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Abstract

Cancer remains a major challenge for modern medicine. It has become evident that cancer is a complex
disease involving many coexisting genomic alterations; the molecular consequences of detected genetic and
transcriptomic alterations are yet poorly understood. Risk and patient stratification based on the genetic
phenotype alone has proven to have limited efficacy on the individual treatment outcome. Multi-omics ap-
proaches combine various high-throughput analytical techniques to characterize the genome, transcrip-
tome, proteome and metabolome, as well as other cellular components of individual tumors simultane-
ously. Multi-omics has emerged as a promising tool for providing a more comprehensive and holistic view
of cancer biology, which may lead to the identification of novel therapeutic targets and biomarkers. The aim
of this doctoral thesis is to investigate the potential of multi-omics approaches for the identification of ther-
apeutic vulnerabilities in hard-to-treat malignancies.

This thesis presents a systematic review of the literature on multi-omics approaches in clinical research, with
a focus on identifying common challenges and opportunities in the field. We present two original research
articles on the application of multi-omics for molecular characterization of malignancies. We established an
optimized and automatable sample preparation pipeline for mass spectrometry-based quantitative prote-
omics from limited volume clinical specimens, such as formalin-fixed, paraffin embedded (FFPE) tissue micro
array cores (~0.4 mm?3 core volume). This accelerated method enables molecular profiling of individual tu-
mors within 24 h, from sample receival to analysis, and does not require special training or equipment, pro-
moting a translation into the clinic. We used this method for a proteomic ‘landscaping’ of non-invasive breast
ductal carcinoma compared to invasive breast ductal carcinoma (IDC). Ductal carcinoma in situ (DCIS) is the
most common type (80%) of non-invasive breast lesions. The lack of validated prognostic markers, limited
patient numbers and tissue quality significantly impact diagnosis, risk stratification, as well as patient enrol-
ment and results of clinical studies. Our study validated 22 putative biomarkers from independent genetic
studies and reveals more than 380 differentially expressed proteins and metabolic vulnerabilities, that can
inform new therapeutic strategies for DCIS and IDC. Due to the readily druggable nature of proteins, this
study is of high interest for clinical research and the pharmaceutical industry.

Overall, this thesis demonstrates the potential of multi-omics approaches to uncover new therapeutic vul-
nerabilities in hard-to-treat malignancies. The findings of this research will contribute to the development of
personalized and targeted therapies for cancer patients, which can ultimately improve patient outcomes

and reduce the burden of cancer on society.
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Résumé

Le cancer reste un défi majeur pour la médecine moderne. Il est devenu évident que le cancer est
une maladie complexe impliquant de nombreuses altérations génomiques coexistantes; les con-
séquences moléculaires des altérations génétiques et transcriptomiques détectées sont cepen-
dant encore mal comprises. La stratification des risques et des patients sur la seule base du phé-
notype génétique s'est avérée peu efficace pour les traitements de patients atteints de cancer.
Les approches multi-omiques combinent diverses techniques d'analyse a haut débit pour carac-
tériser simultanément le génome, le transcriptome, le protéome et le métabolome, ainsi que
d'autres composants cellulaires des tumeurs. La multi-omique est apparue comme un outil pro-
metteur pour fournir une vision plus compléte et plus holistique de la biologie du cancer, ce qui
peut conduire a l'identification de nouvelles cibles thérapeutiques et de biomarqueurs. L'objectif
de cette thése de Doctorat est d'étudier le potentiel des approches multi-omiques pour l'identi-
fication de cibles thérapeutiques dans les tumeurs malignes difficiles a traiter.

Cette these présente une revue systématique de la littérature sur les approches multi-omiques
en recherche clinique, en mettant |'accent sur l'identification des défis et des opportunités ma-
jeurs dans ce domaine. Nous présentons deux articles de recherche originaux sur I'application de
la multi-omique a la caractérisation moléculaire des tumeurs malignes. Nous avons établi un pro-
tocole de préparation d'échantillons optimisé et automatisable pour la protéomique quantitative
basée sur la spectrométrie de masse a partir d'échantillons cliniques de volume limité, tels que
les micro-carottes de tissus fixés en formaldéhyde et enrobés de paraffine (FFPE) (carotte de ~0,4
mm?3). Cette méthode accélérée permet d'établir le profil moléculaire de tumeurs individuelles en
24 heures, de la réception de I'échantillon a I'analyse, et ne nécessite pas de formation ou d'équi-
pement spécial, ce qui favorise son application en clinique. Nous appliquons cette méthode afin
de comparer I'expression protéomique du carcinome canalaire mammaire non invasif a celui du
carcinome canalaire mammaire invasif (CMI). Le carcinome canalaire in situ (CCIS) est le type le
plus courant (80 %) de lésions mammaires non invasives. L'absence de marqueurs pronostiques
validés, le nombre limité de patientes et la qualité des tissus ont un impact significatif sur le dia-
gnostic, la stratification des risques, le recrutement des patientes et les résultats des études cli-
niques. Notre étude valide 22 biomarqueurs putatifs issus d'études génétiques indépendantes et

révele plus de 380 protéines différentiellement exprimées et cibles métaboliques, qui peuvent
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mener a de nouvelles stratégies thérapeutiques pour les CCIS et les CMI. Comme il est assez aisé
de développer des médicaments ciblant spécifiquement une protéine, cette étude est d'un grand
intérét pour la recherche clinique et I'industrie pharmaceutique.

Dans I'ensemble, cette thése démontre le potentiel des approches multi-omiques pour découvrir
de nouvelles cibles thérapeutiques dans les tumeurs malignes difficiles a traiter. Les résultats de
cette recherche contribuent au développement de thérapies personnalisées et ciblées pour les
patients atteints de cancer, ce qui peut en fin de compte apporter des traitements plus efficaces

et mieux tolérés par les patients et alléger le fardeau du cancer pour la société.



Contribution to Original Knowledge and Contribution of Authors

In accordance with McGill Guidelines, the candidate chose to present the results of this thesis in
a manuscript-based format. A doctoral thesis submitted to McGill University must include the text
of a minimum of two manuscripts published, submitted or to be submitted for publication. In-
cluded peer-reviewed manuscripts have not been changed, i.e., they are identical to the pub-
lished or submitted versions, except for font/size to meet the format of the thesis for consistency
and homogeneity. Copyright permissions have been requested where applicable.

The first manuscript (Chapter 2) describes a quantitative proteomics method that was developed
and holistically optimized by the candidate to enable clinical proteomics research on formalin-
fixed, paraffin embedded (FFPE) specimens. The main objective of this manuscript was to develop
a streamlined FFPE-proteomics sample preparation workflow for improved protein extraction
from needle-core-sized specimens, i.e., collected during disease diagnosis, as these samples are
generally well annotated and collected at different stages of the disease progression. The devel-
oped method was optimized to promote clinical translation for a standardized, semi-automated
and broad clinical application. The candidate is the first author of this published manuscript
(PMID: 35457260); conceptualization, experiments, and data analysis were performed by the can-
didate. The co-authors provided resources and advice in their respective areas of expertise.

The second manuscript (Chapter 3) describes results from a proteomic characterization of FFPE
clinical specimens from pre-invasive ductal carcinoma (DCIS), the most common type (80%) of
non-invasive breast lesions. To date, there is no precision oncology treatment available for pa-
tients diagnosed with DCIS. Generally, studies on DCIS are challenging due to limited patient num-
bers and tissue quality. Five key morphological features, inter-observer variability, intra-tumor
heterogeneity and a lack of prognostic markers impact clear diagnosis, risk stratification and
treatment options. More importantly, these factors also limit patient enrollment and final results
of clinical studies on this matter. The candidate employs the developed FFPE-proteomics method
presented in Chapter 2, and identifies more than 380 proteomic and metabolic vulnerabilities,
that can inform new diagnostic and therapeutic strategies for pre-invasive ductal carcinoma. Due
to the readily druggable nature of proteins and metabolites, the findings of this study propose
alternative use of FDA-approved drugs, such as antibiotics and nonsteroidal anti-inflammatory

drugs (NSAID). It is worth highlighting, that as a result of this study, a highly multiplexed
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guantitative assay has been developed reflecting signature pathways and proteins (n=90) for can-
cer progression and metabolic reprogramming that can be applied to a broad range of malignan-
cies. The candidate is the first author of this manuscript that was submitted for publication, and
initiated this clinical study; conceptualization, sample retrieval, experiments and data analysis
were conducted by the candidate. The co-authors provided resources and advice in their respec-
tive areas of expertise.

The candidate created the infrastructure for her larger-scale discovery studies, including the es-
tablishment of collaborations and cooperations with national and international research groups
and industrial partners. She installed instruments purchased for the purposes of this research
study, was responsible for their repair and maintenance, as well as training of new employees
and trainees. The candidate developed specialized application methods and trained other stu-
dents and peers in using these methods for their own studies and fee-for-service projects. These
methods are available as Standard Operating Procedures (SOPs) in the Borchers lab. The candi-
date obtained specialized training for advanced data analysis of -omics data, which was self-initi-
ated and partially self-taught, and obtained certificates for Research Biobanking and GCP for Clin-
ical Trials with Investigational Drugs and Biologics (ICH Focus).

The candidate presented her doctoral research work in Canadian and international conferences
and symposia (poster presentation and talks), is the first author/co-author in 5 peer reviewed
publications, and 2 submitted manuscripts. Three (3) publications, where two of which the can-

didate is first author, are in preparation and expected to be submitted in the following months.
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Chapter 1: General Introduction and Literature Review

1 Paradigm shift of clinical research

Genomic and transcriptomic molecular research has led to the discovery of driver alterations such
as EGFR, KRAS, BRAF, PDL-1 and ERBB2 (also HER2), which facilitated precision oncology treat-
ment with targeted agents for subtypes of colorectal cancer, metastatic breast cancer and non-
small cell lung cancer, among other malignancies.!? Although genetic screening provides a clear
cellular blueprint of what might happen, risk and patient stratification based on the genetic phe-
notype alone has proven to have limited efficacy on the individual treatment outcome.? The vast
majority of identified somatic mutations are likely passengers without oncogenic function, affect
multiple genes or are not readily druggable. The molecular consequences of detected genetic and
transcriptomic alterations are yet poorly understood and difficult to model with deep learning
algorithms.

Multi-omic clinical cancer research encompasses methods integrating mass spectrometry (MS)-
based measurements of protein abundance and post-translational modifications (PTMs), such as
phosphorylation, as well as quantitation of metabolic active compounds and complement genetic
and epigenetic data. As proteins and metabolites are the biologically active compounds, multi-
omic data on tumors provides information on what has happened and therefore gives a ‘real-
world’ snapshot of an individual tumor. This added layer of molecular information can be used to
(i) better characterize genetic alterations, to better distinguish between driver and passenger mu-
tations, (ii) it can be used to better understand molecular escape mechanisms of tumors leading
to therapy resistance and (iii) can ultimately be used to identify (new) therapeutic vulnerabilities
of cancer subtypes.

Early proteogenomic studies, conducted under auspices of the US National Cancer Institute (NCI)
Clinical Proteomic Tumor Analysis Consortium (CPTAC) and the International Cancer Proteoge-
nome Consortium (ICPC), have already delivered new biological insights, actionable targets, and
commented on future approaches for cancer diagnostics and treatment choices.*® In this chapter,
we will discuss current approaches in clinical research, with a focus on identifying common chal-

lenges and opportunities in the -omics field.
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1.1 Genomics

DNA sequencing dates back to the 1970s, when Frederik Sanger and colleagues introduced the
chain-termination method (Sanger sequencing), which uses radiolabelled chemical analogues of
the deoxyribonucleotides and gel electrophoresis to determine the order of nucleic acids in bio-
logical samples.” Since then, large endeavors have been made to develop faster, more sensitive
and more cost-effective techniques to study genes and their functions, often in relation to dis-
ease. Termed as next generation sequencing (NGS), these techniques share key principles behind
Sanger sequencing, but use improved approaches for clonal amplification and detection (Figure
1), allowing automated high-throughput DNA-sequencing, while requiring less starting material
and performing on the single-cell level.? Third generation and forth generation (3G and 4G, re-
spectively) systems allow for real-time monitoring of nucleotide incorporation, and bypass the
DNA amplification step. These systems are currently the fastest NGS systems on the market but
are still quite expensive and error prone.>!? The generation of large data volumes further poses
challenges for data management and data science. Consequently, second generation (2G) se-
guencing platforms are the most extensively used techniques, both for research and clinical use.
Considerations for selection of a platform, their advantages and limitations are comprehensively

reviewed by Gupta and Verma.!!
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Figure 1: Schematic overview of next generation sequencing (2G) platforms. (originally created by Technology Networks 9)
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NGS has been used for clinical research since the early 2000s, where methods like whole genome
sequencing (WGS) and whole exome sequencing (WES) are being used for the study of genes and
their involvement in diseases. Several cancer genomics databases and projects including the Hu-
man Genome Project, The Cancer Genome Atlas (TCGA), the International Cancer Genome Con-
sortium (ICGC) and the Catalog of Somatic Mutations in Cancer (COSMIC), have been initiated to
generate a nearly complete coverage of the human genome and its alterations. Genomics studies
inform about single nucleotide variants (SNVs), copy number variations (CNVs), somatic and
germline mutations (mutational landscapes/signatures), and tumor mutational burden (TMB),
which can be used to support diagnostic, preventative, and therapeutic strategies.

