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The work presented herein is a method optimization for biomolecule detection and
identification using Matrix-Assisted Laser Desorption/lonization-Mass Spectrometry
Imaging (MALDI-MSI). MALDI-MSI is a unique form of mass spectrometry that is
highly multiplexed; it can simultaneously retain location information of the mass of
multiple ions, allowing for correlation of morphology or pathology to reconstructed ion
heat maps. There were three main objectives for the research - 1) A method optimization
of sample preparation techniques for bottom-up proteomic MALDI-MSI was performed.
This included the optimization of tissue wash steps, trypsin digestion incubation times,
and matrix deposition techniques. The results included identifying the appropriate pH for
the wash steps to optimize trypsin digestion, an overnight trypsin incubation to allow for
complete digestion, and the inclusion of MCAEF — Matrix Coating Assisted by an
Electric Field — during matrix coating for enhanced spectra. 2) An unbiased statistical
data processing workflow for simultaneous processing of multiple datasets was
performed. This was done using a thyroid hormone treated tadpole dataset to gain insight
into the metabolism of anuran metamorphosis. Results found included a finalized data
processing workflow that detected 5000 metabolite features from five organs were
detected in pre-metamorphic tadpoles. Of these detected metabolites, 136 were
significantly affected upon exposure to thyroid hormone and 64 metabolites were
putatively identified. 3) A sample preparation technique for metabolomic analysis of
formalin-fixed paraffin embedded (FFPE) colorectal liver metastasis samples was
performed. Results included the importance of using a high mass resolution mass
spectrometer while emphasizing more appropriate use of fresh-frozen tissue sections for

metabolomic analysis.
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Chapter 1: Introduction

The Need for Biomarkers

Cancer has very few clinical biological markers for aiding in detection and diagnosis of
the disease. These biological markers, can be in the form of genetic, transcriptomic,
proteomic, and metabolomic biomarkers. Optimally, a biomarker or panel of biomarkers
can distinguish minute differences between related diseases that may be difficult to

diagnose by a medical practitioner.

The relationship between genetics, transcripts, proteins, and metabolites is diverse.
There is an intimate relationship between genes and their eventually affected metabolites.
It has been shown that a change in a single base pair in a gene can result in a 10,000 fold
change in a metabolite’s concentration in the human body.' Figure 1 shows a schematic
diagram of the relationship between genomics, proteomics, and metabolomics. This
figure depicts metabolites at the top of the pyramid, indicating its strong influence in our
environment and within the human body. Metabolomics are extremely valuable in
clinical diagnostics of diseases other than cancer. Examples that include the involvement
of metabolites or metabolism include: diagnostic clinical assays (95%)”, known drugs
(89%)’, drugs derived from pre-existing metabolites (50%)°, and genetic disorders

(30%)’.
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Figure 1 — Image depicting the relationship between genomics, proteomics, and
metabolomics and their increasing environmental influence.’ Image reprinted with

permission.

The metabolomic profile is extremely sensitive to changes at the genomic and
proteomic levels, resulting in the metabolome acting as a measurable phenotype within
an organism (Figure 2). Understanding how the metabolome can give insights into cancer
phenotype is a topic of recent research.® '* A very large review on lipid signalling,

specifically phosphoinositides (PI), has been performed in the last 15 years on the

universal impact of lipid signalling in eukaryotes."
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Figure 2 — A schematic diagram showing the relationship between the genome,
transcriptome, proteome, and metabolome. The metabolome which is comprised of sugars,
nucleotides, amino acids, and lipids, make up a phenotype of an organism. Retrieved from
https://en.wikipedia.org/wiki/File:Metabolomics_schema.png

Genetic biomarkers are often used to determine the level of risk a patient has for
developing a disease. For example, diabetes has multiple genes in the human leukocyte
antigen (HLA) and a variable number of tandem repeats in the insulin gene have both
been correlated with type 1 diabetes.'® Breast cancer has mutations to the breast cancer 1
(BRCA1) and BRCA2 genes have served as risk factors and guides for targeted therapy.'’

Proteomic biomarkers, often detected in a patient’s serum, are used for early diagnosis of

diseases. Cancer 125 (CA125 - a mucin glycoprotein) concentration is monitored in



serum to determine the risk of developing ovarian cancer and aids in determining
effective therapy.'® Metabolomic biomarkers are the key to connecting genetics to the
visible phenotype. Recently, a set of metabolomic biomarkers has been proposed for
predicting the risk of developing pancreatic cancer.” For example, prostaglandin E2
metabolites have been correlated with pancreatic cancer risk.'” These metabolites were
discovered as potential biomarkers due to their presence in the cyclooxygenase 2

pathway, which is known to be upregulated in pancreatic cancer.'’

The biomarkers discussed above are examples of molecules that can be used in
screening, diagnosis, prognosis, and targeted therapy choices of various diseases.
However, the limited number of cancer biomarkers have poor specificity in
distinguishing between sub-types of cancers. Cancer biomarkers require further study for

development of effective clinical tests.

Mass Spectrometry

Mass spectrometry (MS) is an extremely dynamic tool that has the ability to detect
nearly any type of compound in a biological sample.*’ MS can determine the exact
masses of individual compound which can lead to an identification of the biomolecule.*'
An advantage of using mass spectrometry over other histological methods is that it can
concurrently analyze a wide range of masses at the same time, creating a multiplexed

analysis within a single tissue.?? MS as a whole is a valuable technique for use in
y g q



biomarker discovery and other untargeted methods aiming to characterize unknown

compounds in biological samples.” **

In general, mass spectrometers are comprised of three main components: an ionization
source to create ions from the introduced sample, an analyzer to separate ions by certain
mass characteristics and mass-to-charge ratios, and a detector for recording the
abundancies of each mass-to-charge ratio.*” The two most common ionization sources for
proteomic MS analysis are electrospray ionization (ESI) and matrix-assisted laser
desorption/ionization (MALDI).* The most essential component of a mass spectrometer
is the mass analyzer.” There are four basic types of mass analyzers: ion trap, time-of-
flight (TOF), quadrupole, and Fourier transform ion cyclotron resonance (FTICR)

analyzers.

Matrix Assisted Laser Desorption/lonization

MALDI is a type of mass spectrometry ionization source. MALDI was originally
introduced in 1988 as an ionization source as a solution to ionize large macromolecules,
such as intact proteins.’® It is useful for proteins and other large compounds because it is
considered a soft ionization source; the desorption and ionization process result in singly
charged ions that typically aren’t fragmented from their original state. MALDI is unique
to many other ionization techniques in that the sample is introduced to the instrument in a

solid state.



As described in the name, this ionization source utilizes a matrix for aiding in both
desorption and ionization of the molecules in the biological sample. A matrix is a
compound that contains a chromophore that readily absorbs light at the wavelength of the
laser.’' The absorption of radiation causes a vibrational excitation of the matrix, leading
to desorption of the matrix and neighbouring non-matrix compounds into the gas phase.
Simultaneously, the excitation causes ions to be formed. Many different matrices have

been experimented with, each with their own distinct benefits and negative attributes.

MALDI-Mass Spectrometry Imaging

Creation
Ten years after the creation of MALDI as an ionization source, Caprioli and his

laboratory group applied this technique directly onto tissue sections for simultaneous in-
situ detection of biomolecules, known as MALDI mass spectrometry imaging (MALDI-
MSI).** This application spatially maps the concentration of an analyte by retaining
location information on the tissue. A laser is rastered across a tissue section acquiring a
full mass spectrum at each laser pixel (Figure 3). As a result, ion heat maps can be
reconstructed for each tissue, displaying the relative concentration of an ion across the
tissue section. The relative concentration information can be correlated to biology,
morphology, histology, or pathology for a greater understanding of the biological context

of each ion detected.



Methodology
A visual representation of a MALDI-MSI workflow can be found in Figure 3. In short,

the general method applied during a MALDI-MSI experiment is as follows: a biological
sample is thinly sliced (5-50 pm) with a microtome or cryostat, the tissue section is
placed onto an electrically conductive surface such as a metal MALDI plate or a indium-
tin oxide (ITO) coated glass slide. Depending on the type of compounds to be detected
there may be some form of on-tissue sample preparation. For example, for detection of
tryptic peptides an on-tissue digestion must be performed??, or for detection of peptides
or proteins a small molecule wash must be performed™®. Next, the tissue is thinly coated
with a matrix using a homogenous matrix sprayer or generator. Finally, the tissue is
placed into the mass spectrometer for laser irradiation and detection. Each of these steps
requires a wide range of optimization based on the tissue type, the class of compounds of

interest, and the instrument being used.



MALDI-MSI Workflow
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Figure 3 - MALDI-MSI sample preparation workflow including tissue sectioning, matrix
coating, laser irradiation, spectral acquisition, and ion heat map image reconstruction.

Matrices

A matrix is used in MALDI to aid in increased desorption of analytes of interest from
the conductive surface.”> Matrices are commonly a UV-absorbing aromatic acids.”® The
compounds absorb the laser pulse resulting in desorption and energy transfer to the
analyte for ionization.”® A list of older, yet still commonly used matrices includes: 2,5-
dihydroxybenzoic (DHB), a-cyano-4-hydroxycinnamic acid (CHCA), sinapinic acid
(SA), 2-mercaptobenzothiazol (2-MBT), 9- aminoacridine (9-AA), and 2,5-
dihydroxyacetophenone (DHAP). One of the most well studies areas of method
optimization in MALDI-MSI is determination of which matrix to use for each MALDI-

MSI experiment. A recent review in novel matrices was performed.”® A summary of their



application and uses can be found in Table 1. All matrices discussed in this table are for
biological use in detecting and quantifying small molecules. This is a result of two major
factors: 1) recent MALDI-MSI research has led to a large increased focus on small
molecules including lipids and other metabolites, and as a result there is an increased
amount of research on useful matrices and 2) older matrices that were optimal for
detection of large molecules often had very complex background signals in the low
molecular weight region (100-1000 m/z), which created difficulty in detecting small
molecules occurring in the same region of the mass spectrum. One matrix of particular
note is Quercetin.’’ This matrix was shown to have low volatility under vacuum, low
matrix-related ions, and low threshold for laser desorption and ionization.’” After initial

3840 The final results of the

publication, quercetin has been used in other experiments.
experiment found that over 500 lipids were detected in positive and negative ionization

mode in porcine adrenal glands, which was the largest number of lipids analyzed in a

single MALDI-MSI study at the time of publication.*
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Table 1 — A summary of recently published novel matrices for MALDI-MSI and their corresponding biological applications adapted from

Baker et al. 2016.

Multi-Walled Carbon Nanotube (MWCNT)

layers for removal of
interference and contamination
for analysis of small molecules

(Ionization mode)-Matrix Application Instrument Ref
(+/-)1,5-diaminonapthalene (DAN) Higher sensitivity of ions in TOF/TOF 4
positive mode and rich spectra
in negative mode for lipid
analysis.
(+)1,7-bis-(4-hydroxy-3-methoxy-phenyl)-hepta-1,6-diene-3,5- Versatile and multipurpose QTOF and HDMS | *
dione (Curcumin) analysis of pharmaceutical
drugs, lipids, peptides, and
proteins by promoting ionization
(-)1,8-bis(dimethyl-amino) naphthalene (DMAN) A clean background spectra for | TOF/TOF “
analysis of metabolites in
negative mode.
(-)1,8-bis(dimethylamino)naphthalene(DMAN)/9-aminoacridine Reduced chemical noise, and no | TOF 4
(9-AA) matrix-clusters for lipid analysis
(+)3-hydroxycoumarin (3-HC)/6-aza-2-thiothymine (ATT) Low amount of background TOF >
signals for analysis of drugs and
single amino acids
(-)4-phenyl-a-cyanocinnamic acid amide Small number of background TOF/TOF 0
peaks with matrix suppression
for analysis of various lipid
classes.
(+) Alternating Multilayer of (-) Graphene oxide (GO) and (+) Electrostatic charge between TOF 1.8
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(+) Dithranol (DT)

Higher detection of endogenous
lipids in positive mode over
commonly used matrices.

FTICR

49,50

Quercetin

Lower number of matrix-related
ions with a higher detection of
lipids.

FTICR

37

(+) Two-Dimensional Graphene

Minimal background
interference from elemental
carbon.

FTICR

51
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Matrix Deposition

Another area of MALDI-MSI examined in the review referenced above was novel
matrix deposition techniques.’® The overall quality of matrix deposition highly affects the
spatial resolution in a MALDI-MSI experiment; matrix deposition needs to be uniform
and create relatively small particle sizes for the laser irradiation to be effective.
Commonly used matrix deposition techniques include matrix solution spray coating,
matrix sublimation, and matrix pre-coating. Matrix spray coating involves a manual or
automatic electronic or heat assisted spray generator to uniformly deposit the matrix on
top of the tissue. This technique typically creates small, uniform particle sizes (10-15
um).>> Matrix sublimation has gained in use in laboratories for its ability to create low-
um particle sizes in a solvent-free manner.”>* Sublimation is compatible with all of the
previously mentioned common matrices, but requires in-lab optimization of each matrix
to achieve optimal performance.” The final matrix deposition technique is rather unique
and different from typical matrix deposition techniques. The matrix is applied prior to the
addition of a tissue section.’®’ Sublimation reduced matrix deposition time and useful
for both high molecular weight analytes such as proteins using SA and for low molecular

weight analytes such as lipids and peptides using DHB.>

Matrix Coating Assisted by an Electric Field
A novel matrix deposition technique was developed in the Borchers laboratory in 2015:

Matrix Coating Assisted by an Electric Field (MCAEF).*® A diagram of the proposed
mechanism can be found in Figure 4. This technique shows a significant increase in both

the total number of analytes detected in a MALDI-MSI experiment and the signal to
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noise ratio of those analytes. This is highly beneficial for untargeted experiments that are
aiming to detect large number of analytes. The original proof-of-concept experiment was
performed on rat brain and detected and identified 648 lipids in both positive and
negative mode as compared to only 344 lipids in both positive and negative mode without
MCAEF. In addition, 232 proteins were detected in positive mode as compared to only
199 proteins in positive mode without MCAEF. This technique has been further applied
to human prostate cancer for use in intact protein biomarker discovery. A total of 17
proteins have been detected and determined to have significantly different distribution

. . 58
patterns between the cancerous and non-cancerous tissue regions.

Matrix Coating Assisted by an Electric Field (MCAEF)

(-) ITO Coated Slide

Uniform Electric Field ;

A= DC
T+ 600V/m

Tissue Section %

(+) ITO-Coated Slide

Spray
Generator

Figure 4 — A diagram of the proposed mechanism of the MCAEF technique developed and
used in the Borchers laboratory. Two electrically conductive glass slides facing each other
have an applied voltage (600V/m) creating a uniform electric field. This field causes a
micro-extraction of charged particles to the surface of the tissue to crystalize with the
matrix. Image adapted from Baker et al. 2016.°°
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Mass Analyzers

There are two commonly used mass analyzers for MALDI-MSI: TOF and FTICR. An
FTICR mass analyzer is an ion trap style mass analyzer that applies a uniform electric
field that matches the cyclotron frequency of the ions in the magnetic field.” The
uniform electric field excites the ions into a larger orbit that will pass by a detector.”® The
frequencies measured by the detector are converted to m/z using a Fourier transform.” A
TOF mass analyzer accelerates ions using an electric field.” Once ions are at the same
potential energy, they advance down a tube where smaller ions reach the detector before
larger ones.®® As a result of their physical design, FTICR analyzers have a higher
resolving power for low molecular weight ions, whereas TOF analyzers excel in
detecting high molecular weight ions. A recent research publication directly compared
the applicability of the two detectors on the same metabolite MALDI-MSI experiment.®'
The conclusion remained the same, instruments with a FTICR detector are far better at
resolving and detecting low molecular weight ions, with up to 5 times more low m/z
features detected by the FTICR.®' Both FTICR® and TOF® have shown to be highly

useful tools for biomarker detection using for cancer using MALDI-MSI.

Data Processing

The importance of informatics in research is often underestimated. The need for data
processing and interpretation is universal across different areas of research, countries, and
languages. The ability to extract meaning from data would be stunted without informatics

as acquired data would be restricted to the simplest forms or be left unprocessed.
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Informatics is the science and engineering of information systems for processing,
analyzing, and implementing data. Bioinformatics is specifically focused on software
tools for the processing and understanding of biological data. Bioinformatics tools use
computer science, mathematics, statistics, and the biological sciences. Computer
scientists, mathematicians, and statisticians create and optimize tools for biological
scientists. An open line of communication is needed to develop software for specific
purposes. Research labs are becoming vastly interdisciplinary providing the advantage of
direct communication between the makers and the users of the software. Informatics tools
and statistics have languages of their own and are not divided by continents, but rather by
fields of research. Simple statistics, such as standard deviation of the mean, are common
among all scientists, but certain statistics used in genomics may not be applicable to
microbiologists or bioengineers. For this reason, bioinformatic tools are often limited to a
specific niche. However, this becomes beneficial because each piece of software can be

highly specialized and optimized for selective data input.

MALDI-MSI produces large data sets that require extensive bioinformatics analysis.
Manually searching and mining the data would take an extensive amount of time and
would be plagued with user bias. Basic analysis and visualization of heat maps is the first
step to processing MALDI-MSI data. Next is reducing the number of heat maps for a
dataset to those that are statistically relevant to the experiment. The most commonly
mentioned analysis and visualization software are provided by the instrument vendors:

FlexImaging (Bruker), ImageQuest (Thermo Fisher Scientific), MSImageView
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(Novartis), and Quantinetix (Imabiotech). Unfortunately, few statistical analysis tools are
available. SCILS Lab from Bruker and SCILS is an add on software that works
seamlessly with FlexImaging to provide multivariate analyses of MSI data. However,
both FlexImaging and SCILS Lab software are expensive. MALDIQuant was one of the
first free statistical analysis packages for MALDI data, but it is only MALDI specific, not
MALDI-MSI specific; interpretation is limited and does not contain the ability to view
heat maps. Cardinal is a new R package that has been published in the last year that
provides all the necessary components: basic data processing and multivariate statistical
analysis of MSI data with the capability of visualizing heat maps of extracted m/z. A
literature search of bioinformatic tools relevant to MALD-MSI revealed 28 tools for data
conversion, visualization, basic spectral process, and statistical analysis and is

summarized in Table 2.
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Table 2 — A summary of bioinformatic tools relevant to MALDI-MSI for use in data conversion, visualization, basic spectral process, and

statistical analysis modified from Baker et al. 2016.

Abbreviations: " indicates a free software; ¥ indicates a paid for software; ® indicates a paid for MATLAB package; © indicates a
downloadable graphical user interface software; ® indicates a R Statistical package; *' indicates a MATLAB package; * indicates an

online web server

Software

Source

Purpose

Ref

MMSIT (MALDI MS Imaging Tool)

Novartis & Applied Biosystems' =

Acquisition

64

CreateTarget/AnalyzeThis! For Bruker TOF/TOF"¢ Acquisition and 0
Conversion

4000 Imaging Novartis & Applied Biosystems' = Analysis 00
AMASS University of California © Analysis of
Biomap Novartis & Applied Biosystems' = Analysis o8
Datacube Explorer MS Imaging Society' © Analysis o
EXIMS (EXploring Imaging Mass Spectrometry University of Melbourne ™ Analysis 70
data)

msiQuant Uppsala University' Analysis ’
SpectViewer MS Imaging Society' © Analysis S
Axima2Analyze National Institute of Physiological Sciences, Converter E

Japan"©
raw to imzML converter MS Imaging Society' Converter “
Cardinal Purdue University' Statistical Analysis »
MALDIquant Institute for Medical Informatics, Statistics and | Statistical Analysis 7o
Epidemiology™ "

Multimaging Imabiotech™ Statistical Analysis 7
omniSpect The Georgia Institute of Technology' Statistical Analysis ®
OpenMSI Lawrence Berkeley National Laboratory' Statistical Analysis ”
SCiLS Lab SCiLS and Bruker' © Statistical Analysis 50
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81

MSight ExPASy © Viewing

mMass Academy of Sciences of the Czech Republic'® | Viewing and Basic 8
Analysis

MSiReader North Carolina State University' " Viewing and Basic 5
Analysis

FlexImaging Bruker' Viewing and 5
Exporting

ImageQuest Thermo Fisher Scientific' Viewing and 5
Exporting

MALDIVision Premier Biosoft™ Viewing and 86

Exporting

MITICS (MALDI Imaging Team Imaging

University of Lille™®

Viewing and

87

Computing System) Exporting

MSI.R Unidad Irapuato’ Viewing and 5
Exporting

TissueView Applied Biosystems' " Viewing and %
Exporting

MSImageView Novartis & Applied Biosystems' = Viewing of 20

FlashQuant data
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Bottom-Up Proteomics & Metabolomics in MALDI-MSI

Top-down proteomics is the study and identification of full, intact proteins.”"”* T

op-
down proteomics is used for the analysis of post-translational modifications , protein
expression, cellular localization, and interactions.” However, a large disadvantage of top-
down proteomics is that it is limited to analyzing simple mixtures of proteins and
struggles with large complex biological samples.”’ There is a lack of protein fractionation

methods developed for mass spectrometry.”® A solution to this problem is to analyze

bottom-up proteomics or metabolomics.

