvouping inference
algorithm in the Proteome Di 14

Three replicate measurements for each sample were performed.
Primers were designed and checked with Primer Quest Tool (IDT) and NCBI
primer BLAST tool and synthesised by Macrogen (Seoul, South Korea). Primer
are listed in Supph Table 1.

Qi itative PCR data analysi

The mRNA expression of genes in the hypothalamus of LPS-treated and
HFD-fed mice was cakulated relative to the expression in their respective
control mice, according to the delta-delta Ct method (2~ AACY) using
the most and least stable relelence genes hund, as well as the
most ly used gly 3 h dehydrog and
beta-actin.

RESULTS

Mice fed a HFD weighed significantly more than those fed a control
diet (Supplementary Figure 1A). Furthermore, they were insulin
resistant with significantly higher HOMA-IR values (Supplementary
Figure 1B). The proteomic analysis of the hypothalamic regions

Methods 2). A protein was considered modulated in the NFD or LPS 9mup
relative to control when its Iogz ratio was above or below £ 1 s.d. across

both  biol | | In adh to the Paris Publication

Guldelines lov the analysis and do(ummmlon of peptide and protein
(http/ port_Finalxhtml)

and the recently !or high- protein i

ited in the profiling of 9249 protein groups (q<0.05)
(Supplementary Tables 2 and 3), of which 7718 were identified
with at least two unique peptides. Among the proteins identified
with at least two unique peptides, 201 were lated in the
HFD and 193 in the LPS groups compared with their respective
control, of which 30 were common between the two conditions.

tion by Omenn et al,"* only proteins identified with at least two unique
peptides were further subjected to bioinformatics analysis. Proteins of
biological relevance, two of which were identified with one unique peptide,
were validnlad using targeted quamklwe PCR Proteomics data were
e d to the via the PRIDE partner
repository with the dataset identifier PXDODSUS.

Nutrition & Diabetes (2016), 1-6
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Furth 169 proteins were d. gulated in the HFD and
194 in the LPS gvoq:s. of which 18 were common between the
two conditions (Figure 1b, Supplementary Tables 4-6). The R? value
between biological replicates was 0.69 and 0.89 for the differentially
expressed proteins of the HFD and LPS groups, respectively.
Hierarchical clustering of the differentiated proteome revealed a
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Figure 1. (a) Overview of the (b) Venn di d b the HFD and LPS

GO terms cor

sagmﬁcam. The size of the node reflects the number of p that

of the diff

groups relative to their respective controls. (<) Hemchlcal dustedng analysis of modulated proteins the HFD and LPS groups have a distinct
endophenotypic portrait in the hypothalamus. (d) Gene ontology analysis using BiNGO of the protei

LPS conditions compared with theu respective control showed a significant enrichment for acute i Col
d to those that were sigmﬁam a«ordlng to the P-value colour scale. whereas “white nodes were not

in the I-FD and
d nodes

d to the ¢ ding GO term.

distinct p of the hypothal
and LPS (Flgure 10 nutnﬁonal condmons.
Gene ontology analysis using BINGO of the 48 commonly
modulated proteins showed a significant enrichment for acute
inflammatory response (Figure 1d). In the hypaha!amus of the lPS-

under the HFD

Of potential biomedical interest to be discussed, nuclear factor-
kB (NF-kB), pro-NPY and glycine receptor alpha-4 subunit levels
increased, whereas serotonin receptor 1B levels were reduced in
the HFD groups relative to control. In the LPS groups compared
with control pro-opiomelanocortin was profiled to be down-

lated. The relative q ion of these p at the mRNA

exposed mice protein folding and
docrine peptide lFDR—(oneded P-value = 1.2E-6)

(Flgure 2a) and apoptosis and survival_caspase cascade (FDR-
corrected P-value =1.8E-2) (Figure 2b) were significantly enriched.
In the differentially expressed proteins of the HFD groups,
inflammation_IL-6 signalling (FDR-corrected P-value =6.5E-6)
(Figure 3a), inflammation_kallikrein-kinin system (FDR-corrected
P-value =9.3E-6), and inflammation_protein C signalling (FDR-
corrected P-value=9.2E-3) were significantly over-represented.
A nodal protein in all three inflammatory pathways was NF-xB,
analysed to increase in the HFD groups compared with control
(Figure 1c). Gene ontology analysis using BINGO confirmed that
both acute and chronic mﬁammatovy responses were slgmﬁcanﬂy

level was validated usng quantitative PCR (anme 4).

DISCUSSION

Molecular perturb in the hypothal as a result of obesity
have been studied primarily at the transcriptome but not the
proteome level.'*'® This study compared the global proteomic
profile of the mouse h hal; two

groups in opposite states of energy balance, that is, ‘mice with
increased caloric intake through a HFD, versus mice with severely
compromised food intake due to acute systemic inflammation.
Acute hﬁammawry response was significantly enriched in the
L& ly of both groups (Figure 1d), in

d in the dul P of the hyp
mus in HFD—fed mice compared with control (Figure 3b).

MANOUSOPOULOU A.

with a number of studies mdlcamg the altered
Inﬂammatory state in these experimental models.
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Figure 2.
peptides (FDR-corrected P-value = 1.2E-6) and (b) and

In silico analysis using MetaCore showed that (l) weh folding and maturation_p docrine
survival_ di

(FDR-comcmd P-value 1,85 1) wen significantly

enriched in lhe dlfg‘em&y expnssed proteins of the LPS groups oorrpued with control. Analy P d with a circle

(red = upreguk

:
£
!
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Inflammation_IL-6 signaling

Figure 3. (a) In silico analysis using MetaCore showed that inflammation_IL-6 signalling was sig
expressed pvouhs of the NFD groups compared with control (FDR-corrected P-value = 6.5E-6). A
blue ion). (b) Gene omdoqy nlyss using BINGO confirmed that “acute and chronic inflammatory

(red=

“‘lnlhedifﬁ iall
d with a circle

o od
ly are di

nsponses are slgniﬁunuy riched in the diffs of HFD-fed mice com wxh control. Coloured
nodes g GO ter: d to those that were slgmﬁm a«otding to the P-value colour scale, as white nodes were not
slgnlﬁ:mt. The size of the node reflects the ber of p d to the ding GO term.

It is well established that LPS induces anorexia in mouse
models.'® Our results showed that the acute systemic inflamma-
tory response caused by LPS treatment specifically decreased pro-
opiomelanocortin (Figure 4) and the related ACTH and alpha-MSH
pepddes wkh wel-d\own ummgenk effects (Figure 2a). This

caspase isoforms 3, 6 and 7 in the hypothalamus of LPS-treated mice
was observed (Figure 2b). This finding suggests control of apoptotic
processes and protection of neurons during re-establishment
of homoeostasis, stpponhg the theory that inflammatory and

tic control mechani may 90 ise in a time- and

genic signals possbly high-

ightsme Cof a ,_' ““"Ioop,almingwre-

i activation phase-di dent manner.
In the modulaled proteome of the HFD groups, a number of

establish homoeostasm Furthermore, h wpling was
done 18 h after LPS administration, as ‘the mice were vecovevhg
from the endotoxin effects, as the administered LPS dose was at
a medium range. Along this theme, reduced expression levels of

Nutrition & Diabetes (2016), 1-6
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ys, including the IL-6 pathway (Figure 3a),
kallikrein-| Idnh system and protein C signalling, were signlﬁcamty
enriched, reflecting a more d, chronic i
response, also evident in the gene ontalogy analysis (Figure 3b).
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Glycine recoptor subunit a-4
—_—

Pro-opiomelanocortin

Figure 4, of key p

findings using qPCR: NF-xB, p

peptide Y and glycine ptor alpha-4 subunit levels increased,

whereas serotonin receptor 1B levels were reduced in the HFD groups relative to control. In the LPS groups compared with control, pro-

opiomelanocortin was profiled to be downregulated.

U lation of pro-infk y medi in the hypothal
Is a halmark of obesny and [ a major comp of
insulin resi 2% The exact mechani di

this phenotype remaln a subject of intense investigation wnh
endoplasmic reticulum stress, oxidative stress or direct activation of
inflammatory-related transcription factors among the implicated
processes.

A central node in the hypothalamic inflammatory processes
was NF-kB, found to be upregulaled asa resull o( HFD (Figure 4).
NF-kB, an imp of Is

glycineis a well-estabhshed inhibitory neurotransmitter in the spinal
cord and brain stem,” studies examining the function of glycine

receptors in higher brain strucmres including the hypothalamus
are limited. A study by Kamani et al.** showed that glycine receptor
agonists exert a hyperpolanzmg action on mature hypocretin/orexin
(hert/orx) in the hypothal important regulators
of arousal and reward seeklng behaviour. To the best of our
knowledge, our smdy is the first to idenufy an increase of GlyR levels
in the hyp of mice to HFD. GlyR receptor
ists, could be tested for their efficacy to reduce central

enriched in hypothalami but 1l

inactive.?’ Over-nutrition alone, even before the onset of obesny,
activates hypothalamic NF-xB partly through increased endopl.
mic reticulum stress.”’ Furthermore, activation of hypothalamic
NF-kB interrupts central insulin and leptin signalling and actions,
whereas local suppi in the mediobasal hypothal or
more specifically in hypothalamic Agouti-related peptide neurons.
significantly protects against obesity and glucose intolerance.”'

NPY was profiled to increase in the hypothalamus of HFD-fed
mice compared with comrol (Figure 4). Central administration of
NPY, a well-established or peptide in the hypothalamus,*
has been found to increase food intake and body weight, with
chronic administration leading to devel of obeslry”'”
Furth: , NPY overexpression in the dial h
mus induces hyperphagia and obesity,”* whereas knoclrdown of
NPY improves these changes.’’?® A recent study showed that
dorsomedial hypothalamus NPY knockdown rats on HFD had
normal food intake, body weight and glucose lolerance/msuhn
sensitivity indexes as observed in lean control rats.”® These
authors suggest that dorsomedial hypothalamus NPY could be a
potential therapeutic target for obesity and diabetes.

In the hypothalamus of HFD-fed mice compared with control,
levels of serotonin receptor 1B (5-hydroxytryptamin receptor IB‘
5-HT1BR), a key modulator of energy h is and a th
target for obesity, were analysed to decrease (Figure 4). Serotonn
reduces the activity of the orexigenic AgW/NPV neurons via the
5-HT1BR in mice (or 5-HT1DBR in humans).*® Studies have shown
that mice Iadung the 5-HTIBR develop hyperphagia, resulting in
body weight increase.”® In addition, administration of CP-94,253, a
highly selective 5-HT1BR agonist, significantly decreases food intake®'
and potentiates the anorec(ic effects of proopiomelanoconin,

GlyR was analysed to be upregulated in the hal of
mice with obesity compared with control (Flgure 4). Although
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ar
orexigenlc signals in obesity.

CONCLUSION

High-precision gt ive pi i led that under acute
systemic inflar in the hypothal as a resp to LPS,
hom ic mech diating loss of appetite take effect.

Conversely, under chronic inflammation in the hypothalamus as
a response to HFD, mechanisms mediating a sustained ‘perpetual
cycle’ of appetite enhancement were observed. The combinatorial
protein level modulation of the NF-kB, 5-HT1BR, GlyR and pro-NPY
provides strong evidence for the enhancement of orexigenic
signals as a response to HFD. Our study is the first to identify an
increase of GlyR levels in the hypothal of mice exposed to
HFD. Antagonists for this receptor could be tested for their efficacy
to reduce central orexigenic signals in obesity.
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1.8 Commentary on second publication

The main finding of the second publication is that a vicious circle of
increased appetite signals is observed in the hypothalamus of mice with
obesity, partly attributed to chronic inflammation. We also identified proteins
that are differentially expressed in obesity vs. control and can be further
examined as potential therapeutic targets for obesity. We selected some of
the identified differentially expressed proteins for further validation based on
bibliographic evidence of their association with appetite regulation.
Furthermore, we requested that these proteins are localized in the
extracellular compartment or membrane in order for them to be more suitable
as therapeutic targets. Glycine-receptor subunit a-4 can be further examined
as a potential therapeutic target for the reduction of appetite signals in
obesity.