However, many of the genomic studies reported in the aforementioned databases are performed
on untreated cancers and do not contain clinical annotations, therefore genetic events cannot be
linked to specific cancer types, prognoses, or treatment response.? The Cancer Moonshot*M Re-
search Initiatives have since been formed to address this shortcoming, and aim to collect as much
-omics and non-omics (e.g., clinical) information on disease states as possible.!3

In the clinical setting, genomics is primarily used to identify somatic/germline mutations and for
pharmacogenomics using traditional immunohistochemistry (IHC), quantitative polymerase chain
reaction (gqPCR), hybridization capture technique, or NGS panels (target-specific NGS).** The U.S.
Food and Drug Administration (FDA) has approved NGS panels, such as Foundation One Dx, On-
cotype Dx/DCIS or MammaPrint,*> which focus on established cancer-associated genes (genetic
hotspots) and frequently represent a cost-efficient solution for companion diagnostics due to the
relatively lower demand in terms of data handling, storage, and analysis. Targeted genomic tests
are the “gold standard” in clinical practice, and are an integral part of molecular tumor boards,
where the identified genetic events are evaluated for guidance of the treatment regimens. Stand-
ard-of-care therapies, therefore, attribute to the diversity of sequence variants, inter-/intratumor
heterogeneity and cellular plasticity.1®

In conclusion, genomics has revolutionized cancer research and has provided tools for and in-
sights into molecular biology. Single-gene defects have been discovered, and gene panels are
available as companion-diagnostic tools to guide targeted treatments. However, the effect of ge-
nome-centred treatments has not been as expected.'”*8 Clinical phenotypes are more complex
than the ‘one gene, one protein, one function’ paradigm implies. It has become clear that genomic

17



changes and molecular mechanisms driving disease development and progression, involve other
molecular layers, such as the transcriptome and the proteome. Poor correlation between inde-
pendent genomics, transcriptomics, and proteomics studies shows that the clinical phenotype,
including protein expression and pathway activity, is not describable by NGS alone, as these

events are regulated on a co-transcriptional and post-translational level.

1.2 Transcriptomics

If we exclude epigenetic and conformational changes, the genome of an individual is mostly sta-
ble. Different phenotypes are the result of dynamic adjustments of the transcriptome (and pro-
teome) to environmental stimuli.'® According to the National Human Genome Research Institute,
the transcriptome includes all of the gene readouts present in a cell,?° and includes protein-coding
mRNA, as well as non-coding tRNA, microRNA, ribosomal RNA, and long non-coding RNA.?! Ac-
cording to the GENCODE database, the human transcriptome is comprised of more than 89,000
protein-coding mRNA isoforms.?? These isoforms are results of co-transcriptional events, such as
RNA-editing and alternative splicing. The global functional impact of these co-transcriptional
events remains to be elucidated and requires proteome level information.??

Transcriptomics, or RNA-sequencing, has developed alongside genomics and uses similar instru-
mental platforms.?3 As an important part of NGS, RNA-sequencing enables differential gene ex-
pression analysis and provides information on gene fusions or allele-specific expression patterns,
as well as information on mutational load and mutational signatures.'>'423 Although studies es-
timate that mRNA expression can serve as a surrogate for protein expression at steady state,?!
comparative studies targeting the transcriptome and proteome show a poor correlation between
those two -omics fields.?*?> This poor correlation is likely attributed to the complex translational
machinery as response to pathway activation, and/or post-transcriptional modifications on the

protein level, that cannot be assessed by DNA- or RNA-sequencing.2%2426
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1.3 Proteomics

Cancer has been widely considered a disease of the genome; a result of genetic mutations and
chromosomal abnormalities that lead to genomic instability.'® Proteins, however, are the ge-
nomic ‘end products’ that perform most biochemical functions and are the targets of most FDA-
approved drugs.?’ Protein expression is the result of upstream genetic and epigenetic processes;
cancer is, therefore, inherently a proteomic disease and quantitative proteomics is as important
as the identification of (epi)genetic alterations.?® Proteomics provides valuable information on
the functional level, that neither DNA- nor RNA-sequencing can assess.

Proteomic studies have successfully described the clinical course of patients on the protein level
and provide valuable molecular information on potential reasons for treatment resistance. While
proteomics supports the treatment recommendations of DNA/RNA-based analyses in up to
57%,® mass spectrometry-based proteomics has the ability to refine genomic and transcriptomic
guided lines of treatment, by providing unparalleled coverage of additional actionable therapeu-
tic targets that are differentially expressed in various disease states and which are highly specific
to the individual clinical case. The integration of quantitative proteomics into tumor profiling pro-
grams, and ultimately into clinical interdisciplinary molecular tumor boards, seems to be of spe-
cial importance in cases with (extensively pretreated) advanced-stage-cancer or ‘rare’ malignan-

cies, for which therapeutic options have been exhausted or are not yet available.
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MS-based proteomics provides information on post-translational modification, such as phosphor-
ylation, glycosylation, ubiquitination, nitrosylation and other proteoforms with unparalleled clin-
ical sensitivity and specificity. Proteogenomic studies have associated DNA mutations -- either
obtained from genomic databases or experimentally -- to protein signaling and provided mecha-
nistic insights into genetic driver mutations.> Moreover, proteomics provides information on
pathway activity, thus enabling the identification of new therapeutic vulnerabilities and allowing
molecular subtyping of malignancies.»*?° The Clinical Proteomic Tumor Analysis Consortium
(CPTAC) and the Human Proteome Organization (HUPO) has defined guidelines from sample col-
lection to data analysis and evaluation, in order to address variations in the proteomics data sets
and to ensure high-quality data sets for clinical applications. To promote integrative studies,
standard data submission and dissemination pipelines have been established.3°

The increased functional diversity of proteins -- due to co-transcriptional and post-translational
modification -- as well as the vast dynamic range of expression are technically challenging and
require specialized sample preparation and data acquisition techniques. The dynamic range of
proteins in eukaryotic cell lines and tissues spans 6-7 orders of magnitude, and 12 orders of mag-
nitude in body fluids. There are currently more than 200 known post-translational modifica-
tions.?’” Consequently, most proteomic studies focus on technology development for improved
sample preparation and quantitation of targets in limited amounts of material and/or where they
are of low abundance. As for genomics and transcriptomics, data management and data analysis
is another bottleneck, especially with the onset of technological advances.

Quantitative proteomics can be divided into two main applications: (i) untargeted proteomics,
mainly used for discovery studies, and (ii) targeted proteomics for verification and validation stud-
ies. Untargeted quantitative proteomics applications are designed for in-depth unbiased quanti-
tation of the global proteome and include several techniques (e.g., label-free, stable-isotope la-
beling, as well as chemical or metabolic labeling) with two acquisition modes: data-dependent
acquisition (DDA), data-independent acquisition (DIA). Figure 3 gives an overview of available ap-
plications, which have been comprehensively described elsewhere.?®3! Untargeted proteomics is
limited by a low reproducibility and a high rate of missing values for low abundance proteins/pep-
tides. This problem can partially be overcome by data imputation, labeled approaches, and by DIA

applications.
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Targeted proteomics methods include multiple reaction monitoring (MRM) and parallel reaction
monitoring (PRM). Both methods provide high sensitivity, specificity, accuracy and reproducibility
with high sample-throughput capabilities, and are the preferred methods for verification and val-
idation studies, e.g., for biomarker development. MRM/PRM assay development is relatively time
consuming, as it encompasses the selection of unique proteotypic peptides and the optimization
of the LC-MS parameters (see Figure 4). To improve detection capabilities over the aforemen-
tioned wide dynamic range, special sample preparation techniques are required. These tech-
niques include, but are not limited to, immunoaffinity enrichment to enrich low abundance pro-
teins or proteoforms, immunoaffinity depletion to deplete high abundance interferences, and
fractionation to reduce sample complexity. These methods need to be optimized for each target.
Furthermore, targeted proteomics must follow strict guidelines to ensure accuracy and reproduc-
ibility. More recently, 4D Proteomics using (trapped) ion mobility spectrometry (TIMS or IMS)
together with parallel accumulation-serial fragmentation (PASEF) are being explored for even
more selective separation, identification, and quantitation of peptides and proteins on the single
cell level .32

In conclusion, mass spectrometry-based protein analysis can complement and refine ge-

nomics/transcriptomics studies and has great potential for biomarker development.
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2 Mass spectrometry for biomarker development

Biomarker development starts with the identification of molecular targets (e.g., genes, proteins,
metabolites) that show significant changes between biological and pathogenic processes, and/or
pharmacological responses using validated analytical techniques. Despite the technological ad-
vances in -omics methods for fast paced, large scale biomarker discovery, more than 99% of the
published cancer biomarkers/genomic assays fail to enter clinical practice.” The majority of the
identified targets are eliminated during analytical validation. Traditional validation methods, such
as antibody-based immunoassays (e.g., Western Blot), enzyme-linked immunosorbent assays
(e.g., ELISA), and/ or immunohistochemistry (IHC) lack strict performance metrices such as sensi-
tivity, selectivity, precisions, accuracy, multiplexity, and/or high-interlaboratory reproducibility.
Moreover, these techniques are limited in identifying/quantifying modified sequences, i.e., se-
guences that have genetic mutations or post-translational modifications. Therefore only a few
targets reach the clinical validation and utility phase, where they are evaluated in -- or used as
endpoints of -- clinical trials to demonstrate the relevance of the assay and the proposed bi-
omarker for individual disease management.

Mass spectrometry (MS) has been a well-established technique for many years in clinical chemis-
try, where it has been used for the quantitation of metabolites and hormones. More recently, it

has been acknowledged as a powerful and versatile tool for integrative clinical research and
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biomarker development, as it grants access to the profiling of small molecules, endogenous pro-
teins and peptides in a vast dynamic range, and provides valuable insights into molecular changes
in a single time-point or over a course-of-time. Targeted MS, specifically targeted proteomics us-
ing multiple reaction monitoring (MRM), has been chosen as Nature’s method of the year in 2012,
representing a standardized, highly reproducible and versatile platform for accurate quantitation
of molecular targets in a variety of specimens (i.e., matrices) and dynamic ranges. Targeted MS
can bridge the gap between discovery and successful verification and validation of biomarkers,

thus facilitating their clinical translation.

3 Hypothesis and Objectives

Cancer is a complex disease involving many coexisting genomic alterations with rising evidence,
that the vast majority of somatic mutations has likely little to no specific oncogenic function. We
therefore hypothesize that (i) quantitative proteomics will better elucidate the clinical phenotype
of atumor, as proteins are biologically active products of gene expression, and (ii) complementing
clinical genotyping with comprehensive phospho-/proteomic data as part of clinical proteomics
will better define therapeutic guidance.

The primary objective of this study is to go beyond the identification of genomic driver aberra-
tions by complementing genomics data on tumors with quantitative measurements of the prote-
ome in order to (i) improve the prediction of therapy response, (ii) obtain a deeper insight into
tumor biology and resistance mechanisms, and (iii) identify (novel) targets for precision oncology
treatment.

This project is funded by the Terry Fox Research Institute, the Quebec Cancer Consortium and
Genomic Applications Partnership Program from Genome Canada/Quebec and is part of the Can-

cer Moonshot Initiative.

4 Ethics

This research project has been reviewed and approved by the Research Ethics Board of the CIUSSS
West Central Montreal (Project 2020-1752). The studies were conducted in accordance with
Good Clinical Practice, the guiding principles of the Declaration of Helsinki, and all applicable reg-

ulatory requirements.
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Preface Chapter 2

Clinical tissue samples are typically archived as formalin fixed and paraffin embedded (FFPE) tis-
sue blocks. Proteomic analysis of FFPE tumor tissue specimens has gained interest in the past 5
years due to technological advances and improved biobanking for clinical trials. The ‘real-world’
implementation of clinical proteomics to these specimens, however, is hampered by tedious sam-
ple preparation steps and long instrument acquisition times of more than 2 hours.

To advance the translation of quantitative proteomics into the clinic, the candidate developed a
streamlined, automatable procedure that enables quantitative proteomic analysis of limited vol-
ume clinical samples, such as core needle biopsies, that can be collected over the time course of
disease management. This method can be used for both clinical research, i.e., biomarker devel-
opment or clinical trials, and as companion diagnostic device in a clinical setting, as it facilities
sample processing from extraction and analysis of clinical biomarkers within 24 hours from patho-
logical assessment, and does not require specialized equipment or expertise.

This method is used for integrative translational research conducted at the Segal Cancer Research

Centre, by partners of the Marathon of Hope Cancer Centres Network and other research groups.

Author Contributions: The following manuscript was written by the candidate and reviewed and edited
by Rene P. Zahedi. Experiments and data analysis were conducted by the candidate under supervision by
Rene P. Zahedi, Christoph H. Borchers and Gerald Batist. Qianyu Guo and Samuel E.J. Preston generated
tumor specimens. Adriana Aguilar-Mahecha, Naciba Benlimame, Mark Basik, Alan Spatz, Vincent Lacasse,

Wilson H. Miller Jr., and Sonia V. del Rincon provided other resources.
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Abstract

Most human tumor tissues that are obtained for pathology and diagnostic purposes are formalin-
fixed and paraffin-embedded (FFPE). To perform quantitative proteomics of FFPE samples, par-
affin has to be removed and formalin-induced crosslinks have to be reversed prior to proteolytic
digestion. A central component of almost all deparaffinization protocols is xylene, a toxic and
highly flammable solvent that has been reported to negatively affect protein extraction and quan-
titative proteome analysis. Here, we present a ‘green’ xylene-free protocol for accelerated sample
preparation of FFPE tissues based on paraffin-removal with hot water. Combined with tissue ho-
mogenization using disposable micropestles and a modified protein aggregation capture (PAC)
digestion protocol, our workflow enables streamlined and reproducible quantitative proteomic
profiling of FFPE tissue. Label-free quantitation of FFPE cores from human ductal breast carci-
noma in situ (DCIS) xenografts with a volume of only 0.79 mm?3showed a high correlation between
replicates (r? = 0.992) with a median %CV of 16.9%. Importantly, this small volume is already com-
patible with tissue micro array (TMA) cores and core needle biopsies, while our results and its
ease-of-use indicate that further downsizing is feasible. Finally, our FFPE workflow does not re-

quire costly equipment and can be established in every standard clinical laboratory.