Bottom-up proteomics is the study and identification of proteins after enzymatic
digestion.”' Trypsin is commonly used to its high specificity of protein digestion at the C-
terminal of arginine and lysine residues.” On-tissue tryptic digestion of proteins for
localized bottom-up proteomics was first introduced in 2007.”° Studies have shown it’s
applicability in traumatized skeletal muscle™, forensic fingerprint analysis®’, brain

. . O
ischemia’®, and cancer’”.

Metabolomics is the study of all metabolites in an organism.'® Metabolomics provides
a unique advantage over proteomics in that it more closely resembles a phenotype of an
organism.'”' There have been various applications of MALDI-MSI for localization of
metabolites including: chronic respiratory diseases'’?, localizing leaf metabolites'”*, and

C&HCGI‘IM’ 105 .
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Both bottom-up proteomics and metabolomics provide new insights into the
biochemical mechanisms of an organism. Ideally, if sample size is not a concern, a
combination of top-down proteomics, bottom-up proteomics, and metabolomics analysis

would be performed.'

Challenges in the Field of MALDI-MSI

MALDI-MSI has a high potential for impact in the biological sciences due to its unique
ability to spatially localize thousands of mass features from a single tissue section.
However, little standardization into sample preparation procedures has been
accomplished. Bottom-up proteomics poses its own challenges in adding additional steps
to the sample preparation protocol to wash away interfering metabolites and to perform
an on-tissue protein digestion. The analysis of metabolites can be useful to gain insights
into the phenotype of an organism. Optimization of all sample preparation protocols is
critical for ensuring a complete, in-depth analysis of as many compounds as possible
within a tissue. Once acquired, statistical processing of data allows for unbiased

confirmation of significant results.

Thesis Objectives

The three objectives for this thesis project are:
1. To develop a method for bottom-up proteomic MALDI-MSI analysis of

prostate cancer.



21

a. This required optimization of experimental protocols for maximum
detection of peptides. Experimental protocols included the optimization
of metabolite washing, trypsin digestion incubation time, and the
application of MCAEF.

2. To develop an unbiased bioinformatics workflow for simultaneous processing
of MALDI-MSI datasets of multiple tissue sections using a thyroid hormone
treated tadpole imaging dataset.

a. This required creating a R Statistics Software — Cardinal Package
workflow. The processing workflow included spectral processing and
multiple statistical analyses to find and confirm significant findings.
Both spectral processing and statistical analysis required optimization of
multiple parameters based on instrument type, data type, biomolecule
analyzed, and experimental set-up.

b. This required testing to confirm statistical processing workflow was
appropriate for simultaneous processing multiple datasets of control and
thyroid hormone treated tadpoles for induced metamorphosis.

3. To develop a method for metabolomics MALDI-MSI analysis of FFPE
colorectal liver metastasis samples.

a. This required optimization of sample preparation protocols to be able to
detect metabolites in the tissues. This required tackling the issue of
using xylene, that is needed for deparaffinization, which also removes

most metabolites from the tissue samples.
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Chapter 2: Method Optimization of Bottom-Up Proteomic
Analysis of Prostate Cancer by MALDI-MSI for Biomarker
Discovery

Introduction

It is predicted that 21,000 Canadian men will be diagnosed with prostate cancer in
2017. At 20.7%, prostate cancer has the highest incident rates of any type of cancer.'"’
Prostate cancer, along with all other cancers, emit unique proteins that can be used as
biomarkers and detected in tissue and blood. Debate is ongoing whether or not the
benefits of screening men for prostate cancer biomarkers are outweighed by potential
risks of false positive or false negative assay results.'” Current screening uses an anti-
body based method to detect the concentration of the biomarker prostate-specific antigen
(PSA), and its derivatives, in serum. PSA was originally discovered and developed as a
prostate cancer screening target in 1991.'% However, PSA tests are declining in use
worldwide because of concerns of over cancer diagnosis due to false positive results.
PSA tests cannot distinguish between prostate cancer, benign prostate hyperplasia or
prostatitis.> This results in unnecessary stress and exposure to invasive procedures. A
large meta-analysis of 53 individual studies reported over diagnosis rates ranging up to
67% for men of all ages worldwide.''® As a result, currently in Canada the PSA test is not
recommended.''" There is a need for a biomarker and testing method that has greater

sensitivity and specificity for detecting prostate cancer.
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Previous studies from the Borchers laboratory on prostate cancer biomarkers included a
top-down proteomics approach’®, aimed at discovering significant intact proteins, and a
metabolomics approach®, aimed at discovering significant metabolites. Figure 5 shows
reconstructed ion heat maps of the top-down proteomic prostate cancer biomarkers
discovered in the experiment.”® A total of 17 different proteins were shown to have
statistically significant differential expression in the cancerous region versus the non-
cancerous region of the tissue. Three of these proteins were solely expressed in the
cancerous region of the tissue (S100-A9, S100-A10, and S100-A12). Figure 6 shows
representative reconstructed ion heat maps of metabolites shown to be of interest in this

experiment.” Over 600 metabolomic features were shown to have differential expression

Prostate section
Non-cancerous region

Cancerous region

MEKK2 fragment ARPP-19 fragment Apolipoprotein C-I

H&E staining
miz 4355.1
m/iz 4964.5
m/z 6633.1

Unknown

m/z 6704.2
m/z 5002.2
m/z 8705.2
m/z 10179.1

m/z 104426
m/z 10762 4

m/z 10851.7
m/z 11069.2

m/z 12389.1
m/z13156.2
m/z 21560.2

m/z 22782.3

0% e 100% LS.mm

m/z 28079.3

m/z 33082.1

Figure S - Reconstructed ion heat maps of proteins shown to have differential expression in
the cancerous and non-cancerous regions of a human prostate cancer tissue. Proteins were
detected with sinapinic acid as the matrix in positive mode’®. Image also adapted from Baker
et al. 2016.”° Images are reprinted with permission.
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in the cancerous region when compared to the non-cancerous region. Two-hundred fifty
metabolites were found only in the cancerous region, 217 metabolites were found only in
the non-cancerous region, and 152 metabolites were shown to be significantly changed (p

<0.05, t-test) between the two regions.

A Phospholipids Neutral lipids

PC(16:0) SM(d36:1)

m/z 534.296 m/z 769.562 m/z 633.485 m/z 895.716

|| ebeis
(@) ]
]3
3

H&E staining

Cancerous region m/z 951.778

B Gecci e

Figure 6 — Reconstructed ion heat maps of metabolites (phospholipids and neutral lipids)
shown to be of interest in a human prostate cancer tissues. Metabolites were detected with
quercetin as the matrix in both positive and negative ionization mode®. Images are
reprinted with permission.

These two experimental approaches left room for a third approach to be performed on
the human prostate cancer tissues. The next logical step was to perform a bottom-up
proteomics experiment in which the proteins from cancerous and non-cancerous tissues
are cleaved with trypsin to create tryptic peptides for detection. Trypsin is a protease that
specifically cleaves proteins at the carboxyl end of amino acids lysine and arginine.
Trypsin is very useful for two main reasons: it creates mass fragments that are in a more

favourable mass range for easier detection by mass spectrometers and are basic due to
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being cleaved at the carboxyl side, creating an easily ionizable location on the peptide.

Differential occurrence could enable identification of potential biomarkers.

Bottom-up on-tissue MALDI-MSI had not yet been performed in our laboratory, so no
protocol existed. A literature review was performed to determine if standard protocols
existed. A summary of this literature search can be found in Supplementary Table 1.
Standard method preparation steps include: cutting the tissue, mounting the tissue onto a
MALDI compatible surface, drying the tissue, washing the tissue to remove ion-

suppressing metabolites, trypsin deposition, trypsin incubation, and matrix deposition.

This data chapter focuses on the development and results of a bottom-up proteomic
MALDI-MSI experiment on a human prostate cancer tissue. Optimization of sample
preparation parameters found the following results: an additional wash step of 50mM
sodium bicarbonate after the standardized steps (70% ethanol, 70% ethanol, 100%
ethanol) was favorable due to increasing the pH of the tissue which is optimal for tryptic
digestion; a trypsin incubation time of 18 hours to allow complete trypsin digestion; and
to include the MCAEF technique with a CHCA matrix deposition for increased spectra
quality. A total of 245 peptides belonging to 86 unique proteins were identified using

accurate mass matching.
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Methods

Samples
The prostate cancer sample used was obtained from BioServe BioTechnologies

(Beltsville, MD, USA). The tissue was from a 62 + 2-year-old male patient during
prostate cancer surgical removal, with the patient’s informed consent. The tissue was
diagnosed at prostate cancer stage II. The tissue was stored at -80 “C upon receipt and for
the duration of the experiment. The use of anonymized human samples was approved by

the Ethics Committee of the University of Victoria.

Reagents
Ammonium bicarbonate (NH4sHCO3), sodium hydroxide (NaOH), dithiothreitol (DTT),

iodoacetamide (IAA), acetic acid, hematoxylin & eosin (H&E), high performance liquid
chromatography (HPLC)-grade ethanol, HPLC-grade methanol, liquid-
chromatography/mass spectrometry (LC/MS)-grade acetonitrile (ACN), chloroform,
xylene, water, trifluoroacetic acid (TFA), and formic acid (FA), quercetin, and CHCA
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sequencing Grade Modified
Trypsin was purchased from Promega GmbH (Product number: V5111, Mannheim,
Germany). ESI tuning mix was purchased from Agilent (Agilent Technologies, Santa

Clara, CA, USA).



27

Tissue Sectioning
The frozen prostate specimen was sectioned at -24 °C in a Microm HM500 cryostat

(Waldorf, Germany). Serial sections of 14-um thickness were thaw-mounted onto ITO-

coated glass microscope slides obtained from Bruker Daltonics (Bremen, Germany).

Tissue Washing
As per the literature review presented in the introduction, there were many different

wash steps used in various experimental protocols. A “basic wash” is a standardized wash
protocol that consists of two sequential washes in 70% ethanol and one wash in 100% (or
95%) ethanol. All wash steps were performed for 30 seconds, unless noted. All washes
were performed in 50 mL Eppendorf tubes. All solutions were prepared once for the
duration of the method optimization experiment. After washing the tissue was complete,
the slide was placed under vacuum for 10 minutes to ensure complete evaporation of the
solvents. The following five washes were tested to determine which wash protocol was
optimal:
1. basic wash
2. basic wash + 90:9:1 ethanol/acetic acid/water
3. basic wash + 50 mM NH4HCO3
4. Carnoy’s wash
1. 70% ethanol
2. 100% ethanol
3. 6:3:1 ethanol/chloroform/acetic acid (2 minutes)

4. 100% ethanol
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5. water
6. 100% ethanol

5. no wash

Trypsin Digestion
A 20pg pre-weighed amount of trypsin was used for each slide. As per the product

information instructions from Promega, 40-uL of 50 mM acetic acid was added to the
Eppendorf tube and vortexed for 2 minutes. If necessary, this solution was stored at -4 °C
until needed. As per the ImagePrep Instruction Manual, once ready for trypsin deposition,
200-pL 50 mM NH4HCO; was added to the Eppendorf tube. This solution was vortexed
for another 2 minutes. Two-hundred twenty pL of the solution was transferred to the
ImagePrep electronic matrix sprayer (Bruker, Bremen, Germany). The ImagePrep trypsin

digestion deposition method was used.

Once trypsin deposition was complete, the slide was immediately transferred to a
humidity chamber for the trypsin incubation. It was essential to avoid exposure to air to
maintain trypsin activity. The humidity chamber apparatus was a heated water bath with a
raised platform in the centre for the slide to sit on and a plastic cover over top of the bath.
A small cover was placed on top of the platform to ensure that the slide was not
contaminated with falling water drops from the large plastic cover. Once the incubation
was complete, slides were dried under vacuum for 20 minutes. The following times were
tested for trypsin digestion times:

1. 2 hours
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2. overnight (16-18 hours)

Matrix Coating
CHCA was prepared at a concentration of 7 mg/mL in 50% ACN and 0.2% TFA.

Typically, a total of 10 mL was made at a time. Slides and tissue sections were coated
with the CHCA matrix with the ImagePrep electronic matrix spray generator. The matrix

coating was performed with the standard ImagePrep CHCA method.

During matrix coating, the previously described MCAEF technique was applied. A
uniform electric field at an intensity of +600 V/m was applied to the tissue in positive-ion
mode. An experiment was performed without MCAEF to ensure bottom-up proteomic
mass spectra were also enhanced by the technique. This was done by performing a typical
matrix coating with the standard ImagePrep instrument that did not have applied voltages

or secondary conducive glass slide.

MALDI-MSI
All mass spectra were acquired on an Apex-Qe 12-Tesla hybrid quadrupole-FTICR

mass spectrometer ((Bruker Daltonics, Billerica, MA, USA). The instrument was
equipped with an Apollo dual-mode ESI/MALDI ion source. The instrument’s laser
source was a 355-nm solid-state Smartbeam Nd:Y AG ultraviolet laser (Azura Laser AG,

Berlin, Germany).
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A calibration solution was prepared by adding 10 puL of Agilent “ESI tuning mix”
solution with 10 mL of 75% ACN with 0.1% formic acid. The calibration was directly
infused into the ESI side of the ion source for instrument calibration. The instrument was

calibrated before every experiment performed.

All mass spectra were acquired over the mass range of 200-2200 m/z with a data
acquisition size of 512 kilobytes per second. Profiling data was acquired by accumulating
twenty scans at 100 laser shots per scan. Profiling spectra were acquired with
ApexControl (Bruker, Bremen, Germany). Imaging data was acquired with one scan at
100 laser shots per scan with the minimum raster step size of 200-um. Imaging spectra
were acquired with Apex Control, Hystar Control, and FlexImaging 2.1 (Bruker, Bremen,
Germany). Teaching points were generated with a Tipex Wite-Out pen to enable the
instrument to have an accurate slide position for spectra acquisition. Profiling data was
acquired for each of the different method steps during the method optimization. Profiling
data acquired was recorded to be from the cancerous or non-cancerous regions of the

tissue. Imaging data was acquired for the final optimized method protocol.

Data Analysis
Profiling mass spectra were processed using DataAnalysis 4.0 (Bruker, Bremen,

Germany). Batch internal mass calibration, peak de-isotoping, and monoisotopic peak
picking were performed using a customized VBA script within DataAnalysis. Peak

alignment was performed with a previously written custom program with LabView
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development suite with an allowable mass error of 3 ppm. The custom VBA

DataAnalysis script and customized program with LabView are described elsewhere.'"?

Imaging mass spectra were viewed with FlexImaging. Using this software,
reconstructed ion heat maps were created. Images were exported as JPEG files for
viewing. Principle component analysis (PCA) and partial least squares-discriminant
analysis (PLS-DA) were performed with MetaboAnalyst 3.0

(http://www.metaboanalyst.ca).' "’

Data Processing Statistical Analysis
Peak lists (m/z and intensity) were exported from multiple replicates and profiling

spots from each experiment. Peak lists were exported into CSV format and opened using
Microsoft Excel. The total number of spectra included in the bar graphs represents the n-
value. Average peak counts were totaled after removing all background signals and peaks
that did not meet a signal to noise minimum. Background signal was removed by finding
peaks that occurred in 80% of the spectra. Peaks with a signal to noise ratio less than 5
were removed. Peak intensities were averaged from the peaks remaining after the
background signal was removed and peaks with a signal to noise ratio of less than 5. Peak
lists were imported into R Statistical''* using R Studio'"”. The mean intensities and
counts were calculated along with corresponding standard error of the mean and plotted
on a standard bar graph. Statistical analysis included performing a Kruskal-Wallis Rank
Sum analysis of variance and a Mann-Whitney U post-hoc test. p-values from the Mann-

Witney U test were used for determining significance.
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H&E Staining
In-house H&E staining was performed. Each solution was in a glass Coplin jar. The

same solvents were used for the duration of the experiment as multiple slides can be
stained from the same set of solutions. The following protocol was used:

1. 95% ethanol for 30 seconds

2. 70% ethanol for 30 seconds

3. water for 30 seconds

4. hematoxylin for 2 minutes

5. water for 30 seconds

6. 70% ethanol for 30 seconds

7. 95% ethanol for 30 seconds

8. eosin for 1 minute

9. 95% ethanol for 30 seconds

10. 100% ethanol for 30 seconds

11. xylene for 2 minutes

Protein Extraction

Twenty-five mg of prostate tissue was used for protein extraction based on previously

: 116,117
described protocols.” ™

The human prostate sample was homogenized in 200 pL of
water with a Retsch MM400 mixer mill (Haan, Germany) with two 5-mm stainless steel
balls for 2 x 1 minute at 30 Hz. Next, 800 uL of 1:3 chloroform/methanol solution was
added. This was followed by another homogenization step for 30 seconds at 30 Hz. The

stainless-steel balls were removed and then the tube was centrifuged at 16000g for 20
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minutes at 4 °C (Eppendorf 5425 R, Eppendorf, Mississauga, Canada). The lipid-
containing supernatant was discarded. The protein pellet was resuspended in 600 pL of
water containing 3% formic acid. The tube was then vortexed for 3 times for 1 minute
each to fully re-suspend the protein. The tube was again centrifuged at 16000g for 15
minutes at 4 °C. The supernatant was collected using 200 pL gel loading pipette tips and
divided equally between two tubes. Protein solutions were dried using a Speed Vac
(Savant SPD1010 Thermo Electron Corporation, Waltham, MA, USA). Tubes were

stored at -80 °C until used.

Protein Digestion
One protein pellet was resuspended in 300 pL of 25 mM DTT/25 mM NH4HCO; and

vortexed until dissolved to break the disulfide bonds. The protein solution was then
allowed to incubate at 56 °C in a Thermomixer (Eppendorf, Hamburg, Germany) at 750
rpm for 50 minutes. Then the alkylation was performed by adding 300 uL of 100 mM
IAA/25 mM NH4HCOs; and letting sit at room temperature in the dark under tin foil for
45 minutes. To quench the reaction, 15 pL of 1 M DTT/25 mM NH4HCO3 was added.
Next, 200 pL of 50 ng/puL trypsin in 25 mM NH4HCO; was added. The digestion was
allowed to incubate over night at 37 °C. Once incubation was complete, the reaction was
quenched with 800 pL of 0.2% TFA. The solution was then vortexed for 2 minutes. Next,
a Solid Phase Extraction (SPE) was performed with Oasis HLB SPE extraction cartridges
(200mg/3mL column, Waters Inc. Milford, MA, USA). The column was first conditioned
with 1 mL of methanol then 1 mL of 0.1% TFA. Then 1 mL of protein solution was

loaded onto the column. The column was then washed with 3 times 1 mL 0.1% TFA. The
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protein was eluted with 3 time 600 pL 75% ACN in 0.1 % TFA. The eluates were pooled
and dried with a speed vac. The dried protein was then reconstituted in 100 puL of 2%
ACN in 0.1% TFA and then a 1 in 100 dilution in 2% ACN in 0.1% TFA to achieve no

more than 1 pg on the column at a time with an 8 pL injection volume.

LC-MS/MS
Liquid chromatography tandem mass spectrometry (LC-MS/MS) was performed by

loading 8 puL onto a Magic C18-AQ trapping column (100pm [.D., 2 cm length, 5 um,
and 100 A; Michrom BioResources Inc., Auburn, CA) and separated on an in-house
packed Magic C18-AQ capillary column (75um I1.D.x15c¢m, Sum, 100A) at a flow rate of
300nL/min using a Thermo Scientific EASY-nLC II liquid chromatograph. The mobile
phase was 2% ACN in 0.1% formic acid (Solvent A) and 90% ACN in 0.1% formic acid
(Solvent B). The flow rate was set to 300 nL/minute with one of the following elution
gradients: 5% B to 45% B in 45 minutes, 45% B to 80% B in 2 minutes, and 80% B to
100% B in 2 minutes for a total run time of 49 minutes or 5% B to 40% B in 100 minutes,
40% B to 80% B in 5 minutes, 80% B to 100% B in 2 minutes for a total run time of 120
minutes. A built-in equilibration step was performed between each set of injections.