The standard operating procedure used to isolate the hypothalamus is
presented in Appendix E. Similarly to the first publication, we only analysed
male mice in order to reduce sex-dependent variability. It would be
interesting to perform the study in female mice in order to compare with the
results of the present study and identify potential sex-specific effects of
obesity on the proteomic profile of the hypothalamus.

One study limitation is that the entire hypothalamus was subjected to
proteomic analysis, as opposed to a more specific region or nucleus of
relevance to appetite regulation, e.g. arcuate nucleus. Furthermore, samples
were pooled, a limitation that was also discussed within the context of the

first publication.
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1.9 Alzheimer’s disease

In parallel with my work on obesity, | also became interested in
exploring the suitability of our developed proteomics methodology in
examining other types of chronic disease, such as Alzheimer’s disease. |
became interested in Alzheimer’s disease mainly because there are currently
no effective treatment options to reverse or at least delay the progression of
this disease.

Dementia is a clinical term used to describe a decline in memory and
cognitive ability that is severe enough to compromise an individual’s ability
to perform daily activities. Dementia is a relatively common disease of older
age and an important public health burden.

Alzheimer’s disease (AD) is the most prevalent form of dementia, since
two-thirds of dementia cases in people aged 65 years and over are classified
as AD.® According to the World Alzheimer Report 2015, approximately 47
million people worldwide live with dementia, and this prevalence is projected
to increase to 75 million by 2030 and 132 million people by 2050.72

The annual healthcare cost of AD in the US is approximately $ 172
billion.®! In the UK, the combined direct and indirect cost of dementia to the
UK society is estimated to be £26 billion.*?

AD is characterized by neurodegeneration that leads to progressive
impairment of cognitive functions, including comprehension, language,
memory, attention, judgement, and reasoning.?® AD is invariably progressive
and patients eventually develop severe cognitive decline. Currently, there is
no treatment for AD and the need arises for the discovery of novel
therapeutic targets. The aim of the third publication was to examine the
hemisphere-specific global proteome changes following pharmacologic

treatment in a transgenic mouse model of Alzheimer’s disease.
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1.10 Third publication
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Abstract. The aim of this study was to examine h h y of response to pharmacologic treatment in an
Alzheimer’s disease mouse model using cilostazol as a chcmlcal %llmulux Eight-month-old mice were assigned to vehicle
or cilostazol treatment for three months and hemispheres were analyzed using quantitative proteomics. Bioinformatics
interpretation showed that following aggreg of blood platelets significantly decreased in the right hemisphere
whereas neurodegeneration significantly decreased and synaptic transmission increased in the left hemisphere only. Our study
provides novel evidence on cerebral laterality of pharmacologic activity, with important implications in deciphering regional
pharmacodynamic effects of existing drugs thus uncovering novel hemisphere-specific therapeutic targets.

Keywords: Alzheimer’s disease, cilostazol, hemisphere asymmetry, mass spectrometry pharmacology, pharmacodynamics,
pharmacoproteomics

INTRODUCTION

Structural asymmetry in the human brain was first
described by Broca in the 19th century [1]. Brain
asymmeltries have also been described in other mam-
mals, including mice [2]. The asymmetry between
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and CES Units, Faculty of Medicine, University of Southampton,
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cerebral hemispheres encompasses functional and
neurochemical aspects [3]. Data from gene expres-
sion studies in humans demonstrated lateralization of
gene transcription involved in synaptic transmission
and neuronal electrophysiology [4].

Cerebral laterality has been implicated in the
pathophysiology of Alzheimer's disease [5]. How-
ever, whether therapeutic agents used for Alzheimer’s
di exert h pecific pharmacologic
effects has yet to be elucidated.

Pharmacoproteomics, as a subdiscipline of
proteomics, examines how a pharmacologic agent

h
t
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perturbs a system of proteins that map to canoni-
cal or novel biological pathways. Such a discourse
provides a more unbiased and holistic approach to
understanding pharmacologic on-target or off-target
effects at the protein level [6-9].

We have shown that treatment with cilostazol, a
cyclic nucleotide phosphodi [T inhibitor, pre-
vented cognitive decline as a result of amyloid-f8
(AB) deposition in the brain of Tg-SwDI mice [10].
Our hypothesis was that pharmacologic treatment of

Izheimer’s di here asymmetry.

s exerts h

MATERIALS AND METHODS
Transgenic mouse model

To ensure reproducibility of the pharmacologic
treatment and subsequent proteomic analysis the
experiment was performed in duplicate. For experi-
ments A and B, male, eight-month-old, homozygous
Tg-SwDI mice (n =6 per experiment, n= 12 in total)
on a pure C57BL/6 background were obtained from
Jackson Laboratories. These mice express low levels
of human Swedish/Dutch/lowa mutant ABPP in neu-
rons under the control of the mouse Thy1.2 promoter.
Mice were randomly assigned to two groups and fed
with pelleted chow containing 0.3% cilostazol (n=3
per experiment, n=6 in total) or standard pelleted
chow only (n=3 per experiment, n =6 in total) for 3
months. Cilostazol was supplied by Otsuka Pharma-
ceutical Co. Ltd.

A previous study reported that in rats treated with
0.1% cilostazol, the plasma cilostazol concentration
was approximately | uM [11]. Based on the in vitro
ICsq value, this concentration is estimated to suf-
ficiently inhibit phosphodiesterase III activity [12].
Additionally, studies have shown that treatment with
0.1-0.3% cilostazol in rats positively affected vascu-
lar function [12, 13]. Based on this evidence, a 0.3%
cilostazol treatment was used in the present study.

Mice were perfused intracardially with phosphate
buffer saline, cerebral hemispheres removed and snap
frozen in liquid nitrogen. All experimental proce-
dures were approved by the Institutional Animal Care
and Use Committee at the National Cerebral and
Cardiovascular Center, Japan.

Proteomic analysis
For experiments A and B, respectively, cerebral

hemispheres were suspended in dissolution buffer
(0.5 M triethylammonium bicarbonate, 0.05%

MANOUSOPOULOU A.

sodium dodecyl sulfate) and homogenized using the
FastPrep system (Savant Bio, Cedex, Fr) followed
by pulsed probe sonication (Misonix, Farmingdale,
NY, USA). Lysates were subjected to centrifugation
(16,000g, 10 min, 4°C) and supernatants measured
for protein content using the Direct Detect™ system
(Merck Millipore, Darmstadt, Germany). For exper-
i A and B ly, protein extracts were
pooled from each hemisphere of the three vehicle
treated mice (33.3 pg from each lysate giving 100 pg
final protein content). Left and right hemispheres of
cilostazol treated mice were individually analyzed
(100 pg from each lysate). All samples were sub-
Jjected to reduction, alkylation, trypsin proteolysis,
eight-plex iTRAQ labeling and two-dimensional
liquid chromatography, tandem mass spectrometry
analysis as described previously [8, 14, 15] (Fig. 1A).

Unprocessed raw files were submitted to Pro-
teome Discoverer 1.4 for target decoy searching
with SequestHT (8, 14]. Quantification ratios were
median-normalized and log; transformed. After
treatment, a protein was considered differentially
expressed in the leftcompared to the right hemisphere
relative to its respective control when its two-group
T-Test p-value across both experiments was equal to
or below 0.05.

Principal component analysis (using the iTRAQ
ratios of all analyzed proteins for experiments A and
B) was performed using BioConductor-R (version
2.15.1) and g-plots in R (version 3.1.2). Heatmap con-
struction of differentially expressed proteins between
the two hemispheres was generated using Gene Clus-
ter (version 3.0) and Java Treeview (version 1.1.6r4).
Ingenuity Pathway Analysis (Qiagen, Venlo, Nether-
lands) was applied to identify canonical pathways
and biological processes enriched in the differentially
expressed proteins between right and left cerebral
hemispheres. An lactivation z-scorel >2.0 and a
p-value < 0.05 were considered significant.

RESULTS

A total of 9,116 proteins were quantitatively ana-
lyzed in experiment A (p <0.05) and another 7,418
proteins in experiment B (p <0.05), of which 6,137
were reproducibly profiled in both experiments. The
average coefficient variation (CV) for the iTRAQ
ratios of all proteins profiled across biological repli-
cates was determined to be 24% and 23% for the
right and left hemispheres, respectively, of cilostazol
treated mice compared to control in experiment A
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Fig. 1. A) Experimental workflow. B) Principal component analysis for each showed sep 1 ing for the right and left
hemispheres of mlosuml n'ealad mice compared to controls wggesnng y of ph logi P 1o cil I
C) Hierarchi g analysis of differentiall p een the right and left hemispheres in both experi
lized in b format. D) C: i analysnofdxﬂ' ially exp | proteins b right and left hemisphere foll

cilostazol treatment showed that the G beu ga.mmﬂ (GBy) si

z-score =-2.646) whereas it signi din the left h

d in the right (p=1. IOE 2; acuvahon

and 15% and 16% for the right and left hemispheres,
respectively, of cilostazol treated mice compared
to control in experiment B. Analogous CV values
between biological replicates were reported by the
authors using similar proteomic methodologies [14,
15]. Principal component analysis of the reporter
ion ratios of proteins profiled in each experiment
showed that the right hemispheres clustered sepa-
rately from the left hemispheres of cilostazol treated
mice (Fig. 1B). Following treatment with cilostazol,
765 proteins were differentially expressed between
the right and left cerebral hemispheres across both
proteomic experiments (p < 0.05) (Fig. 1C) (Supple-
mentary Table 1).

Bioinformatics interpretation of proteomic
results

Ingenuity Pathway Analysis (IPA) using the aver-
age reporter ion ratios across both experiments
of differentially expressed proteins between right
and left hemisphere following cilostazol treatment
showed that the G beta-gamma (GBy) signaling path-
way significantly decreased in the right hemisphere

MANOUSOPOULOU A.

of cil a | treated mice (p = 1.16E-2; activation z-score = 2.646).

of cilostazol treated mice (p=1.16E-2; activation
z-score =-2.646) whereas it sngmﬁcanlly increased
in the left hemisphere of ¢ d mice
(p= 1.16E-2; activation z-score = 2.646) (Fig. 1D).

IPA also showed thataggregation of blood platelets
significantly decreased in the right hemisphere only
of cilostazol treated mice (p=3.98E-3; activation
z-score=-2.231) (Fig. 2A) whereas neurodegener-
ation significantly decreased (p=7.7E-6; activation
z-score=-2.071) (Fig. 2B) and synaptic transmis-
sion significantly increased (p=8.62E-6; activation
z-score=2.028) (Fig. 2C) specifically in the left
hemisphere of cil | d mice.

DISCUSSION

This study provided novel protein level evidence
on the hemisphere-specific pharmacologic effects of
cilostazol, a drug that has been reported to ame-
liorate the symptoms of Alzheimer's disease [16].
This observation may have important implications
for an ongoing clinical trial assessing the efficacy of
cilostazol in mild cognitive impairment (COMCID
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Fig. 2. Bioinformatics interpretation of the results showed that (A) aggregati

hemisphere (p=3.98E-3; activation

score=-2.071) and (C) synaptic transmission significantly i
cilostazol treated mice.

trial, ClinicalTrials.gov identifier: NCT02491268)
but may also be extended to other pharmacologic
agents.