Keywords: clinical proteomics; tumor tissues; FFPE; quantitative proteomics; core needle biopsy;

cancer research; molecular pathology; breast ductal carcinoma; in situ cancer

1 Introduction

Most human tumor tissues that are obtained for pathology and diagnostic purposes are formalin-
fixed and paraffin-embedded (FFPE).! FFPE allows the preservation of tissues in a “life-like” state
while preserving spatial features and keeping them accessible for subsequent downstream anal-
yses, such as immunohistochemistry (IHC), and genomic (hotspot) sequencing, without the re-
quirement of expensive equipment for sample storage.>> Vast FFPE tissue archives are available
in clinics around the globe. These represent an invaluable resource for precision oncology and
clinical research® because the archives often include pathological, clinical, and outcome data
that are linked to the clinical samples, which have often been collected from a patient during

different stages of disease.
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The MS-based proteomic analysis of FFPE samples has gained increasing attention during the past
decade, not only because of improved protocols for the extraction of proteins, but also because
of substantial improvements in the overall sensitivity of MS instrumentation and workflows.”
These technological advances now enable the proteomic profiling of minute sample amounts.
Both system-wide ‘discovery’ data on aberrant protein expression/signaling pathway activity and
targeted data providing actual protein concentrations for selected protein targets can provide
important phenotypic information from FFPE samples that cannot be extracted from genomic
screening or from IHC staining, and which may be in disagreement with genomic information .81
Nevertheless, quantitative proteomics of FFPE samples, i.e., minuscule FFPE cores (downto 1 mm
in diameter) or thin FFPE slices (down to 5 um thick), which are key to utilizing the full potential
of FFPE proteomics, are still far from routine. This can be partially attributed to the challenges in
obtaining a well-defined and homogenous tissue sample, which may require micro-/macro-dis-
section to enrich for the area of interest following examination by a pathologist of a hematoxylin
and eosin (H&E) stained representative slide. Once a well-defined FFPE sample has been ob-
tained, paraffin has to be removed in order to make the sample amenable to MS-based prote-
omics, as paraffin interferes with the subsequent steps of proteomic sample preparation and MS
analysis.' In addition, formalin-induced crosslinks have to be reversed prior to protein extraction,
which is then typically followed by a bottom-up proteomic workflow. A central component of
almost all deparaffinization protocols is xylene, which is a toxic and highly flammable solvent.?13
It has also been reported that xylene may negatively affect protein extraction and quantitative
proteomic analysis.>'* Most studies agree that heat, the choice of detergents and protein dena-
turants, as well as the pH of the extraction buffer and physical agitation, are important parame-
ters affecting the efficacy of protein extraction.>*>

To make quantitative proteomics of FFPE cores and slides more streamlined and easier to auto-
mate for use in the clinic, as well as to expand its use beyond the current focus on retrospective
studies, we present here an accelerated and efficient workflow for FFPE proteomics that does not
require xylene and which can be set up in any standard clinical laboratory, as it requires neither
costly equipment nor special training (Figure 1). The absence of xylene in our protocol is in line

” 16 35 jt avoids the use of chemicals that are both hazard-

with the principles of “green chemistry
ous to nature and involve a hazardous synthesis.
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Figure 1. Experimental Design. Xenografts were generated from human DCIS cells and tumors were resected after
1.5 weeks, followed by formalin-fixation and paraffin-embedding, as described in.'” One-millimeter-diameter FFPE
cores were used to optimize individual steps of the FFPE sample preparation: (1) deparaffinization, (2) homogeniza-
tion, (3) extraction, and (4) digestion. Peptide samples were analyzed by nano-LC-MS/MS label-free quantitation

(LFQ) to compare the performance of the evaluated protocols for each step of the sample preparation workflow.

2 Results

2.1 Water-Based Deparaffinization Competes with the Gold-Standard Xylene and Takes Only a
Fraction of the Time
The initial step, common to all FFPE sample preparation protocols, is deparaffinization, and the

protocol used in most laboratories is essentially the reversal of the paraffinization procedure,
comprising many steps that cannot be readily automated and are time-consuming: e.g., sequen-
tial washing steps with xylene and decreasing concentrations of ethanol (100%, 96%, and 70%).
Our goal was to develop a simpler and safer protocol.

We, therefore, compared the standard xylene-procedure to a deparaffinization method that is
based on washes with hot water (depW) without toxic solvents. The use of water for depar-
affinization had been first suggested in 2016 by Kalantari et al. for DNA extraction,® and 2017 by

Mansour et al. for Western blot analysis.*
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After deparaffinization with either xylene (depX) or hot water (depW), the samples were homog-
enized using a disposable micropestle (homMP) in a sodium deoxycholate (SDC)-based buffer
(exSDC) and digested using FASP. Details can be found in Section 4.3.1.

Our data show that two cycles of short incubation (~5 min) in hot water is sufficient to efficiently
retrieve proteins from FFPE cores, thus avoiding laborious successive washes with organic sol-
vents (8 steps, 60 min). Water-based deparaffinization (depW) yielded, on average, 89 + 17 ug of
total protein per mg (dry weight) of FFPE core, compared to 97 + 23 ug using xylene (depX; un-
paired t-test p = 0.54, Figure 2A).

Database searches performed on individual samples led to the identification of 933 + 26 (depX)
and 835 + 80 (depW) proteins, 6778 + 294 (depX) and 5925 + 608 (depW) peptides, and 8400 +
352 (depX) and 7244 + 815 (depW) peptide-spectrum matches (PSM), respectively, from 23,008
+ 561 (depX) and 22,764 + 1378 (depW), acquired MS/MS spectra. A quantitative comparison of
the five depW and depX replicates using label-free quantitation (LFQ) led to the quantitation of
1502 (depW) and 1521 (depX) unique proteins across the five replicates, with intra-method CVs
of 16.8% (depW) and 16.9% (depX; Figure 2B). The LFQ-derived intensities of 1495 proteins that
were quantified between the two methods show a good agreement between depW and depX
(correlation coefficient R = 0.94, slope = 0.97, Figure 2C). In general, the choice of the depar-
affinization method did not significantly impact the recovery of hydrophobic or hydrophilic pro-
teins (see Supplementary Table S1); however, almost half of the quantified high-abundance cyto-
solic ribosomal proteins showed poorer recoveries with depW (Figure 2D; Benjamini—Krieger ad-
justed p value <0.01, median depW/depX = 0.25), while membrane and nuclear proteins of inter-
est in cancer biology, such as TOMM5,1%2°TOMM7,%%:21 RAB18 (RAS related protein),???* and nu-
clear BCCIP (BRCA2 interacting protein),?%?* had significantly better recoveries using depW (adj.
p < 0.01, depW/depX= >2.08). Notably, other important cancer proteins, such as EGFR (adj. p =
0.20, depW/depX = 1.36), EIF4E (adj. p = 0.13, depW/depX = 1.19), or AKT1S1 (adj. p = 0.31,
depW/depX = 1.71) seem to show better recoveries using water-based deparaffinization, but this

was not statistically significant.
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Figure 2. Water-based deparaffinization is a ‘green’ alternative. (A) Total protein extracted after deparaffinization
with either water (depW) or xylene (depX) (n = 5, unpaired t-test, p = 0.54). (B) Intra-method %CVs based on
quantified proteins, median %CV are given. (C) Pearson correlation plot based on all proteins quantified by both
methods. (D) Volcano plot highlighting proteins significantly enriched by either method (Benjamini—Krieger multiple
hypothesis testing, FDR 1%). Cytosolic ribosomal proteins significantly enriched with depX are shown in orange. EIF4E,
EGFR, and AKT1S1 are highlighted in dark grey.

2.2 Efficient Tissue Homogenization Using Micropestles

Next, we evaluated different tools for the homogenization of small tissue samples. We compared
the total protein amounts extracted with a disposable, autoclavable micropestle (homMP) or a
BioMasher Il (homBM) which is a micropestle with a filter unit that is commonly used in genomics
studies.?>2® The samples were deparaffinized using depW, homogenized with either homMP or
homBM in exSDC and digested using FASP. Details can be found in Section 4.3.1.

Based on the bicinchoninic acid assay (BCA), both methods yielded similar protein amounts (95 +
19 pg for homMP vs. 90 £ 13 ug for homBM,; Figure 3A). LFQ of the five replicates per method
enabling the quantitation of 1405 (homMP) and 1364 (homBM) unique proteins showed that both
methods are equally reproducible (%CVs of 20.9% and 21.0% for homMP and homBM, respec-
tively; Figure 3B). LFQ-derived normalized abundances of 1410 proteins that were quantified by
both methods showed a good correlation (r = 0.94, slope = 0.98, Figure 3C), with a tendency to-
ward higher intensities for homMP (Figure 3D). The proteins with significantly differential recov-
ery (Figure 3D), however, do not seem to indicate a role of pl, hydrophobicity, subcellular locali-
zation, or molecular weight in the enrichment/depletion with either method (see Supplemental
Table S2). Based on a slightly better overall performance, ease of use, and lower cost, we prefer

the disposable micropestle to the BioMasher ll.

30



A. B. C. D. Total number of proteins: 1410

150+ ns 250 r=0.9427 a 16 upin 58 upin
20.9% 21.0% R = 0.8886 BioMasher3 . « Micropestle
o3 95 90 % =410 35 LI
= 200 g . ) .
= —— ] 3 e
3 100 | = b T . it
150 2 . = . N
E > @ g LY ) s e
9] z L2 s . .
: * .
“ 100 5 T s
2 50+ 2 =
o Z 2 o0
- N & 1
g 50 80 0
= 05
0- 0 T Y 15 0
Micropestle BioMasher 3 Micropestle BioMasher 3 1 0 ) J? o 64 2 0 2 4 &
(n=1405) (n=1364) log, Intensity Micropestle log,-fold change (Mieropesde/Biotisher)

Figure 3. Efficient tissue homogenization using micropestles. (A) Total protein extracted from 1 mm cores with a dry-
weight <1 mg (n =5; unpaired t-test; p = 0.70). (B) Intra-method %CVs based on all quantified proteins, median %CV
are given. (C) Pearson correlation plot based on all quantified proteins. (D) Volcano plot highlighting proteins that
were significantly enriched by one method (multiple hypothesis testing using the FDR-based approach by Benjamini—
Krieger, FDR 1%).

2.3 Improved Protein Extraction with Sodium Deoxycholate (SDC)

After mechanical cell disruption using a disposable micropestle (homMP), preceded by depar-
affinization using hot water (depW), the homogenate was incubated in different extraction buff-
ers, and digested using FASP.

Formalin fixation of tissue preserves proteins in their native structures, but studies suggest that
several modifications may occur during the fixation process, and these seem to progress over
time.?®3! Lysine methylation and methionine oxidation are the most frequent protein
modifications observed in FFPE tissue.3%3! These protein modifications can ultimately lead to pro-
tein—protein, DNA—protein, and/or RNA—protein crosslinking (e.g., Schiff base reaction). Combin-
ing heat3?33 with high concentrations of detergents is considered to be the most effective ap-
proach for protein extraction from FFPE tissue and the reversal of protein-crosslinking that had
been induced during the fixation process. We, therefore, compared a standard SDS buffer
(exSDS), as used in many studies,>'® to an SDC-based buffer (exSDC).343% exSDC contains TCEP, a
potent denaturing agent, which seems to improve the denaturation of FFPE-preserved proteins
and facilitates downstream processing. We use the identification of peptides with lysine methyl-
ation as an indicator of effective denaturation and decrosslinking in FFPE samples. We observed
4.95 + 0.62% of these modified peptides with exSDS and 3.62 + 0.26% with exSDC. This indicates

that both lysis buffers are effective for decrosslinking, but exSDC seems to be marginally better.
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In our hands, the exSDC buffer yielded significantly higher amounts of total protein (unpaired t-
test, p = 0.0341, Figure 4A) than the SDS buffer, which is thought to be the ‘gold-standard’.

LFQ data on 1748 (exSDC) and 1765 (exSDS) quantified unique proteins also showed a higher re-
producibility for exSDC than for exSDS (%CV of 14.7% vs. 21.3%) (Figure 3B). A direct comparison
using LFQ enabled the quantitation of 1722 unique proteins quantified by both methods and
showed a slight tendency towards higher intensities, and consequently, are more likely to be a
better extraction efficiency for exSDC (Figure 3C,D). A closer look into the physicochemical prop-
erties of proteins exclusively quantified in each method reveals that exSDC is significantly better
for extraction of larger (unpaired t-test, p = 0.0001), more acidic (unpaired t-test, p = 0.005), and

more hydrophilic proteins (unpaired t-test, p = 0.0001) than exSDS (see Supplemental Table S3).
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Figure 4. An SDC-TCEP-based buffer improves overall protein recovery from FFPE tissues. (A) Total protein extracted
from 1 mm cores with dry-weight < 1 mg (n = 5; unpaired t-test; p = 0.0341). (B) Intra-method %CVs based on all
quantified proteins, median %CVs are given (unpaired t-test; p < 0.0001). (C) Pearson correlation plot based on all
proteins quantified with both methods. (D) Volcano plot highlighting proteins that were significantly enriched by

either method (multiple hypothesis testing using FDR-based approach by Benjamini—Krieger, FDR 1%).