The chromatographic system was coupled to a Orbitrap Fusion (ThermoFisher, San
Jose, CA, USA) which has a nano-flow ESI source. A user defined lock mass of
445.12002 m/z (a ubiquitous siloxane contaminant) was used for calibration. The ESI ion
source was set to 2550 V with an ion transfer temperature of 275 °C. For full scans with
no fragmentation, the Orbitrap detector was set to a resolution of 120000 with a normal

mass range of 400-2000 m/z and no quadrupole isolation. A dynamic exclusion was
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performed where ions were excluded after being detected 2 times if occurring within 5
seconds. Ions were excluded from the data for 10 seconds. Data was acquired in positive
mode with profile data recorded. The charge states of the ions detected were limited from
2-5 with undetermined charge states not included. The intensity threshold was set to
5.0e4. Decisions for the acquired mass spectra included top speed data dependent mode
with the precursor priority set to most intense. For MS/MS both collision induced
dissociation (CID) and higher-energy collisional dissociation (HCD) were used with the
following settings: collision energy of 35%, with an activation of 0.25 and multi-stage
activation off, using the ion trap as the detector with a rapid rate, the automatic gain
collector set to 2.0e3 with 1 microscan set to a maximum injection time of 300 ms, and
collecting data in centroid mode. Exclusion lists were made by opening the acquired data
in Proteome Discoverer 1.4.0.228 software (Thermo Scientific, Bremen, Germany) and
creating a list of the high confidence ions. The following methods were run:

1. CID with 49-minute gradient

2. CID with 120-minute gradient

3. CID with 49-minute gradient and exclusion list

4. HCD with 49-minute gradient

5. HCD with 120-minute gradient

6. HCD with 49-minute gradient and exclusion list

LC-MS/MS Data Analysis
Raw data files were analyzed with Proteome Discoverer to generate peak lists for

database searching. Protein identification was carried out with an in-house Mascot 2.2
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server searching Uniprot Human (all entries) with the following settings: allowable
missed trypsin cleavages of 2, a maximum fragment tolerance of 0.6 Da, a maximum
precursor tolerance of 10 ppm, a static modification of carbamidomethylation (C), and
dynamic modifications of deamidation (N, Q) and oxidation (M). Percolator was used to
validate peptide assignments with the following settings: maximum delta Cn of 0.05, a
strict false discovery rate of 0.01 and a relaxed false discovery rate of 0.05. All six

acquired datasets were exported to excel together.

Accurate Mass Matching for MALDI-MSI Peptide ID and Protein Assignment
A general workflow for accurate mass matching can be found in Figure 7. Exported

peak lists from MALDI-MSI data and exported peak lists from LC-MS/MS data were
color coded and combined into a single excel column. After sorting all m/z values from
highest to lowest, a ppm calculation was performed between all neighbouring MALDI-
MSI and LC-MS/MS values. All m/z values that matched with under 5 ppm error were
considered to be an accurate mass match for peptide identification and protein

assignment.



* On tissue digestion * Protein extraction
* MALDI detection for  Trypsin digestion
spatial distribution e LC-MS/MS

* Proteome database search

N /L

Accurate mass matching for identification and assignment

Figure 7 — Workflow used for accurate mass matching between MALDI-MSI and LC-
MS/MS data for peptide identification and protein assignment
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Results & Discussion

Tissue Wash Optimization

After performing a literature review, it was apparent that different laboratories used
various wash protocols to remove metabolite and other organic small molecules from the
tissue that may cause ion suppression. The four most common washes were compared
against a dataset with no wash step. The no wash step was performed to act as a baseline
to determine the total amount of ion suppression caused by the background molecules. As

seen in Figure 8, all washes except the basic wash significantly increased the average
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Figure 8 — (a) Average peak intensity and (b) average peak count of the MALDI-MSI wash
optimization experiment on prostate cancer tissue. Detail for each wash can be found in
the Methods section. Not all significant comparisons shown on graph. Detailed p-values
can be found in Supplementary Table 2.* p < 0.05, ** p < 0.01, and *** p <0.001
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peak intensity (p-values <2e-16, <2e-16, and 1.9e-5, respectively). All p-values
calculated by a Mann Whitney U test can be found in Supplementary Table 2. Of note is
the significant increase of the peak intensity of the basic wash + 50 mM sodium
bicarbonate in comparison to the no wash experiment and the basic wash + 50 mM acetic
acid wash. It is predicted that the increased peak intensity of the sodium bicarbonate
wash is due to decreased ion suppression due to background signals from lipids and other
metabolites. The increased peak intensity of the sodium bicarbonate wash compared to
the acetic acid wash aided in the final decision of using a sodium bicarbonate wash (p-
value 0.017). A significantly higher peak count for the no wash experiment compared to
the basic wash and Carnoy’s wash (p-value 0.0093 and 0.0015, respectively) amplifies
the prediction of having background and metabolite signals in the spectra. An additional
reasoning behind choosing the sodium bicarbonate wash was because the step immediate
after the wash step is trypsin digestion, which performs optimally at a slightly basic pH,
which is aided by sodium bicarbonate rather than the acetic acid or Carnoy’s wash. The
method preparation and instrument parameters were optimized for peptides, meaning
peak intensities may not be strong for metabolites. However, they will still be detected
and can cause not only an artificially high peak count, but cause ion suppression for
peptide signals. Ideally the sodium bicarbonate wash would have shown the highest peak
intensity and highest peak count. Unfortunately, the acetic acid wash showed a
significantly higher peak count than the bicarbonate wash (p-value 0.0034). Due to the
trypsin digestion potentially being affected by the pH, the sodium bicarbonate wash was

given preference. It was confirmed that the sodium bicarbonate wash showed
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significantly higher peak counts in comparison to only using a basic wash (p-value

0.0034).

Trypsin Digestion Incubation Time Optimization

The literature review also revealed an inconsistency in trypsin digestion incubation
time. Two hours was more common for formalin-fixed and paraffin embedded (FFPE)
tissue trypsin digestion, however it was used occasionally for fresh-frozen tissue.
Overnight digestion (18 hours) was more common for fresh-frozen tissue. Comparison of
peak intensities and peak counts gave for differing results (Figure 9). The overnight
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Figure 9 — (a) Average peak intensity and (b) average peak count of the MALDI-MSI

trypsin digestion incubation time experiment on prostate cancer tissue. Details for
each incubation time can be found in the Methods section. Detailed p-values can be
found in Supplementary Table 2.* p < 0.05, ** p <0.01, and *** p <0.001
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digestion had a significantly higher peak intensity (p-value <2.2e-16), whereas the 2-hour
digestion had a significantly higher peak count (p-value 0.00043). However, since
average peak intensity was given priority in the tissue wash optimization, the average
peak intensity was given priority again for this optimization. This was chosen because
increasing the intensity of low concentration peptides that could be potential biomarkers
is favourable. Therefore, an 18-hour trypsin digestion incubation time was chosen as the
optimal step. This also agreed with the more common literature incubation time for fresh-

frozen tissues.

Confirmation of MCAEF Optimization
The Borchers’ laboratory had previously published multiple articles describing that

MCAEF gives for enhanced mass spectra®">®

. This was confirmed for bottom-up
proteomic MALDI-MSI experiments by comparing a dataset with MCAEEF to a dataset
without MCAEF. The first step of this comparison was to perform a Principle Component
Analysis (PCA) (Figure 10) and Partial Least Squares-Discriminant Analysis (PLS-DA)
Figure 11. Upon first view of the PCA scores plot (Figure 10), it appears the datasets with
MCAEF and without MCAEF are not different at all. However, upon deeper analysis,
this can be expected from a PCA scores plot. The two datasets, with MCAEF and without
MCAETF, are from the same tissue containing the same cancerous and non-cancerous
regions. Therefore, it can be expected that the spectra from these two datasets will look
very similar to each other and may not be separated in a PCA analysis. The overlap in the

PCA analysis is a result of the style of statistical analysis that a PCA is; a PCA does not

incorporate original groupings of the inputted data. As a result, a PLS-DA was
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Figure 10 — The scores plot from a Principle Component Analysis test for the MALDI-MSI
bottom-up proteomic prostate cancer optimization experiment. Data are with MCAEF and

without MCAEF during matrix deposition. Details on the MCAEF set up can be found in

the Methods section.
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Figure 11 — The scores plot from a Partial Least Squares-Discriminant Analysis test for the
MALDI-MSI bottom-up proteomic prostate cancer optimization experiment. Data are with
MCAEF and without MCAEF during matrix deposition. Details on the MCAEF set up can

be found in the Methods section.
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performed. A PLS-DA does incorporate the original groupings of the data. If the two
datasets were unable to separate in a PLS-DA, this would indicate that they are in fact not
different in any way (peak intensity or peak count). As seen in the PLS-DA scores plot,
the datasets with MCAEF and without MCAEEF are separated from each other (Figure
11), confirming that the MCAEF technique creates different spectra in the dataset. The
second step of this comparison is to confirm that the MCAEF technique is enhancing the
spectra of the datasets. This was done by comparing the average peak intensities and
average peak counts between MCAEF and non-MCAEF experiments (Figure 12). The
Mann Whitney U test confirmed that the MCAEF technique was statistically significant
in increasing both the peak intensity (p-value <2.2e-16) and peak count (6.4e-05). This
demonstrates that the use of the MCAEF technique provides enhances spectra for bottom-

up proteomic MALDI-MSI experiments.
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Figure 12 — (a) Average peak intensity and (b) average peak count of the MALDI-MSI
MCAEF optimization experiment on prostate cancer tissue. Details for the MCAEF set up

can be found in the Methods section. Detailed p-values can be found in Supplementary
Table 2.* p < 0.05, ** p <0.01, and *** p < 0.001

Accurate mass matching for peptide identification and protein assignment

The final step in the prostate cancer bottom-up proteomic MALDI-MSI experiment
was to determine what peptides and proteins were present in the tissue. After
identification and assignment, the aim is to find potential biomarkers that can
differentiate between the cancerous and non-cancerous of the tissue. After combining
data from the MALD-MSI wash optimization and trypsin digestion incubation
optimization experiments and accurate mass matching to 5 ppm to the LC-MS/MS data, a

total of 245 peptides were identified belonging to a total of 86 unique proteins. The
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complete list of peptide identifications and protein assignments can be found in

Supplementary Table 6.

Many known proteins that have been associated previously with prostate cancer were
detected, such as PSA and S100. As seen in the bottom right hand image in Figure 13, the
cancerous region of the tissue is the darker pigmented region near the bottom half of the
tissue. Figure 13 contains reconstructed ion heat maps of various peptide mass features
that showed differentiation between the cancerous and non-cancerous regions of the
tissue. Most of the peptide mass features had increased relative intensities in the
cancerous region, but some peptide mass features were decreased in the cancerous region.
Protein assignments are included if available. Representative mass spectra are shown in
Figure 14 of cancerous and non-cancerous regions in the prostate cancer tissue analyzed.

Visual differences can be seen right away between the two spectra.



m/z: 805.4189 m/z: 806.3283 m/z: 806.4262 m/z: 854.4022
(Calmodulin) (No ID) (No ID) (PSA)

m/z: 875.4494 m/z:876.4537 m/z: 878.5060 m/z:903.5122
(Tropomyosin) (Cathepsin B) (Creatine) (Myosin)

AL

m/z: 925.4492 m/z: 930.5520 m/z: 1067.6206 m/z: 1069.5368
(High mobility) (TS/R) (Ubiquitin) (CD99)

m/z: 1071.5542 m/z: 1105.5528 m/z: 1220.6874 m/z: 1336.6468
(CD) (Thioredoxin)

m/z: 1465.6905 m/z: 1706.7718 Size and Intensity H&E Stained
(No ID) (Vitamin D) Scale Image

Figure 13 — Reconstructed ion heat maps from the bottom-up proteomic MALDI-MSI
prostate cancer experiment. Peptide mass features shown differentiate between the
cancerous and non-cancerous regions. The size and intensity scale, along with an H&E
image can be found in the bottom right hand corner.

Abbreviations: CD — cold-inducible RNA binding protein; HB — hemoglobin; P1RS —
phosphatase 1 regulatory subunit; PSA — prostate specific antigen; T S/R — thiosulfate
sulfurtransferase/rhodanese-like domain containing protein
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Figure 14 — Representative bottom-up proteomic mass spectra acquired MALDI-MSI from (top) cancerous and (bottom) non-cancerous
regions of the prostate cancer tissue.
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Conclusions & Future Directions

A literature review of the current protocols used for bottom-up proteomics on fresh-
frozen tissue using MALDI-MSI revealed that there are many different approaches taken.
The steps in the protocol that differed the most were the tissue wash step and the trypsin
digestion incubation step. These two steps were chosen for optimization with the fresh-
frozen prostate cancer tissues. Additionally, the MCAEF technique had not yet been
applied to bottom-up proteomic MALDI-MSI, so this step was also investigated during

the optimization experiment.

Results found that all wash steps do remove metabolites and other small organic
molecules that can cause ion suppression in the mass spectra. It is important to include
some form of wash step. The wash step chosen as optimal was the basic wash (2 times
with 70% ethanol and 1 time with 100% ethanol, all for 30 seconds) plus an additional 30
second wash with 50 mM sodium bicarbonate. This was chosen as it gave for an
optimized average peak intensity, was the most common additional wash step, and
adjusted the pH of the tissue to slightly basic, which is optimal for trypsin digestion. As
for the trypsin digestion incubation time, the optimal time was chosen to be 18-hours.
This was chosen as it is again more common in the literature, as well as it gave for an
increased average peak intensity. In depth analysis of the MCAEF technique showed that
using MCAEF does give for enhanced spectra compared to acquired data without

MCAEF.
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After optimization, MALDI-MSI data was accurate mass matched to a LC-MS/MS
dataset that was acquired from the fresh-frozen prostate cancer tissue. A total of 245
peptides were identified which resulted in 86 unique proteins to be assigned
(Supplementary Table 6). Many of the detected peptide mass features were differentially

expressed between the cancerous and non-cancerous regions of the prostate cancer tissue.

Future experiments could take the optimized protocol developed in this experiment and
apply it to a larger scale dataset. Ideally, a minimum of 30 different prostate cancer
tissues would be analyzed. This larger dataset would allow for a greater and more in-
depth understanding of the different molecules that are affected by prostate cancer. If
enough tissue was available for the experiment, a “meta-omic” approach could be taken,
using the protocols from the previous experiments of top-down proteomics and
metabolomics, and the current experimental protocol for bottom-up proteomics, aiming to
find a general pathway affected by prostate cancer. An additional direction that could be
taken with the experiment, if resources are available, would be to perform a greater
statistical analysis directly on the imaging data, rather than on profiling data. This would
allow statistical analysis and direct data visualization to be combined for a better

correlation to the pathology of the cancerous tissue.
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Chapter 3: Metabolomic insights into the effects of thyroid
hormone on Rana catesbeiana metamorphosis using whole-
body Matrix Assisted Laser Desorption/lonization-Mass
Spectrometry Imaging (MALDI-MSI)

Introduction

Postembryonic modifications must occur for the proper development of many
vertebrate organisms. For humans, this period after embryogenesis is crucial for proper
brain development, lung maturation and the modification of all other organs to prepare
the fetus for life outside of the womb. A dramatic demonstration of the importance of this
post embryonic development is frog metamorphosis where an aquatic herbivorous
tadpole transitions to a (semi-)terrestrial carnivorous frog. Metamorphosis leads to
extensive modifications including resorption of the tail, formation of legs, switching from
ammonotelic to ureotelic nitrogenous waste excretion, maturation of bone, and further

118,119 . .
"7 These comprehensive adaptations occur

development of the central nervous system.
independently yet in synchrony for each organ allowing for a smooth transition between

niches.

The complex array of physiological changes that occur in vertebrate postembryonic
development are driven by hormone signaling. In the case of frogs, such as the North
American bullfrog, Rana [Lithobates] catesbeiana, thyroid hormone (TH) is the sole
signaling molecule to initiate the changes that occur in metamorphosis''® In the early

pre-metamorphic stages of development, the tadpole has a thyroid gland but is
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functionally athyroid. However, it is competent to respond to exogenous TH triggering a

118,120

precocious metamorphosis. This feature makes this species a model organism for

experimental manipulation to study TH signaling and postembryonic development.

TH initiates metamorphosis by interacting with nuclear receptors to induce tissue-

119,121 . . .
" Due to this mechanism of action, anuran

specific gene expression programs.
metamorphosis research has focused primarily in the realm of genomics and
transcriptomics. These types of studies provide the necessary foundation required for
understanding the mechanisms of metamorphosis induction. Metabolomics, however, is
essential to unlocking the answers to phenotypic and physiological responses in the
initiation of this complex developmental program. As of yet, only two studies have been
performed to examine the frog metabolome. Ichu et al. recently performed the first wide-
scale metabolomic study of R. catesbeiana and frog metamorphosis.'** This research
utilized tadpole serum to create a system wide picture of the metabolomic changes that
occur throughout the stages of natural metamorphosis. Thousands of metabolites were
involved in this extensive development program which could mostly be classed into the
arginine and purine/pyrimidine, cysteine/methionine, sphingolipid, eicosanoid
metabolism, and urea cycle pathways. Another metabolomics study by Suzuki et al.
looked at the earlier initiation events that occur in TH-induced metamorphosis focusing
on the lipid components of R. catesbeiana tadpole liver and found there was no
significant changes in glycerophospholipid composition after three or seven days of TH

123

treatment.  This treatment did, however, affect the fatty acid saturation altering the

properties of the cell membrane. Although these studies both contributed greatly to
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further the understanding of how metabolic pathways are involved in metamorphosis
neither considered how the pleiotropic effects of TH signaling in metamorphosis affect
the fates of each organ in a different manner. Insight into these differences is critical to

uncovering the mechanisms involved in the coordination of tissue responses.

The metabolome is complex, especially when considering the amount of chemical
diversity between different classes of compounds. Commonly-used mass spectrometry
techniques such as Liquid Chromatography-Tandem Mass spectrometry (LC MS/MS)
have the ability to simultaneously detect and quantify a large variety of chemical
structures including peptides, sugars, ketones, amino acids, lipids, toxins, drugs, and
xenobiotics. These techniques, however, require a homogenized sample, therefore,
different tissues must either be processed separately or whole-body samples are used but
tissue-specific information on compounds of interest is sacrificed. Matrix-Assisted Laser
Desorption/lonization-Mass Spectrometry Imaging (MALDI-MSI) is used for its ability
to retain location information during data acquisition. This technique has been adapted to
allow for whole-body MALDI-MSI.'**!'* This challenging area of research has been
successfully performed on only a few species including: mice'*®'*® and zebrafish'®.
However, no whole-body MALDI-MSI experiments have been performed on
amphibians. We report the first successful demonstration of the use of MALDI-MSI on
whole-body sections of tadpoles to identify tissue-specific metabolite profiles that are

significantly affected during TH-induced metamorphosis.
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A recently developed technique, Matrix Coating Assisted by an Electric Field
(MCAEF), by the Borchers laboratory is used to acquire enhanced spectra.”® A schematic
diagram can be found in Figure 15. This technique increases both the total ion count in a
mass spectrum as well as signal to noise ratio by up to 5 times. This technique has been
applied for the metabolite analysis in porcine adrenal glands™, a proteomic analysis of
prostate cancer’*, and a metabolomics analysis of prostate cancer’”. This technique was

used for the current experiment.

Using this technique, we were able to examine the distinctive metabolite profiles in
five organs and detect over 5000 metabolites. Of these, 136 were significantly affected by
TH signaling revealing the first glimpse of the dynamic nature of the metabolomic

environment in metamorphic tadpole tissues.

MALDI-MSI Workflow Matrix Coating Assisted by an Electric Field (MCAEF)

Tissue
Sectioning

(-) ITO Coated Slide
Matrix Coating

! Uniform Electric Field ;2
(MCAEF)

A= DC
Las.er. ‘ ~T+ 600 V/m
Irradiation

Spray
Generator
Acquire Mass

Spectra L m— |

Image (+) ITO-Coated Slide
Reconstruction

Figure 15 — (Left) A MALDI-MSI workflow depicting tissue sectioning onto a glass slide,
homogenous matrix coating using the MCAEF technique, rastered laser irradiation across
the tissue, and ion heat map image reconstruction based on the acquired mass spectra
(Right) A diagram of the MCAEF technique during matrix coating to enhance both the
total number of features detected and their corresponding intensities for a single
experiment.
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Methods

Animals

BOTII-V Rana catesbeiana tadpoles of

Premetamorphic Taylor and Kollros stages
mixed sex were caught locally by Westwind Sealab Supplies in Victoria (BC, Canada)
and were maintained in accordance with the guidelines of the Canadian Council on
Animal Care and the University of Victoria under permit #2011-030. The exposures were
set up in 8 L polypropylene buckets containing three tadpoles per bucket. There were two
experimental groups: a control group which were immersed in 400nM sodium hydroxide
(NaOH) (ACP Chemicals Inc., Saint-Leonard, QC) and a treatment group which received
50 nM thyroxine (T4; Sigma-Aldrich, Oakville, ON, Catalog #T2501, CAS 6106-07-6) in
400 nM NaOH. Both exposures took place for 48 h at 24°C, pH 6.8-7.0. Euthanasia was
performed using 0.1% (w/v) tricaine methanesulfonate (MS-222) (Syndel Laboratories
Ltd., Vancouver, BC) buffered with 25 mM sodium bicarbonate (Bio Basic Canada Inc.,
Markham, ON). Six tadpoles from each exposure were randomly selected for MALDI-

MSI analysis. Tadpoles were frozen on dry ice immediately after euthanasia and then

stored at -80 °C prior to sectioning.