There are only few studies examining cerebral
laterality in the pathophysiology of Alzheimer’s
disease. Douaud et al. [17] suggested that neurode-
generative pathology may develop asymmetrically
in humans, with left hemisphere atrophy being an
important predictor of progression from mild cog-
nitive impairment to Alzheimer’s disease. Singh et
al. [5] have found that atrophy of the cerebral cor-
tex occurred earlier and progressed faster in the left
compared to the right hemisphere in patients with
Alzheimer’s disease. Their findings confirmed pre-
vious observations by Chetelat et al. [18] on left
lateralization of temporal changes occurring during
mild cognitive impairment to Alzheimer's disease
transition. Thompson etal. [ 19] examined the dynam-
ics of grey matter loss in Alzheimer’s disease and
concluded that shifting deficits were asymmetric and
predominantly occurring in the left compared to the
right hemisphere.

Our results showed that cilostazol asymmetri-
cally affected the two hemispheres of a tr i
Alzheimer’s disease mouse model. In the right hemi-
sphere, aggregation of blood platelets was found to
significantly decrease following cilostazol treatment
(Fig.2A). Cerebral amyloid angiopathy (CAA), char-
acterized by the deposition of amyloid-beta in the
walls of cerebral arteries plays an important role
in the pathog is of Alzheimer’s di Recent
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of blood platelets significantly d d in the nght
2.231) wh (B) 2 ion signi ly d d (p=7.7E-6; activation z-
I (p=8.62E-6; z-score=2.028) in the left hemisphere of

evidence suggests that platelet activation may also
contribute to the development of CAA [20, 21]. Tar-
geting blood platelets has been examined as a new
venue for the treatment of Alzheimer’s disease and
cilostazol is a well blished 1 agent cur-
rently used for the secondary prevention of cerebral
infarction (22, 23].

In the left hemisphere, cilostazol decreased neu-
rodegeneration (Fig. 2B) and increased synaptic
transmission (Fig. 2C), both suggestive of an
improvement to the neurodegenerative phenotype.
Furthermore, GBy signaling was asymmetrically
increased in the left and decreased in the right cerebral
hemisphere following cilostazol treatment (Fig. 1D).
G-protein coupled receptors are highly diverse mem-
brane proteins that participate in the transduction
of extemal signals to various subcellular compart-
ments via trimetric G-proteins. G-protein signaling
in the central nervous system has been implicated
in nuclear gene expression and cytoskeletal reorga-
nization, processes that significantly contribute to
synaptic plasticity and memory [24]. To further inves-
tigate whether these processes were on- or off-target
effects of cilostazol was beyond the scope of the
present proof-of-concept study.

In conclusion, our pharmacoproteomic study
provides novel endophenotypic evidence on the
hemisphere-specific  pharmacologic  effects  of
cilostazol. Future studies should account for hemi-
sphere laterality with important implications in
deciphering regional pharmacodynamic effects of

antiy
v
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existing drugs thus uncovering new hemisphere-
specific therapeutic targets.

Some limitations of the present study include the
non-validated proteomic findings using an alternative
technique (e.g., immunohistochemistry). Further-
more, sub-regions of the cerebral hemispheres (e.g.,
hippocampus, cortex, cerebellum) were not studied
separately to identify regional asymmetric pattems
of pharmacologic response to treatment. These
constitute objectives in future studies.
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1.11 Commentary on third publication

The main finding of the third publication is that a systemically
administered drug, cilostazol, exerts hemisphere-specific effects in an AD
mouse model. The hemisphere specificity of the drug action could be
possibly attributed to the hemisphere asymmetry that has been
experimentally observed in the development and progression of AD.%-%

Another finding was that cilostazol treatment decreased Gy signalling
activity in the right hemisphere whereas this was increased in the left
hemisphere. GBy receptors belong to the broader G-protein coupled
receptors (GPCRs) family. GPCR signalling in the brain has been implicated
in cytoskeletal reorganization, a biological process that affects memory and
synaptic plasticity. Cyclic nucleotide phosphodiesterases control the
intracellular levels of cyclic second messengers as well as their degradation.
cAMP participate as a downstream mediator of the GPCR initiated signalling
cascade. Cilostazol, a cyclic phosphodiesterase 3 inhibitor that reduces the
intracellular levels of cAMP, can thus affect the GPCR signalling pathway
directly, by reducing the levels of the downstream cAMP mediator or
indirectly through a positive or negative feedback loop between cAMP levels
and GPCR activation/deactivation.®”*®

A few study limitations include the pooling strategy used for the control
mice and the small number of animals studied (n=6 control mice; n=6 Tg-
SwDI mice). These results have to be validated in larger in vivo animal model

studies.

W
N
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1.12 Cerebral amyloid angiopathy (CAA)

AD is characterized by the accumulation of hyper-phosphorylated tau
protein in neurons as neurofibrillary tangles and the deposition of amyloid-
beta (AB) peptides in the brain parenchyma and the walls of cerebral arteries
and capillaries as cerebral amyloid angiopathy (CAA).*° AB is a 36-43 amino-
acid long peptide derived from the amyloid precursor protein (APP), a
transmembrane glycoprotein with an undetermined function. APP is cleaved
by B- and y- secretases to produce AB."® AR is a soluble peptide, but it is
converted into an insoluble form and fibrils as a result of AB concentration
levels, various tissue factors and pH.'"" In AD, soluble and insoluble forms
of AB co-exist.

AD is diagnosed in post-mortem brains by the distribution and number
of neurofibrillary alterations, including neurofibrillary tangles, neuritic amyloid
plaques and neuropil threads, and by the presence of plaques comprised of
insoluble AB."°%'% However, studies have shown that in particular three
pathological features correlate with clinical dementia: a) increased brain
levels of soluble AB, b) distribution and number of neurofibrillary changes
and c) the severity of CAA.

There are three main mechanism of AB elimination from the brain: 1.
enzymatic degradation in the brain parenchyma by proteases, including
insulin-degrading enzyme and neprilysin, 2. Absorption of AB-apolipoprotein
complexes in the blood through low-density lipoprotein receptor (LRP)-1 and
-2 that are present on the blood brain barrier and 3. Intramural periarterial
drainage (IPAD) along capillary and artery walls. Certain familial forms of AD
are caused by over-production of AB due to mutations in the APP gene. In
sporadic AD, decreased elimination of AR, also attributed to ageing, has
been identified as the main mechanism leading to AB accumulation in the
brain. IPAD is approximately six-fold slower compared to AB elimination to
blood via LRP, but IPAD appears to compensate when the LRP mechanism

fails and when levels of neprilysin in the brain are decreased.'™

MANOUSOPOULOU A. 53



The aim of the fourth publication was to identify novel therapeutic
targets of AD, by studying the global proteomic profile of post-mortem,
human leptomeningeal arteries affected with cerebral amyloid angiopathy.

1.13 Fourth publication

Neuropathology and Applied Neurobiology (2017), 43, 492-504 doi: 10.1111/nan.12342

Systems proteomic analysis reveals that clusterin and

tissue inhibitor of metalloproteinases 3 increase in
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Systems proteomic analysis reveals that clusterin and tissue inhibitor of metalloproteinases 3
increase in leptomeningeal arteries affected by cerebral amyloid angiopathy

Aims: Amyloid beta (AB) accumulation in the walls of
leptomeningeal arteries as cerebral amyloid angiopathy
(CAA) is a major feature of Alzheimer’s disease. In this
study, we used global quantitative proteomic analysis to

examine the hypothesis that the leptomeningeal arteries
derived from patients with CAA have a distinct endophe-
notypic profile compared to those from young and eldedy
Methods:
arteries from the Newcastle Brain Tissue Resource and
Edinburgh Sudden Death Brain Bank from seven elderly

controls. Freshly dissected leptomeningeal

(82.9 £ 7.5 years) females with severe capillary and
arterial CAA, as well as seven elderly (88.3 + 8.6 years)

and five young (45.4 £ 3.9 years) females without CAA

were used in this study. Arteries from four patients with
CAA. two young and two elderly controls were individu-

ally analysed using quantitative proteomics. Key pro-

teomic  findings were then validated using

immunohistochemistry. Results: Bioinformatics interpre-
tation of the results showed a significant enrichment of
the immune response/classical complement and extra-
cellular matrix remodelling pathways (P < 0.05) in
arteries aflected by CAA vs. those from young and elderly
controls. Clusterin (apolipoprotein ]) and tissue inhibitor
(TIMP3), validated using
immunohistochemistry, were shown to co-localize with
AP and to be up-regulated in leptomeningeal arteries

of metalloproteinases-3

from CAA patients compared to young and elderly con-
trols. Conclusions: Global proteomic profiling of brain
leptomeningeal arteries revealed that clusterin and
TIMP3 increase in leptomeningeal arteries affected by
CAA. We propose that clusterin and TIMP3 could facili-
tate perivascular clearance and may serve as novel can-
didate therapeutic targets for CAA.

Keywords: clusterin, complement pathway, extracellular matrix remodelling, leptomeningeal arteries, proteomics, TIMP 3

Correspondence: Roxana 0. Carare, Experimental Sciences Unit,
Faculty of Medicine, Southampton General Hospital, Academic
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Introduction

The deposition of amyloid-p (AB) peptides in the walls
of cerebral arteries as cerebral amyloid angiopathy

206085; E-mail: R.0.Carare@soton.ac.uk (CAA) is a major feature of Alzheimer's discase and
'SDG and ROC jointly led the study and are co-senior authors. may contribute to cognitive decline [1.2]. CAA
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predominantly affects the leptomeningeal and cortical
arteries especially in the occipital lobe, while capillar-
ies are less frequently and veins rarely involved [3-5].
In the majority of cases there is no overproduction of
AP in the vessel wall, suggesting that the deposition
of AP in the walls of cerebral arteries is a result of a
failure of elimination of neuronally derived AP [6].
Increasing age and possession of at least one apolipopro-
tein £4 (APOE4) allele are risk factors for CAA and both
have been suggested to impair cerebral A clearance sys-
tems, thereby reducing AP elimination from the brain
[7-10]. We have demonstrated that A and other
solutes are eliminated along the basement membranes of
capillaries and arteries, effectively the lymphatic drai-
nage of the brain [11). Experimental work involving
intraparenchymal injections of tracers demonstrated
that the biochemical structure and morphology of the
basement membranes of capillaries and arteries change
with age and with possession of APOE4 genotype, result-
ing in failure of eflicient clearance of AB [12-14]. The
exact targets for the facilitation of perivascular clearance
of AP are not clear.

Proteomics allows the in-depth and global assess-
ment of gene products at the protein level as they
occur in a variety of biological specimens, including
cell lines, tissue, blood and proximal fluids. The
advanced use of liquid chromatography bined with

TIMP3 and clusterin increase in CAA affected arteries 493

Materials and methods

Isolation of h 1 " 1 arteri

Human fresh frozen post mortem leptomeningeal arter-
ies from the Newcastle Brain Tissue Resource and
MRC Sudden Death Brain & Tissue Bank (Edinburgh)
were used for this study. CAA cases were diagnosed
post mortem by JA. according to published criteria
including the neuritic Braak stages [24]. Thal amyloid
phases [25]. CERAD scores [26]. NIA-AA scores [27]
and McKeith criteria [28] and showed varying degrees
of Akzheimer’s discase pathology. For CAA we used a
recently developed staging system, which assesses
meningeal and parenchymal CAA separately and also
scores capillary CAA [1.2]. All CAA cases had severe
CAA as they showed widespread circumferential A in
meningeal and cortical arterial vessels as well as AR
depositions in capillary walls. None of the cases was
diagnosed with CAA during their lifetime. The cases
from the MRC Sudden Death Brain & Tissue Bank
(Edinburgh) had no neurological discase during life
and no significant neuropathological changes post
mortem. We excluded cases with arteriolosclerosis/lipo-
hyalinosis from this cohort. Samples were collected
and prepared in accordance with the National

mass spectrometry permits the identification of thou-
sands of proteins with ultra-high precision and sensitiv-
ity, not available by any other analytical approach.
Using stable isotope isobaric reagents allow such pro-
teomes to be profiled in parallel across multiple biologi-
cal or clinical states under identical analytical
conditions, a feature referred to as the multiplex advan-
tage [15-23]. For example, such a strategy allows the
comparison of a given in vitro or in vivo model under a
given homeostatic state (that is physiological condition)
relative to a perturbation state (that is pathological
condition or exposure to a stimulus) under exactly the
same experimental conditions.