2.4 PAC and STRAP Are Good Alternatives to FASP
Next, we evaluated the efficacy of different digestion techniques for FFPE-proteomics, namely,
filter-aided sample preparation (FASP),3”38 which is still one of the most-widely used sample prep-
aration methods, in addition to the more recent protein-aggregation capture (PAC)* and suspen-
sion trapping using micro spin columns (STRAP)*° that enable a simpler sample preparation with
improved parallelization and automation capabilities.3*** For each method, 20 ug of total pro-
tein were digested after water-based deparaffinization, micropestle homogenization, and SDC-
based extraction (depW/homMP/exSDC).

32



Important differences in the three digestion procedures are the (i) time and temperature of incu-
bation with trypsin, and (ii) the substrate-to-protein ratio. While FASP typically involves overnight
digestion at 37 °C, PAC and STRAP digestions are usually performed for 3 h at 37 °C and 47 °C,
respectively. FASP and PAC samples were digested with a substrate-to-trypsin ratio of 20:1, while
STRAP samples were digested with a substrate-to-trypsin ratio of 10:1, following the manufac-
turer’s instructions. Importantly, although it worked well for conventional samples, in our hands,
the standard PAC protocol led to a poor performance for FFPE samples, which seemed to result
from an overall poor recovery of proteins/peptides. We were able to compensate for this by ad-
justing the standard protein-to-bead ratio from 1:4 to 1:12, which led to substantially higher sig-
nals in the analysis, comparable to the other two methods. Notably, for STRAP, the buffer was
brought to a final concentration of 5% SDS before loading, as recommended by the manufacturer.
When comparing the three digestion protocols, FASP yielded a clearly higher proportion of fully
tryptic peptides (79%) compared to PAC and STRAP (both 70%; Figure 5A). LFQ of the individual
methods showed that FASP also had the lowest intra-method %CV (15.6%, n = 1496) followed by
PAC with 16.9% (n = 1482) and STRAP with 17.7% (n = 1496; Figure 5B). A quantitative comparison
of the three methods based on LFQ led to the quantitation of 1436 unique proteins quantified by
all methods. Unsupervised hierarchical clustering based on the normalized abundances of these
proteins (multiple hypothesis testing using FDR-based approach by Benjamini—Krieger, FDR 1%,
Figure 5C) shows good agreement between the three methods. A closer look into the physico-
chemical properties of proteins that were exclusively recovered with one of the methods shows
that PAC seems to be better suited for small and more-acidic proteins, although not statistically
significant (see Supplementary Table S4). A pair-wise comparison of the three methods by LFQ
shows that FASP results in a slightly better overall protein recovery than PAC, while both methods
are superior to STRAP (see Figure 5D—F).

Thus, PAC is a good alternative to the considerably more laborious and time-consuming FASP, is
also easily scalable to the amount of protein, and has already been fully automated using liquid-

handling systems.4145-48
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Figure 5. Comparison of PAC and STRAP with FASP. (A) Efficacy of tryptic digestion shown by percentage of missed
cleavages. (B) Intra-method %CVs based on all quantified proteins, median %CVs are given. (C) Hierarchical clustering
[49] of all quantified proteins, colors reflect log2-normalized abundances. (D—F) Volcano plots highlighting proteins
that were significantly enriched by either method (multiple hypothesis testing using FDR-based approach by Benja-
mini—Krieger, FDR 1%).

3 Discussion

In this paper, we present a streamlined and efficient protocol for quantitative proteomics of FFPE
cores based on a novel, ‘green’, and non-hazardous water-based method for deparaffinization
(depW) prior to quantitative proteomic analysis, and show that harsh, non-MS compatible deter-
gents, such as SDS, are not required for efficient retrieval of proteins from archived FFPE material.
The water-based deparaffinization results in paraffin-removal that is six times as fast as the con-
ventional xylene-based protocol and enables robust proteomic profiling from less than 1 mg of
FFPE core tissue (dry weight with wax) for clinical research. To our knowledge, this is the first
report of a protocol for efficient protein retrieval from 1 mm-diameter core punches (~0.8 mm3
tissue volume). This volume is comparable to tissue micro array (TMA) cores used to build TMAs

for IHC analysis, and also to core needle biopsies, thus enabling proteomic analysis of clinical

34



samples that were not amenable to clinical research due to very limited tissue availability, i.e.,
ductal carcinoma in situ, where tumor areas of interest are too small for analyses beyond IHC.
Interestingly, several membrane receptors with central roles in cancer biology showed
significantly better recoveries (p < 0.01, >2-fold) using our water-based method compared to xy-
lene-based protocols (e.g., TOMMS5/7, RAB18, BCCIP).>° Other relevant cancer targets, such as
translational elongation and initiation factors (e.g., EIF4E), membrane receptors (e.g., EGFR), as
well as RNA binding proteins, also showed a tendency towards better recovery, albeit not statis-
tically significant. These results may reflect the differential impact of water- and several rounds
of ethanol-washes on the partial removal of either soluble or hydrophobic proteins.
More recent protocols for proteomics of FFPE samples include the use of Adaptive Focused
Acoustics (AFA) for efficient deparaffinization and decrosslinking,*®#%4351 but the availability of
AFA systems that can handle multiple samples in standard laboratories is limited because of the
high cost of both the instrumentation and the required consumables. In our hands, sonication of
the small sample amounts used in this study results in a high risk of sample loss, even when a
single tube is used. A heat-based homogenization/lysis in SDC buffer with TCEP, together with
autoclavable micropestles, enabled effective decrosslinking, homogenization, and extraction, us-
ing a simple protocol. A BCA kit compatible with reducing agents (RAC-BCA) is recommended to
account for interferences in the colorimetric detection and quantitation of total protein.
The translation of FFPE-based proteomics into high-throughput (clinical) applications requires
fast, reproducible, scalable, and (semi)automated workflows. We, therefore, performed a direct
comparison of more recent techniques for protein extraction and digestion (i.e., PAC and STRAP),
to the ‘gold-standard’ filter-assisted sample preparation (FASP).
Our data reveal differences in the efficiency of tryptic digestion and the feasibility for use on low
sample amounts (scalability). Although FASP performs slightly better in our hands, it is a very
laborious procedure including several washing steps that cannot be automated. It has been
shown to work best for a protein range between 10 pg to 100 ug.>%>3 STRAP is a very attractive
sample preparation method because the available cartridge formats cover a wide range of total
protein amounts (1-100 pg, 100-300 pg or =300 pg).*° It also allows tryptic digestion in as little
as 3 h, with comparable digestion efficiency to overnight digestion used for FASP. In our hands,
however, STRAP was slightly less reproducible than PAC and FASP, with PAC being the best choice
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for very low sample amounts. PAC requires tryptic digestion for only 3 h and has already been
successfully automated in several laboratories.**-*8 Moreover, a variety of bead-chemistries are
available (e.g., amine-reactive, carboxylic, HILIC, etc.) which might be adapted based on specific
research needs. Notably, to enable efficient PAC-based sample preparation for FFPE samples, we
had to increase the recommended protein-to-bead ratio by a factor of three, likely as a result of

FFPE-matrix effects that reduced the protein binding capacity.

4 Materials and Methods

We used FFPE tissue from human ductal breast carcinoma in situ (DCIS) xenografts to optimize
the main steps of FFPE sample preparation: (i) deparaffinization, (ii) homogenization, (iii) protein
extraction, and (iv) proteolytic digestion (see Figure 1). To avoid a systematic bias derived from
tissue heterogeneity, we used 1 mm-diameter cores that had been obtained from a single FFPE
block for each step (i—iv) of the protocol to be optimized, and randomly assigned these to the
different protocols in order to have a total of 5 replicates per condition. Thus, any statistically
significant differences observed should result from methodical differences rather than tissue het-
erogeneity.

Each method was evaluated based on the total protein yield (RAC-BCA), the number of identified
peptides and proteins (qualitative MS), as well as the reproducibility and the enrichment/deple-

tion of proteins (quantitative MS).

4.1. Chemicals and Reagents

All chemicals and reagents were purchased from Sigma Aldrich (St. Louis, Michigan, USA) unless
otherwise stated. For sample homogenization, two types of micropestles were acquired, one
from Sigma Aldrich (#BAF199230001) and one Optima Inc., Glencoe, IL, USA, (#320302). Filter-
aided sample preparation (FASP)37-38 was conducted on Microcon® Centrifugal Filters (30 kDa mo-
lecular cut-off, Merck KGaA #MRCFOR030, purchased through Sigma Aldrich. For bead-based sam-
ple preparation, ferromagnetic beads with MagReSyn® Amine functional groups (ReSyn Biosci-
ences, Gauteng, South Africa) were used. For sample preparation using suspension trapping, S-
Trap>! micro-cartridges with a binding capacity of <100 pg total protein were purchased from

ProtiFi (Farmingdale, NY, USA, #CO2-micro-80).

36



The total protein concentration was determined using a reducing-agent-compatible Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA, #23250) following the manufac-

turer’s instructions.

4.2 Source of Specimens
Method development was performed using 1 mm-diameter FFPE cores (~0.8 mm3 tissue volume)
of xenografts from human ductal breast carcinoma in situ (DCIS, Figure 6). A total of 1 x 10°> human
DCIS cells (MCF10DCIS.com; Wake Forest University, Winston-Salem, NC, USA) were injected into
the mammary fat pads of an athymic nude mouse. DCIS tumors were resected after 1.5 weeks,
were formalin-fixed, paraffin-embedded, and stored under ambient conditions (~1 year).'’

‘|!
mm:

!
i

Figure 6. Representative size of FFPE core used in this study. After deparaffinization, the core volume was approxi-

mately 0.4 mm?3.

4.3 Sample Preparation of Core Needle Biopsy-Sized Specimens

4.3.1 Optimization of Deparaffinization

Recovering proteins from FFPE tissue requires prior deparaffinization with the vast majority of

protocols being based on xylene, followed by a series of washes with decreasing amounts of eth-

anol for tissue rehydration.?34? We compared a standard protocol for xylene/ethanol washes

(depX) used in most clinical laboratories for paraffin removal, to a ‘green’ and solvent-free depar-

affinization approach based on hot deionized water (80 °C; depW) using 5 FFPE cores per protocol.

(a) depX:>*The samples were washed with 1 mL of 100% xylene and incubated for 10 min at room
temperature (RT), followed by centrifugation at 14,000x g for 2 min and disposal of the su-
pernatant, followed by another 2 repetitions. Then, the samples were washed twice each with
1 mL of 100%, 96%, and 70% ethanol, followed by incubation for 1 min at RT and centrifuga-
tion as above.

(b) depW:(modified from 14) The sagmples were washed 2x with 500 uL of hot deionized water and in-

cubated for 1 min at RT under vigorous vortex mixing. Each washing step was followed by
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centrifugation at 20,000x g for 5 min at 4 °C. The supernatant, containing paraffin either float-

ing on the liquid surface or stuck to the wall of the tube (Figure 7), was discarded and the

deparaffinized and rehydrated core was transferred to a clean LoBind Eppendorf tube.
Each core was mechanically disrupted using a micropestle (Sigma Aldrich) in 250 uL of 2% sodium
deoxycholate (SDC), 50 mM Tris-HCI, 10 mM tris(2-carboxyethyl)phosphine (TCEP), pH 8.5, fol-
lowed by sequential incubation on an Eppendorf ThermoMixer C (purchased from VWR Interna-
tional, Mississauga, ON, CA) for 20 min at 99 °C (700 rpm) and for 2 h at 80 °C (900 rpm). The
samples were cooled down on ice for 5 min, followed by RAC-BCA protein determination using 9
ulL aliquots. Free cysteines were alkylated using 30 mM iodoacetamide (IAA) for 30 min at room
temperature (RT), protected from light, followed by a quench with 10 mM dithiothreitol (DTT) for
15 min at RT. Tryptic digestion was performed by FASP 3738 with slight modifications.>® Briefly,
lysate corresponding to 20 ug of total protein was diluted to 450 pL with freshly prepared 8 M
Urea, 100 mM Tris, pH 8.5 *® and loaded onto a 30 kDa Microcon filter. The sample was centrifuged
for 25 min at 13,500x g and the eluate was discarded, followed by three washes using 100 pL of
the same buffer and three washes with 50 mM ammonium bicarbonate (AmBic). Finally, 100 pL
of digestion buffer comprising 1:20 (w/w) trypsin:protein in 0.2 M guanidine-hydrochloride
(GuHCI), 50 mM AmBic, 2 mM CaCl2 were added and the sample was incubated at 37 °C for 14 h.
The tryptic peptides were recovered by centrifugation for 15 min at 13,500x g, followed by two
additional washes using 50 pL of 50 mM AmBic and 50 pL of ultrapure water. The collected pep-
tide sample was dried under vacuum and reconstituted in 0.1% formic acid (FA) for nano-LC-

MS/MS.

Figure 7. Representative tubes after deparaffinization. The molten paraffin in the depW approach forms a layer on

the surface of the hot water and residual paraffin ‘flakes’ precipitate to the bottom of the tube during centrifugation.
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The deparaffinized tissue floats in the water and can be easily transferred into a new tube for further sample prepa-

ration.

4.3.2 Optimization of Tissue Homogenization

250 pL of extraction buffer (2% SDC, 50 mM Tris-HCI, 10 mM TCEP, pH 8.5) were added to each

H,O-deparaffinized (depW) tissue core (n = 10) for mechanical cell disruption and homogenization

using either a disposable micropestle (homMP; Sigma Aldrich, #BAF199230001) or a BioMasher

[l (homBM; Optima Inc., #320302). After homogenization, the samples were digested using FASP

as described above, dried under vacuum, and reconstituted in 0.1% FA for nano-LC-MS/MS.