Tissue Sectioning and Matrix Coating

Tissues were prepared as previously described.* A workflow is presented in Figure 15.
Tadpoles were cryostatically sectioned to 25 pm at -20 C in a Microm HMS500 cryostat
and thaw mounted onto indium-tin oxide (ITO)-coated glass slides (Bruker Daltonics,

Bremen, Germany). For metabolomic studies, no wash step is performed on the tissues.
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Optical images were captured prior to matrix deposition on an Epson Perfection 4490
Photo Scanner. Quercetin (2.6 mg/mL in 80% methanol and 0.01% ammonium
hydroxide; Sigma Aldrich, St. Louis, USA) was deposited using the MCAEF technique
(as described above) in an ImagePrep (Bruker Daltonics, Bremen, Germany) automated
electronic matrix sprayer. Matrix coatings were comprised of a 3-sec spray, 60 sec

incubation, and a 90-sec drying per cycle with a total of 30 cycles.

MALDI-MSI
MALDI-MSI data were acquired on an Apex-Qe 12-T Hybrid Quadrupole-Fourier

transform ion cyclotron resonance (FTICR) instrument in positive ionization and
detection modes. Data were acquired with Bruker’s apex Control FlexImaging software.
Spectra mass ranges included m/z from 200 to 2300 with broadband detection and a data
acquisition size of 1024 kilobytes per second. The instrument was equipped with an
Apollo dual-mode electrospray ionization (ESI)/MALDI ion source, with a 355 nm and
200 Hz solid-state Smartbeam Nd:YAG UV laser (Azura Laser AG, Berlin, Germany).
The diluted ESI tuning mix (Agilent Technologies, Santa Clara, CA) solution was
prepared in 60:40 isopropyl alcohol: water, both containing 0.1% formic acid for
calibration of the instrument. For imaging, a raster step size of 200 um was used with 100

laser shots summed per array position.

Data Processing

In order to determine objective borders between tissue types within a tadpole, spatial

segmentation was performed. This was done by exporting data from FlexImaging to .img
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format and then imported into Cardinal package’ using R''* and RStudio'"°. Spectral
pre-processing steps included: normalization by total ion count, baseline reduction in
blocks of 50 m/z, peak picking based on a signal to noise ratio of 3, peak alignment
across pixels to Sppm, and peak filtering to remove mass features that occurred in less
than 2% of all pixels. Spatial segmentation using spatial shrunken centroids was used for
separating pixels into groups by comparing the similarity and differences of the profile in
each mass spectrum. A total of 20 segments were chosen. Segmented images were then
compared to optical images for tissue type identification. The following five tissue types
were reliably identified using this method in all tadpole sections: brain, eye, liver,

notochord, and tail muscle.

Using the previously identified tissue types, five individual spectra from each tissue
were exported from FlexImaging to Bruker’s DataAnalysis 4.0. For batch internal mass
calibration, peak deisotoping, monoisotopic “peak picking”, and peak alignment, a
customized VBA script was used as described elsewhere.''> Exported CSV files were
aligned to 3 ppm and summarized for each of the five tissue types for each tadpole.
FlexImaging 2.1 was used to reconstruct ion heat map images of detected metabolite
mass features. Prior to image extraction, mass spectra were normalized to have the y-
mean:y-max ratio set to 0.5. This is done to exclude noise from the ion heat map images
for better visualization. Absolute intensities for each metabolite mass feature were
individually chosen to most accurately show the intensities across the tadpoles. The scale

chosen for each mass feature is independent of other mass features.
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Statistical analysis and annotation

Non-parametric Mann-Whitney U analysis was performed on each metabolite mass
feature comparing control to TH-exposed tadpoles to determine significant (p < 0.05)
features. Mass features that occurred in less than three TH-treated tadpoles or less than
three control tadpoles are not considered as a guaranteed detection or putative
identification for the purposes of this experiment because they are not statistically robust
enough. Measured mass features (m/z values) from both the statistically robust total
detected as well as the significantly changing were matched to the MassTRIX
database'*"'** to attain possible metabolite identities. [M+H]", [M+K]", and [M+Na]" ion
forms were allowed for positive-ion mode during database searching with an allowable

mass error of + 3ppm.

Results & Discussion

The Cardinal R package was very applicable for the type of data processing necessary
for such a large dataset. Manual interpretation and data processing of the twelve tadpoles
would have taken a considerable amount of time and most likely been plagued with user
bias. Something unique about the Cardinal package is that it performs spectral processing
directly to the imaging spectra. Typically, in an experiment, only profiling data is
submitted to spectral processing and imaging data is left relatively un-touched prior to
exporting the reconstructed ion heat maps. The spectral processing workflow used for the
current experiment was as follows: normalizing to the total ion count of the spectra,

baseline reduction in blocks of 50, peak picking with a simple algorithm and a signal to
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noise ratio of 3, peak alignment to 5 ppm across all spectra for a single tissue, and peak

filtering to remove mass features that occur in less than 2% of all spectra for a single

tissue. During the peak alignment step, the data is converted to centroid peaks rather than

profiling peaks. This spectra processing was very beneficial to perform prior to statistical

analysis. The processing workflow is shown in Figure 16 depicting the average mass
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Figure 16 - A representative image of spectra processing performed by the Cardinal
package on the tadpole imaging data. Spectra shown are average spectra across the entire

tissue.
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spectra across a tissue for representative tadpole. Special note was focused on the mass

features at ~1001.45 m/z. This mass was selected for monitoring as it was a relatively

low intensity mass feature but localized to the eye and brain region of the tadpole. As a

confirmation, the Cardinal reconstructed ion heat maps were viewed at each step during

the spectral processing to confirm this mass feature was not lost (Figure 17).
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Figure 17 — A representative image of Cardinal reconstructed ion heat maps during spectral

processing performed by the Cardinal package on the tadpole imaging data.
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Once spectral processing was complete, the next step was to move onto statistical
analysis. Spatial segmentation is a process similar to Principle Component Analysis that
creates different segments that each individual spectrum is classified into based on the
profile of the spectra, including both m/z and intensity in the profile. As imaging datasets
contain not only m/z and intensity information, but also relative x- and y-coordinates of
the spectra, an additional level of information is incorporated into the statistical analysis.
Spatial shrunken centroids, which is a spatial segmentation based on k-means clustering
was performed. The k-means clustering spatial segmentation was also available in the
Cardinal package, however due to the size and complexity of the imaging datasets, the

spatial shrunken centroids segmentation was chosen.

There was a total of three parameters that needed to be optimized for the spatial
segmentation: », which is the radius of spectra around the spectrum of interest that is used
for profile comparisons for the classification; k, which is the total number of segments
that the imaging dataset will be classified into; and s, which is a & value used to create a
variable number of segments in the imaging dataset, if the algorithm has too many or has
run out of segments during classification of the spectra. An » value of 2 and 3 and a £
value of 15 and 20 were tested during optimization (Figure 18). The s value was not
optimized as the Cardinal R package documentation highly recommended a value of 2
when managing ~20 segments. Careful examination of the different tissue sections of
interest (brain, eye, liver, notochord, and tail muscle) was made to ensure that all of the

tissues were present in the spatial segmentation and no tissues were lost to a larger
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grouping. The final set of parameters was chosen to be =2, k=20, s=2. This set of

parameters was used for all spatial segmentations performed in this experiment.

Figure 18 — Cardinal spatial segmentation images using different values for the r (radius)
parameter and k (number of segments) parameter during spatial segmentation
optimization.
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After the final spatial segmentation parameters were chosen, segmentation was
performed to all twelve tadpole imaging datasets. Various outputs from the spatial
segmentation could be viewed or exported based on what the purpose of the spatial
segmentation was to the user. For this experiment, the aim was to find metabolite mass
features that were statistically significant in different tissues of the tadpole after thyroid
hormone induced metamorphosis. For this reasoning, the average mass spectrum for
segments of interest were viewed. This was for the general purpose of seeing if there
were any regions of the spectra from one segment that showed strong differences
compared to other segments (Figure 19). Another useful export from the spatial
segmentation is a value labelled “t-statistic”. This is a numerical rating given to each
mass feature in the spectrum for an individual segment that indicates its relative
importance in creating that segment. Mass features with a higher t-statistic value were
more influential to separating that tissue apart from the remaining tissue in the tadpole
than other mass features. Figure 19 shows a representative tadpole and the brain tissue
segment from the spatial segmentation. Both the average mass spectrum and t-statistic
value graph are shown. The t-statistic values for each tissue of interest for all twelve
tadpoles was exported so that a general list of mass features influential to the tissues of

interest could be created.
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Figure 19 — Representative exports from the Cardinal package including (top image) the
total segmentation; (second image) an individual segment, for this example it is the brain;

(third image) the mean spectrum from the individual segment from the shrunken spatial

segmentation; and (bottom image) the t-statistic value for each mass feature relative to the

individual segment

Spatial segmentation was critical for determining which spectra belonged to which

tissue in each tadpole. Spectra were not exported directly from Cardinal and the spatial

segmentation because these spectra had been averaged across the entire tissue and no
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longer retained the high mass resolution characteristic from the FTICR detector. The
spatial segmentation images were used for direct comparison when exporting individual
spectra from FlexImaging to DataAnalysis for further in-depth spectra analysis and
metabolite mass feature putative identification. Over 5,000 metabolite mass features, that
were present in at least three of the six control and three of the six TH-treated tadpoles,
were detected (Table 3). The brain, eye, liver, notochord, and tail muscle, each had
~1,000 mass features, including those which were unique to the individual tissue (Figure
20) and others that were common between multiple tissues. Less than half of these mass
features detected in each tissue were given a putative annotation using MassTRIX. One
hundred and thirty-six of the total the mass features detected differed significantly upon
TH treatment (Table 3). After submission to the MassTRIX metabolomic database, 64 of
these significant mass features were putatively identified (Table 3). The full list of
significant and putatively identified metabolite mass features can be found in
Supplementary Table 7. Out of the five tissues of interest, notochord had the most
significantly changing mass features as well as the most putatively identified metabolites.
In contrast, the liver, which had a similar total mass feature count to the notochord had
the least significantly changing and identified metabolites (Table 3).

Table 3 — A summary of the number of metabolite mass features detected in each tissue type
in all tadpoles in positive mode. *Total number of mass features detected in a minimum of 3
tadpoles in each of the control and treatment groups. **Significantly different mass features
based on Mann-Whitney U post-hoc analysis with a p-value < 0.05.

Tissue # of # of # of # of # of
metabolites significant** down- up- significant
detected* regulated regulated putative

ID’s

brain 1210 16 5 11 4

eye 1121 26 18 8 10
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liver 799 8 6 2 2

notochord 1059 54 12 42 33

tail muscle 1035 32 27 5 15
Ti:;ls/u;; In;(z:ls:ty Ion Heat Map

Brain;
770.4480 m/z

Eye;
856.6695 m/z

Liver;
703.5338 m/z

Notochord;
1520.2576 m/z

Tail Muscle;
820.4353 m/z

Figure 20 — Representative reconstructed ion heat maps of metabolites that localize to a
single tissue of interest. Ion heat maps were chosen from any of the twelve tadpoles as a
representation of the localization of the metabolite mass feature.
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There was an even split between up or down regulated metabolites that differed
significantly upon TH treatment, with 68 increasing and 68 decreasing. Within the
particular organs, however, there were more mass features significantly increasing in the
brain and the notochord, whereas there were more mass features significantly decreasing

in the tail muscle, liver and eye. Representative boxplot graphs of intensities from
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Figure 21 — Representative boxplot graphs of significant (MWU, p < 0.05) metabolite
mass features from: A) brain, B) eye, C) liver, D) notochord, and E) tail muscle tissues.
Feature characteristics including m/z, putative identifications are indicated at the top of
each graph. The thick bar represents the median and the whiskers represent the
median absolute deviation (MAD).
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significant metabolite mass features are shown in Figure 21. All graphs shown in this
figure are significant, p <0.05. These are paired with reconstructed ion heat maps (Figure
22) allowing visualization of the tissue specific relative abundancies of mass features
between tadpoles. Graphs and heat maps shown are a subset of the total number of
significant mass features and were chosen to demonstrate the general trends of both
increasing and decreasing intensities of the metabolite mass features after treatment with

TH.

Tissue;
m/z;
ID

Intensity
Scale

Control Treatment

Brain;
799.2421 m/z;
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Eye;
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No ID

Notochord;
723.4932 m/z;
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830.5138 m/z;
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0 1 .V ~
Figure 22 — Representative reconstructed ion heat maps of metabolites from each tissue
region of interest (brain, eye, liver, notochord, and tail muscle). One ion heat map was
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chosen from the set of control tadpoles and one ion heat maps was chosen from the set of
thyroid hormone treated tadpoles. Each metabolite mass feature chosen was found to be
significantly increased or decreased after thyroid hormone treatment (p < 0.05).
Visualization of the mass features shows the localization of each metabolite to a specific
tissue region and its increase or decrease in the treatment tadpoles.

The putative identification of mass features highlighted a few key metabolites of
interest. All putative identifications, along with median peak intensities and
corresponding median absolute deviation (MAD) values can be found in Supplementary
Table 7. A high percentage of the total identified mass features in each of the organs were
lipophilic compounds, mainly the membrane associated phospholipids:
phosphatidylcholines (PCs) phosphatidylethanolamines (PEs) phosphatidylserines (PSs),
phosphatidylinositols (PIs), and phosphatidylglycerols (PGs). Due to the identical mass-
to-charge ratios of the many structural isomers of these compounds they were only
identified to their class, total number of carbons, and total number of double bonds. In
each of the organs these lipid compounds also made up a high proportion of the
significantly differing metabolites. Other significantly changing metabolites of interest
that were putatively annotated were sphingomyelins (SMs) which were changing in all
tissues except the liver. As well, heme was decreased in the liver. Representative boxplot
graphs and reconstructed ion heat maps of these metabolite mass features can be found in

Figure 23.
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Figure 23 — Representative boxplot graphs and representative reconstructed ion heat maps
of metabolites of special biological interest. Feature characteristics including m/z, putative
identifications are indicated at the top of each graph. The thick bar represents the median
and the whiskers represent the median absolute deviation. One ion heat map was chosen
from the set of control tadpoles and one ion heat maps was chosen from the set of thyroid
hormone treated tadpoles. Each metabolite mass feature chosen was significantly increased
or decresed after thyroid hormone treatment (p < 0.05).

Metamorphosis is an extensive process where drastic physiological and biochemical
changes occur allowing the transition of a tadpole to a frog. This expansive
reconstruction of a fully differentiated animal involves tight regulation and synergism of

each different tissue and organ as they undergo cellular reprogramming, proliferation,
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and apoptosis. Although this TH-induced process is instilled genetically, through the
modulation of TH response genes, the resultant phenotypic changes can be measured

through metabolomics.

The present study used MALDI-MSI to capture a snapshot of the metabolomic
environment in metamorphosis-induced tadpoles. Thousands of different mass features
were detected highlighting the high resolution of this technique. Of the total mass
features detected and annotated, a high proportion were lipophilic molecules
corroborating what was found in the serum metabolome of R. catesbeiana'** as well as
the human metabolome'” giving a higher degree of confidence in accuracy of mass
feature detection. Of the 5000 mass features detected, only 136 metabolites were found to
show significant difference between control and thyroid hormone treatment. Of the
significant metabolites, only 64 were putatively identified, making biological
interpretation more difficult and illustrating the need for improvement of metabolomic

databases

The ability of MALDI-MSI to retain location information of detected mass features
allows for visualization of the pleiotropic effects of TH signaling in each tissue upon the
induction of metamorphosis. The metamorphic program is known to be established in the
transcriptome at 48 h."** By this time point TH response genes are induced and
metamorphosis can no longer be stopped by inhibitors.'*> The transcriptomic changes that
occur result in downstream alterations of the metabolomic environment which can be

seen as the phenotypic response to the initiation of metamorphosis. In the present study,
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we show that there are metabolomic changes occurring in each organ at 48 h of TH-
induced metamorphosis. The total count of significantly changing metabolites was
substantially lower than what was detected in the previous metabolomics study of the
serum by Ichu et al.'** Ichu et al. detected a total of 4528 metabolites, of which 3329
were found to be significantly changed upon thyroid hormone treatment.'** It should also
be considered that the data for the present study was acquired only in positive mode

which misses all the mass features that favor negative ionization.

Each organ has a different fate in metamorphosis and responds locally to TH which is
shown by the ability for individual organs to respond to TH in culture.'*>"*” This direct
response of the tissue is reflected in the present study by the distinct changes in the
metabolomic profiles of the eye, brain, notochord, liver, and tail muscle upon TH
treatment. The tissue with the most significantly differing mass features was the
notochord. This tissue plays a very important role in vertebrate embryogenesis with
involvement in depicting body axis orientation'*®, patterning of surrounding tissues and
providing structure throughout development'*’. Its role in postembryonic development,
however, has not been well studied. In the caudal end of the animal, the notochord must
undergo programmed cell death along with the tail. The notochord also plays an integral
role in the proper development and segmentation of the spinal cord.'* The multiple roles
that it likely plays in metamorphosis explains the presence of 42 up-regulated metabolite
mass features compared to only 12 down-regulated metabolite mass features of the

notochord to TH.
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One of the most overtly dramatic physiological changes that occur in the transition to a
frog is the resorption of the tail. This involves the coordination of the different types of
tissue including epidermal, muscular, nervous, and structural, to all undergo highly
regulated programmed cell death simultaneously. A higher number of metabolite mass
features are down-regulated in the tail muscle (27 down-regulated compared to only 5 up-
regulated) likely reflecting the arrest of many cellular processes to conserve energy as
continuation of growth and differentiation is unnecessary. One of the many metabolic
features that were specifically affected in the tail muscle was the decrease in SM. The
important role that SMs play in lipid signaling is becoming more appreciated in recent
years. One of their signaling pathways includes their catabolism to ceramide which is

likely involved in the decision for cells to undergo apoptosis in the tail muscle.'*"'*

Unlike the tail muscle, which is not present after metamorphosis, other tissues are
present in both the tadpole and the frog but are completely reprogrammed to
accommodate the niche transition that occurs. One such organ is the liver which
undergoes major remodeling to switch from an ammonotelic to a ureotelic system of
nitrogen excretion as well as a transition from larval to adult hemoglobin.'**'** This
reprogramming is seen in the transcriptome where after 48 h of TH exposure there is a
massive transcriptomic response.'*> Under the same conditions at the metabolomic level,
however, there was only eight mass features that significantly changed upon TH
treatment. A similar limited response to TH was found by Suzuki et al. with respect to
123

PC, PE, PI, PG and PS composition in the R. catesbeiana liver after 72 h of treatment.

The response of this organ to TH may still be at the transcriptomic level with metabolite
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changes not yet manifesting at this early time point like the many liver metabolic changes
that occur closer to metamorphic climax.'"” One metabolite of interest that significantly
responded to TH in the liver was heme. The observation of downregulation may be
because heme oxygenase activity in the liver, involved in heme catabolism, increases by
2-fold after 48 h of TH exposure.'*® As well, it may be a resultant metabolic product of

the transition from larval to adult hemoglobin that occurs in metamorphosis.'*

Another organ that is extensively remodeled is the brain to accommodate changes in
locomotion and behavior. The parts of the brain associated with the tissues undergoing
apoptosis degenerate. Concurrently, nerves associated with limbs and the various
reprogrammed tissues must be synthesized.'"” The complicated reconstruction of the
brain is demonstrated in its metabolomic response to TH. The degenerating regions of the
brain lead mostly to the downregulation of metabolites. The de novo constructed regions,
however, are associated more with the upregulation of metabolites. One such upregulated
metabolite is SM. There are two main routes of SM signaling that have been well studied.
The pro-apoptotic conversion to ceramide, mentioned above, and the conversion to
sphingosine-1-phosphate which is involved in inflammation and angiogenesis.'*” As cells
are either undergoing apoptosis or being synthesized in the brain during this period it is
likely that SMs play a crucial role in both pathways. In the parallel postembryonic period
of humans, TH signaling is crucial for proper development of the brain and disruption

. . .. 148,149
can lead to serious developmental disorders such as cretinism.
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Although all the different tissues respond very distinctively to TH signaling,
phospholipids seem to play an important role throughout the tadpole. All the tissues
except for the limited response of the liver, had either up or down regulation or both of
varying classes of PCs, Pls, PGs, PEs and PSs. These lipophilic compounds make up the
largest portion of significantly changing metabolites in response to TH treatment, as

122 This indicates that

presented in the current study, as well as in natural metamorphosis.
that they most likely are very important in metamorphosis. Their role in this very
complex process, however, is not well understood. Changes in up or down regulation of
these lipids likely correlate with switching of cell types in the tissues that are being
reprogrammed, as different cell types have different requirements for membrane fluidity

and structure. In the case of the tail muscle, the majority of the phospholipids are

decreasing likely representing the decrease in cells due to programmed cell death.