This study employed isobaric quantitative proteomic
analysis of fresh frozen human leptomeningeal arteries
from young and elderly subjects and patients with CAA
to test the hypothesis that | i | arteries
derived from patients with CAA have a unique

doph ypic profile compared to those from young
and elderly controls.

© 2016 The Authors. Neuropathology and Applied Newrobiology published by John Wiley & Sons Ltd

on behalf of British Neuropathological Society
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R h Ethics Service-approved protocols. Lep-
tomeningeal arteries in the occipital regions were
removed from the frozen coronal slices from brains of
young females (45.4 + 3.9 years: n=35), elderly
females without CAA (88.3 £ 8.6 years: n=7) and
females with severe CAA (82.6 £ 7.5 years: n=7)
(Table 1). Only female subjects were included in the
present study as it has been shown that sex-dependent
differences exist in CAA [29-31). The frozen coronal
slices were placed at —20°C overnight to acclimatize
from the —70°C storage prior to dissection in a cold
cabinet at —12°C. Arteries were identified based on
their morphology of a vessel and they were distin-
guished from veins by the thicker wall and lep-
tomeningeal sheet as they penetrate the cortex. The
abundant presence of vascular smooth muscle actin
confirmed they were arteries. Selected vessels were
cased with a micro-scalpel from the meningeal surface
of the gyri and sulci. removed and placed in pre-
cooled tubes to avoid thawing. These specimens were
then snap frozen at —80°C.

NAN 2017: 43: 492-504
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Quantitative proteomic analysis on human
leptomeningeal arteries

For the proteomic analysis, samples from two young and
two elderly subjects and four patients with CAA were
randomly selected from the cohort (Table 1). The justifi-
cation for this number of CAA cases was to comp

TIMP3 and clusterin increase in CAA affected arteries 495

Hierarchical clustering analysis visualized in heat-
map format was generated using Gene Cluster (version
3.0) and Java Treeview (version 1.1.6r4). MetaCore
(GeneGo, St.  Joseph, MI, USA) and DAVID
(http://david.abee.nciferf.gov) were applied to identify
prebuilt processed networks and gene ontology terms

for their innate tissue heterogeneity and to ensure a sta-
tistical power of over 0.7, factoring in a representative
30% measurement error and a fold change >1.5 between
replicate observations, as reported in a recent simulation
study [32]. ples were dissolved in dissolution buffer
(0.5 M triethylammonium bicarbonate/0.05% sodi

over-rep d in the dulated p False dis-
covery rate (FDR) and Fisher's exact corrected P-values
<0.05 were considered significant.

Immunohistochemistry

dodecy! sulphate), homogenized using the FastPrep sys-
tem (Savant Bio, Cedex. Fr) and then subjected to pulsed
probe sonication (Misonix, Farmingdale, NY, USA).
Lysates were centrifuged (16 000 g. 10 min, 4°C) and
super were d for protein content using
the Direct Detect™ Spectroscopy system (Merck Millipore,
Darmstadt, Germany) according to the manufacturer’s
instructions. From each lysate volume (adjusted to the
high | of 40 pl) ¢ 100 pg final protein
content was subjected to reduction, alkylation, trypsin
proteolysis and eight-plex isobaric tag for relative and
absolute quantitation (iTRAQ AbSciex. San Hose, CA,
USA) labelling per supplier’s specifications (ABSciex, San
Hose, CA, USA). Labelled peptides were pooled and frac-
tionated with high-pH reversed-phase (RP) chromatog-
raphy using the Waters, XBridge €8 column
(150 x 3 mm, 3.5 pm particle) with the Shimadzu LC-
20AD HPLC (Shimadzu, Kyoto. Japan). Each resulting
fraction was LC-MS analysed with low-pH RP capillary
chromatography (PepMap C18. 50 pym ID x 50 em L.
100 A pore, 3.5 pm particle) and nanospray ionization
FT-MS (Ultimate 3000 UHPLC — LTQ-Velos Pro Orbitrap
Elite, Thermo Scientific, Bremen, DE) as reported previ-
ously [19,20.23] (Figure la).

Unprocessed raw files were submitted to Protcome
Discoverer 1.4 for target decoy searching with
SequestHT for tryptic peptides as reported by the
authors [19,20,23]. Quantification ratios were normal-
ized on the median value and log2 transformed. A pro-
tein was considered dulated in lep i |
arteries from elderly subjects vs. young controls or
those affected by CAA type 1 relative to these from
young and elderly controls when its log2 ratio was
above or below +1 SD across all analysed samples per
category as reported previously [23].

© 2016 The Authors. Neuropathology and Applied Newrobiology published by John Wiley & Sons Ltd
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The h y valid of key pr ic find-
ings was performed in all 19 subjects (young female con-
trols: n = 5, elderly female controls: n = 7, females with
CAA type 1: n = 7). Three sections of occipital cortex
from each of the cases were immunostained. After
dewaxing in xylene and rehydration through graded
alcohols, antigen retrieval was performed by immersing
slides in citrate buffer, microwaving on medium power
for 25 min and subsequently cooling. This was followed
by incubation in pepsin for 5 min (1 mg/ml 0.2 M HCI).
The tissue was blocked in 3% H,0, and 15% goat
serum. Occipital cortex from each of the cases was incu-
bated in clusterin (Abcam: Cambridge, UK, ab42673,
rabbit polyclonal, dilution 1:500), or tissue inhibitor of
metalloproteinases 3 (TIMP3) (Abcam, Ab93637, rabbit
polyclonal. dilution 1:100) overnight at 4°C followed by
biotinylated goat anti-rabbit antibodies (Vector BA1000
dilution 1:200) and ABC peroxidase enzyme complex
(Vector PK4000, dilution 1:500). Reaction was detected
using diaminobenzidine with glucose oxidase enhance-
ment. Images were captured an Olympus: Southend-on-
Sea, Essex, UK, BX51 microscope fitted with Olympus
CC-12 colour microscope camera.

Double immunofluorescence was performed for AR
and TIMP3. Prior to the antigen retrieval previously
described. pre-treatment was required which consisted
of 5 min in formic acid at 37°C. Tissue was blocked in
15% goat serum followed by incubation in primary
antibodies overnight at 4°C. Ap was detected using
mouse monoclonal anti-Af 1gG2b Clone 4GS, antibody
(BioLegend: London, UK, 800701: dilution 1:100). The
secondary antibody for AP was goat anti-mouse I1gG2b,
AlexaFluor 647 (A-21242), and for TIMP 3 and clus-
terin was goat anti-rabbit IgG AlexaFluor 594 (A-
27096). These were obtained from Thermo Fisher Sci-
entific and dilution 1:200. Images were captured and

NAN 2017: 43: 492-504
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patients compared to elderly controls.

examined with a Leica SP8 focal mi The
specificity of the histochemistry staining was
confirmed by omitting the primary antibody.

Results

Quantitative proteomic analysis

The p i lysi lted in the profiling of
5957 i ( id FDR confidence > 99%)

P pep

(Table S1). A total of 1364 proteins were differentially
expressed in arteries from elderly relative to young

© 2016 The Authors. N halogy and Applied biol

blished by John Wiley & Sons Lid

bjects (Table $2), 280 in arteries from CAA cases rel-
ative to young controls (Table $3) and another 983 in
arteries from CAA cases relative to elderly controls
(Table S4). The hierarchical clustering analysis of dif-
1 ially exp i p b groups revealed
that leptomeningeal arteries derived from CAA patients
compared to those from young and elderly controls had
a distinct proteomic profile from arteries derived from
elderly compared to young subjects (Figure 1b).

In silico bioinformatics analysis showed that the im-
mune response/classical complement pathway (P = 5.0E-
11: 5.007E-2; 1.168E-10 in elderly vs. young controls;

NAN 2017: 43: 492-504
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CAA vs. young controls: CAA vs. elderly controls
respectively) (Figure 2) and extracellular matrix remod-
elling (P = 3.3E-8; 6.349E-6; 2.317E-8 in elderly vs.
young controls; CAA vs. young controls; CAA vs.
elderly controls respectively) (Figure 3) were signifi-
cantly over-represented processes. For both pathways,
the expression levels of most proteins were found to
decrease in arteries from elderly vs. young controls,
whereas they increased in arteries from CAA patients
compared to young and elderly controls.

The expression of clusterin (apolipoprotein J) and

TIMP3 and clusterin increase in CAA affected arteries 497

controls and was strong in CAA patients (Figure 5).
TIMP3 and clusterin were found to co-localize with AR
in the leptomeningeal vessels of the occipital cortex
from CAA cases (Figure 6).

Discussion

Our study showed that the global endophenotypic pro-
file of leptomeningeal arteries from elderly female
patients with severe CAA was different from that of
age-matched and young controls. The immune

TIMP3 from the i /classical ¢

/el 1¢ | and extracellular matrix

ment and the extracellular matrix remodelling path-
ways, respectively, were up-regulated in arteries from
patients with CAA compared to both young and
elderly controls [clusterin: iTRAQ mean log2 ratio
(SD) = 2.30 (0.45) and 2.87 (0.44) in CAA vs. young
and CAA vs. elderly controls respectively] [TIMP3:
iTRAQ mean log2 ratio (SD) = 1.63 (0.89) and 2.48
(0.90) in CAA vs. young and CAA vs. elderly controls
respectively).

Immunohistochemistry

Clusterin was found to co-localize with A in the occip-
ital cortex of CAA cases, but not in the young or
elderly controls (Figure 4). The pattern of expression
for the immunocytochemistry of TIMP3 was weak in
arteries from young controls, increased in elderly

remodelling pathways were significantly enriched in
the differentially expressed proteome of arteries between
patients with CAA compared to young and elderly con-
trols. Most proteins participating in these pathways

were up-regulated in lep i | arteries from
patients with CAA compared to these from controls,
ibly reflecting a pro-infl vy resp in

arteries affected by CAA, which could have in turn
triggered tissue remodelling processes. The inflamma-
tory profile of CAA is well characterized [33,34] and
previous studies have described an increased activation
of the complement system in cerebral amyloid plaques
as well as deposition of complement components in
CAA affected cerebral arteries [35-37]. Extracellular
matrix components can influence the deposition of Ap
thus contributing to Alzheimer's discase progression
[38.39]. Conversely., AP accumulation damages the

Immune response Classical complement pathway

Figure 2. The immune response/classical ! was

*ﬂ
8
>
&

ficantl hed in the diffe 1 d of

leptomeningeal arteries from elderly vs. young controls (P = 5.0E-11) (a), CAA patients compared to young controls (P = 5.007E-2) (b)

and cercbral amyloid hy patients d to clderly

trols (P = 1.168E-10) (c).
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extracdlular matrix remodelling pathway was significantly en