4.3.3 Optimization of Protein Extraction

Two buffers were compared: 4% SDS (w/v), 150 mM NaCl, 50 mM Tris-HCl, pH 8.5 (exSDS)31>3°

and 2% SDC, 50 mM Tris-HCI, 10 mM TCEP, pH 8.5 (exSDC). Then, 250 L of either exSDS or exSDC

buffer were added to each deparaffinized core. Samples were homogenized and digested as de-
scribed for homMP. Samples were dried under vacuum and reconstituted in 0.1% FA for nano-LC-

MS/MS.

4.3.4 Optimization of Tryptic Digestion

Three strategies for proteolytic digestion were compared: FASP 2 using a 30 kDa MW cut-off

filter,2°7 protein aggregation capture (PAC),* and suspension trapping using S-Trap micro-car-

tridges (STRAP).?% 51 The cores were deparaffinized using H,0 (depW) and homogenized using a

disposable micropestle (homMP) in 2% SDC, 50 mM Tris-HCI, 10 mM TCEP, pH 8.5 (exSDC).

(a) FASP was performed as described above.

(b) PAC was performed using amine microparticles (MagReSyn) based on Batth et al.3° For 20 pg
of protein lysate, 12 pL of microparticle stock solution (20 pg/mL) were equilibrated with 100
pL of 70% ACN, briefly vortexed and placed on a magnetic rack to remove the supernatant.
This step was repeated another two times. Next, the protein extracts were added to the
beads and the sample was adjusted to a final concentration of 70% ACN, thoroughly vortexed
and incubated for 10 min at RT without shaking. The following washing steps were performed
on a magnetic rack without disturbing the protein/bead aggregate. The supernatants were
discarded, and the beads were washed on the magnetic rack with 1 mL of 95% ACN for 10 s,
followed by a wash with 1 mL of 70% ACN without disturbing the protein/bead aggregate.

The tubes were removed from the magnetic rack, 100 uL of digestion buffer (1:20 (w/w)
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trypsin:protein in 0.2 M GuHCI, 50 mM AmBic, 2 mM CaCl,) were added and the samples
were incubated at 37 °C for 3 h. After acidification with trifluoroacetic acid (TFA) to a final
concentration of 2%, the tubes were placed on the magnetic rack for 1 min, followed by re-
moval of the supernatant. To remove residual beads, the samples were centrifuged at
20,000x g for 10 min. The supernatants were dried under vacuum and reconstituted in 0.1%
FA for nano-LC-MS/MS.

(c) STRAP digestion was performed according to the manufacturer’s instructions.! Lysate corre-
sponding to 20 pug of total protein was acidified to a final concentration of 1.2% phosphoric
acid. SDS was added to a final concentration of 2% followed by a 7-fold dilution with STRAP
binding buffer (90% methanol, 100 mM Tris-HCI, pH 7.1). The sample was loaded onto the
STRAP and centrifuged at 4000x g for 1 min, followed by three washes with 150 uL binding
buffer, with the spin-column being rotated by 180° between centrifugation steps. Then, 200
uL of STRAP digestion buffer, comprised of 1:10 (w/w) trypsin:protein in 0.2 M GuHCI, 50
mM AmBic, 2 mM CaCl, were added to the STRAP, which was briefly spun on a benchtop
centrifuge to assure saturation of the column material with the digestion buffer. The flow-
through was loaded again on top of the column. The sample was incubated at 47 °C for 3 h.
Peptides were eluted by sequential elution (1000x g, 1 min) using 40 uL of 50 mM AmBic,
40 plL of 0.1% FA, and 35 plL of 50% ACN, 0.1% FA. The collected peptide sample was dried
under vacuum and reconstituted in 0.1% FA for nano-LC-MS/MS.

4.4 Data Analysis

All samples were analyzed by data dependent acquisition (DDA) using an Easy-nLC 1200 (Thermo

Fisher Scientific, Waltham, MA, USA) coupled to a Q Exactive Plus (Thermo Fisher Scientific) mass

spectrometer that was operated with a Nanospray Flex ion source (Thermo Fisher Scientific). To

minimize systematic errors, all samples from one experimental set (e.g., comparison of

FASP/PAC/STRAP) were injected in a randomized order. Then, 1 ug of digested protein were pre-

concentrated on an AcclaimPepMap 100 C18 pre-column (Thermo Fisher Scientific, 3 um particle

size, 75 um inner diameter x 2 cm length) and separated on an AcclaimPepMap 100 C18 main
column (Thermo Fisher Scientific, 2 um particle size, 75 pm inner diameter x 25 cm length) using

a 50 min binary gradient (A: 0.1% FA; B: 84% ACN in 0.1% FA) at a flow rate of 300 nL/min. B was

increased from 3-17% until min 30 and from 17-40% until min 20. Full MS scans were acquired
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from m/z 350-1500 at a resolution of 70,000 with an automatic gain control (AGC) target value of
1 x 10° and a maximum injection time of 50 ms. The 15 most intense precursor ions (charge states
+2, +3, +4) were isolated with a window of m/z 1.2 and fragmented using a normalized collision
energy of 28; the dynamic exclusion was set to 40 s. MS/MS spectra were acquired at a resolution
of 17,500, using an AGC target value of 2 x 10* and a maximum injection time of 64 ms.

MS raw data were processed using Proteome Discoverer 2.4 (PD, Thermo Fisher Scientific). Data-
base searches were performed using SequestHT and a human Swissprot database (January 2019;
20,414 target entries). Label-free quantitation (LFQ) was performed using the Minora feature de-
tector node, Percolator was used to calculate posterior error probabilities. Database searches
were performed using trypsin as enzyme with a maximum of 2 missed cleavages. Carbami-
domethylation of cysteine (+57.021 Da) was set as fixed modification and oxidation of methionine
(+15.995 Da), and lysine methylation (+14.016 Da, +28.031 Da, and +42.047 Da) as variable mod-
ifications.?! Mass tolerances were set to 5 ppm for precursor- and 0.02 Da for product-ions. The
data were filtered to a false discovery rate (FDR) < 1% on the peptide and protein levels. Only
proteins that were (i) identified with at least two unique peptides and (ii) quantified in at least 3
out of 5 replicates of at least one of the methods to be compared, were considered for the quan-
titative comparison. Protein LFQ data obtained from Proteome Discoverer were normalized based
on summed protein intensities to correct for differences in sample loading. For proteins passing
the abovementioned criteria, missing protein intensity values were imputed using 1.5x the mini-
mum observed intensity for this particular sample. The obtained normalized abundances were
used for unpaired t-tests (two tailed, 95% confidence) and Pearson correlation analyses. Differ-
ential expression analysis was performed on log2-transformed normalized abundance data with
multiple hypothesis testing using a false discovery approach by Benjamini—Krieger false discovery
rate (FDR 1%). Proteins having g-values of < 0.01 and absolute log2 fold-changes >1 were consid-
ered as differential between tested workflows. Statistical analysis was performed using GraphPad
Prism 9 (San Diego, CA, USA).

MS data files are publicly available through the ProteomeXchange Consortium via the PRIDE part-

ner repository>® with the dataset identifier PXD031946.
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5 Conclusions

Based on our results, we recommend the following protocol for quantitative proteomics of small
FFPE core samples: (i) water-based deparaffinization (depW) followed by homogenization using a
micropestle (homMP) in an SDC-based extraction buffer containing reducing agents, e.g., DTT or
TCEP (exSDC). In particular, for protein amounts of <10 pg, we recommend PAC-based digestion,
while amounts of up to 100 ug work well with FASP. Importantly, based on our results, the ten-
dency for better recoveries of subsets of proteins with certain properties might further influence
the choice of sample preparation—for example, small and more acidic proteins showed better
recoveries using PAC (see Supplemental Table S4).

This ‘green’ FFPE proteomics workflow requires less starting material than used in comparable
studies, i.e., <1 mg dry-weight of a FFPE core with wax, and enables robust proteomic profiling of
FFPE tumor tissues (average RSD <20%) for clinical research. The micro-volumes of FFPE tissue
used successfully in this study show that our workflow is well-suited for small tissue samples pre-
served in FFPE blocks such as core needle biopsies, and also small tissue cores such as those used
to build TMAs. Diseases where tissue areas of interest are very limited, e.g., in pre-invasive cancer,
are currently only amenable to histological assessment for diagnostic purposes. Our protocol en-
ables clinical research and molecular characterization of such diseases, as only 1 mm in diameter
cores are required. Furthermore, our workflow does not require any special equipment, is suita-
ble for any standard hospital clinical laboratory, and can be automated, thereby facilitating high-
throughput analysis for clinical research.

We have already used this protocol successfully for quantitative proteomics of FFPE cores and
sections in breast cancer patient-derived xenografts for precise quantitation of PTEN,>® AKT1/2,
and PIK3CA (publication in preparation), as well as in clinical samples of non-small cell lung cancer
(NSCLC) for quantitative assessment of proteins in the PDL1-axis (publication in preparation). Tis-
sue areas of interest as small as ~1 mm? and, based on the total amounts of extracted protein,

even considerably smaller volumes of FFPE tissues should be compatible with this workflow.

Supplementary Materials: The following supporting information can be downloaded at:

https://www.mdpi.com/article/10.3390/ijms23084443/s1.
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Preface Chapter 3

Proteomics has the potential to address the chiasm between biomarker discovery and successful
verification of biomarkers (see Chapter 1). Here we demonstrate the invaluable importance of
proteomics as part of integrative translational research by applying our improved FFPE-prote-
omics procedure on a study to unlock the proteomic secrets of ductal carcinoma in situ - the most
prevalent non-invasive breast lesion. Using quantitative proteomics, both with discovery and tar-
geted approaches, we not only confirm genomic biomarkers suggested by independent tran-
scriptomic studies but identify more than 300 additional biomarkers that could inform much
needed strategies for disease management of pre-malignant lesions. With this work, we further
provide an assay for clinical validation and utility testing, that meets all regulatory requirements

and can be readily incorporated into clinical practice guidelines.
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Abstract

Ductal carcinoma in situ (DCIS) is the most common type (80%) of non-invasive breast lesions.
The lack of validated prognostic markers, limited patient numbers and variable tissue quality sig-
nificantly impact diagnosis, risk stratification, patient enrolment, and results of clinical studies.
We performed label-free quantitative proteomics on 50 clinical formalin-fixed, paraffin embed-
ded biopsies, validating 22 putative biomarkers from independent genetic studies. Our compre-
hensive proteomic phenotyping reveals more than 380 differentially expressed proteins and met-
abolic vulnerabilities, that can inform new therapeutic strategies for DCIS and IDC. Due to the
readily druggable nature of proteins and metabolites, this study is of high interest for clinical re-
search and pharmaceutical industry. To further evaluate our findings, and to promote the clinical
translation of our study, we developed a highly multiplexed targeted proteomics assay for 90
proteins associated with cancer metabolism, RNA regulation and signature cancer pathways, such

as Pi3K/AKT/mTOR and EGFR/RAS/RAF.

1 Introduction

Ductal carcinoma in situ (DCIS) is a pre-invasive (stage 0) neoplastic lesion that is associated with
a ~10-fold elevated risk of developing invasive breast cancer, e.g., invasive ductal carcinoma
(IDC).! Due to this increased risk, patients diagnosed with DCIS undergo aggressive treatment with
breast conserving surgery or total mastectomy with optional adjuvant therapy, i.e., radiation or
endocrine therapy.

Studies, however, show that if left untreated, only 20-50% of DCIS patients will progress to IDC. >
> This has led to global concerns regarding overtreatment of DCIS patients, the resulting high eco-
nomic burden for the healthcare system and, most importantly, a high psychological burden for
the patients. Tools and expression signatures to predict invasive progression for better informed
clinical decision making are required and many international trials are currently enrolling patients
with DCIS for non-surgical management by active surveillance, e.g., LORIS, LORD and LARRIKIN. &
The COMET trial (NCT02926911) in the US is targeting histologically confirmed low-risk DCIS for a
comparison of surgery to monitoring and endocrine therapy.

At present, the diagnosis of DCIS is based on calcifications observed during mammography

screenings and histological assessment of tissue biopsies, i.e., formalin-fixed and paraffin
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embedded (FFPE) needle core biopsies. Five morphological key features, high intra-tumor heter-
ogeneity, poor inter-observer agreement, 1% and the lack of validated prognostic markers signif-
icantly impact clear diagnosis and risk stratification, as well as patient enrolment and final results
of clinical studies.

There is currently no precision oncology treatment available for patients diagnosed with DCIS.
Post-operative (adjuvant) therapy is guided by immunohistochemistry (IHC) assays for estrogen
and progesterone receptor status (ER and PR), HER2 expression status (by fluorescence in situ
hybridization, FISH), as well as BRCA1/2 mutation status. Clinical multigene assays, such as Onco-
type DX/DCIS, MammaPrint or PreludeDx DCIS, are sometimes used to clinically predict recur-
rence risks of patients but are not standard and only guide the use of adjuvant therapy.
Generally, DCIS studies are limited by patient number and tissue quality. Recent genomic land-
scaping studies on individual DCIS lesions identified putative biomarkers associated with progres-
sion towards IDC and give insights into the underlying cancer biology. Multi-omic profiling of DCIS,
however, is still challenging since DCIS and IDC lesions are mostly studied in FFPE-preserved sam-
ples; pure DCIS lesions can be very small in size as they are usually from minimally invasive needle
core biopsies, and access to pure IDC lesions is limited, as most surgically removed IDC lesions
also present in-situ components and may follow effective neoadjuvant therapy.