Conclusions & Future Directions

The current MALDI-MSI study was successful in giving insights into the metabolome
of TH-induced metamorphosis in R. catesbeiana. The next steps of metabolomic research
on the metamorphosing tadpole will be to increase total number of metabolites identified
and annotated by performing a secondary analysis of the tadpole tissue by LS-
MS/MS.**'?2 Each of the five organs of interest, which are all set for different fates,
respond independently to TH signaling given the differences in metabolites that were
identified as well as the general differentiation of mass feature regulation. These

discoveries demonstrate the pleiotropic effects of TH-signaling throughout the pre-
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metamorphic tadpole and provide a basis for what metabolic pathways are critical in the

initiation of metamorphosis.
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Chapter 4: Method Optimization of Metabolomic Analysis of
Formalin Fixed Paraffin Embedded Colorectal Liver Metastasis
by MALDI-MSI for Biomarker Discovery

Introduction

Colorectal cancer is within the group of cancers that are leading for both incidence and
mortality rates for women and men worldwide.'”’” Colorectal cancer has rates of 14.5%
and 11.5%, for incidence rates in men and women, respectively and 12.0% and 11.3% for

. . . . 107
mortality rates in men and women, respectively, in Canada.

These rates put colorectal
cancer in the highest three cancers in Canada. This trend is also seen in previous

Canadian cancer statistics.”*'>' As a result, there are just over 5,000 deaths predicted in

Canada from this cancer alone in 2017.

The easiest way to increase quality of life and survival rates is to have accurate
screening tests and early detection methods. However, diagnosis and prognosis tests for
these cancers are limited. Carcinoembryonic antigen (CEA) is a colorectal cancer
biomarker that initially showed efficient use for therapy prognosis, but has recently been
shown to have normal concentrations in stage I colorectal cancer and an inability to
differentiate between benign and malignant polyps, inflammatory conditions, and gastric
or pancreatic cancers.'”” A need for novel biomarkers to create effective blood screening

and prognosis tests is imperative.
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Studies to date focus on finding a single genomic, proteomic, or metabolomic
biomarker for a disease. This mindset of research can be problematic, because genes,
proteins, and metabolites all work together, and therefore should be research as a whole.
A new concept for biomarker discovery is “meta-omics”. This large-scale analysis would
look for multiple genes, proteins, and metabolites that highly correlate to each other
through biochemical mechanisms.'> Panels of genes, proteins, and metabolites from

meta-omic studies have a higher potential for the development of cancer screening tests.

Formalin-fixed and paraffin embedded (FFPE) tissues are the gold standard for
preservation in a clinical setting. Once preserved, samples are safe from degradation and
can be stored at room temperature for an indefinite amount of time. The downside of
FFPE preservation is that formalin causes random inter- and intra-molecular crosslinking
to occur between proteins, ribonucleic acid (RNA), and deoxyribonucleic acid (DNA)
within the tissue.'>* Paraffin embedding allows for the tissues to be later sliced thinly
with a microtome for morphology and pathology studies. However, as paraffin is a wax,
FFPE samples cannot be introduced to a mass spectrometer without the paraffin being
removed. A common goal among the mass spectrometry community was to unlock FFPE
tissues for molecular analysis. Proteomic mass spectrometry research on FFPE tissues
began with cleaving the protein crosslinks within the tissue by enzymatic digestion.'”
This experiment worked with homogenized tissue and a liquid introduction of the tissue
to the mass spectrometer. Shortly after this experiment was published, an on-tissue
enzymatic digestion technique was combined with heat induced antigen retrieval and

applied to a MALDI-MSI experiment.'*® This experiment was successful in detecting
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various proteins from the sample and paved the way for protein analysis of FFPE tissues.
A summary of bottom-up proteomic MALDI-MSI experiments that have recently been
performed can be found in Supplementary Table 3, Supplementary Table 4, and
Supplementary Table 5. This table focuses on protocols that have steps that are novel or

differ greatly from other protocols.

More recently, focus was placed on metabolomics analysis of FFPE tissues. This is
considered to be quite difficult, as the process of antigen retrieval and paraffin removal
often washes away the majority of metabolites from a tissue. This is primarily due to the
paraffin removal step which requires xylene, a strong organic solvent, to remove the wax
from the tissue. Three experiments by the same research group have been published that
analyzed metabolites in FFPE tissues. The first publication was a proof-of-principle
experiment to show that it was possible to analyze metabolites in FFPE tissues.'”’ A
comparison was made between the metabolomics analysis of a tissue that had been split
for fresh frozen and FFPE found a 72% overlap between the metabolomics profiles.">’
The second publication was a formal protocol in the journal Nature Protocols.'*® This
publication went into great detail to describe each step required for the analysis of

metabolites in FFPE tissues. '

The third publication focused on comparing the
suitability of different instruments for metabolomics analysis of FFPE tissues.®' This
experiment compared a Time of Flight (TOF) mass spectrometer to a Fourier-Transform

Ion Cyclotron Resonance (FTICR) mass spectrometer and found that FTICR instruments

outperform TOF for low-mass analyses.’'
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Methods

Reagents

Xylene, quercetin, HPLC-grade methanol, HPLC-grade ethanol, and ammonium
hydroxide (NH4OH) were purchased from Sigma-Aldrich (St. Louis, MO, USA). ESI

tuning mix was purchased from Agilent (Agilent Technologies, Santa Clara, CA, USA).

Samples
After attempted communication with multiple professors at McGill University, a

successful collaboration was made with Dr. Mark Basik from his biobank samples of
colorectal liver metastasis. All samples in the biobank are FFPE and stored at room
temperature. Tissues were sectioned on a microtome to 5-um and water-mounted onto
ITO-coated slides. Tissues were heat-fixed to the slide at 42 °C and then stored at room
temperature. Sets of 10 pre-sectioned tissues on ITO-coated slides were sent from McGill
from the following patients: four colorectal liver metastasis samples with tumour
cellularity ranging from 25-70% with two of the samples coming from the same patient
but different tumour. Samples were anonymized prior to receiving them and contained no
patient data. University of Victoria Anonymized Human Biological Materials Ethics
(Protocol Number 16-434) and University of Victoria Biosafety (Registration Number

85268-004) were obtained for use of the tissues.
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Deparaffinization
Paraffin embedding was removed by washing the tissues in fresh xylene two times for

5 minutes each in Coplin jars. After removing the slide from the xylene, it was allowed to

air dry for a minimum of 10 minutes in a fume-hood while matrix deposition was set up.

Matrix Coating
Quercetin was prepared in a concentration of 2.6 mg/mL in 80% methanol in 0.1%

NH4OH. The quercetin matrix was deposited using an ImagePrep electronic matrix spray
generator. Typically, a total of 10 mL was made at a time. As quercetin is not a
standardized matrix, an in-house developed matrix coating method was used (30 cycles
of 3 second spray, 60 second incubation, and 90 second drying time). The MCAEF
technique was used during matrix deposition. A uniform electric field at an intensity of
+600 V/m was applied to the tissue in positive-ion mode and negative-ion mode (Figure

4).

MALDI-MSI
All mass spectra were acquired on an Apex-Qe 12-Tesla hybrid quadrupole-FTICR

mass spectrometer ((Bruker Daltonics, Billerica, MA, USA). The instrument was
equipped with an Apollo dual-mode ESI/MALDI ion source. The instrument’s laser
source was a 355-nm solid-state Smartbeam Nd:Y AG ultraviolet laser (Azura Laser AG,

Berlin, Germany).
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A calibration solution was prepared by adding 10 uL of Agilent “ESI tuning mix”
solution with 10 mL of 75% ACN with 0.1% formic acid. The calibration was directly
infused into the ESI side of the ion source for instrument calibration. The instrument was

calibrated before every experiment performed.

All mass spectra were acquired over the mass range of 200-2200 m/z with a data
acquisition size of 512 kilobytes per second. Imaging data was acquired with one scan at
100 laser shots per scan with the minimum raster step size of 200-um. Imaging spectra
were acquired with Apex Control, Hystar Control, and FlexImaging 2.1 (Bruker, Bremen,
Germany). Teaching points were generated with a Tipex Wite-Out pen to enable the

instrument to have an accurate slide position for spectra acquisition.

H&E Staining
H&E stains were provided by the Basik laboratory with the samples that were

provided. A standard H&E staining protocol was followed. A pathologist marked the

cancerous regions with a blue marker.

Data Analysis
Reconstructed ion heat maps were viewed and created using FlexImaging. Using this

software, reconstructed ion heat maps were created. Images were exported as JPEG files

for viewing.
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Statistical analysis and spatial segmentation of imaging data was done by exporting
data from FlexImaging to .img format and then imported into Cardinal package " using
R ''* and RStudio '"°. Spectral pre-processing steps included: normalization by total ion
count, baseline reduction in blocks of 50 m/z, peak picking based on a signal to noise
ratio of 3, peak alignment across pixels to Sppm, and peak filtering to remove mass
features that occurred in less than 2% of all pixels. Spatial segmentation using spatial
shrunken centroids was used for separating pixels into groups by comparing the similarity
and differences of the profile in each mass spectrum. A total of 10 segments were chosen

as this gave for the best separation of the pathologist pre-defined cancerous regions.

Individual mass spectra from the imaging datasets were exported from FlexImaging
and were then processed using DataAnalysis 4.0 (Bruker, Bremen, Germany). Batch
internal mass calibration, peak de-isotoping, and monoisotopic peak picking were
performed using a customized VBA script within DataAnalysis. Measured mass features

were matched to the MassTRIX database'"'*?

to attain possible metabolite identities.
[M+H]", [M+K]", and [M+Na]" ion forms were allowed for positive ionization mode and

[M-H]- ion form was allowed for negative ionization mode during database searching

with an allowable mass error of + 3ppm.

Results & Discussion

FFPE tissues were rather difficult to work with. The most troubling aspect of the

tissues was the paraffin removal step. Xylene is a very strong organic solvent that works
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very well to remove the paraffin wax from the tissue, but at the same time it also removes
metabolites and lipids present in the tissue."”” The goal of this experiment was to
determine if there were any remaining metabolites in the tissue, and if these metabolites

were able to differentiate between the pathologist defined cancerous regions.

Figure 24 depicts the major results of the experiment. This diagram shows optical
images, H&E stains, total segmentation images, cancerous segmentation images, and
representative ion heat map images of MALDI-MSI metabolomic datasets from two
colorectal liver metastasis samples in (A) positive ionization mode and (B) negative
ionization mode. Optimizing the segmentation parameters was difficult to separate out a
cancerous region that resembled the pathologist defined cancerous regions from the H&E
images. A total of 10 segments with variable of +2 and a radius of 2 were chosen for final
parameters. The number of segments was chosen as 10 to allow for background segments
to be pulled out, as well as the natural heterogeneity of human tissue to be accounted for.
Experimentation was performed with 5 more and 5 less segments and 10 segments
showed to have the highest correlation with the defined cancerous regions without adding
or removing too much of the regions. One note to point out is that the H&E image was
performed on a tissue section that was an unknown number of sections away from the

tissue sections that had MALDI-MSI performed. Cancer tumours are heterogeneous and



84

Optical Image

H&E Stain

Total Segments

Cancerous Segment

miz=130078| | MM %

8.76

Ion Heat Map

Figure 24 — MALDI-MSI metabolomic images of (A) a colorectal liver metastasis sample
analyzed with quercetin in positive ionization mode and (B) a colorectal liver metastasis
sample analyzed with quercetin in negative ionization mode. Images include the optical
image, an H&E stained image, total segmentation image, the individual cancerous segment
image, and a representative reconstructed ion heat map of an influential metabolite mass
feature.
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cancerous tissue. However, a general region of tumour can be inferred. As a result, one
segment from each tissue was determined to contain the majority of the cancerous tissue,
as shown in Figure 24. Two mass features that were determined to be influential in
creating the cancerous segment were chosen for reconstructed ion heat maps and shown
in the bottom of Figure 24. It can be seen in these ion heat maps that the metabolites have
a relatively low abundance and are delocalized across the tissue. However, it can still be
seen that these mass features have relatively similar localization patterns to the defined

cancerous regions.

Representative spectra from these two cancerous regions can be found in Figure 25.
These spectra are marked with some of the identified metabolite mass features from the
MassTRIX database. An interesting point of the two spectra in Figure 25 is that the
relative intensities are set to 20%, meaning that the viewed peaks in the spectra all have
rather low intensities. This is due to the xylene wash removing the majority of the high
intensity metabolites from the tissue. Due to the high resolving power of the FTICR
detector, low intensity metabolites are still able to be detected above the lower limit of
detection for the instrument. Also interesting is that the positive ionization spectra has a
higher number of peaks and an overall greater peak intensity. As this was a preliminary
experiment, a conclusive answer to this observation was not obtained. Further
optimization and a greater number of replicates would possibly lead to an answer to why

more peaks are detected with higher intensity in positive mode.
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Conclusions & Future Directions

This experiment was successfully able to detect and identify metabolites from a
MALDI-MSI dataset acquired from FFPE tissues. There was a general difficulty with the
xylene washes, however, low abundance metabolites were still detected due to the high
resolving power of the FTICR detector. This experiment was successful in detecting and
identifying metabolites in both positive and negative ionization mode, as compared to the
literature experiments that only contained negative ionization mode."””"*® An aspect that
was in agreement from a publication from the same laboratory was that FTICR detector
was necessary for detecting low abundance and low intensity mass features from the

. 61
tissue.

Future experiments that would aid in understanding the metabolomic MALDI-MSI
analysis of FFPE tissues could include an LC-MS/MS analysis of the xylene wash to
determine which metabolite were washed away during the paraffin removal step. This
could simply be done by drying down the xylene wash and reconstituting in the mobile
phase then running a general LC-MS/MS metabolite analysis on the sample. It would be
interesting to see which metabolites are seen in both the on-tissue MALDI-MSI data as
well as the xylene wash. Another aspect that could have been added to the current
experiment would be to perform an H&E stain of the tissue after the MALDI-MSI dataset
was acquired. This could potentially remove some discrepancy between the H&E stained
images provided and the MALDI-MSI ion heat maps. However, a pathologist would still

be needed to accurately define the cancerous region on the new H&E stained image.
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Once these additional steps have been added to the experiment, a more intensive and
large sample size dataset would be required to determine biomarkers that are statistically
relevant in determining cancer from non-cancer tissue. A minimum of 30 samples would
be best for this larger scale experiment, but as always, the more samples the better. This
larger sample size could potentially reveal a metabolomic pathway that is present in
colorectal liver metastasis. Additionally, if the sample size was large enough and there
were enough tissue sections, proteomic analyses could also be performed. This could lead
to a potential meta-omic analysis that could find links between proteins and metabolites
that are affected by colorectal liver metastasis. Originally a bottom-up proteomic
approach was within the scope of the current experiment. This lead to the full literature
search of bottom-up FFPE experiments found in Supplementary Table 3, Supplementary
Table 4, and Supplementary Table 5. Unfortunately, time and the number of tissues

available was a limiting factor and this aspect of the project was not completed.
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Chapter 5: Conclusions & Future Directions

The three data chapters included in this thesis have an overarching theme of the
optimization of sample preparation methods and data processing workflows related to
MALDI-MSI. MALDI-MSI is an extremely useful technique for the multiplexed analysis
of thousands of mass features. A difficult aspect of MALDI-MSI is the extremely large
amounts of data that need an unbiased analysis to sift out the biologically relevant mass
features. An optimized sample preparation can lead to a higher number of biologically
significant mass features in the final dataset. On the other hand, a data processing
workflow that is catered specifically to each dataset is also crucial for finding the
biologically significant mass features. Both aspects were researched throughout this
thesis. Sample preparation methods for the analysis of bottom-up proteomics in prostate
cancer tissues and metabolomics in colorectal liver metastasis FFPE tissues were
undertaken in Chapters Two and Four, respectively. Results of these chapters revealed
mass features that were localized to the general cancerous regions of the tissues analyzed.
However, conclusions from these experiments deemed it necessary to have a greater
number of cancerous samples for general biomarker discovery. A workflow for data
processing and statistical analysis was developed in Chapter Three. The result of the
curated workflow found many different metabolites affected by thyroid hormone during
metamorphosis. The research presented in this thesis was successful in exploring sample

preparation methods and greatly optimizing data processing for MALDI-MSI analyses.
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Appendix

Supplementary Table 1 — Summary of literature search for method protocol steps for preparing a tissue for bottom-up proteomic
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Cut Mount Dry Wash Trypsin Incubation | Matrix Deposition Ref
Tissue | Tissue Deposition
10 um | thaw- 50 mM 0.n. at 37 °C | 5 mg/mL CHCA (equimolar aniline - 1 mL has | **°
mounted ammonium | with 5% 2.4 pl) using SunCollect. First two layers at 3
bicarbonate | carbon uL/minute and last three layers at 3.5
(pH 8.4) dioxide uL/minute
with 0.5%
OcGlc
deposited in
5 layers of 2
uL/ using
SunCollect
sprayer
10 um | RT slide 15 1. 2x 70% 100 ng/pLin | 2 hours,4 | DHB (30 mg/mL in 50:50 methanol/water/1% | '*°
minutes EtOH 50 mM hours, and | TFA) or CHCA (5 mg/mL in 50:50
in 2.100% ammonium | o.n. at 37 °C | ACN/water/2% TFA) using modified
vacuum EtOH bicarbonate | in humidity | ImagePrep methods
desiccator with chamber
ImagePrep
using
standard
protocol




109

161

10 um | thaw- 1. EtOH 50% | 0.05 pg/pL | 2 hours at 10 mg/mL CHCA with aniline in
mounted to 90% 1 in 0.1% 37 "C with ACN:water:TFA 1:1:0.1
minute OcGlc using | 5% carbon
2. Sun-Collect | dioxide
chloroform | spotter
30 seconds
10 pm 1.95% EtOH | 20 pg/mL 2 hours 37 | 10 mg/mL CHCA in ACN 0.1% TFA (6:4) using | **
15 seconds | trypsinin 20 | °Cin humid | printer
2. mM atmosphere
chloroform | ammonium
1 minute bicarbonate
using
printer
10 pm | thaw- 10 1. 70% EtOH | 20 pg/mL 1 hour of CHCA/aniline (1.5 eq aniline (36 pL for 5 mL) | **
mounted | minutes 30 seconds | trypsinin deposition, | in 10 mg/mL 7:3 ACN/water/0.1% TFA
in 2.95% EtOH | 50mM no
vacuum 30 seconds | ammonium | additional
desiccator | 3. bicarbonate | incubation
chloroform | total of 40 time
30 seconds nL per spot
with printer
20 um | thaw- 30 1. Aerniet | 0.1pg/uLin |2.5hatRT | 30 mg/mL DHB in 50:50 acetone/water/0.5% | '**
mounted minutes al. method 30mM TFA with pneumatic sprayer
in 2. ammonium
desiccator | EtOH:acetic | bicarbonate
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acid:water manually
90:9:1 deposited
20 um | thaw- 30 1. Aerniet | 0.05pg/uL | incubated | 30 mg/mL DHB in 50:50 acetone/water/0.5% | '*
mounted minutes al. method trypsinin between TFA with pneumatic sprayer
in 2. 10mM trypsin
desiccator | EtOH:acetic | ammonium | deposition;
acid:water bicarbonate | atend
90:9:1 30 with home- | incubated
seconds built at37°Cat
3. water to pneumatic 100%
neutralize sprayer humidity
pH o.n.
10 pm chloroform | 0.05 ug/ulL 10 mg/mL CHCA in ACN/TFA 0.1% (6:4) with | '®°
5 seconds in water ImagePrep then sonicated for 2 minutes
with printer
10 um | corona- 1. 2x 70% 100 ng/uL 0.n.at 37 °C | 9-AA, SA, and CHCA using ImagePrep default | **’
discharged EtOH 1 preparedin | in humid concentrations and depositions (except 9-AA
adhesion minute 50mM atmosphere | with DHB deposition)
2.100% acetic acid then dried
EtOH 2 and in
minutes activated in | desiccator
80 mM for 30
ammonium | minutes

bicarbonate.