Figure 3. The

leptomeningeal arteries from e

ypathy (CAA) pa

y compared to young controls (P = 3.3E-8) (a). cereb

to young controls (P = 6.34 b) and CAA patients compared to elderly controls (P

stry of cly DAB with haematoxylin cot b) elderly controls and (¢) cercbral

isteris

Figure 4. |

amyloid

The intensity of immunostaining of clus rcreased in the leptomeningeal vessels present in the suld in

elderly control cases compared to young cases and in CAA compared to elderly control cases. Immunofluarescence for A and clusterin

| arteries in CAA (d-¢). AP immunofluorescence (blue) in (d) is present in the whole thickness of the arterial wall in a

in leptomeni:

clusterin immunofluorescence (red) in (e) is also present throughout the thickness of the arterial wall: co-localization

concentric ma

(pink) of A and clusterin occupies most of the thickness of the arterial walls in (). Scale bars: (a-c) = 100 pm/(d-f) = 50 pm

integrity of existing extracellular matrix, which affects The study results show that clusterin co-localizes

brain microvascular functions during the early stages with AR within the walls of leptomeningeal arteries

of Alzheimer’s disease [40-42] and its expression levels increase in leptomeningeal
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Figure 5. Immunohistochemistry ¢

counterstain in (a) young and (b) ¢

ssue inhibitor of metalloproteinases 3 (TIMP3) in leptomeningeal arteries

3 DAB with haematoxylin

erly controls and (¢) cerebral amyloid angiopathy (CAA). The intensity of immunostaining of TIMP3

is increased in the leptomeningeal vessels present in the sulci of elderly control cases compared to young and in CAA cases compared to

elderly. Immunofluorescence for AP and TIMP3 in kptomer

in the whole thickness of the arte

ial wall in

entric manner

thickness he arterial wall: co-localization

f = 50 ym

arteries from patients with CAA compared to those

from young and elderly controls Clusterin
(apolipoprotein | or Apo]) is a disulphide-linked het-
erodimeric glycoprotein that activates microglia, initi
ating an inflammatory cascade [43). Genome-wide
association studies of sporadic Alzheimer's disease, in
which Ap accumulates both in cortical plaques and
CAA, have highlighted the importance of common
genetic variations in the gene encoding clusterin [44]
Experimental work suggests that clusterin regulates
AP fibril formation [45] and plays a major role in the
clearance of AB42-Apo] complexes, via LRP2 [46
18]. Altho

is AP40, with progressive failure of perivascular clear-

the predominant species of AP in CAA

ance of interstitial fluid, there is also accumulation of
\B42 [49)

AP species in the vascular amyloid deposits in spo-

Clusterin appears to be sequestered with

radic CAA, as well as in the white matter abnormali
ties in cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy (CADA

SIL) [50.51]. A recent study found a significant

2016 The Authors. Neuropathology and Applied Neurobi
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f k) of AP and TIMP3 occupies most
concentrated in the tunica media, with less in the endothelium and
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wrteries in CAA (d-e). AP immunofluorescence (blue) in (d) is present
TIMP 3 immunofluorescence (red) in (el
of the thickness of the ar

outer layers of the wall (). Scale bars: (a-¢)

Iso present throughout the

jal walls, especially

100 pm/(d

positive correlation between clusterin  concentration
and regional levels of insoluble AB42 [52]. It is there-
fore possible that the up-regulation of clusterin
observed in the CAA arteries, is due to either entrap-
ment of the AP-Apo] complex in the perivascular
drainage pathways, or a compensatory up-regulation
of Apo] to clear the excess AB42 that cannot be elim-
inated normally

In this study. we demonstrated that the expression
of TIMP3 in the brain is restricted to the walls of lep
tomeningeal arteries and increases in CAA. Homeosta
sis of the extracellular matrix in the brain is
maintained by the balanced action of matrix metallo-
proteinases that degrade extracellular matrix and by
tissue inhibitors of metalloproteinases (TIMP) proteins
TIMP3 is a
disulphide bonds and is expressed in normal central

[54].

TIMP3 expression was found to increase in human

Human 25-kDa protein that contains

nervous system [53]. In a study by Hoe et al
Further

brains affected by Alzheimer's discase (AD)

more, this study showed that TIMP3 prevents o-
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Figure 6. Conlocal microscopy i
leptomeningeal arteries from young

loca

AP and TIMP3 is observed in CAA, on transmission m

colour applied to channels

cleavage of amyloid precursor protein (APP). whereas
it promotes P-cleavage of APP thus contributing to
elevated AP levels in AD. TIMP3 preserves the inte

rity of extracellular matrix in arteries as the absence
of TIMP3 in knock-out mice results in pathological
arterial vasodilation [55). Our results showed that
2016 The

on behalf of British Neuropathological Sodety
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a-c) and elderly females (d-f) and patients with cerebral amylol
1

gy and Applied Neurobiology published by John Wiley & Sons Lid

i

es showing distribution of tissue inhibitor of metalloproteinases 3 (TIMP3) (blue) and AP (red) in

angiopathy (CAA) (g-i). Co-

images (c-i). Images ol x 20 objective. False

expression of TIMP3 in the brain is restricted to the
walls of leptomeningeal. thus antagonistically target-
ing TIMP-3 could also facilitate perivascular drainage
of AB

scope of the present study and constitutes a future

Examining this hypothesis was beyond the
objective.
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In conclusion, this pr study ates
the activation of inflammatory and extracellular
matrix remodelling pathways in  human lep-
tomeningeal arteries from CAA patients compared to
these from cognitively normal young and elderly con-
trols. Furthermore, we observed increased levels of
clusterin and TIMP3 in leptomeningeal arteries from
CAA patients compared to young and elderly controls
and co-ocalization of these two proteins with AB in
the occipital cortex of the CAA cases. Future work
will test the hypothesis that clusterin and TIMP3
could facilitate perivascular clearance and represent
novel therapeutic targets for CAA.
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1.14 Commentary on fourth publication

The main finding of the fourth publication is that leptomeningeal
arteries affected by cerebral amyloid angiopathy have a distinct proteomic
profile compared to unaffected from CAA leptomeningeal arteries from young
and elderly controls. Immune response/classical complement activation and
extracellular matrix remodelling pathways were significantly enriched the
differentially expressed proteins between CAA and both young and elderly
controls. Furthermore, clusterin (apoJ) and tissue inhibitor of
metalloproteinases 3 (TIMP-3) analysed with proteomics to be expressed at
higher levels in CAA vs. young and elderly controls, were found with
immunohistochemistry to co-localise with AB in the walls of leptomeningeal
arteries.

The present study was performed among female participants only.
Since the publication of this paper, we have also performed the proteomic
analysis of leptomeningeal arteries, using the same experimental design as
in the present study, for male participants. We are currently examining the
sex-specific effects of CAA on leptomeningeal arteries. Furthermore, it would
be interesting to examine whether targeting clusterin and TIMP3 can improve
perivascular drainage of amyloid-@ fibrils and thus improve cognitive function
using wild-type and transgenic mouse models.

One important study limitation is that the post mortem delay prior to
sample collection varied from 9 to 114 hours in the analysed cohort. This
could have adversely affected the integrity of proteins in the analysed tissue
due to the action of proteases that are activated as part of the body
decomposition process initiated by death. At least, post mortem delay was
not significantly different between groups (p = 0.33 in young vs. old controls;
p = 0.30 in young controls vs. CAA cases; p = 0.77 in elderly controls vs.
CAA cases), therefore minimising the possibility that the differences in
protein expression levels are due to discrepancies in the timing of sample

collection and not due to the disease itself.
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1.15 Oesophageal cancer and the tumour microenvironment

Following the proteomic studies in obesity and Alzheimer’s disease, |
decided to also apply our proteomics methodology in cancer, yet another
common chronic disease, to assess its applicability in this type of samples.
More specifically, | chose to study oesophageal adenocarcinoma because
the UK has the highest incidence of this subtype of cancer in the world.

Oesophageal cancer ranks 8" among the most common types of
cancer diagnosed and is the 6" leading cause of cancer-related deaths
worldwide.'®'% |n 2012 approximately half a milion new cases were
diagnosed and an estimated 400,000 deaths occurred globally.'®
Oesophageal cancer is quite common because its main risk factors are
lifestyle parameters, including smoking, alcohol consumption, obesity and a
diet poor in fruit and vegetables (Cancer Research UK, Oesophageal cancer
risk factors overview. Website: https://www.cancerresearchuk.org/health-
professional/cancer-statistics/statistics-by-cancer-type/oesophageal-
cancer/risk-factors#heading-Zero; Accessed: 20 July 2018). Oesophageal
cancer is associated with very poor prognosis, with less than 20% overall
five-year survival rates in the developed countries.'”’

There are two histologic subtypes of oesophageal cancer: the
oesophageal adenocarcinoma (OAC) and squamous cell carcinoma
(OSCC)."® In the developed world, a rapid increase in the incidence of OAC
has been observed over the past 40 years, whereas incidence of OSCC has
decreased over the same time period.'*"'% |n Western populations, the main
risk factors for OSCC are alcohol use and tobacco smoking'"" whereas for
OAC the two main risk factors are gastro-oesophageal reflux and obesity. '

The tumour microenvironment (TME) refers to the non-cancerous cells
that are present in a tumour, including immune cells, fibroblasts and
endothelial cells, but also the proteins surrounding the tumour, produced by
cancerous and non-cancerous cells, and supporting the growth and

metastasis of the cancer cells.'"?

Stephen Paget first suggested in 1889 that metastasis is non-random,

as some tumour cells (“seed”) preferentially grow in the microenvironment of
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specific organs (“soil’).!"® Paget’s “seed and soil” hypothesis emphasized the
importance of the microenvironment in regulating distant cancer
dissemination. Emerging evidence suggests that the “cross-talk” between
cells of the TME and the cancel cells supports tumour growth and
progression. The cancer-associated fibroblasts (CAFs) are the major cellular
component of the TME and their accumulation is a better predictor of poor
patient prognosis in OAC compared to T, N or M stage.""* Supporting
research indicates that therapeutically targeting the TME, as adjuvant
treatment, can improve patient outcomes. Lately much scientific interest has
been drawn to the discovery of novel therapeutic targets in the TME.
Therefore, the aim of the fifth publication was to examine the proteomic
profile of primary cancer-associated fibroblasts derived from patients with
oesophageal adenocarcinoma in order to identify novel therapeutic targets

in the tumour microenvironment.
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1.16 Fifth publication

BJC
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Quantitative proteomic profiling of primary cancer-associated
ﬁbroblasts in oesophageal adenocarcinoma

A i M A Hayden?, Massimiliano Mellone®, Diana J. Garay-Baquero®, Cory H. White’”, Fergus Noble?,
Monette Lopez®, Gareth J. Thomas’ Timothy J. Underwood? and Spiros D. Garbis'?

BACKGROUND: Cancer-associated fibroblasts (CAFs) form the major stromal component of the tumour microenvironment (TME).
The present study aimed to examine the proteomic profiles of CAFs vs. normal fibroblasts (NOFs) from patients with oesophageal
adenocarcinoma to gain insight into their pro-oncogenic phenotype.

METHODS: CAFs/NOFs from four patients were sub-cultured and analysed using g p s. Diffe lly exp d
proteins (DEPs) were subjected to bioinfc s and pared with published pr ‘\andl--m- p s d

RESULTS: Principal component analysis of all profiled proteins showed that CAFs had high h geneity and cl d

from NOFs. Bioinformatics interrogation of the DEPs demonstrated inhibition of adhesion of epithelial cels adhesion of connecuve
tissue cells and cell death of fibroblast cell lines in CAFs vs. NOFs (p < 0.0001). KEGG pathway analysis showed a significant

enrichment of the lnsulwstgndlhg pathway (p = 0.03). Gene ontology tevms related with myofibroblast phenotype, metabolism,

cell adh d: stress, ang| P were enriched in CAFs vs. NOFs.
Nestin, a smm-«" marker up—ngdamd in CAFs vs. NOFs was confirmed to be expressed in the TME with immunohistochemistry.
CONCLUSIONS: The identified p ys and p may provide novel insight on the tumour-promoting properties

of CAFs and unravel novel adjuvml thenpeutk !rge(s ln the TME.