The current study makes use of our recently published FFPE-proteomics method that facilitates
proteomic profiling on FFPE-preserved tissue cores. ! In a cohort of carefully curated patients
treated with DCIS and IDC at the Segal Cancer Centre of the Jewish General Hospital (JGH) in
Montreal (n=51) we investigate changes in the protein expression of 29 pure DCIS lesions, 18
pure IDC lesions, 13 mixed-type lesions (IDC with in-situ components), and 9 cases where pure
DCIS and pure IDC is present in different lesions in the same patient, either synchronously or
metachronously (see Fig. 1). Data from recently published independent gene expression studies
investigating the progression from DCIS to IDC were used to complement the label-free protein
expression data. Since FFPE preservation eliminates up to 85% of metabolites, 121 we used Quan-
titative Systems Metabolism (QSM™) technology from Doppelganger Biosystem GmbH, Germany,
an Al-driven metabolic analysis using proteomics data, 1’ for a comprehensive profiling of the
central metabolism/energy metabolism. Guided by these results, we developed a highly multi-
plexed parallel-reaction monitoring (PRM) assay for precise quantitation of 90 proteins, that are
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associated with cancer metabolism, RNA regulation and major cancer growth-associated path-

ways, such as PI3K/AKT/mTOR and EGFR/RAS/RAF.
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Figure 5: Experimental Design. Label-free quantitative proteomics was performed in a cohort of carefully curated
patients treated with DCIS and IDC (n=50) to investigate changes in the protein expression of 29 pure DCIS lesions,
18 pure IDC lesions, 13 mixed-type lesions (IDC with in-situ components), and 9 cases where pure DCIS and pure IDC
is present in different lesions in the same patient, either synchronously or metachronously. The protein extraction of
FFPE tissue cores (1 mm diameter, ~0.8 mm?3 tissue volume) used an optimized FFPE-proteomics protocol published
here. ™! The samples were analyzed on ‘plug-and-play’ platform built for standardization in clinical proteomics, and
the data was processed using state-of-the-art data analysis tools, including machine learning/Al-driven algorithms

for improved and higher confidence mechanistic insights.

2 Results

2.1 DCIS and IDC are highly heterogeneous tumor phenotypes but build two distinct clusters in
sparse Partial Least Squares Regression for Discrimination Analysis (sPLS-DA).

Several genomic centered studies have reported that both DCIS and IDC tumor phenotypes are
highly heterogeneous, 8191819 hampering clinical diagnosis but also limiting statistical power and
robust assay development to complement clinical diagnosis. Using a streamlined FFPE-proteomics
workflow ! with a standard label-free mass spectrometry (MS)-based data analysis, we quantified
more than 2800 proteins at a 1% false discovery rate (FDR) on the protein and peptide level. Using
less than 1% of the total protein extracted from a single 1-mm FFPE tissue core, we cover 6 orders
of magnitude of the DCIS/IDC proteome (Fig. 2a). Notably, the proteome of the two ductal breast
cancer disease states seems to be clearly differential from each other, as an sPLS-DA shows two
distinct clusters between the study cohorts (Fig. 2b). The sPLS-DA is a statistical method used for
extracting and selecting important features from high-dimensional data to discriminate between

different groups, while simultaneously considering sparsity to improve interpretability and
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reduce overfitting. 2° Based on the available clinical data (non-omics data) and small sample size,

we are not in the position to infer any underlying patterns or biological relationships leading to

this clustering on the protein level. Nevertheless, the top 10 features driving the proteomic vari-

ability between DCIS and IDC seem to reflect high transcriptional activity, extracellular matrix re-

modeling and inflammation processes (Figs. 2c and 2d).
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Figure 2: Data Quality and Evaluation of Variability. (A) Dynamic range of ~2,860 proteins quantified in ductal breast

cancer, at a 1% false discovery rate. All —log10 values were based on normalized spectral abundance factor (NSAF)

values, which were used to normalize the spectral count. High NSAF values represent a high level of expression. 6

orders of magnitude of the DCIS/IDC proteome are covered using ~1% of the total sample and a standard data de-

pendent acquisition (DDA) method without fractionation. (B) Sparse Partial Least Squares Regression for Discrimina-

tion Analysis (sPLS-DA) showing good clustering of the two study groups. The oval shape represents 95% confidence

intervals. Interquartile and ROUT method identified no outlier samples. (C/D) Loading plots of the sPLS-DA, showing

proteins/genes that drive the variability and clustering between DCIS and IDC. The right x-axis shows expression levels

of these drivers in the DCIS/IDC samples.
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2.2 MS-based proteomics complements and supports independent genomic/transcriptomic
studies of DCIS to IDC progression.

Study of progression of DCIS to IDC has mainly used gene expression analysis or IHC/FISH on the
protein level. Recent studies have demonstrated significant misalighment between genome and
even transcriptome and the ultimate protein levels, and IHC is poorly quantitative. 2124 Therefore,
we sought to confirm these findings using direct measurement of proteins. We compared MS-
based label-free proteomics data with 49 differentially expressed genes identified by three recent
larger-scale independent genomics/transcriptomics studies ®2>26 and found 22 overlapping genes
(see Table 1). Proteomics data identified gene products of FOXA1, POSTN, THBS2, CA12, FN1 and
ALDH]1 as differentially expressed proteins (DEPs, unpaired t-test, p<0.05).

The proteomics data shows lower FOXA1 (Forkhead Box A1) expression in pure DCIS compared to
pure IDC (p<0.0001), and increased expression in mixed-type DCIS compared to pure DCIS
(p=0.03) suggesting a protective function of FOXAL. The loss or silencing of FOXA1 observed in
DCIS seems to promote cell migration and invasion. Interestingly, forced expression of FOXA1 in
MCF-7 (IDC cell line) inhibits growth, and controls cell plasticity by repressing the basal-like phe-
notype. 27?% Genetic studies associate FOXA1 with heterochromatin remodeling, particularly af-
fecting hormone receptor transcription, 2° and regulation of the cell cycle with BRCA1. 3%3! Evi-
dence of FOXA1 involvement in tumor progression on the (epi-)genetic, transcriptomic, and pro-
teomic level warrants further investigation of FOXA1 as clinical biomarker and its clinical utility
for DCIS risk stratification.

POSTN (Periostin), THBS2 (Thrombospondin 2), and FN1 (Fibronectin) mediate cell-cell and cell-
matrix interactions. POSTN, a downstream effector of B-catenin, activates PI3K/AKT and ERK
pathways. 32 In DCIS, these proteins have lower expression levels compared to IDC (p<0.03,
p<0.04, p<0.03, respectively), indicating stromal remodeling in DCIS to IDC progression.

CA12 (Carbonic Anhydrase 12) regulates the tumor microenvironment and metabolic pathways,
33-35 with lower protein levels in pure DCIS compared to pure IDC (p<0.0001). Loss of CA12 activity
likely creates a more favorable environment for malignant cell growth and progression towards
IDC.

High ALDH1 (Aldehyde Dehydrogenase 1) expression characterizes cancer stem cells associated
with tumorigenesis, metastatic behavior, and poor outcomes. 3¢37 While an IHC-based profiling
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of DCIS did not associate ALDH1 with breast cancer events, ° our MS-based analysis on paired
DCIS/IDC lesions, does show a significantly higher concentration of ALDH1 in DCIS compared to
IDC lesions (p=0.01), supporting findings from stem cell biology that ALDH1 might be a functional
and prognostic biomarker of tumorigenesis in DCIS.

Having access to ‘real-world’ mixed-type lesions, the most prevalent clinical phenotype of breast
ductal carcinoma, we were in the unique position to investigate the proteome of DCIS lesions that
are likely active in the transition to IDC, depleted from inter-tumor heterogeneity. Comparing
pure DCIS to mixed-type DCIS lesions revealed significantly lower protein levels of KRT5, KRT14,
KRT6B, and CEACAMS in pure DCIS lesions (p<0.05), indicating stromal remodeling as a key fea-
ture in the progression from pre-cancer to invasive cancer, with prognostic value for DCIS man-
agement. High expression of KRTs is linked to good prognosis in breast cancer, while lower levels
are associated with invasive tumor proliferation. 3340 CEACAMS (also CEA) expression has context-
dependent impact and a protective function in breast cancer, with potential usefulness in disease
monitoring. >*%42 Similarly, comparing pure IDC to mixed-type IDC lesions showed a loss of KRT
expression in mixed-type IDC (p<0.05), suggesting a protective role of KRTs and marker of pro-

gressiveness in DCIS.
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UniProt ID Gene Symbol IDC vs DCIS IDC mixed vs DCIS mixed IDC paired vs DCIS paired DCIS pure vs DCIS mixed IDC pure vs IDC mixed

p value p value p value p value p value
P55317 FOXA1 <0.0001 0.1584 na 0.0277 0.2796
Q9BV36 MLPH 0.9937 0.9549 0.1108 0.1053 0.2391
043570 CA12 <0.0001 na 0.2684 0.9932 na
P02751 FN1 0.1223 0.0246 0.3442 0.5544
P08123 COL1A2 0.2946 0.7485 0.2399 0.5725 0.6809
Q15063 POSTN 0.006 0.6849 0.0293 0.1870 0.3989
P35442 THBS2 <0.0001 0.3087 0.0431 0.5240 0.9132
Q02487 DSC3 0.2055 0.7676 0.4584 na
P13647 KRT5 0.6350 0.6893 0.4811 0.0008 0.0019
P02533 KRT14 0.3695 0.195 0.7197 0.0026 0.0006
P04259 KRT6B 0.5053 na 0.5849 0.0092 0.0491
P19012 KRT15 0.0949 0.1307 0.3695 0.2278 0.5593
Q05682 CALD1 0.1707 0.9676 0.8580 0.1800 0.4176
P51884 LUM 0.2691 0.3142 0.8070 0.6572 0.5536
P46777 RPLS 0.7106 0.1105 0.1934 0.1819 0.0578
P05154 SERPINAS 0.1831 na 0.7365 0.4077 0.2000
P06401 PGR 0.6468 0.4329 0.1435 0.3075 0.3864
P04626 HER2 0.4177 0.2724 0.8663 0.3003 0.7259
P00403 COX2 0.2184 0.6032 0.1624 0.4270 0.1042
P00352 ALDH1 0.4049 0.4452 0.0125 0.3963 0.9840
P16070 CD44 0.3565 0.8431 0.1683 0.2674 0.9394
P06731 CEACAMS na na 0.0253 na

Table 1: Overlapping molecules from independent gene expression studies and this proteomic profiling. Differen-
tial expression values of 22 proteins corresponding to genes proposed in the literature as biomarkers for DCIS to IDC
progression. In red statistically significant entities with a student t-test p-value <0.05, in blue entities close to the set

p-value. na = ‘not applicable’; the protein was not quantified in that dataset.

2.3 Loss of basal membrane stability, inflammatory processes, and epithelial-to-mesenchymal
transition (EMT) identified as key events driving DCIS progression.

Having confirmed the results of genomic/transcriptomic studies in this setting using direct MS-
based protein measurements, we turned to a global proteomics approach to discover further fea-
tures of the DCIS-IDC scenario.

Differential expression analysis of more than 2800 proteins identified in pure DCIS compared to
IDC, revealed ~388 DEPs using an unpaired t-test with post-hoc Benjamini-Hochberg FDR method
for multiple hypothesis testing (g<0.01) and at least a 2-fold-change in protein expression be-

tween DCIS and IDC (Fig. 3 a, and Supplemental Table 1). To reduce the inter-patient variability,
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we compared proteomic profiles of DCIS and IDC lesions from the same patients (n=9). Ten dif-
ferentially expressed proteins (DEPs) were identified: ILK, ITGA4, GPRC5A, FNTA, SCPEP1,
EPB41L3, and SORBS1 were upregulated in DCIS, while ACAP1, ATP6VOA1, and KPRP were upreg-
ulated in IDC (Fig 3 b, and Supplemental Table 2).

ILK, an integrin linked kinase, regulates integrin signaling and is associated with tumor growth and
metastasis. >* ITGA4 mediates cell-cell adhesions and is linked to cancer progression, inflamma-
tory reactions, and ECM stemness. 47 GPRC5A acts as an oncogene or tumor suppressor in dif-
ferent cancers. 4% Androgen receptor-regulated FNTA enhances KRAS signaling and might be
involved in tumorigenesis. °1>® SCPEP1 is associated with cancer development, growth and me-
tastasis. °/~>° EPB41L3 is a tumor suppressor involved in apoptosis and cell cycle regulation. 6063
Decreased expression in DCIS was observed for ATP6VOA1, which plays a role in pH homeostasis
and tumor cell invasion. 4% ACAP1, which is associated with cell proliferation, migration, and
immune infiltration in tumors. 7% Loss of ACAP1 could indicate impaired immune response in
IDC progression. KPRP, involved in keratinocyte differentiation, 7%’! might contribute to invasive-
ness when its expression is lost in DCIS.