200 L
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deposited
with
ImagePrep
whole 1. water 100 ng/uLin | 1 hour 7 g/L CHCA in 50% acetonitrile (0.2% TFA) 168
lens (extensively) | 10 mM with ImagePrep
2.70% EtOH | ammonium
1 minute bicarbonate
3.100% with
EtOH 1 ImagePrep
minute
10 pm 1. 100% 50 ng/pLin | o.n.at 37 °C | 10 g/L CHCA in 50% acetonitrile (0.1% TFA) 169
EtOH 30 0.01% OcGlc with ImagePrep
seconds with printer
2.70% EtOH
2 minutes
3.
chloroform
30 seconds
12 pm | thaw- 10 1. 70% EtOH | 50 ng/pLin | o.n.at 37 °C | 10 g/L CHCA in 50% acetonitrile (0.1% TFA) 170
mounted minutes 30 sections | 0.01% OcGlc with ImagePrep
in 2. with printer
vacuum chloroform
desiccator | 30 seconds
12 pm | thaw- 30 1. 70% EtOH | 20 pgin 40 CHCA or DHB 7t
mounted minutes 2.2x95% pL of 50 mM




112

in
vacuum
desiccator

EtOH
3.90:9:1
EtOH acetic
acid water
30 seconds
(30 seconds
each for
protein
analysis and
10 seconds
each for
peptide
analysis)

acetic acid.
Then 200 plL
100 mM
ammonium
bicarbonate

(pH 8)




Supplementary Table 2 — MALDI-MSI bottom-up proteomic analysis Mann-Whitney U test p-values.

Wash Optimization Experiment
Peak Intensity basic basic + acetic basic + bicarb Carnoy's
basic + acetic < 2e-16 - - -
basic + bicarb < 2e-16 0.017 - -
Carnoy's 0.017 < 2e-16 < 2e-16 -
no wash 0.08 <2e-16 <2e-16 1.90E-05
Peak Count basic basic + acetic basic + bicarb Carnoy's
basic + acetic 2.30E-10 - - -
basic + bicarb 8.80E-06 0.0034 - -
Carnoy's 0.0034 3.50E-13 6.30E-10 -
no wash 0.0093 0.511 0.3678 0.0015

Trypsin Digestion Incubation Time Experiment

MCAEF Optimization Experiment

Peak Intensity

Peak Count

Peak Intensity

Peak Count

< 2.2e-16

0.0004237

< 2.2e-16

5.91E-05
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Supplementary Table 3 — Summary of recently published proteomic MALDI-MSI experiments on FFPE tissues.

RT - room temperature; ACN — acetonitrile; secs — seconds; min — minutes; hr — hours; TFA — trifluoroacetic acid
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172

157

33

173

174

159

solution to boiling
in microwave

2. transfer slide to
solution

chamber" program;
allow to cool for 10
min on counter

min

min

Ref
Cut Tissue | not described in 4 pm 5 pm 2 um 5um 5um

detail
Mount not described in not water mount; first not described in | not described in | not described in
Tissue detail described in | into RT, then into detail detail detail

detail water at 47-50 °C
Heat Fix 10 min at 60°C 70 °Cfor 1h | 37 °Cfor 8 hours not described in | not described in | stored at RT
Tissue hotplate detail detail
Air Dry not described in not not described in not described in | not described in | not described in
Tissue detail described in | detail detail detail detail
detail

Paraffin 2x xylene for 20 2x xylene 8 2x xylene 3 min 2x xylene 3 min | 2x xylene 3 min not described in
Removal min min detail
Wash 1.100% EtOH 5 not 1. 2x 100% EtOH 1 1. 2x 100% 1. 2x 100% EtOH | 1. water

min described in | min EtOH 1 min 1 min 2.dry

2.95% EtOH 5 min | detail 2.1x95% EtOH 1 2.96% EtOH 1 2.95% EtOH 1 3.70% EtOH 1 min

3. 80% EtOH 5 min min min min 4.90% EtOH 1 min

4.70% EtOH 5 min 3.1x 70% EtOH 1 3.70% EtOH 1 3.70% EtOH 1 5. chloroform 15

min min min secs
4. 2x water 3 min

Antigen 1. Warm up 10 mM | not using 10 mM TRIS 10 mM Tris 10 mM Tris heated for 4
Retrieval Tris Base-1 M described in | buffer and buffer (pH 9.0) | buffer (pH 9.0) minutes at 50%

MEDTA pH 9.0 detail "decloaking at 95 Cfor 20 at 95 C for 20 power in 0.01M

trisodium citrate
(pH 6.3) then
cooled to RT
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3. boil for 20 minin
the microwave

Wash water 5 min not rinse 5x by pouring | not described in | not described in | not described in
described in | out half of liquid detail detail detail
detail and topping up with
water; final rinse
with 100% water
Dry 10 min at 40°C air dry stand vertically on not described in | not described in | air dry
hotplate paper towel until detail detail
completely dry;
then vacuum
desiccator until
needed
Trypsin Prepare 0.5 ug/uL | no trypsin 100 pg in 200 uL 50 | 0.1 pg/puLin 40 | 0.1 pg/uL trypsin | 50 mM
Deposition | trypsinin 50 mM digestion mM acetic acid. 100 | mM ammonium | in 40 mM ammonium
acetic acid. Dilute ulL of stock with 500 | bicarbonate ammonium bicarbonate (pH
50 pL of stock with pL 100 mM and 10% bicarbonate and | 8.4) with 0.5%
500 pL 100 mM ammonium acetonitrile 10% ACN using OcGlc deposited in
ammonium bicarbonate then ImagePrep (24 | ImagePrep using | 5 layers of 2
bicarbonate using add 60 pL cycles) standard uL/min using
microspotter acetonitrile in water protocol SunCollect sprayer
and vortex;
deposition with
printer
Trypsin 5 min at RT no trypsin not described 37 Cfor1.5hin | 1.5hat37Cin o.n. at 37 °C with
Digestion digestion humidity humidity 5% CO2
chamber chamber
Matrix CHCA (7 g/Lin 10 mg/mL9- | CHCA (10 mg/mLin | CHCA (7 mg/mL | CHCA (7 mg/mL | 5 mg/mL CHCA
Deposition | ACN/water 1:1 AAin 70% 50% ACN and 0.5% | in 50/50 in 50% (containing
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with 0.2% TFA)
with ImagePrep
with standard
CHCA method

methanol
with
SunCollect
sprayer

TFA sonicate for 10
minutes; deposition
with printer

ACN/0.5% TFA
using
ImagePrep

acetonitrile and
0.5% TFA) using
ImagePrep using
standard
protocol

equimolar aniline -
1 mL has 2.4 pL)
using SunCollect.
First two layers at
3 uL/min and last
three layers at 3.5
uL/min
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Supplementary Table 4 — Continuation of Supplementary Table 3 — Summary of recently published proteomic MALDI-MSI experiments
on FFPE tissues.
RT - room temperature; ACN — acetonitrile; secs — seconds; min — minutes; hr — hours; TFA — trifluoroacetic acid

160

161

175

176

177

178

bath
3. cooled for 5 min

bicarbonate 5
min

Ref
Cut Tissue | 6 um 10 um 3 pum 6 um 6 um 10 um
Mount water mounted then dried | thaw mounted not water mounted water not described
Tissue at 37 Cfor 16 hr described in mounted in detail
detail
Heat Fix 60 Cfor1 hr not described in | not in Coplin jar at not described | not described
Tissue detail described in | RT; or Coplin jar in detail in detail
detail incubated at 56
°C
Air Dry not described in detail not described in | not tissue face up on | not described | not described
Tissue detail described in | heating block at in detail in detail
detail 60 °C for 1 hr
Paraffin 2x xylene 5 min 2x xylene 5 min | not 2x 100% xylene not described | 2x xylene 5 min
Removal described in | for 5 min in detail
detail
Wash 1. 2x 100% EtOH 2 1. EtOH from not 2x 100 EtOH 2 not described | 1. 100% EtOH
minutes 100% to 70% 2 described in | min in detail 2.95% EtOH
2.2x 10mM ammonium min detail 3.70% EtOH
bicarbonate 3 minutes 2. CHCI3 30
seconds
Antigen 1. 10 mM citric acid (pH not described in | "antigen 1. place slide in not described | not described
Retrieval 6.0) pulse boiled in a detail retrieved" Coplin jar in detail in detail
microwave for 10 min 2.2x10mM
2. 30 min at 98 C water ammonium
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3. 10mM citric
acid
monohydrate at
pH 6, microwave
until boiling,
maintain near
boiling point for
10 min

4. transfer Coplin
jar to heating
block at 98 °C for
30 min; allow to
cool to RT when
done

Wash 2x 10 mM ammonium not described in | not 2x 10mM not described | not described
bicarbonate 1 min detail described in | ammonium in detail in detail
detail bicarbonate 1
min
Dry vacuum desiccator 5 not described in | not 5-10 min in not described | RT
minutes detail described in | desiccator no in detail
detail vacuum
Trypsin 100 ng/uL in 50 mM Tris 0.05 pg/uL in 0.5 pg/uL 1. 100 pg trypsin | 200 pL 100 0.1 pg/uL
Deposition | base (pH 8.3) with 0.1% OcGlc with +200 pL 5 mM ng/uL in 25 trypsinin 25
ImagePrep using standard | using Sun- ImagePrep sodium mM mM
protocol Collect spotter bicarbonate ammonium ammonium
2.40 pL above + bicarbonate bicarbonate
160 pL 26 mM using filtered
sodium ImagePrep microspotter

bicarbonate
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3.200 pLinto
ImagePrep
Trypsin 2 hr at 37 Cin humidity 2hrat 37 °Cwith | 1.5hrat 37 C | immediately into | 2 hrin humid | not described
Digestion chamber 5% CO2 in humidity | humid box at 37 C in detail
chamber environment at
37 °Cfor 2hr
Matrix DHB (30 mg/mL in 50:50 10 mg/mL CHCA | CHCA (7 7 mg/mL CHCA (> | CHCA (7 CHCA
Deposition | methanol/water/1% TFA) | with ANl in mg/mL in 5mL) with default | mg/mL in 50%
or CHCA (5 mg/mLin ACN:water:TFA | 50/50 CHCA method acetonitrile
50:50 ACN/water/2% TFA) | 1:1:0.1 ACN/0.5% and 0.2% TFA)
with ImagePrep with TFA) with using
modified matrix ImagePrep ImagePrep

deposition methods
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Supplementary Table 5 — Continuation of Supplementary Table 3 and Supplementary Table 4 - Summary of recently published

proteomic MALDI-MSI experiments on FFPE tissues.
RT - room temperature; ACN — acetonitrile; secs — seconds; min — minutes; hr — hours; TFA — trifluoroacetic acid

179

180

181

182

183

184

Ref

Cut Tissue | 5pum 10 um 10 um 12 um 12 um 5um

Mount water mounted not described | not described in | thaw mounted not described in not

Tissue in detail detail detail described in

detail

Heat Fix 80 °C for 20 min not described | not described in | not described in not described in lhrat65C

Tissue in detail detail detail detail

Air Dry not described | not described in | 10 min in desiccator | not described in not

Tissue not described in in detail detail detail described in
detail detail

Paraffin 2x xylene 2 min 2x toluene 5 2x toluene 5 not described in 3x xylene 2

Removal min min detail min

Wash 1.70% EtOH 30secs | 1.100% EtOH | 1.100% EtOH 1. 70% isopropanol | not described in 1. 2x 100%
2.95% EtOH 30 secs | 2.96% EtOH 2.96% EtOH 30 secs detail EtOH 3 min
3. Carnoy's fluid 2 3.70% EtOH 3.70% EtOH 2. 95% isopropanol 2.70%
min 4.30% EtOH 4.30% EtOH 30 secs EtOH 3 min
4.100% EtOH 30 secs 3. 2x water
5. water 30 secs 2 min
6. 100% EtOH 30 secs

Antigen submerged in not described | not described in | not described in not described in 10 mM

Retrieval 20mmol Tris-HCl (pH | in detail detail detail detail citric acid at
8.8) then in pressure 97 Cfor 30
cooker for 15 min min

Wash not described in not described | not described in | not described in not described in Coplin jar
detail in detail detail detail detail with water
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for 2
minutes
Dry cool and dried at RT | RT RT not described in not described in not
detail detail described in
detail
Trypsin 1.10 mLof 1 mg/mL | 0.05 pg/pLin | 0.033 pg/uL Prepare trypsin in 20 ugin 200 uL 50 | 100 ng/pL
Deposition | trypsin in water water with trypsin in 25 50 mM acetic acid. mM ammonium with
pipetted onto tissue | printer mM Tris buffer | Dilute stock with bicarbonate buffer | ImagePrep
2. dried at 25 °C with (pH 7.4) 500 puL 100 mM (pH 8) for final
filter ammonium concentration of
3. 650 uL 50:50 bicarbonate for final | 0.5 pg/uL with
50mM ammonium conc. Of 0.038 ImagePrep
bicarbonate/100% ug/uL using
ACN microspotter
Trypsin Vapour chamber at not described | RT, trypsin RT for 3 hr 3hrat37Cin 2hrat45C
Digestion 37 °C overnight in detail spotted ever 10 humid conditions
min. Stopped by
rinsing in 80%
cold ethanol;
allowed to dry
at RT
Matrix 1. CHCA sublimated 10 mg/mL CHCA (10 CHCA (10 mg/mLin | 7 g/L CHCA with CHCA (7
Deposition | onto slide to achieve | CHCA in mg/mLin 1:1 ACN/0.5% TFA ImagePrep mg/mL)
ideal coverage of 0.2 | ACN/TFA 0.1% | ACN/water, TFA with
mg/cm?2 (6:4) with 0.1% (6:4) with ImagePrep
2. 650 pL of 50% ImagePrep 1 eq aniline);
CAN/0.1% TFA then

pipetted onto tissue

sonicated for
2 min

sonicated for 2
min
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3. Vapour chamber at
37 °Cfor 1hr
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Supplementary Table 6 — Summary of all bottom-up proteomic m/z values found in prostate cancer by MALD-MSI accurate mass
matched to LC-MS/MS data for peptide identification and corresponding protein assignments for fresh frozen prostate cancer

Protein Protein Accession Number Obs. m/z
Calmodulin 0S=Homo sapiens GN=CALM1 PE=1 SV=2 -

[CALM_HUMAN] P62158 805.4189
- No protein ID 806.3283
Transgelin OS=Homo sapiens GN=TAGLN PE=1 SV=4 -

[TAGL_HUMAN] Q01995 806.3818
- No protein ID 806.4262
Lysozyme C OS=Homo sapiens GN=LYZ PE=1 SV=1 -

[LYSC_HUMAN] P61626 811.3777
- No protein ID 815.4378
Histone H2B type 1-O OS=Homo sapiens GN=HIST1H2BO PE=1

SV=3 - [H2B10_HUMAN]; Histone H2B type 1-K OS=Homo

sapiens GN=HIST1H2BK PE=1 SV=3 - [H2B1K_HUMAN] P23527;060814 816.4570
Hemoglobin subunit alpha OS=Homo sapiens GN=HBA1 PE=1

SV=2 - [HBA_HUMAN]; HCG1745306, isoform CRA_a OS=Homo

sapiens GN=HBA2 PE=3 SV=1 - [G3V1IN2_HUMAN]; SWISS-

PROT:P01966 (Bos taurus) Hemoglobin subunit alpha P69905; G3V1N2; P01966 818.4402
Histone H1.0 OS=Homo sapiens GN=H1FOQ PE=1 SV=3 -

[H10_HUMAN] P07305 837.4211
Histone H1.3 OS=Homo sapiens GN=HIST1H1D PE=1 SV=2 -

[H13_HUMAN] P16402 842.5088
Calponin-1 OS=Homo sapiens GN=CNN1 PE=1 SV=2 -

[CNN1_HUMAN] P51911; K7ENC5 846.4807
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Histone H2A (Fragment) OS=Homo sapiens GN=H2AFJ PE=3

SV=1 - [HOYFX9_HUMAN] HOYFX9 850.5260
Transgelin OS=Homo sapiens GN=TAGLN PE=1 SV=4 -

[TAGL_HUMAN] Q01995 854.3818
Prostate-specific antigen OS=Homo sapiens GN=KLK3 PE=1

SV=2 - [KLK3_HUMAN] P07288 854.4022
- No protein ID 856.5244
Calponin-1 OS=Homo sapiens GN=CNN1 PE=1 SV=2 -

[CNN1_HUMAN] P51911 860.3998
Collagen alpha-2(l) chain OS=Homo sapiens GN=COL1A2 PE=1

SV=7 - [CO1A2_HUMAN] P08123 868.4632
- No protein ID 870.5407
- No protein ID 874.4816
Tropomyosin 1 (Alpha) isoform 3 OS=Homo sapiens GN=TPM1

PE=3 SV=1 - [D9YZV3_HUMAN] D9YZV3;P09493-7;Q6ZN40;P06753 875.4494
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 875.5108
Cathepsin B (Fragment) OS=Homo sapiens GN=CTSB PE=4

SV=1 - [E9PJ67_HUMAN] E9PJ67 876.4537
Creatine kinase B-type OS=Homo sapiens GN=CKB PE=1 SV=1 -

[KCRB_HUMAN] P12277 878.5060
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 880.4397
Actin, gamma-enteric smooth muscle OS=Homo sapiens

GN=ACTG2 PE=1 SV=1 - [ACTH_HUMAN]; Nuclease-sensitive P63267;P60709 880.5002
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element-binding protein 1 OS=Homo sapiens GN=YBX1 PE=1
SV=3 - [YBOX1_HUMAN]

Tropomyosin 1 (Alpha) isoform 3 OS=Homo sapiens GN=TPM1

D9YZV8;P09493-3;D9YZV3;P09493-
7;Q6ZN40;J3KN67;P06753;P07951-2;P07951-

PE=3 SV=1 - [D9YZV3_HUMAN] 3;P67936;P67936-2 894.4687
Myosin, heavy chain 11, smooth muscle OS=Homo sapiens

GN=MYH11 PE=2 SV=1 - [Q3MIV8_HUMAN] Q3MIV8 901.5003
Myosin, heavy chain 11, smooth muscle OS=Homo sapiens

GN=MYH11 PE=2 SV=1 - [Q3MIV8_HUMAN] Q3MIV8 903.5122
Isoform 2 of Tropomyosin beta chain OS=Homo sapiens

GN=TPM2 - [TPM2_HUMAN] P07951-2;P07951-3 916.4738
Complement C3 OS=Homo sapiens GN=C3 PE=1 SV=2 -

[CO3_HUMAN] P01024 917.5620
High mobility group protein B1 OS=Homo sapiens GN=HMGB1

PE=2 SV=1- [Q5T7C4_HUMAN] Q5T7¢C4 925.4492
- No protein ID 926.5052
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 927.4935
Thiosulfate sulfurtransferase/rhodanese-like domain-

containing protein 1 OS=Homo sapiens GN=TSTD1 PE=1 SV=3 -

[TSTD1_HUMAN] Q8NFU3 930.5520
- No protein ID 930.5640
Hemoglobin subunit beta OS=Homo sapiens GN=HBB PE=1

SV=2 - [HBB_HUMAN]; Hemoglobin subunit delta OS=Homo

sapiens GN=HBD PE=1 SV=2 - [HBD_HUMAN] P68871 932.5198
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Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 940.4482
Synemin OS=Homo sapiens GN=SYNM PE=1 SV=2 -

[SYNEM_HUMAN] 015061 943.4992
Histone H2A OS=Homo sapiens GN=H2AFV PE=3 SV=3 -

[A8MQC5_HUMAN] A8MQC5 944.5313
- No protein ID 948.5359
- No protein ID 948.5371
Vitamin D-binding protein OS=Homo sapiens GN=GC PE=1

SV=1 - [VTIDB_HUMAN] P02774 952.5094
Hemoglobin subunit beta OS=Homo sapiens GN=HBB PE=1

SV=2 - [HBB_HUMAN] P68871; P02042 952.5098
Hemoglobin subunit delta OS=Homo sapiens GN=HBD PE=1

SV=2 - [HBD_HUMAN] P02042 959.5292
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 960.5628
- No protein ID 961.4336
- No protein ID 974.4922
Calponin-1 OS=Homo sapiens GN=CNN1 PE=1 SV=2 -

[CNN1_HUMAN] P51911; K7ENC5 974.5785
Actin, gamma-enteric smooth muscle OS=Homo sapiens

GN=ACTG2 PE=1 SV=1 - [ACTH_HUMAN]; Nuclease-sensitive

element-binding protein 1 OS=Homo sapiens GN=YBX1 PE=1

SV=3 - [YBOX1_HUMAN] P63267; P60709 976.4475
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Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 984.4885
Isoform 2 of Nucleophosmin OS=Homo sapiens GN=NPM1 -

[NPM_HUMAN] P06748-2 985.5685
Heat shock protein beta-1 OS=Homo sapiens GN=HSPB1 PE=1