British Journal of Cancer (2018) 118:1200-1207; https/doi.org/10.1038/541416-018-0042-9

INTROOUCIION Our group's work has focused on the relationship between
h | cancer rep: a significant global health burden tumour cells and cancer-associated ﬁbrob‘as!s (CAFs), which form

wi(h 395000 deaths in 2010, an increase of nearly 15% fmm Memapr cellular component of the TME.” The in vivo “education”
1990 Oesophageal adenocarcinoma (OAQ) is the pred: or ing” of fibroblasts by tumour cells is an
in C and dardised blished mechanism by which cancer cells exploit the plastic

inclden:e vaes are rising by 40% every 5 years The United nature of reanive cell populwons to generate a tumour-
Kingdom has the highest incidence of OAC in the world, and ° The acc lation of CAFs in
outcomes are poor because 60-70% of patients present with late- tumou's correlates with poor prognosis across cancer types,
stage disease too advanced for treatment with curative intent.” including OAC, where we have shown that the presence of CAFs is

Usmg whole genome sequenclng the OCCAMS consortium has more predictive of poor outcome than T, N or M stage.""'* CAFs
i of OAC disease types that are most commonly characterised by the acquisition of an

might be suuable for targ ed g aﬂivaled' dpha—smooth muscle actin (a-SMA) positive, myofi-
from the OCCAMS cohorts require pfe{lmu:a! lidk prior to which regulates a number of tumour
implementation in trials, and studies are needed to undermnd promothg pfocessex“' 3 Addluonaly. CAFs may be lmpllcated in
the extent to which the genomic distinction is i the of drug r e during ch
downstream, at the level of the transcrip and pi 4 of cancer pati 1435 Along these lines, anti-cancer
pted cancer cells are drugs have been found to become ineffective aqans( cancer cells
recogmsed x the dnvmg force d tumour development and cowltur:d with various lypes of stromal cells .
ledge gap h the prediction of pr d by recent technological
whxh pauen(s will beneﬁl from is lhal the contributi advan(es in liquid (hvoma(ogvaphy with mass spectrometry (LC-
of the tumour mic (TME) is not considered.” MS), is gradually becoming an indispensible analytical tool in

cancer research since the unbiased protein expression profiling of
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Sub-culture of primary CAF/NOF cells from patients with oesophageal adenocarcinoma (OAC) (n=4)
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]

-— QO

proteins (DEPs)
in CAF vs. NOF

=+ Bioinformatics =

in-depth analysis

Enriched biological processes

Compare with published proteomics data set of primary CAF/NOF cells from patients with OAC (n=4)

Enriched -— o |dentify common DEPs in CAF vs. NOF
Compare with publically available data set of stroma (n=44)
Fig. 1 Study workflow
or their mic can pmvtde novel biol | Two-di | LC-MS p ic analysis
insight but also help identify novel di stic and To enh efficiency and subsequent mass

(heuf:eutk targets that can eventually uiluence clinical prac-
tice."”'7"*° There are only a limited number of studies that have
ined the global p Pomndpvh\aryCAFsdemed
from human cancer patients.' >
We have previously d the sh ic analysis
of primary, patient-matched, CAF/NOF pa's (n 4) from patients
with OAC."* The focus of this study by Hanley et al. was to examine
the relative expression levels of extracellular matrix proteins
in primary patient-matched CAF/NOF pairs (n = 4). The
LC-MS analysis resulted in the profiling of 3579 unique

peptide i
spectrometry analysis, the initial offline peptide fractionation was
conducted with alkaline C4 Reverse Phase chromatography
(Kromasil 150 x 2.1 mm, 3.5um particle, 100A pore size, Merck
KGaA, D. dt, G ) using g mobile phase condi-
tions as previously reported by the authors.* All other method
details were as reported by the authors****

Database searching
Unprocessed raw files were d to Pri Di 14
Ioc l.ge( decoy searching against the UniProtkB homo sapiens

hmi

proteins, of which 172 were up- and 368 d gulated in CAFs
vs. NOFs.
mealmoflhe pmem study was to appty a more indepﬂ\
S dology in c P

comp of 20,159 entries (release date January 2015),
allowing for up to two missed cleavages, a precursor mass
tolerance of 10ppm, a minimum peptide length of six and a

bioinformatics analysis to an additional cohoﬂ d primary patient-
matched CAF/NOF pairs (n = 4) derived from patients with OAC in
order to gain insight into the pro-oncogenic features of the
myofibroblast phenotype. An additional aim was to identify novel
therapeutic targets relevant to the TME. An overview of the study
workflow is presented in Fig. 1.

MATERIALS AND METHODS
Primary cell culture

Experimental protocols received ethical approval by the South-
ampton and South West Hampshire Research Ethics C i

imum of two variable (one equal) modifications of; iTRAQ 8-
plex (Y), oxid: (M), d¢ d (N, Q), or phosphoryl (s,
T, ). Methylthio (C) and iTRAQ (K, Y and N-terminus) were set as
fixed modifications. FDR at the peptide level was set at <0.05.
Percent co-i ion excluding peptides from g ion was set
at 50. &ponef ion ratios from unique pep(ides only were taken
into for the of t ive protein.
Raw I‘IRAQ intensity values of unique pepﬂdes were median-

d and log, d. A Student’s T-Test using the
normalised raw ITRAQ intensity was pe'lormed to identify
differentially exp d unique pep CAFs and NOFs.
Slgnllan:e was set at p<0.05. A protein was considered to be

(09/H0504/66). All participants signed an informed form.

ly exp d in CAFs vs. NOFs when it had at least one

Fibroblasts were derived from four patients with OAC and sub-
cultured as previously described.'” Normal fibroblasts (NOFs) were
taken from the proximal resection margin (at least 10cm distant
from the cancer) of each patient. Cell culture passage number was
consistently under four.

s sample
Cell pellets weve snap fwzen a( ~80°C. These were dissolved in
osSM thyl. 0.05% sodium dodxﬂ

am. ly expr d unique peptide and a mean iTRAQ
reporter ion log, -ratio of 2+02. In adherence to the Paris
Publication Guidelines for the analysis and documentation of
peptide and protein identifications (http//www.mcponline.org/
site/nisc/l’arisRepon_FinalxhuM), only proteins identified with at
least two unique peptides were further subjected to bioinfor-
matics. AII mass spec"ometry data have been deposited to the

i via PRIDE with the data set

ldennﬁe' PXDOOS“‘

sulphate md subjected to pulsed probe
Farmingdale, NY, USA). Lysates were centrifuged (16,000g, 10 min,
4°C) and supernatants were measured for protein content using
infrared spectroscopy (Merck Millipore, Darmstadt, Germany).
Lysates were then reduced, akylated and subjected to trypsin

proteolysis. Peptides were labelled uslng the eight-plex iTRAQ
reagent kit with the f 1M3=
NOF patient 1, 114 = NOF paiem 2. N5 = NOF patiem 3, 116=
NOF patient 4, 117 = CAF patient 1, 118 = CAF patient 2, 119 =
CAF patient 3, and 121 = CAF patient 4. The labelled peptides
were then subjected to multi-di ional liquid ch

and tandem mass spectrometry as described below.

graphy
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lysis

Principal component analysis (PCA) using the log,ratio of each
sample over the mean of all samples was performed using the
online tool ClustVis (http:/biitcs.utee/clustvis/). DAVID (https//
david.ncifcrfgov/) was applied to differentially expressed proteins
in order to identify over-represented gene ontology terms and
KEGG pathways. Fisher exact corrected p-values <005 were
considered significant. Subcellular localisation of top up- and
down-regulated proteins in CAF vs. NOF was manually assessed
using ExPASy (www.expasy.org). The diseases and functions
module of Ingenuity Pathway Analysis (PA) (ngen Hilden,
Germany) was used to predict up gi p
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a Fisher's exact pvdue <005 and a (alse discovery rate score (z-
score) of 22 or s—2 were considered significantly activated or
inhibited, respectively.***”

Comparison of DEPs with published proteomics and
transcriptomics data sets
DEPs were compared with our p proteo-
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Fig. 2 a Principal component analysis using the reporter ion bwams of all analysed protens showed lhat CAFs had a distinct proteomic
mﬁhmdugmhaqogemtycmparedmmkhvdm plot h il p ins in CAFs vs. NOFs (red =
P dated p green = di ins). ¢ Alpha smooth muxle aam (ALTAZ) was found to be significantly up-regulated in
CAFs vs. s (Mean log.ratio (SD) 0.2 (0 9). pvalue <onoo1 at the peptide level) d In total, 136 DEPs were also analysed with the same
trend of la na yp ua!dpdnwyawmﬁﬁompwemsmmmcmmﬁnupngdm
and 11 de i P were d in the mzmmay dataset (highlighted in grey)
activated or mhbi(ed baed on ac bi of up lated In silico eval of the prognostic value of DEPs in OAC
and d d. Biological pvocesses with Proteins identified to be dﬂemually expressed in CAFs vs. NOFs

in both proteomics experiments were in silico evaluated for their
prognostic value in OAC using PrognoScan (http//www.abren.net/
P Scan/), a database of published cancer microarray experi-
ments linking gene expression to patient prognosis.*®

lidation of key find

histochemical
hemical

mics dataset t of primary CAFs/NOFs from paﬂems with OAC (n=
4)."” To define DEPs in this previous dataset , the exact same
criteria as described above for the present study were used.
Common DEPs in the two proteomics experiments were
wpared with a publicall ilable transcriptomics dataset of
laser-capture micro-dissected oesophageal stroma (n=44; 17
with intestinal metaplasia, 16 with dysplasia and 11 with
adenocarcinoma) (NCBI/NIH; GEO; dataset ID: GSE19632).
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chemical g was p d in sections derived
from a cohort of 183 OAC patients as previously described.'?
Briefly, sections of thickness Sum were taken from the recipient
paraffin block for IHC staining. Primary antibody dilution for
polyclonal rabbit anti-human Nestin was 1:100 (DAKO no. M3515).
Slides were de-paraffinised with xylene and rehydrated with
alcohol. Incubation in 3% H,0, (in deionised water) for 10 min was
used to id activity. Slides were
incubated in 1 mM Mylenedhmlnemmcetic acid for 15 min at
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06), adhesion of connective tissue cells (z-score =
vs. NOFs. b KEGG pathway analysis using DAVID showed

ial cells (2-score = —2.4 | p = 6.3E-

of
—23[p—1 &-OS)McelldeahﬁﬁbmHas(cellhm(z-score-—l.)lp— 1.7E-09) in CAFs
the i

for the [ the two p

98°C and pH 80, allowing antigen retrieval. Tissue was
sequentially incubated in avidin, btoth, pvinary and blounyiated
secondary antibody (at appropri ) di

peroxidase complexes and DAB (3 3’-dbminobemidum) Coves
were counter-stained with Mayers H. and

y (Fisher exact p-value = 0.03

and 0.05 brtheDEPsmMed mmepusemstudy)

demonstrated that NOFs had a more homogeneous proteomic
profile and clustered separately form the more heterogeneous

biotin-  CAFs. (Fig. 2a).
The diffe P d p (DEP) pri ‘699q>-
lated and 987 d dated proteins in CAFs compared to

mounted with DPX. The automated immunostainer DAKO'

Autostainer Link 48 (Cambridge, UK) was used in a CPA-

acaedned cellular pa!hology depanment with the use of
imised to natk dards (NEQAS).

RESULTS

Proteomic profiling of primary oesophageal fibroblasts

We compared the global p ic profiles of d pairs of
primary CAFs and NOFs taken from oesophageal resections of four
OAC patients in order to identify proteins and pathways that may
be responsible for the pro-oncogenic CAF phenotype and the
poor patient prognosis associated with the accumulation of CAFs
in OAC. Proteomic analysis resulted in the profiling of 7718 unique
protein groups (peptide FDR p-value <005) (Supplementary
Table 1), a substantial mprovemem of more than double the
number of profiled unique protei d to our previousl

NOFs (Supplementary Table 2). A vokano plot representation of
the mean iTRAQ reporter ion log, -ratio of proteins in CAF vs. NOF
plotted against the minus log10 (p-value) is presented in Fig. 2b.
Alpha-SMA expression was found to be variable but with a mean
log, ratio of 0.2+ 09 (p-value < 0.0001 at the peptide level) across
all CAFs vs. NOFs examined (Fig. 2¢).