Overall, proteomic profiling of DCIS identified more than 380 putative biomarkers (protein level)
to clinically profile DCIS lesions for risk stratification and disease management. The association of
the differentially expressed proteins quantified in this study with hallmarks of cancer, such as
remodeling of the tumor microenvironment (e.g., ILK, ITGA4, SCPEP1), escape of apoptosis (e.g.,
ILK, GPRC5A, FNTA, EPB41L3), deregulation of apical junction and energy metabolism (e.g.,
ATP6VOA1, KPRP, ITGA4), as well as inflammation and immune response processes (e.g., ACAP1,
ITGA4) (Fig. 3c), warrants further investigation. Further, most of the identified DEPs are readily
druggable and re-purposing of FDA-approved anti-inflammatory drugs and antibiotics pose inter-

esting treatment options for DCIS.
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Figure 3: Differential Expression Analysis reflects loss of basal membrane stability, inflammatory processes, and
epithelial-mesenchymal transition as key events towards DCIS to IDC progression. (A) Volcano plot of the proteome
of pure IDC compared to pure DCIS lesions showing 388 differentially expressed proteins (unpaired t-test with post-
hoc Benjamini-Krieger analysis p<0.01, abs log2 fold change >2). (B) Volcano plot of the proteome of paired IDC
lesions compared to paired DCIS lesions showing 10 differentially expressed proteins (unpaired t-test with post-hoc
Benjamini-Krieger analysis p<0.05, abs log2 fold change >2). (C) Molecular networks representing up-/downregulated
pathways in IDC compared to DCIS lesions. UPR: Unfolded Protein Response, EMT: Epithelial-to-Mesenchymal Tran-
sition.

2.4 EIF2 and PI3K/Akt/mTOR signaling pathway potentially drive IDC phenotype development

through dysregulation of central energy metabolism in cancer.

A deeper look into the molecular relationships of all the DEPs we’ve identified by functional en-
richment analysis and gene set enrichment analysis, confirms the previously reported loss of basal
layer integrity and epithelial to mesenchymal transitions (EMT) as key events supporting IDC. Fig-
ure 4a shows cancer hallmarks that are predominant for the IDC- and DCIS phenotype, highlight-
ing the dysregulation of cell metabolism as a key event in the DCIS-phenotype. Proteomic profiling
using MS-based techniques revealed metabolic vulnerabilities in DCIS that can provide insights
into tumorigenic metabolic mechanisms, that were missed by genomic/transcriptomic analysis
alone.

Functional Enrichment Analysis using IPA identifies mitochondrial dysfunction, granzyme A sig-
naling, glucocorticoid receptor signaling and sirtuin signaling as significantly enriched (p-value of
overlap <0.01) in our proteomics dataset, suggesting a dysregulation of glucose metabolism,
through a shift from oxidative phosphorylation (i.e., tricarboxylic acid (TCA) cycle) to aerobic gly-

colysis (Figs. 4b and 4c). "2
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Aerobic glycolysis is also known as Warburg Effect and is characterized by high glucose uptake
and glycolytic conversion of glucose to lactate to meet the high energy demands of proliferating
cells. 7 During glycolysis, glucose is converted to pyruvate. Cytosolic pyruvate can either enter
the TCA cycle for oxidative phosphorylation (OXPHOS) and ATP-production or be converted to
lactate. Under normoxia, the metabolic fate of cytosolic pyruvate, and thus glucose metabolism,
is regulated by pyruvate dehydrogenase complex (PDH) and lactate dehydrogenase (LDH), where
the PDH reaction is favored. 7374 PI3K/AKT signaling can modulate the metabolic fate of pyruvate
as an upstream regulator of PDH and LDH, creating “pseudo-hypoxic” conditions that favor py-
ruvate conversion to lactate. The pivotal role of PI3K/AKT as an upstream regulator in metabolic
reprogramming is comprehensively reviewed by Hoxhaj et al. ”> and involves the interaction with
other proliferating signaling pathways, such as MAPK and mTOR. Our proteomic analysis of DCIS
identified several differentially expressed molecules involved in glycolysis, hypoxia-mediated re-
actions and PI3K/AKT/mTOR signaling (Fig. 4c) which warrant further investigation.
Metabolomic profiling of FFPE specimens is challenging, because ~85% of metabolites are washed
out during the preservation procedure. To nevertheless gain insights into metabolic changes oc-
curring towards IDC progression, we conducted an Al-based metabolic profiling using QSM™ tech-
nology, which is supported by more than 500 publications. '’ Clear metabolic differences between
DCIS/IDC lesions from the same patient (paired DCIS/IDC) were identified, but due to the large
variability and small sample size (n=9) metabolic differences between the groups were hard to
assess. A multitude of functional markers with direct causal relation to ATP production capacity
and utilization of glucose were nevertheless identified (Tbl. 2). These findings confirm the dysreg-
ulation of energy metabolism towards IDC progression and suggest that the energy demand of
transforming pre-invasive cells (DCIS-phenotype) is mainly achieved by fatty acid metabolism and
lactate production.
To further evaluate and promote the translation of our findings into the clinic, we developed a
highly multiplexed targeted MS-assay for absolute quantitation of 90 signature peptides, associ-
ated with cancer metabolism, central energy metabolism, RNA regulation and members of the
PI3K/AKT/mTOR, EIF2 and EGFR/RAS/RAF signaling pathways. A complete list of peptides in-
cluded in this assay is provided in Supplemental Table 4. The results of the PRM assay are de-
picted as STRING network (Figure 4d), where the differential expression is represented by the
60



node color, and the absolute fold-change by the node size. These findings correlate well with the
previously discussed observations from label-free proteomics and independent genomics/tran-
scriptomics study, showing that DCIS tumors have a tendency towards loss of metabolic functions.
Albumin (ALB) is significantly higher expressed in the DCIS phenotype compared to the IDC phe-
notype (g value = 0.03). Studies associated low albumin levels with changes in the tumor micro-
environment to more favorable conditions for disease progression and tumor migration, suggest-
ing that serum albumin levels might have a prognostic value for cancer. ’®’” Other studies discuss
albumin as a potent marker for inflammation and the nutritional status of patients, where low
albumin levels correlate with inflammatory processes resulting in higher morbidity and poor prog-
nosis. ’7° Our results support these findings, and highlight remodeling of the tumor microenvi-
ronment, environmental stress (i.e., malnutrition, which inhibits EIF2 signaling) 8 and inflamma-

tory processes as key events towards IDC progression.
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Figure 4: Dysregulation of central energy metabolism is a key event in the DCIS tumor phenotype. (A) Graphical
representation of hallmarks of cancer (modified from 8) characteristic for proteomic tumor profiling of DCIS and IDC

tumors. (B) Top 5 canonical pathways from Ingenuity Pathway Analysis on differentially expressed proteins in 42 DCIS
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and 31 IDC tumors. (C) Signature proteins potentially driving DCIS progression through glycolysis, hypoxia (or
“pseudo-hypoxia”) and PI3K/AKT/mTOR pathway, identified by gene set enrichment analysis. (D) STRING Network
showing the protein expression profile of signature proteins, associated with cancer metabolism, RNA regulation and
major cancer pathways, such as PI3K/AKT/mTOR and EGFR/RAS/RAF. Absolute concentration of the proteins was
determined by parallel reaction monitoring. The color of the nodes represents q values from multiple-hypothesis
testing using unpaired t-tests with post hoc correction using the Benjamini-Krieger FDR method (1% FDR). The node
size represents the fold-change. Grey nodes were not quantified, either because no SIS/NAT was available or because
there were more than 60% missing values. Edges represent physical and/or functional interaction partners based on

the STRING database.

Table 2: List of putative metabolic biomarkers identified by Al-based metabolic profiling of DCIS and IDC specimens
from the same patient.

ATP Production Capacity CPT2, ACADM, HCDH, NDUBA, NDUBB, NDUV1, NDUV2, NDUS1, NDUS2, QCR1,
QCR2, CY1, UCRI, QCR6, QCR7, QCRS8, ATPA, ATPB, ATPD, ATP5H, ATP5I, ATPO,
ADT3, MCEE, MUTA, THIK, THIM, ECHB, THIL, ODPA, ODPB, ODP2, DLDH, CISY,
ACON, IDH3A, ODO2, SUCA, SUCB2, FUMH, MDHM, ACPM, NDUA2

Glucose Utilization HXK1, ALDOC, PGAM1, ENOG

3 Discussion

Clinical research on DCIS has been limited due to low sample numbers, high inter-tumor hetero-
geneity and low tissue quality, as most DCIS lesions derive from diagnostic needle-core-biopsies
and are FFPE embedded. Although genetic/transcriptomic studies of DCIS progression provide a
cellular blueprint of what might happen, genes cannot be readily targeted for therapy and post-
translational modification cannot be assessed by genetic screening alone. Quantitative prote-
omics can complement and confirm genetic changes and provides a deeper look into the ‘real-
life’ tumor phenotype. The readily druggable nature of proteins makes quantitative proteomics
studies attractive for clinical research. Additionally, mass spectrometry-based studies allow both
(i) discovery studies for comprehensive tumor profiling and (ii) validation studies in a highly mul-
tiplexed manner, with unprecedented accuracy, specificity, and sensitivity.

We established a label-free quantitative proteomics pipeline suitable for needle-core biopsy sized
FFPE specimens and performed a comprehensive proteomic phenotyping of DCIS and IDC using
less than 1% of the total extracted protein material. We cover 6 orders of magnitude of the dis-

ease proteome and identify more than 380 differentially expressed proteins that identify classical
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hallmarks of cancer, reflective for high transcriptional activity, extracellular matrix remodeling
and inflammation processes as key events towards IDC progression. We further identify dysregu-
lation of glucose metabolism as a key event in the transition from pre-invasive to invasive carci-
noma. Guided by these results, we developed a highly multiplexed parallel-reaction monitoring
(PRM) assay for precise quantitation of 90 proteins, that are associated with cancer metabolism,
RNA regulation and major cancer pathways, such as PI3K/AKT/mTOR and EGFR/RAS/RAF. We ap-
plied this assay to generate an activation profile of these signature proteins for proliferation and
metabolic remodeling in cancer in ‘real world’ clinical samples and were able to support observa-
tions from label-free proteomics data with absolute concentrations in the amol range, facilitating
the translation of our findings into the clinic. Notably, proteomics profiling revealed that FDA-
approved drugs, such as antibiotics and NSAID, may be repurposed for DCIS and IDC treatment,
as they have been shown to control and target proteins identified as key events towards IDC pro-
gression.

It is important to highlight, that this study design is applicable to many diseases with limited sam-
ple volumes and low tissue quality, as it requires only a fraction of the total sample amount al-
lowing discovery and validation studies in the same sample cohort. In our opinion, clinical prote-
omics is a versatile tool for comprehensive tumor phenotyping, able to capture a ‘real-life’ snap-
shot of tumor phenotypes, representative of post-translational modifications and epigenetic
changes. More than 99% of published clinical biomarkers/genomic assays fail to enter clinical
practice, 8 but we show here that complementing genomics and transcriptomics studies with
proteomics data, and vice versa, will help create a better understanding of underlying disease
mechanisms and will better inform the selection of biomarker candidates and patient enrolment

for clinical studies, ultimately improving the quality and final results of clinical trials.

4 Methods

All chemicals and reagents were purchased by Sigma Aldrich (St. Louis, MI, USA) unless otherwise
specified. Sequencing grade trypsin (Promega, P/N V511A) was used for the generation of tryptic

peptides.
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4.1 Clinical Specimens

Clinical specimens were obtained from patients who consented for tissue biobanking part of the
Jewish General Hospital Breast Biobank (protocol 05-006). The study was performed in accord-
ance with the ethical standards laid down in the 1964 Declaration of Helsinki and was approved
by the Jewish General Hospital Research Ethics Board.

A total of 50 clinical cases of patients diagnosed and treated with DCIS and/or IDC at the JGH were
carefully curated by a pathologist with expertise in breast cancer to select lesions meeting inclu-
sion criteria for mass spectrometry-based (MS-based) analysis, i.e., at least 30% tumor cellularity
and less than 10% necrosis. The patients were of Caucasian ethnicity ranging from 22 to 82 years
of age at first diagnosis (median age 52 years). The patients were followed for a period of 1 to 18
years (median 8 years). During the period of follow-up, 43 patients have no evidence of disease,
and 1 patient has metastatic disease, while 8 patients died from cancer. The cohort comprises 29
cases with pure DCIS lesions, 18 cases with pure IDC lesions, 13 cases with mixed-type lesions (IDC
with in-situ components) and 9 cases with synchronous/metachronous DCIS and IDC. Clinical data

for the patients is available upon request.

4.2 Sample Preparation

1 mm-diameter tissue cores (~0.8 mm?3 tissue volume) were prepared from FFPE-blocks enriching
for DCIS or IDC only tumor cells. Excessive paraffin was trimmed off using a clean scalpel blade.
Protein extraction was performed following our developed FFPE-proteomics workflow for core
needle biopsies. Briefly, paraffin was removed by incubation with hot water (~80 °C). Each depar-
affinized core was mechanically disrupted using a micropestle (Sigma Aldrich, #BAF199230001) in
250 pL of 2% sodium deoxycholate (SDC), 50 mM Tris-HCl, 10 mM tris(2-carboxyethyl)phosphine
(TCEP), pH 8.5, followed by sequential incubation on an Eppendorf ThermoMixer C for 20 min at
99 °C (1100 rpm) and for 2 h at 80°C (1100 rpm). Samples were cooled down on ice for 1 minute
before a 15-minute centrifugation at 21,000x g (4 °C) to remove cell debris. The supernatant was
collected into a Protein LoBinding tube (Eppendorf, Germany) and the total protein concentration
was determined using a Pierce Reducing Agent Compatible BCA kit (RAC-BCA, Thermo Scientific,
P/N 23252) following the manufacturer’s instructions. Free cysteine residues were alkylated with
iodoacetamide to a final concentration of 30 mM and incubation for 30 minutes at room temper-

ature, protected from light.
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For 2 ug of protein lysate, 2 uL of ferromagnetic beads with MagReSyn® Hydroxyl functional
groups (ReSyn Biosciences, Gauteng, South Africa, 20 ug/mL) were equilibrated with 100 pL of
70% ACN, briefly vortexed and placed on a magnetic rack to remove the supernatant. This step
was repeated another two times. Next, the protein extracts were added to the beads and the
sample was adjusted to a final concentration of 70% ACN, thoroughly vortexed and incubated for
10 min at room temperature without shaking. The following washing steps were performed on a
magnetic rack without disturbing the protein/bead aggregate. The supernatants were discarded,
and the beads were washed on the magnetic rack with 1 mL of 95% ACN for 10 s, followed by a
wash with 1 mL of 70% ACN without disturbing the protein/bead aggregate. The tubes were re-
moved from the magnetic rack, 100 uL of digestion buffer (1:20 (w/w) trypsin:protein in 0.2 M
GuHCI, 50 mM AmBic, 2 mM CaCl,) were added and the samples were incubated at 37 °C for 12
h. After acidification with trifluoroacetic acid (TFA) to a final concentration of 2%, the tubes were
placed on the magnetic rack for 1 min, followed by removal of the supernatant. To remove resid-

ual beads, the samples were centrifuged at 20,000x g for 10 min.