SV=2 - [HSPB1_HUMAN] P04792 987.6087
Histone H4 OS=Homo sapiens GN=HIST1H4A PE=1 SV=2 -

[H4_HUMAN] P62805 989.5786
Calponin-1 OS=Homo sapiens GN=CNN1 PE=1 SV=2 -

[CNN1_HUMAN] P51911 993.5182
- No protein ID 999.5111
Superoxide dismutase OS=Homo sapiens GN=SOD2 PE=2 SV=1

- [B3KUK2_HUMAN] B3KUK2 1004.5524
Calponin-1 OS=Homo sapiens GN=CNN1 PE=1 SV=2 -

[CNN1_HUMAN] P51911 1009.5142
Apolipoprotein A-l 0S=Homo sapiens GN=APOA1 PE=1 SV=1 -

[APOA1_HUMAN] P02647 1012.5771
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 1013.6001
Isoform 2 of Alpha-1-antitrypsin OS=Homo sapiens

GN=SERPINAL1 - [A1IAT_HUMAN] P01009-2 1015.6156
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 1019.5796
Profilin-1 OS=Homo sapiens GN=PFN1 PE=1 SV=2 -

[PROF1_HUMAN] P07737 1023.5584
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Selenium-binding protein 1 0OS=Homo sapiens GN=SELENBP1

PE=1SV=2 - [SBP1_HUMAN] Q13228 1025.5993
Protein cramped-like OS=Homo sapiens GN=CRAMP1L PE=4

SV=1 - [J3KRO7_HUMAN] J3KRO7 1028.6004
Desmin OS=Homo sapiens GN=DES PE=1 SV=3 -

[DESM_HUMAN] P17661 1032.5416
Mimecan OS=Homo sapiens GN=OGN PE=1 SV=1 -

[MIME_HUMAN] P20774 1039.6145
Prolargin OS=Homo sapiens GN=PRELP PE=1 SV=1 -

[PRELP_HUMAN] P51888 1044.5218
Tropomyosin 1 (Alpha) isoform 3 OS=Homo sapiens GN=TPM1

PE=3 SV=1 - [D9YZV3_HUMAN] D9YZV8;P09493-7;P07951-3 1045.5299
Trypsin - Sus scrofa (Pig). - [TRYP_PIG] P0O0761 SWISS-PROT:P00761 1045.5639
Calponin-1 OS=Homo sapiens GN=CNN1 PE=1 SV=2 -

[CNN1_HUMAN] P51911 1046.5259
- No protein ID 1060.4695
Mimecan OS=Homo sapiens GN=OGN PE=1 SV=1 -

[MIME_HUMAN] P20774 1060.5427
Ubiquitin (Fragment) OS=Homo sapiens GN=RPS27A PE=4

SV=1 - [J3QTR3_HUMAN] J3QTR3 1067.6206
CD99 antigen OS=Homo sapiens GN=CD99 PE=4 SV=1 -

[A6NIW1_HUMAN] A6NIW1 1069.5368
Hemoglobin subunit alpha OS=Homo sapiens GN=HBA1 PE=1

SV=2 - [HBA_HUMAN]; HCG1745306, isoform CRA_a OS=Homo | P69905; G3V1N2; P01966 1071.5542
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sapiens GN=HBA2 PE=3 SV=1 - [G3V1N2_HUMAN]; SWISS-
PROT:P01966 (Bos taurus) Hemoglobin subunit alpha

Isoform 2 of Tropomyosin beta chain OS=Homo sapiens

P07951-2;P67936-2;P09493-
3;D9YZV3;D9YZV8;J13KN67;P06753;P09493-

GN=TPM2 - [TPM2_HUMAN] 7;Q6ZN40 1073.5598
- No protein ID 1078.5371
Histone H2B type 1-M OS=Homo sapiens GN=HIST1H2BM

PE=1SV=3 - [H2B1M_HUMAN] Q99879 1078.5636
- No protein ID 1080.5428
Transgelin OS=Homo sapiens GN=TAGLN PE=1 SV=4 -

[TAGL_HUMAN] Q01995 1082.4636
Isoform 2 of Hamartin OS=Homo sapiens GN=TSC1 -

[TSC1_HUMAN] Q92574-2 1082.4636
Hemoglobin subunit alpha OS=Homo sapiens GN=HBA1 PE=1

SV=2 - [HBA_HUMAN]; HCG1745306, isoform CRA_a OS=Homo

sapiens GN=HBA2 PE=3 SV=1 - [G3V1IN2_HUMAN]; SWISS-

PROT:P01966 (Bos taurus) Hemoglobin subunit alpha P69905;G3V1IN2 1087.5477
- No protein ID 1090.5688
Purkinje cell protein 4 0OS=Homo sapiens GN=PCP4 PE=2 SV=3 -

[PCP4_HUMAN] P48539 1090.6004
Hemoglobin subunit beta OS=Homo sapiens GN=HBB PE=1

SV=2 - [HBB_HUMAN]; Hemoglobin subunit delta OS=Homo

sapiens GN=HBD PE=1 SV=2 - [HBD_HUMAN] P68871; P02042 1101.5498
- No protein ID 1104.6289
- No protein ID 1105.5528
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Hemoglobin subunit beta OS=Homo sapiens GN=HBB PE=1
SV=2 - [HBB_HUMAN]; Hemoglobin subunit delta OS=Homo

sapiens GN=HBD PE=1 SV=2 - [HBD_HUMAN] P68871; P02042 1126.5643
Zinc-alpha-2-glycoprotein OS=Homo sapiens GN=AZGP1 PE=1

SV=2 - [ZA2G_HUMAN] P25311 1127.5656
Isoform 2 of Lactotransferrin OS=Homo sapiens GN=LTF -

[TRFL_HUMAN] P02788-2 1129.6015
High mobility group protein B1 OS=Homo sapiens GN=HMGB1

PE=2 SV=1- [Q5T7C4_HUMAN] Q5T7¢C4 1133.6271
Dermatopontin OS=Homo sapiens GN=DPT PE=2 SV=2 -

[DERM_HUMAN] Q07507 1139.5719
Creatine kinase B-type OS=Homo sapiens GN=CKB PE=1 SV=1 -

[KCRB_HUMAN] P12724 1143.5271
Isoform 3B of Myosin light chain kinase, smooth muscle

OS=Homo sapiens GN=MYLK - [MYLK_HUMAN] Q15746-4 1145.5752
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 1149.6144
Hemoglobin subunit beta OS=Homo sapiens GN=HBB PE=1

SV=2 - [HBB_HUMAN]; Hemoglobin subunit delta OS=Homo

sapiens GN=HBD PE=1 SV=2 - [HBD_HUMAN] P68871; P02042 1149.6737
Heat shock protein beta-1 OS=Homo sapiens GN=HSPB1 PE=1

SV=2 - [HSPB1_HUMAN] P04792 1163.6220
Isoform 2 of Collagen alpha-1(I1V) chain OS=Homo sapiens

GN=COL4A1 - [CO4A1_HUMAN] P02545-2 1165.5479
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Isoform 2 of Tropomyosin beta chain OS=Homo sapiens
GN=TPM2 - [TPM2_HUMAN]

P07951-2;P07951-3;P67936;P67936-2

1170.6736

Actin, gamma-enteric smooth muscle OS=Homo sapiens
GN=ACTG2 PE=1 SV=1 - [ACTH_HUMAN]; Nuclease-sensitive
element-binding protein 1 OS=Homo sapiens GN=YBX1 PE=1
SV=3 - [YBOX1_HUMAN]

P63267;P60709

1171.5710

Histone H4 OS=Homo sapiens GN=HIST1H4A PE=1 SV=2 -
[H4_HUMAN]

P62805

1180.6212

Tropomyosin 1 (Alpha) isoform 3 OS=Homo sapiens GN=TPM1
PE=3 SV=1 - [D9YZV3_HUMAN]

D9YZV8;P09493-3;D9YZV3;P09493-7;Q6ZN40

1186.6682

Tropomyosin 1 (Alpha) isoform 3 0S=Homo sapiens GN=TPM1
PE=3 SV=1 - [D9YZV3_HUMAN]

D9YZV8;P09493-3;D9YZV3;P09493-7;Q6ZN40

1187.5624

No protein ID

1193.6511

Isoform 2 of Small ubiquitin-related modifier 2 OS=Homo
sapiens GN=SUMO?2 - [SUMO2_HUMAN]

P61956-2

1197.5846

Actin, gamma-enteric smooth muscle OS=Homo sapiens
GN=ACTG2 PE=1 SV=1 - [ACTH_HUMAN]; Nuclease-sensitive
element-binding protein 1 OS=Homo sapiens GN=YBX1 PE=1
SV=3 - [YBOX1_HUMAN]

P63267

1198.7054

Actin, gamma-enteric smooth muscle OS=Homo sapiens
GN=ACTG2 PE=1 SV=1 - [ACTH_HUMAN]; Nuclease-sensitive
element-binding protein 1 OS=Homo sapiens GN=YBX1 PE=1
SV=3 - [YBOX1_HUMAN]

P63267;P60709

1198.7054

Actin, gamma-enteric smooth muscle OS=Homo sapiens
GN=ACTG2 PE=1 SV=1 - [ACTH_HUMAN]; Nuclease-sensitive

P63267;P60709

1198.7057
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element-binding protein 1 OS=Homo sapiens GN=YBX1 PE=1
SV=3 - [YBOX1_HUMAN]

Tropomyosin 1 (Alpha) isoform 3 OS=Homo sapiens GN=TPM1

PE=3 SV=1 - [D9YZV3_HUMAN] D9YZV8;P09493-7;P07951-3 1201.6214
Isoform 3 of Synaptopodin-2 OS=Homo sapiens GN=SYNPO?2 -

[SYNP2_HUMAN] Q9UMS6-3 1203.5577
- No protein ID 1205.5938
Tropomyosin 1 (Alpha) isoform 3 OS=Homo sapiens GN=TPM1

PE=3 SV=1 - [D9YZV3_HUMAN] D9YZV8;P09493-3;D9YZV3;P09493-7;Q6ZN40 1210.5553
Transgelin OS=Homo sapiens GN=TAGLN PE=1 SV=4 -

[TAGL_HUMAN] Q01995 1210.5553
Transgelin OS=Homo sapiens GN=TAGLN PE=1 SV=4 -

[TAGL_HUMAN] Q01995 1211.6297
Myosin, heavy chain 11, smooth muscle OS=Homo sapiens

GN=MYH11 PE=2 SV=1 - [Q3MIV8_HUMAN] Q3MIV8 1214.5567
Apolipoprotein A-l 0S=Homo sapiens GN=APOA1 PE=1 SV=1 -

[APOA1_HUMAN] P02647 1215.6227
Purkinje cell protein 4 0OS=Homo sapiens GN=PCP4 PE=2 SV=3 -

[PCP4_HUMAN] P48539 1218.6959
Cytochrome b-c1 complex subunit 6, mitochondrial 0S=Homo

sapiens GN=UQCRH PE=1 SV=2 - [QCR6_HUMAN] P07919 1219.5666
Cold-inducible RNA-binding protein OS=Homo sapiens

GN=CIRBP PE=1 SV=1 - [CIRBP_HUMAN] Q14011 1220.6874
Transgelin OS=Homo sapiens GN=TAGLN PE=1 SV=4 -

[TAGL_HUMAN] Q01995 1221.6375
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Transgelin OS=Homo sapiens GN=TAGLN PE=1 SV=4 -

[TAGL_HUMAN] Q01995 1227.6240
Decorin OS=Homo sapiens GN=DCN PE=1 SV=1 -

[PGS2_HUMAN] P07585 1233.6118
Collagen alpha-2(l) chain OS=Homo sapiens GN=COL1A2 PE=1

SV=7 - [CO1A2_HUMAN] P08123 1235.6086
Tropomyosin 1 (Alpha) isoform 3 OS=Homo sapiens GN=TPM1 | D9YZV8;P09493-3;D9YZV3;J3KN67;P06753;P07951-

PE=3 SV=1 - [D9YZV3_HUMAN] 2;P07951-3;P09493-7;P67936;P67936-2;Q6ZN40 1243.6535
- No protein ID 1247.6863
Vitamin D-binding protein OS=Homo sapiens GN=GC PE=1

SV=1 - [VTIDB_HUMAN] P02787 1249.6125
- No protein ID 1252.5736
Hemoglobin subunit delta OS=Homo sapiens GN=HBD PE=1

SV=2 - [HBD_HUMAN] P02042 1256.6615
60S ribosomal protein L35a OS=Homo sapiens GN=RPL35A

PE=4 SV=1 - [F8WBS5_HUMAN] F8WBS5 1257.6196
Transgelin OS=Homo sapiens GN=TAGLN PE=1 SV=4 -

[TAGL_HUMAN] Q01995 1260.6238
Musculoskeletal embryonic nuclear protein 1 0OS=Homo

sapiens GN=MUSTN1 PE=2 SV=2 - [MSTN1_HUMAN] Q8IVN3 1269.6806
Hemoglobin subunit beta OS=Homo sapiens GN=HBB PE=1

SV=2 - [HBB_HUMAN]; Hemoglobin subunit delta OS=Homo

sapiens GN=HBD PE=1 SV=2 - [HBD_HUMAN] P68871; P02042 1274.7263
14-3-3 protein zeta/delta OS=Homo sapiens GN=YWHAZ PE=2

SV=1 - [BOAZS6_HUMAN] BOAZS6 1279.6444




134

Dynein light chain 1, cytoplasmic OS=Homo sapiens

GN=DYNLL1 PE=1 SV=1 - [DYL1_HUMAN] P63167 1282.6140
Caldesmon OS=Homo sapiens GN=CALD1 PE=1 SV=3 -

[CALD1_HUMAN] Q05682 1288.7079
- No protein ID 1290.6903
Dihydropyrimidinase-related protein 3 (Fragment) OS=Homo

sapiens GN=DPYSL3 PE=4 SV=1 - [HOYBT4_HUMAN] HOYBT4 1295.7588
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 1296.7070
Isoform 2 of Tropomyosin beta chain OS=Homo sapiens

GN=TPM2 - [TPM2_HUMAN] P07951-2;P07951-3;P67936;P67936-2 1298.7695
Apolipoprotein A-l 0S=Homo sapiens GN=APOA1 PE=1 SV=1 -

[APOA1_HUMAN] P02647;Q09666 1301.6489
Gamma-synuclein OS=Homo sapiens GN=SNCG PE=4 SV=1 -

[F8W754_HUMAN] F8W754 1302.6076
Isoform 2 of Tropomyosin beta chain OS=Homo sapiens

GN=TPM2 - [TPM2_HUMAN] P07951-2 1302.6469
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 1311.7419
Biglycan OS=Homo sapiens GN=BGN PE=2 SV=1 -

[A6GNLG9_HUMAN] A6NLG9 1312.7457
Peptidyl-prolyl cis-trans isomerase FKBP1A OS=Homo sapiens

GN=FKBP1A PE=1 SV=2 - [FKB1A_HUMAN] P62942 1314.6648
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Hemoglobin subunit beta OS=Homo sapiens GN=HBB PE=1
SV=2 - [HBB_HUMAN]; Hemoglobin subunit delta OS=Homo

sapiens GN=HBD PE=1 SV=2 - [HBD_HUMAN] P68871 1314.6648
Tropomyosin 1 (Alpha) isoform 3 OS=Homo sapiens GN=TPM1

PE=3 SV=1 - [D9YZV3_HUMAN] D9YZV8;P09493-3;D9YZV3;P09493-7;Q6ZN40 1314.7644
- No protein ID 1316.7423
Vitamin D-binding protein OS=Homo sapiens GN=GC PE=1

SV=1 - [VTIDB_HUMAN] P02787 1317.5938
Calmodulin 0S=Homo sapiens GN=CALM1 PE=1 SV=2 -

[CALM_HUMAN] P62328 1320.5981
Isoform 3B of Myosin light chain kinase, smooth muscle

OS=Homo sapiens GN=MYLK - [MYLK_HUMAN] Q15746-4 1321.7271
Histone H4 OS=Homo sapiens GN=HIST1H4A PE=1 SV=2 -

[H4_HUMAN] P62805 1325.7544
Histone H4 OS=Homo sapiens GN=HIST1H4A PE=1 SV=2 -

[H4_HUMAN] P62805 1325.7544
Hemoglobin subunit delta OS=Homo sapiens GN=HBD PE=1

SV=2 - [HBD_HUMAN] P02042 1326.8023
Isoform 2 of Tropomyosin beta chain OS=Homo sapiens

GN=TPM2 - [TPM2_HUMAN] P09493-3;D9YZV3;P07951-2;Q6ZN40 1332.6404
Thioredoxin OS=Homo sapiens GN=TXN PE=4 SV=1 -

[BIALW1_HUMAN] B1ALW1 1336.6468
Extracellular superoxide dismutase [Cu-Zn] OS=Homo sapiens

GN=SOD3 PE=1 SV=2 - [SODE_HUMAN] P08294 1337.6842
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Caldesmon OS=Homo sapiens GN=CALD1 PE=1 SV=3 -

[CALD1_HUMAN] Q05682 1340.5935
Caldesmon OS=Homo sapiens GN=CALD1 PE=1 SV=3 -

[CALD1_HUMAN] Q05682 1341.6421
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 1342.6432
Isoform 2 of Tropomyosin beta chain OS=Homo sapiens

GN=TPM2 - [TPM2_HUMAN] P07951-2 1343.6826
Tubulin-specific chaperone A OS=Homo sapiens GN=TBCA

PE=4 SV=1 - [E5RIW3_HUMAN] ESRIW3 1347.7383
Apolipoprotein A-IV OS=Homo sapiens GN=APOA4 PE=1 SV=3 -

[APOA4_HUMAN] P06727 1352.6584
Actin, gamma-enteric smooth muscle OS=Homo sapiens

GN=ACTG2 PE=1 SV=1 - [ACTH_HUMAN]; Nuclease-sensitive

element-binding protein 1 OS=Homo sapiens GN=YBX1 PE=1

SV=3 - [YBOX1_HUMAN] P63267; P60709 1354.6181
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 1358.6228
Caldesmon OS=Homo sapiens GN=CALD1 PE=1 SV=3 -

[CALD1_HUMAN] Q05682 1358.6551
Isoform 2 of Nucleophosmin OS=Homo sapiens GN=NPM1 -

[NPM_HUMAN] P06748-2 1360.6737
- No protein ID 1364.6450
- No protein ID 1365.6618
- No protein ID 1373.6362
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Isoform 2 of Collagen alpha-1(I1V) chain OS=Homo sapiens

GN=COL4A1 - [CO4A1_HUMAN] P02462-2 1373.6429
Uncharacterized protein C6orf163 OS=Homo sapiens

GN=C60rf163 PE=1 SV=2 - [CF163_HUMAN] Q5TEZ5 1373.6429
- No protein ID 1373.6538
Isoform 2 of Tropomyosin beta chain OS=Homo sapiens

GN=TPM2 - [TPM2_HUMAN] P07951-2;P07951-3 1374.6014
Hemoglobin subunit beta OS=Homo sapiens GN=HBB PE=1

SV=2 - [HBB_HUMAN]; Hemoglobin subunit delta OS=Homo

sapiens GN=HBD PE=1 SV=2 - [HBD_HUMAN] P68871 1378.7015
- No protein ID 1392.6527
Caldesmon OS=Homo sapiens GN=CALD1 PE=1 SV=3 -

[CALD1_HUMAN] Q05682 1395.6107
- No protein ID 1406.6687
Transgelin OS=Homo sapiens GN=TAGLN PE=1 SV=4 -

[TAGL_HUMAN] Q01995 1408.6737
60S ribosomal protein L4 (Fragment) OS=Homo sapiens

GN=RPL4 PE=4 SV=1 - [H3BU31_HUMAN] H3BU31 1415.7466
- No protein ID 1415.7553
Calponin-1 OS=Homo sapiens GN=CNN1 PE=1 SV=2 -

[CNN1_HUMAN] P51911 1417.6506
Cystatin-B OS=Homo sapiens GN=CSTB PE=1 SV=2 -

[CYTB_HUMAN] P04080 1422.7149
Transgelin OS=Homo sapiens GN=TAGLN PE=1 SV=4 -

[TAGL_HUMAN] Q01995 1424.6697
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N-terminal form OS=Homo sapiens GN=SOGA1 PE=4 SV=1 -

[J3KN88_HUMAN] J3KN88 1430.6572
Hemoglobin subunit delta OS=Homo sapiens GN=HBD PE=1

SV=2 - [HBD_HUMAN] P02042 1441.6806
Hemoglobin subunit beta OS=Homo sapiens GN=HBB PE=1

SV=2 - [HBB_HUMAN]; Hemoglobin subunit delta OS=Homo

sapiens GN=HBD PE=1 SV=2 - [HBD_HUMAN] P68871;P02042 1449.7960
Cytochrome ¢ OS=Homo sapiens GN=CYCS PE=1 SV=2 -