Comparison of DEPs with published proteomics and

transcriptomics data sets

oftheDEPs 136 proteins werealsoudennﬁedwm\mesamemnd
dulation in our previ p ic analysis of

pdmary CAF/NOF pairs from an dependent cohort of p

with OAC" and the expvession trend of five up-regulated and 11

d firmed in the publically available

m-:noaruy dataset ol OAC micro-dissected stromal cells. These

are n h format in Fig. 2d. Proteins

down

ey

published proteomics dataset. PCA of all pmﬂed protems
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d in both p i and confirmed with the
mewuddmodulwonnmemoanaydatasetan
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Fig. 4 uDAVDgemmtologyan&wsshomdimlgmontobgyt«msmhtedwnh yofibrobl: bolism, cell adhesion/
giog were ug\lﬁuntly wer—npnsemgd in the DEPs. b
Heatmap of top 10 up- and top 10 ‘ g d g to sch gene omdogy terms gvoup 'l'he subtdldu bculon of each
protein is also pr d and up-regulated proteins that are either areh P C targets.
highlighted n grey (Fig. Zd) Among the proteins identified in | to each GO term group are presented
both p and ¢ d at the transa ip s data set to in heatmq: formatin Fig. 4b Yhe sub-cellular locdusanon of these
be upregdamd in CAFs vs. NOFs were a-SMA, lamin A (LMNA) and p is also in the h d
actin-1 (ACTN1). proteins that are athev secreted or Ioulbed in the membtane are
highlighted in the h as targets in
Bioinformatics Analysis CAFs (gene names of the mp«ﬁve promns are: CD9, MIF,

‘me diseases and lun«bns module of IPA pvedkted based on the
and d that

adhesion of eptthehal cells (z-score = 2.4 | p= 635~06). adhesion
of connective tissue cells (z-score = ~23 | p = 1.8E-05) and cell
death of fibroblast cell lines (z-score = ~22 | p= 1.7E-09) were
significantly inhibited in CAFs vs. NOFs (Fig. 3a). KEGG pathway
analysis using DAVID showed a significant enrichment of the
Insuiws-gndlmg paihwa/ (Fishev exact p-value 0.03 for the
and

0,05 for the DEPs analysed in me presem study) (Flg. 3b).
DAVID gene omdogy analysls accounting for both up-

lated and down the DEP,
demonstmed thal pro:esses nlaed with myoﬁbrobhst phemr
type, cell
stress, L is, and i fl

ovet-mpmemed (Fig. 4a). The top ten Wgtlated and dovm
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HMGB2, HMGB1, CSPG4, CACNB3, APC, BCAM, CD97, LPP, LCT, TJP2,
PLCD3, SLC9A3R1, CAVI, RAPGEF2, MAP3K7 and (D44) (Fig. 4b).

In silico evaluation of the prognostic value of Nestin in OAC

Using the in silico PrognoScan meta-analysis microarray database
for the common DEPs in both proteomics experiments, increased
levels of nestin was found to be associated with poor OAC patient
prognosis [COX p-value = 0.003; HR (95% Cl) =78.0 (43 to 1409.8)]
(Fig. 5a). | histochemical staining of nestin was performed
in a well-described cohort of 183 oesophageal tumours where the

presence of a-SMA p CAFs ¢ | gly with poor
overall survival.”? The patient clinico-pa ical characteristics
of this cohort have been reported before.'” Nestin showed a

conserved expression pattern in the TME of OAC, being confined
to CAFs, blood vessels and smooth muscle cells. Example staining
is shown in Fig. 5b.
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levels of nestin were found to correlate with

poor patient prognosis [COX p-value = 0.003; HR (95% )=

conserved expression pattern in the tumour with

higher
780 (4.3-1409.8)). b lmmunohmxhumul staining of nestin in OAC showed a

being confined to CAFs, blood vessels and smooth muscle

cells.

DISCUSSION
The seminal work of Stephen Paget over a century ago pvoposed
that cancer cells constitute the “seeds” that colonise a fa

Of rel given the endoergic character of increased cellular
pvolifevadonmd pr ic ph b d, the insulin-

stromal mi i as the recepti soi'””Akey “soil"

y was dgnﬁumw emiched in the D?s of the
presen( study as wel as the ¢ observ ins with

constituent is the NOF that acquires a cancerous p by
the “seed” Jcancer cell to facilitate its proliferation, invaston and
characterisation of such

cancer ﬁbvoblasts remains limited.
To address this need, our sxudy made use of a comprehensive
approach (Fig. 1) and reports the most

extensive ptoleome coverage to date of primary CAF/NOF pairs
derived from patients with OAC. PCA against the reporter ion
ratios of the 7718 unique protein analysed across all sam-
ples showed that CAFs had a distict proteomic pvoﬁle relauw to
NOFs. ~ (Fig. 2a). In keeping with previ gs, **? PCA
analysis showed marked h g in

our previ [ »davaset (Fig. 3b) Increased
expressbn of the lmdin-lke growth factor 1 (IGF-l) and its
receptor (IGF-IR) has been found to be associated with tumour
progression and poor prognosis in different cancer types
including gastrointestinal tumours.’**® The tumour promoting
properties of the IGF-IR are rlinked with the of the
down-stream insulin receptor substrates (IRS).”’** IGF-| also plays
a key role in the autocrine and paracrine induction of CAF
“activation”.'* A recent study showed tha( NT‘IS7 an inhibitor of
the IGF-IR-IRS signalling path d in inhibition of CAF
xnvation as well as reduced expression of pro-oncogenic

between the CAFs. relative to the more h

kines and growth factors, including several
(IL—6. IL-11, IL-23) and TGFR.”” The de-regulation of

expression between the NOFs Slgmﬁ:ml differential expfesslon

the insulin signalling pathway in CAFs could also be linked to the
effect”,

was observed for 699 up and 987 dowr
proteins across all CAFs relative to all NOFs, as highlighted in the

. a aibhgmemeubok

Reverse 9
b b

volcano plot of Fig. 2b (looz -ratio 2 0.2, psoos t-test). Alpha-
SMA (ACTA2) was analysed to be lated in CAFs
vs. NOFs (as illustrated in the vokano plot of ﬁg 2b) (log,ratio =
02+09; pvalue <0.0001 at the pepﬁde level) (Fig. 2¢). By
led a large spectrum of

novel p'olelns exhibiting a higher and more consistent level of
differential expression that may constitute more robust candidate
rkers of the CAF ph (Fig. 2b,c, Suppl y Table 2).
Consistent protein differential expression of CAF canonical
markers was observed between the current quantitative pro-
teome, a proteomics dataset reported by the authors'’ and a
pubh:ally available trmscnpmmcs mlcroarray dataset (Fig. 2d).
d in the CAF
ph yp mdudeme.... gulated ins lamin A (LMNA) and
actin-1 (ACTN1). LMNA has been implica(ed in the modul of

stromal and cancer cells.*” One interesting
protein mapping to  the insulinsignaling pathway was
hexokinase-1 (HK1), which was consistently upregulated in both
proteomic experiments and further confirmed at the microarray
dataset (Figs. 2d and 3b) HK1 aur/ses me first obligatory and
ral&hmmng step involving the ion of glucose to
G6P.*" Furthermore, HK1 has been suggested to regulate cell
death, a process associated with abnormal proliferation and
tumourigenesis.*? HK1 has also been found to be upregulated in
different cancer types, including kidney and breast carcino-
mas.”*** Additionally , a recent study showed that HK1 over-
expression was associated with poor patient prognosis in
colorectal cancer.*® HK1 expression in CAFs and its implication
with tumour aggressi further i i

DAVID GO auyus ndc\tfnd  terms related to the myoﬁbuoblast

‘I’GF Pl on collagen production and mesenchymal differentia-
and ACTNI1 up-regulation has been described in stromal
f\btoblasts derived from oral cancers.™
The diseases and functions module of IPA predicted the
of adh of epithelial cells (zscore=-24 | p=
63E-06) and adhesion of connective tissue cells (z-score = 2.3 |
p = 1.8E-05) (Fig. 3a). The inhibition of these processes suggests
the involvement of CAFs on increasing the tumour’s metastatic
potential. These findings confirm and extend the current knoM
edge of the CAF phenotype also affecting cell adhesion/s

suas(l\chdngwthmage P is, and i /
inflammatory response processes to be ovenepmemed in the DEPs
(Fig. 4a). The gene names of the top-10 differentially expressed
protdmohewedforeamdthesepmcesss.hddhgm
lassified as d novel
observations and may reveal candidate therapeutic targets (Fig. 4b).

Hypoxia, oxidative stress and DNA damage response were
significantly enriched GO terms. Oxidation-reduction is an
established process in CAFs.'“* CAFs have been shown to

migration processes.' *
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di reactive oxygen species (ROS), leading to oxidative
stress, inflammation and significant cellular damage, which could
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in tumn affect DNA damage response.’’*” The over-production of
ROS by CAFs can induce oxidative stress in NOFs that further
triggers CAF activation, thus leading to a positive feedback loop
between ROS production and CAF activation.**** Moreover , the
cell death of fibroblasts was found to be inhibited (z-score = 2.2 |
p = 1.76-09), showing that CAFs may evade apoptosis possibly as
a result of their enhanced DNA damage response.

I and infl were also significantly
over-represented terms in CAFs vs. M)Fs (Fig. 4a). Previous studies
have reported on the immunomodulatory effects of CAFs.****
Specific pathways and their par! y proteins responsible for
the interplay between CAFs and the host immune response may
be of relevance to a number of current clinical trials using

analytic tods; CHW. performed biostatistical analysis; FN. and ML sample
procurement; G.AT. interpreted results and edted manuscript, TJU. and S.DG.
raised funding, designed study, interpreted results and wrote manuscript.

ADDITIONAL INFORMATION
information is available for this paper at https//dolorg/10.1038/
4141601800429,

Competing interests: The authors declare no competing interests.

Funding: Wessex Cancer Trust, Qw—mm Internal Pllu Grart, EU-FP7
Marie Curie (CANOMICS), Annual R

checkpoint inhibitors in unselected patients with OAC. The
success rate of these therapies may not depend entirely on the
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TME h prevemhg Immune cell enny This may necessitate the

nd CAF bility modi-
fiers*’ At me same token, CAFs have been reported to promote
angiogenesls mough dlﬂemn me(hanlsms. including ECM
cells, and
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in turn produce mgtogenk factors.

An up protein identified in both p ic experi-
ments was nestin. Nenh was further invesﬁgamd as it was found
to correlate with decreased overall survival in patients with
oesophageal cancer when using the in slico microarray meta-
analysis tool PrognoScan (Fig. 5a), suggesting its important role
in OAC biology. Nestin is an intermediate filament protein
originally detected in neuronal stem cells during development.*®
Nestin has been detected in various types of solid tumours,
including mesenchymal tumours and cancers (e.g, breast, lung,
ovarian and gastrointestinal).*® Nestin has been suggested as a
stem-cell markev hdiuung an undﬂeremmed and thus more

d cells."' i L teal
staining showed that nestin protein expression was confined to
the TME of OAC (Flg 5b). A recent study showed th.n nemn
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1.17 Commentary on fifth publication

The main finding of the fifth publication is that cancer-associated
fibroblasts (CAFs) affect a multitude of cancer-promoting processes. CAFs
were found to be associated with decreased cell adhesion, suggesting that
CAFs could directly promote cancer metastasis. Furthermore, key proteins
participating in the insulin signalling pathway were found to be induced in
CAFs. Induction of the insulin signalling pathway plays a key role in CAF
activation. Furthermore, this de-regulation could also be related to the
“‘Reverse Warburg effect’, that refers to the production of energy-rich
compounds (such as ketone bodies, fatty acids, lactate and pyruvate) by
CAFs that can be used by the cancer cells for energy production.

A future perspective is to examine the participation of insulin signalling
pathway in the pro-oncogenic phenotype of CAFs but also examine whether
targeting the insulin signalling pathway, either through pharmacotherapy or
through dietary and physical activity interventions, could improve the disease
outcome in cancer patients with CAF accumulation in their tumour. Another
future study could examine whether nestin can be used as an
immunohistochemical marker of CAFs that also correlates with OAC patient
prognosis, at the tissue and serum level.