[CYC_HUMAN] P99999 1449.7960
- No protein ID 1465.6905
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 1467.8448
Isoform 2 of Tropomyosin beta chain OS=Homo sapiens

GN=TPM2 - [TPM2_HUMAN] P07951-2 1471.7750
Tubulin-specific chaperone A OS=Homo sapiens GN=TBCA

PE=4 SV=1 - [E5RIW3_HUMAN] ESRIW3 1481.6736
Rho GDP-dissociation inhibitor 2 (Fragment) OS=Homo sapiens

GN=ARHGDIB PE=4 SV=1 - [F5H2R5_HUMAN] F5H2R5 1481.8539
Histone H4 OS=Homo sapiens GN=HIST1H4A PE=1 SV=2 -

[H4_HUMAN] P62805 1481.8539
Histone H1.3 OS=Homo sapiens GN=HIST1H1D PE=1 SV=2 -

[H13_HUMAN] P16402 1482.8597
Actin, gamma-enteric smooth muscle OS=Homo sapiens

GN=ACTG2 PE=1 SV=1 - [ACTH_HUMAN]; Nuclease-sensitive P63267 1501.7334
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element-binding protein 1 OS=Homo sapiens GN=YBX1 PE=1
SV=3 - [YBOX1_HUMAN]

Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 1511.8435
Hemoglobin subunit alpha OS=Homo sapiens GN=HBA1 PE=1

SV=2 - [HBA_HUMAN]; HCG1745306, isoform CRA_a OS=Homo

sapiens GN=HBA2 PE=3 SV=1 - [G3V1IN2_HUMAN]; SWISS-

PROT:P01966 (Bos taurus) Hemoglobin subunit alpha P69905 1529.7363
- No protein ID 1536.7358
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 1546.7971
Protein S100-A8 OS=Homo sapiens GN=S100A8 PE=1 SV=1 -

[S10A8_HUMAN] P05109 1549.8033
Hemoglobin subunit delta OS=Homo sapiens GN=HBD PE=1

SV=2 - [HBD_HUMAN] P02452 1553.7710
Histone H1.2 OS=Homo sapiens GN=HIST1H1C PE=1 SV=2 -

[H12_HUMAN] P16403 1558.7145
Collagen alpha-2(l) chain OS=Homo sapiens GN=COL1A2 PE=1

SV=7 - [CO1A2_HUMAN] P08123 1562.7888
- No protein ID 1567.7557
- No protein ID 1569.7840
Non-histone chromosomal protein HMG-17 OS=Homo sapiens

GN=HMGN2 PE=1 SV=3 - [HMGN2_HUMAN] P05204 1584.9480
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Isoform 2 of High mobility group nucleosome-binding domain-
containing protein 3 OS=Homo sapiens GN=HMGNS3 -

[HMGN3_HUMAN] Q15651-2 1612.9514
Ferritin heavy chain OS=Homo sapiens GN=FTH1 PE=1 SV=2 -

[FRIH_HUMAN] P02794 1627.7567
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 1639.7832
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768; P02769 1639.9398
Hemoglobin subunit beta OS=Homo sapiens GN=HBB PE=1

SV=2 - [HBB_HUMAN]; Hemoglobin subunit delta OS=Homo

sapiens GN=HBD PE=1 SV=2 - [HBD_HUMAN] P68871; P02042 1669.8888
Vitamin D-binding protein OS=Homo sapiens GN=GC PE=1

SV=1 - [VTIDB_HUMAN] P02787 1706.7718
Alpha-1-acid glycoprotein 1 OS=Homo sapiens GN=ORM1 PE=1

SV=1 - [A1AG1_HUMAN] P02763 1708.8493
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 -

[ALBU_HUMAN] P02768 1714.7916
- No protein ID 1728.7861
Isoform 4 of Protein phosphatase 1 regulatory subunit 12B

OS=Homo sapiens GN=PPP1R12B - [MYPT2_HUMAN] 060237-4 1742.7350
Histone H2B type 1-M OS=Homo sapiens GN=HIST1H2BM

PE=1SV=3 - [H2B1M_HUMAN] Q99879 1743.8147
Caldesmon OS=Homo sapiens GN=CALD1 PE=1 SV=3 -

[CALD1_HUMAN] Q05682 1748.8784
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Histone H2B type 1-O OS=Homo sapiens GN=HIST1H2BO PE=1
SV=3 - [H2B10_HUMAN]; Histone H2B type 1-K OS=Homo
sapiens GN=HIST1H2BK PE=1 SV=3 - [H2B1K_HUMAN]

P23527; 060814

1751.0484

Caldesmon OS=Homo sapiens GN=CALD1 PE=1 SV=3 -
[CALD1_HUMAN]

Q05682

1775.8205

Zinc-alpha-2-glycoprotein OS=Homo sapiens GN=AZGP1 PE=1
SV=2 - [ZA2G_HUMAN]

P25311

1775.8817

Actin, gamma-enteric smooth muscle OS=Homo sapiens
GN=ACTG2 PE=1 SV=1 - [ACTH_HUMAN]; Nuclease-sensitive
element-binding protein 1 OS=Homo sapiens GN=YBX1 PE=1
SV=3 - [YBOX1_HUMAN]

P63267;P60709

1790.8913

Isoform 2 of Tropomyosin beta chain OS=Homo sapiens
GN=TPM2 - [TPM2_HUMAN]

P07951-2;P07951-3;060237-4

1794.9059

Extracellular superoxide dismutase [Cu-Zn] OS=Homo sapiens
GN=SOD3 PE=1 SV=2 - [SODE_HUMAN]

P08294

1832.8567

Hemoglobin subunit alpha OS=Homo sapiens GN=HBA1 PE=1
SV=2 - [HBA_HUMAN]; HCG1745306, isoform CRA_a OS=Homo
sapiens GN=HBA2 PE=3 SV=1 - [G3V1IN2_HUMAN]; SWISS-
PROT:P01966 (Bos taurus) Hemoglobin subunit alpha

P69905;G3V1N2

1833.8869

Hemoglobin subunit alpha OS=Homo sapiens GN=HBA1 PE=1
SV=2 - [HBA_HUMAN]; HCG1745306, isoform CRA_a OS=Homo
sapiens GN=HBA2 PE=3 SV=1 - [G3V1IN2_HUMAN]; SWISS-
PROT:P01966 (Bos taurus) Hemoglobin subunit alpha

P69905; G3V1N2; PO1966

1833.8897

No protein ID

1833.9027
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Cysteine and glycine-rich protein 1 OS=Homo sapiens

GN=CSRP1 PE=1 SV=3 - [CSRP1_HUMAN] P21291 1842.8818
Transgelin OS=Homo sapiens GN=TAGLN PE=1 SV=4 -

[TAGL_HUMAN] Q01995 1849.9326
Calmodulin 0OS=Homo sapiens GN=CALM1 PE=1 SV=2 -

[CALM_HUMAN] P62158 1871.8496
- No protein ID 1888.8941
- No protein ID 1902.8692
Caldesmon OS=Homo sapiens GN=CALD1 PE=1 SV=3 -

[CALD1_HUMAN] Q05682 1912.8169
Fibrinogen beta chain OS=Homo sapiens GN=FGB PE=1 SV=2 -

[FIBB_HUMAN] P02675 1951.0053
- No protein ID 1955.8788
Lactoylglutathione lyase OS=Homo sapiens GN=GLO1 PE=1

SV=4 - [LGUL_HUMAN] Q04760 1962.9837
- No protein ID 2022.9396
Collagen alpha-2(l) chain OS=Homo sapiens GN=COL1A2 PE=1

SV=7 - [CO1A2_HUMAN] P08123 2027.0262
- No protein ID 2057.9748
Desmin OS=Homo sapiens GN=DES PE=1 SV=3 -

[DESM_HUMAN] P17661 2088.0874
Caldesmon OS=Homo sapiens GN=CALD1 PE=1 SV=3 -

[CALD1_HUMAN] Q05682 2097.9670
- No protein ID 2101.1501
- No protein ID 2125.1267
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Trypsin - Sus scrofa (Pig). - [TRYP_PIG] PO0761 SWISS-PROT:P00761 2212.1018
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Supplementary Table 7 — Complete list of metabolite mass features found from MALDI-MSI in a minimum of three control and three
thyroid hormone treated tadpoles that showed significant (p<0.05) difference between control and treatment tadpoles with corresponding
putative identifications, if found. The medians + median absolute deviations(MAD) are indicated for each treatment condition

Median Median
Peak Peak Database
Intensity MAD of | Intensity of | MAD of MWU | Matched
Observed of Control | Control Treatment | Treatment | p- m/z
Tissue m/z value Tadpoles | Tadpoles | Tadpoles Tadpoles value | value Putative ID
brain 380.2911 102354 19890 42785 7089 0.014
Silychristin (C25H22010)
brain 483.1284 38077 4556 64761 10514 0.037 | 483.1286 | [M+H]+
glycerophosphoethanolamine
brain 516.2845 49760 584 34172 3919 0.022 | 516.2851 | (C24H48NO6P) [M+K]+
1-acyl,2-alkylglycerol
brain 603.5343 109165 8595 142495 11335 0.008 | 603.5347 | (C39H7004) {M+H]+
brain 623.5033 172090 25055 217610 27660 0.031
brain 630.1592 53613 2773 77336 13992 0.030
brain 798.3834 73673 2842 83850 1125 0.037
brain 799.2421 86882 4826 103769 12816 0.036
brain 813.1205 123440 18604 140070 7970 0.045
brain 813.6852 111480 38453 255785 132370 0.036 | 813.6844 | SM(32:2) [M+H]+
brain 830.5176 265490 36240 186700 14010 0.037
brain 835.652 383165 72970 205650 53060 0.036
brain 836.6223 114050 1540 146070 16340 0.037
brain 943.6536 157030 41550 213745 20215 0.020
brain 973.5698 293750 12760 467560 51450 0.037
brain 1001.4962 | 127460 11640 94384 8774 0.037
eye 388.9161 30476 782 38039 351 0.037
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eye 459.2486 59897 3725 47360 4601 0.045 | 459.2482 | PA(18:1) [M+Na]+

eye 476.3139 68145 6429 82523 3244 0.008

eye 549.4901 393800 102060 | 524380 17700 0.037

eye 577.5192 481505 204245 1152350 80750 0.014

eye 655.1386 186995 27145 105975 13621 0.030 | 655.1405 | Heme [M+K]+

eye 667.4297 126990 5270 100547 7343 0.014 | 667.4309 | PA(32:2) [M+Na]+

eye 697.4257 66648 2809 51881 3324 0.037 | 697.4259 | NAc-L4Y-amide [M+Na]+

eye 702.877 70744 5093 115795 27105 0.037

eye 739.571 305600 99490 171415 57455 0.036 | 739.5724 | SM(35:1) [M+Na]+

eye 760.4427 74980 9394 98430 3915 0.030

eye 770.6097 177130 25880 113405 9895 0.030

eye 785.6507 113130 9990 71451 10947 0.037

eye 787.4686 190200 8655 154520 14760 0.020 | 787.4675 | PA(40:6) [M+K]+

eye 801.5191 98529 3136 84659 5835 0.012 | 801.5195 | PA(42:6) [M+K]+
alkylglycerophosphoglycerols

eye 841.4774 138740 13300 83833 2381 0.030 | 841.4780 | C4A6H7509P [M+K]+

eye 842.5669 342615 78780 212160 44030 0.037 | 842.5670 | PE(42:6) [M+Nal+

eye 876.5513 238680 89350 120940 34445 0.036 | 876.5514 | PC(42:10) [M+Na]+

eye 927.5745 120710 16935 221570 32495 0.020

eye 947.1254 241335 19685 122425 35299 0.030

eye 989.5328 207165 12945 88396 8945 0.037

eye 1009.5024 | 306980 85670 177590 44060 0.037

eye 1011.5186 | 285520 30640 172765 33515 0.020

eye 1025.4993 | 157220 39170 96505 5135 0.020

eye 1176.5021 | 79108 4373 59549 6748 0.030

eye 1538.1394 | 232840 30990 326380 13410 0.037

liver 630.6198 182740 7530 60780 9462 0.037

liver 655.139 496810 54440 223530 59950 0.037 | 655.1405 | Heme [M+K]+
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liver 755.5018 113530 9576 82295 7155 0.030 | 755.5011 | DG(44:10) [M+K]+
liver 780.1589 235900 8155 175350 37540 0.020

liver 786.5473 121335 7915 177140 23735 0.030

liver 978.0882 117535 7525 68094 7953 0.030

liver 979.5131 68017 1173 141355 12505 0.037

liver 1009.4937 | 143910 21250 92121 9982 0.020

notochord 332.967 1792800 385600 855595 114670 0.020

notochord 354.9488 87917 18220 40079 5058 0.043

notochord 364.9391 417180 98270 168050 30845 0.008

notochord 549.4871 162860 57221 369355 138840 0.043

notochord 577.5194 418955 101955 1067300 140200 0.022

notochord 645.4857 47514 3747 59348 6692 0.043 | 645.4854 | PA(33:1) [M+H]+
notochord 675.5435 468860 160565 166595 8935 0.045 | 675.5436 | SM(30:1) [M+H]+
notochord 695.4631 256245 98400 682175 211270 0.031 | 695.4622 | PA(36:5) [M+H]+
notochord 706.5356 894350 234600 1554500 183600 0.020

notochord 706.539 1112950 75700 1328500 114600 0.045 | 706.5381 | PC(30:0) [M+H]+
notochord 710.4931 58698 3781 99807 5508 0.020

notochord 711.4341 332050 64220 1055650 118425 0.020 | 711.4362 | PA(34:2) [M+K]+
notochord 723.4932 711445 179655 1787150 318950 0.031 | 723.4935 | PA(36:2) [M+Na]+
notochord 728.5191 328700 61240 583225 59615 0.022 | 728.5201 | PC(30:0) [M+Na]+
notochord 730.5767 189010 15820 123545 15850 0.014 | 730.5745 | PE(36:1) [M+H]+
notochord 734.5687 2462150 734450 3817850 557900 0.045 | 734.5694 | PC(32:0) [M+H]+
notochord 739.4666 1056260 342855 2477900 530300 0.020 | 739.4675 | PA(36:2) [M+K]+
notochord 760.583 15648000 | 5029650 | 29902000 | 212000 0.036 | 760.5851 | PC(34:1) [M+H]+
notochord 768.5524 376850 42945 689645 139540 0.020 | 768.5514 | PE(38:4) [M+H]+
notochord 769.4772 180880 53990 330460 83890 0.022 | 769.4779 | PG(34:2) [M+K]+
notochord 769.5604 339185 88745 569580 14960 0.022 | 769.5620 | SM(36:1) [M+K]+
notochord 772.5267 1131250 260595 2403700 397550 0.045 | 772.5252 | PE(38:5) [M+Na]+
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notochord 774.5515 92862 11889 117180 16050 0.037

notochord 774.6011 701360 102830 1776400 123200 0.031 | 774.6007 | PE(38:1) [M+H]+
notochord 782.5681 6049800 660000 9649100 1582900 0.008 | 782.5670 | PC(36:4) [M+H]+
notochord 784.555 618685 114040 900340 53280 0.037

notochord 786.5988 4638000 297900 3749000 371900 0.022 | 786.6007 | PC(36:2) [M+H]+
notochord 788.5662 171545 30665 116935 10150 0.030

notochord 788.6171 1221920 585830 2108800 352400 0.031 | 788.6164 | PC(36:1) [M+H]+
notochord 792.5549 345490 14630 290190 31670 0.037 | 792.5538 | PE(40:6) [M+H]+
notochord 797.1785 123605 34325 322350 114045 0.030

notochord 798.5406 4764300 | 465950 11963000 | 3353150 0.045 | 798.5408 | PE(40:6) [M+Na]+
notochord 801.5436 188130 30040 357810 52670 0.020 | 801.5429 | PA(44:8) [M+H]+
notochord 806.5683 3016950 737200 4354650 558150 0.045 | 806.5670 | PC(38:6) [M+H]+
notochord 810.6009 1093750 115485 1588650 142400 0.008 | 810.6007 | PC(38:4) [M+H]+
notochord 815.1353 134480 19990 267780 52820 0.037

notochord 817.6467 105905 3275 183635 25325 0.030

notochord 818.5743 207870 49110 147725 9600 0.036

notochord 822.5405 1680350 391200 1012015 207245 0.045 | 822.5410 | PC(36:3) [M+K]+
notochord 826.5724 409675 194555 984785 138915 0.043 | 826.5721 | PE(42:6) [M+Na]+
notochord 828.5508 632930 38850 990380 124170 0.036 | 828.5514 | PC(38:6) [M+Na]+
notochord 828.5554 544590 103730 962565 193535 0.036 | 828.5538 | PC(40:9) [M+H]+
notochord 854.5676 172550 33570 264615 20885 0.036 | 854.5670 | PC(42:10) [M+H]+
notochord 856.5811 143305 29323 229600 8910 0.037 | 856.5827 | PC(40:6) [M+Na]+
notochord 856.5905 122905 1260 199890 7040 0.020

notochord 882.5613 165115 16065 98153 18363 0.043 | 882.5621 | PS(40:2) [M+K]+
notochord 890.4882 86829 6818 144810 27955 0.037 | 890.4872 | Solanine [M+Na]+
notochord 899.5411 116640 42047 409120 151270 0.037 | 899.5410 | PI(37:2) [M+K]+
notochord 947.55 499500 23155 894490 130720 0.030

notochord 949.5662 346425 63885 845850 89250 0.030




148

notochord 973.5669 269690 105985 | 985390 52425 0.030
notochord 975.5831 186330 48400 439545 35295 0.030
notochord 987.5082 440220 54500 220520 18970 0.037
notochord 999.5861 71832 14785 271930 20720 0.030
tail muscle | 364.9373 231940 13210 179780 29230 0.037
tail muscle | 370.921 291570 122040 | 43849 4226 0.020
tail muscle | 424.0069 52777 6596 37817 4731 0.031
tail muscle | 433.9912 53869 9575 38190 1000 0.020
tail muscle | 465.9626 82563 24298 47168 3754 0.014
tail muscle | 497.9351 160395 45620 88255 15215 0.036
tail muscle | 499.9501 60071 6472 47522 5002 0.043

4-Methoxyglucobrassicin
tail muscle | 516.0281 49747 6523 34992 3239 0.030 | 516.0269 | [M+K]+
tail muscle | 713.5002 247680 3680 166545 28045 0.030 | 713.4994 | SM(32:1) [M+K]+
tail muscle | 726.5048 64597 2081 57751 3456 0.037 | 726.5044 | PC(32:4) [M+H]+
tail muscle | 768.4923 260825 12120 221620 22910 0.045 | 768.4939 | PC(32:2) [M+K]+
tail muscle | 770.6072 163070 14260 119000 19020 0.037 | 770.6058 | PC(36:2) [M+H]+
tail muscle | 772.526 780285 33305 550880 91780 0.031 | 772.5252 | PE(38:5) [M+Nal+
tail muscle | 776.4626 210610 16820 119800 33933 0.037 | 776.4627 | PE(36:5) [M+K]+
tail muscle | 813.1729 101035 3795 74431 3425 0.030
tail muscle | 814.4772 166460 8620 102148 12876 0.020 | 814.4784 | PC(36:7) [M+K]+
tail muscle | 828.4973 437140 78220 252245 33615 0.036
tail muscle | 830.5138 401230 31760 266205 54105 0.036
tail muscle | 840.498 327980 57170 137300 42920 0.022
tail muscle | 852.4983 141915 12595 110775 14799 0.020
tail muscle | 858.5399 150240 13400 114330 2910 0.037 | 858.5410 | PE(42:6) [M+K]+
tail muscle | 866.5099 180220 21530 104390 27520 0.036 | 866.5097 | PC(40:9) [M+K]+
tail muscle | 876.4963 156655 8855 106850 26340 0.036 | 876.4940 | PE(44:11) [M+K]+
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tail muscle | 891.572 129900 32864 190565 38800 0.045 | 891.5723 | PI(O-36:0) [M+K]+

tail muscle | 911.5394 117335 6770 136500 8165 0.030 | 911.5410 | PI(38:4) [M+K]+

tail muscle | 911.6807 212440 8990 69800 11492 0.037

tail muscle | 924.4091 311780 45620 143350 17540 0.022

tail muscle | 935.6864 87597 7200 62605 2118 0.030

tail muscle | 939.5706 173810 7200 277570 14980 0.020 | 939.5723 | PI(40:3) [M+K]+

tail muscle | 948.4107 202750 21260 88208 16477 0.037 | 948.4107 | Cyanopeptolin S [M+Na]+
tail muscle | 973.5516 1233100 190300 1596100 49300 0.037

tail muscle 1162.5369 | 72032 15572 109960 1370 0.037