An innovative feature of the bioinformatics analysis of this publication
is that a publicly available microarray database of prognosis in patient with
different caner types, PrognoScan, was used to assess which differentially
expressed proteins in CAFs vs. NOFs also correlate with OAC patient
prognosis at the mRNA level.

One study limitation is that primary CAFs derived from patients with
oesophageal adenocarcinoma were first sub-cultured prior to their proteomic
analysis. This in vitro sub-culturing of CAFs could have changed their
proteomic profile. To minimise the introduction of any further bias, cell culture

passage number was kept consistent among all samples (P3).
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Section 2. Discussion

The present research describes the development of a novel, global
quantitative proteomics methodology for the in-depth analysis of tissue and
cell line specimens. This innovative methodology was applied in mouse
model and human samples from biomedical studies of three different chronic
diseases, namely obesity, Alzheimer's disease and cancer, in order to
assess its suitability for the analysis of a wide array of sample types in
different settings of biomedical research projects. An overview of the
proteomics methodology presented in the present thesis is provided in
Appendix F.

The first publication describes the development of an untargeted
proteomics methodology for the study of brain samples from a wild-type

mouse model."®

Following protein reduction, alkylation and trypsin
proteolysis, peptides from eight sample groups were labelled using the
iTRAQ isobaric reagent kit. Labelled peptides were mixed and fractionated
using reversed-phase chromatography. Resulting peptide fractions were
analysed using the Orbitrap Elite mass spectrometry system.

The proteomics methodology contained the following novel features: 1.
Brain tissue was homogenised using a benchtop homogenizing system.
Samples were dissolved in 0.5 M triethylammonium biocarbomnate and
0.05% SDS using sample tubes filled with ceramic beads. Supernatants
were transferred to a fresh tube and subjected further to probe sonication. 2.
Offline fractionation was performed wusing C8 reversed-phase
chromatography in alkaline conditions (Buffer A: Water with 0.1% NH4OH;
Buffer B: Acetonitrile with 0.1% NHsOH). A two-hour long gradient was used
to allow for sufficient separation of the peptides. 3. A liquid chromatographic
online gradient adjusted to the retention time of each fraction at the offline
C8 RP chromatography was used. Fractions eluted at the initial part of the
C8 RP chromatography were analysed with a more hydrophilic gradient,
fractions eluting at the middle part of the C8 RP chromatography with a more
amphoteric gradient whereas fractions eluting at the last part of the offline

C8 RP chromatography with a more hydrophobic gradient. By matching the
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offline retention time with the online gradient peptide separation was
maximised. 4. A 50 cm long C18 reversed phase chromatographic column
was used for the online separation of peptides. The online chromatography
was performed under acidic conditions, to achieve orthogonality in peptide
separation compared to the offline alkaline chromatography. 5. In the buffers
of the online chromatographic separation 5% dimethyl sulfoxide (DMSQO) was
added to improve ionization efficiency of the peptides. 6. A combined HCD-
CID MS method was used. Each peptide was fragmented using both HCD
and CID fragmentation techniques, with the CID spectra providing
information mainly on the amino acid sequence of a specific peptide whereas
the HCD spectra providing information on both the amino acid sequence of
the peptide but also the relative expression levels of the peptide between
samples. The complementarity in the acquired data allowed for a more in-
depth proteomic coverage.

The proteomics methodology developed for the analysis of brain tissue
in the first publication was applied for the analysis of brain tissue in the
following three publications."'® A further methodological refinement
applied to the last publication was that the offline peptide fractionation was
conducted with a C4-based RP stationary phase under the same high-pH
mobile phase conditions used in the previous four studies.'® This approach
imparted a higher degree of orthogonality with the acidic C18-based RP
stationary phase used for the 2™ dimension in-line with the nanospray
source-mass spectrometer system, as in the previous studies. This was
deemed an essential refinement given the intrinsic heterogeneity of the
primary CAF/NOF cells examined. The enhanced peptide separation using
this more orthogonal two-dimensional approach aided in reducing peptide
co-isolation phenomena.

The overarching principle dictating the specific quantitative proteomics
described in the present studies, was the use of highly chemically orthogonal
liquid chromatographic techniques in combination with optimized ultra-high
resolution mass spectrometry and complementary peptide fragmentation

techniques in generating the product ion spectra. As previously described,
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combining the offline high-pH RP followed by the online low-pH nano-
capillary RP as the two-dimesional LC-MS proteomics approach provided the
necessary degree of peptide separation and analytical sensitivity to generate
state-of-the-art in-depth proteome coverage. Furthermore, the mobile phase
conditions made use of volatile pH-modifiers at sufficiently low concentration
levels so as to minimise nano-spray ionization suppression further
supporting a robust and sensitive LC-MS analytical process.

The collective analytical attributes to these proteomics approaches
was to minimize the peptide co-isolation effect that would otherwise alter the
accuracy and sensitivity of relative proteotypic peptide quantitative along with
their surrogate proteins.'® Peptide co-elution is a common burden with
isobaric proteomics approaches that utilise poor chromatographic technique.
Furthermore, the high resolution product ion spectra used to determine the
amino acid sequence of protein-surrogate peptides exhibit the necessary
signal-to-noise and signal-to-background ratios to warrant qualitative
assessment of peptide identification with manual de novo spectral
interpretation.'' Such was the case for all proteins used to generate the
biological pathways, networks and pharmacologic/therapeutic targets that
form the basis of the publications presented in this thesis. In line with this
criterion, all raw and fully annotated spectral files were deposited in the
PRIDE public repository and can easily be cross-referenced and verified as
needed.

An additional attribute to the proteomics methods used for this thesis
was their ability to capture both hydrophilic and membrane intact or
associated lipophilic proteins as required for the enrichment of the biological
pathways and potential therapeutic targets identified. To further verify the
utility of these proteomics approaches, the accuracy of relative quantitation
was demonstrated by the targeted analysis of key proteomics findings with
independent quantitative assays (i.e. IHC and qRT-PCR).

To summarize, the published body of work presented in this thesis was
made possible by the application of an advanced and highly standardized

proteomic pipeline. Briefly, the use of copious tissue homogenization and cell
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lysis, the effective protein isolation, the high-capacity offline high-pH RP
tryptic peptide peak-dependent pre-fractionation followed by the use of ultra-
high performance nano-capillary columns for the online low-pH RP
separation of the offline peptide fractions contributed to the analysis
efficiency. The nano-capillary columns are highly compatible with nano-spray
ionization sources, which further contributed to enhanced sensitivity by
comparison to the standard electrospray sources.

Other characteristic features of the proteomics pipeline include the use
of the dimethyl sulfoxide (DMSO) additive in the LC-MS mobile phase that
enhanced both the chromatographic and nanospray ionization process.
Additionally, the theoretical mass of DMSO served as an internal mass
calibration standard. Furthermore, the mass spectrometry parameters were
iteratively optimized so as to achieve high mass accuracy with sensitivity
while using sufficiently high scan speeds to effectively sample the transiently
eluting peptides from the capillary column.'? The effective use of multi-
dimensional liquid chromatography aimed to reduce peptide co-isolation and
thus enhance the accuracy of relative quantitation using isobaric tags.
Another contributing factor to the extensive proteomes achieved was the
thorough and frequent instrument tuning and mass calibration that ensure
reproducibly high mass accuracy. The robust and reproducible performance
of the LC-MS method was routinely verified by the analysis of comprehensive
system suitability standards.

The increasing advancements made to liquid chromatography and
mass spectrometry technologies will surely increase both analysis
throughput and performance thus allowing the generation of yet higher
quantitative proteome coverage with extensive peptide sequence coverage
at a fraction of the turn-around times currently available. The degree of
hyperplexing amenable to isobaric proteomics pipelines in combination to
the increased resolution and capacity of the next generation mass
spectrometers stands to double or triple the number of samples analysed in
each run thus allowing more biological or clinical replicates being analysed

under identical experimental conditions. Collectively, this will significantly
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reduce the cost of analysis. Also, the advancements made to biostatistical
and bioinformatics algorithms, the development of more comprehensive
protein databases that will include more splice variants and post-translational
features, improvement to machine learning approaches, and more effective
integration of proteomes with other -omics based approaches will further
contribute to the enhanced biological interpretation of large proteome
datasets. A major limitation, however, stems from the lack of consensus
between methodologies and their intra-laboratory validation. The use of
suitable system suitability standards could aid to reducing this gap.

In conclusion, the innovative quantitative proteomics methodology we
developed for the global, untargeted proteomic profiling of cell lines and
tissue has wide applications in different subject areas of biomedical
research. Depending on the samples analysed and experimental design, this
methodological approach can provide novel insight into physiological
processes, the pathophysiology of disease, as well as identify novel

therapeutic targets of disease and disease markers.
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Section 3. Future perspectives

Our methodological future perspectives include:

e The integrated multi-omic (genomic, transcriptomic, miRomic,
metabolomic) analysis of tissue and cell lines for the more comprehensive
understanding of physiological processes, pathophysiological
mechanisms of disease, and systemic changes as a result of an
intervention.

e The development of a targeted, antibody-independent absolute protein
quantitation methodology for the large-scale validation of the findings from
the initial untargeted quantitative proteomic profiling. Such a development
will have far reaching effects to the low-cost adoption of targeted LC-MS
techniques in a hospital or clinical setting.

e The development of a methodology for the untargeted analysis of
phosphoproteins in cell lines and tissue, by combining offline C4 RP
chromatography with phosphopeptide enrichment for each offline fraction
using titanium dioxide tips, and subsequent LC-MS analysis using online

HILIC chromatography.
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Appendix B

Cells | Tissue

control 1 control 2 disease 1 disease 2

!

‘ Protein separation with SDS-PAGE ‘ - ‘ Protein extraction ‘
‘ In-gel protein digestion ‘ ‘ Protein digestion (enzymatic or chemical) ‘

! !

‘ Label-free peptides ‘

‘ Peptides labelled with isobaric tags ‘

4

‘ Offline chromatography ‘

2

‘ Online LC-MS ‘

4

‘ Spectral matching to peptides ‘

3

‘ Biostatistics | Bioinformatics ‘
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Appendix C

Annotated MS/MS spectrum
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Appendix D

Overview of bioinformatics software tools

Gene Pathway | Directionality of Protein
Manually
Name ontology  Processes effect on interaction
curated
analysis analysis process networks
DAVID v v x x x
BiINGO v x x x x
MetaCore v v x v v
IPA x v v v v
STRING x x x x v
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Appendix E

Nuclei of the human hypothalamus
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Appendix F

Hypothalamus dissection from mouse brain

I. Remove the brain from the skull and place ventral side up (Fig. 1).

2. Use curved forceps and push down the curved part of the forceps
around the hypothalamus, lift and and pinch out the hypothalamus
while pushing down with the forceps (Fig. 2).

3. Place tissue into a 1.5 mL falcon tube and snap freeze in liquid
nitrogen or dry ice. Store in a -80°C freezer.

4. There should be a visible depression on the brain at the position of

the hypothalamus prior to its removal (Fig.3).
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Appendix G

Overview of our proteomics methodology presented in the present thesis

VI T T 0§ e

control 1 control 2 control 3 control 4  di 1 di 2 di 3 di 4

« Fast Prep
Protein extraction « Titration

« Tip sonication

Enzymatic protein digestion (trypsin)

Peptide labelling with eight-plex iTRAQ isobaric tags

Offline chromatography (alkaline RP | C4 or C8) — Time-dependent fraction collection

Online LC-MS (acidic C18 RP | HCD/CID MS method) of each fraction ‘

Spectral matching to peptides (Sequest | Proteome Discoverer 1.4)

Biostatistics (SD cutoff | one-sample T-Test)
* MetaCore

« IPA
Bioinformatics « DAVID
« BINGO

« PrognoScan
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