4.3 Preparation of spiking solutions for the response curve and absolute quantitation

In order to promote translation of our findings and to validate LFQ Abundances with a more pre-
cise targeted MS approach we developed a multiplexed parallel reaction monitoring (PRM)
method to quantify 90 proteins in FFPE specimens, measuring the concentration of a unique sig-
nature peptide for each protein. All 90 peptides were measured in a single LC-MS/MS run. Two
equimolar synthetic peptide mixtures (100 fmol/ug of each peptide) were prepared in 30% ACN
with 0.1% formic acid (FA) in water (w/v); one mixture contained unlabeled peptides (light or NAT
peptides), and the second mixture contained stable isotope labeled standard peptides (heavy or
SIS peptides). The light peptide mixture was used to develop the highly multiplexed PRM assay
with optimized peptide-specific parameters, such as collision energy and charge state, while the
heavy peptide mixture was used for normalization, serving as spiking solution and internal stand-
ard for clinical samples.

Quantitation was performed using a 7-point response curve consisting of a variable amount of
light peptides, ranging from 0.41 to 250 fmol (three orders of magnitude), and a constant amount
of SIS peptides (50 fmol). Digested bovine serum albumin (BSA, 0.01 ug) was used as surrogate

matrix of the response curve. To determine the limit of detection (LOD), a double blank sample
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was prepared. The blank sample consisted of 0.01 ug BSA digest spiked with 50 fmol of the SIS-
mixture and analyzed before and/or directly after the highest calibrant level of the response
curve. For quantitation of endogenous protein in the patient samples, 50 fmol of SIS peptide were

spiked into 1 pg total digested tissue protein, as determined by RAC-BCA.

4.4 Data analysis

1 pg digested protein was pre-concentrated on EV2001 C18 Evotips and separated on a heated
(40 °C) EV1137 column (15 cm x 150 um, 1.5 um particle size) using Evosep’s “Extended meth-od”
(15 samples-per-day (SPD)). The samples were analyzed by data dependent acquisition (DDA)
mode, on a Q Exactive Plus Orbitrap mass spectrometer operated with a Nanospray Flex ion
source (both from Thermo Fisher Scientific), connected to an Evosep One HPLC (Evosep Bio-sys-
tems, Odense, Denmark). Full MS scans were acquired over the mass range from m/z 350 to m/z
1500 at a resolution of 70,000 with an automatic gain control (AGC) target value of 1x10% and a
maximum injection time of 50 ms. The 15 most-intense precursor ions (charge states +2, +3, +4)
were isolated with a window of 1.2 Da and fragmented using a normalized collision energy of 28;
the dynamic exclusion was set to 30 s. MS/MS spectra were acquired at a mass resolution of
17,500, using an AGC target value of 2x10* and a maximum injection time of 64 ms.
Chromatographic separation of all PRM runs was performed with the same equipment and buff-
ers as described above. The Q Exactive Plus was operated in PRM mode at a resolution of 35,000.
Target precursor ions were isolated with the quadrupole isolation window set to m/z 1.2. An AGC
target of 3x10° was used, allowing for a maximum injection time of 110 ms. Data was acquired in
time-scheduled mode, allowing a 2-min retention-time window for each target. Full MS scans
were acquired in parallel at low resolution (m/z 17,500) with an AGC target value of 1x10° and a
maximum injection time of 50 ms, to ensure sample quality.

MS data files are publicly available through the ProteomeXchange Consortium via the PRIDE part-
ner repository®® with the dataset identifier PXD040782. The synthetic peptides selected for this
PRM assay were validated by others, information is available through National Cancer Institute’s

Clinical Proteomic Tumor Analysis Consortium (CPTAC) Assay Portal (assays.cancer.gov).
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4.5 Data Processing and Differential Expression Analysis

MS raw data were processed using Proteome Discoverer 2.5 (Thermo Fisher Scientific). Database
searches were performed using SequestHT with Multi-Peptide Search (MPS) and a human Swis-
sprot database (January 2019; 20,414 target entries). Label-free quantitation (LFQ) was per-
formed using the Minora feature-detector node within Proteome Discoverer, and the Percolator
software was used to calculate posterior error probabilities. Database searches were performed
using trypsin as enzyme with a maximum of 2 missed cleavages. Carbamidomethylation of cyste-
ine (+57.021 Da) was set as a fixed modification, and oxidation of methionine (+15.995 Da) as
variable modifications. Mass tolerances were set to 10 ppm for precursor ions and 0.02 Da for
product ions. The data were filtered to a false discovery rate (FDR) <1% at the peptide and protein
levels. Only proteins that were (i) identified with at least one protein unique peptide and (ii) quan-
tified in 260% of replicates of at least one of the study groups, were considered for the quantita-
tive comparison. Protein LFQ data obtained from Proteome Discoverer was normalized based on
summed protein intensities to correct for differences in sample loading. Missing protein intensity
values were imputed using 1.5x the minimum observed intensity for this particular sample. The
obtained normalized abundances were used for unpaired t-tests (two tailed, 95% confidence) and
differential expression analysis on log2-transformed data with multiple hypothesis testing using
the Benjamini-Krieger false-discovery approach (FDR 1%). Proteins having g-values of <0.01 and
absolute log2 fold-changes >1 were considered as differential between test-ed groups. Statistical
analysis was performed using GraphPad Prism 9 (San Diego, CA, USA).

Raw PRM data were analyzed using Skyline (v22.2.0.351). 8 Correct peak integration and visual
verification of detected peaks was performed manually for each target, and the three to four
highest and most stable transitions were selected for quantitation. A linear regression model with
1/x? weighting using the SIS/NAT ratio of each target peptide was used for the calculation of con-
centrations. Only calibration levels meeting following criteria were accepted for response curve
generation and regression analysis; precision average <20% CV per calibration level, accuracy av-
erage between 80% and 120% per calibrant level, quantified in at least 3 consecutive calibrant
levels. The LOD describes the smallest concentration of the target peptide (analyte) that is likely
to be reliably distinguished from instrument noise and at which detection is feasible. To deter-
mine the LOD we use replicate injections from a double blank sample, i.e., fixed concentration of
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the SIS-peptide in surrogate matrix. The average concentration of the double blank plus 3.3x the
standard deviation of the blank replicates is used to calculate the lowest detectable concentration
for each peptide. The limit of quantitation (LOQ) describes the lowest concentration at which the
analyte can not only be reliably detected, but at which above mentioned precision and accuracy
criteria are met. Here the LOQ was defined as the lowest calibration level for each peptide. Pro-

teins/Peptides with more than 60% missing values were excluded from downstream analysis.

4.6 Functional Enrichment Analysis

Functional Enrichment Analysis was performed using the ‘Core Analysis’ function within Ingenuity
Pathway Analysis (Qiagen, Inc., content version: 81348237, release Date: 2022-09-15). % Ingenu-
ity Knowledge Base was used as reference set, allowing direct and indirect relationships. Only
molecules having expression p-values <0.05 and absolute log2 fold-changes of >1 were consid-
ered for the core analysis. All other settings were kept with default parameters.

4.7 Gene Set Enrichment Analysis

A pre-ranked Gene Set Enrichment Analysis (GSEA) was performed using GSEA v4.3.2 (Broad In-
stitute, Inc.) software. The gene list was ranked by differential expression using SIGN function
within Excel with calculated log2 fold-change and p-value from an unpaired t-test. A hallmark
gene set Molecular Sighature Database (MSigDB v2022.1) 86 was used as references gene set. The
search allowed 1000 permutations, with set sizes between 15 and 500 genes. Pathways were
collapsed to remove redundancy and to increase selectivity and specificity. Data was visualized
using the clusterProfiler®” package within R.

4.8 Metabolic Analysis

Protein expression data from paired DCIS/IDC cases was sent to Doppelganger Biosystems Inc
(Berlin, Germany) for metabolic profiling using Quantitative Systems Metabolism (QSM™) tech-

nology. ’

Supplemental Materials: Supplemental Tables T1-T4 with detailed quantitative proteomics data and re-

sults from differential expression analysis.
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Chapter 4: Conclusion, General Discussion and Future Direction

This thesis aims to enhance the use of quantitative protein mass spectrometry in clinical research
by developing (targeted) methods for the quantification of proteins in patient biopsy specimens.
The results complement current clinical practice for stratification of patients with hard-to-treat
malignant diseases, such as breast ductal carcinoma. The underlying hypothesis is that MS-de-
rived data can enhance therapies driven by genomic data alone, as these may often be insufficient
since genomic data may fail to identify aberrant pathway activities in specific tumors.

This work has explored the paradigm shift in clinical research from genetic screening to multi-
omics approaches for the discovery of therapeutic vulnerabilities in hard-to-treat malignancies.
The thesis emphasizes the limitations of genetic screening alone and highlights the importance of
integrating it with proteomic data to gain a more comprehensive understanding of cancer biology
and to identify potential targets for therapy. This work aimed to demonstrate the potential of
multi-omics and mass spectrometry-based proteomics for integrative clinical research and bi-
omarker development, and presents two original proteomics research papers where the data not
only complements genomic/transcriptomic data, but also reveals new therapeutic vulnerabilities
that can contribute to the development of personalized or targeted therapies for cancer patients,
whose disease does not respond to standard-of-care treatments or for whom no (personalized)
treatment options are currently available.

The thesis begins by discussing the advancements in genomics research, particularly the develop-
ment of next-generation sequencing (NGS) technologies. While genomics has been instrumental
in identifying driver alterations and guiding targeted therapies, it has been acknowledged that
the clinical outcome is not solely determined by genetic mutations. The complex molecular con-
sequences of these alterations and their impact on treatment response are still poorly under-
stood. Therefore, the integration of multi-omic data, including proteomics and metabolomics, is
crucial for a more accurate and complete characterization of tumors, and for the identification of
therapeutic vulnerabilities.

Transcriptomics is then introduced as an essential component of multi-omics research, providing
insights into dynamic changes in gene expression in response to environmental stimuli. While
MRNA expression can serve as a surrogate for protein expression at steady state, the correlation

between transcriptomics and proteomics data is often poor. This discrepancy highlights the need
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to consider post-transcriptional modifications and protein-level regulation, which cannot be as-
sessed through genomics or transcriptomics alone.

The thesis further emphasizes the significance of proteomics in understanding cancer biology and
identifying potential therapeutic targets. Proteins are the functional end products of the genome
and are directly involved in cellular processes. Mass spectrometry-based proteomics enables the
guantification of proteins, post-translational modifications, and pathway activity, providing valu-
able insights into the mechanisms of treatment resistance and the molecular subtyping of malig-
nancies. The integration of proteomics into tumor profiling programs and molecular tumor boards
can refine treatment recommendations and offer new therapeutic options, particularly for ad-
vanced-stage, rare, or pre-malignant cancers with limited treatment options.

Biomarker development is another important aspect discussed in the thesis. Traditional validation
methods, such as antibody-based immunoassays, have limitations in terms of sensitivity, selec-
tivity, and the ability to detect modified sequences. Mass spectrometry, particularly targeted pro-
teomics using multiple reaction monitoring (MRM) or parallel reaction monitoring (PRM), is high-
lighted as a powerful tool for biomarker development. MS-based approaches offer accurate quan-
titation of molecular targets in a variety of specimens and dynamic ranges, bridging the gap be-

tween discovery and successful verification and validation of biomarkers.

This work argues that cancer is inherently a proteomic disease and quantitative proteomics is as
important as the identification of genetic alterations and should be integrated into clinical deci-
sion making and molecular tumor boards. This work presents a streamlined and automatable pro-
cedure for quantitative proteomic analysis of clinical tissue samples, particularly formalin-fixed
and paraffin-embedded (FFPE) specimens, which represents a significant advancement in the field
of clinical proteomic research. The traditional hurdles of tedious sample preparation steps and
long instrument acquisition times have been addressed, paving the way for the translation of
guantitative proteomics into clinical practice. The method allows the analysis of limited volume
clinical samples, such as core needle biopsies, for instance, collected over the course of disease
management. This not only enables clinical research activities, including biomarker development
and clinical trials, but also positions the method as a potential companion diagnostic device in a

clinical setting. Its ability to process samples from extraction to analysis of clinical biomarkers
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within 24 hours from pathological assessment is a crucial advantage, facilitating rapid decision-
making and personalized patient care.

Furthermore, the streamlined procedure does not require specialized equipment or expertise,
making it accessible and feasible for implementation in various clinical laboratories. Its applica-
bility has been demonstrated in integrative translational research conducted at the Segal Cancer
Research Centre,3*37 as well as by partners of the Marathon of Hope Cancer Centres Network and
other research groups (publications in preparation), underlining its potential for widespread use.
By bridging the gap between biomarker discovery and successful verification, proteomics
emerges as a powerful tool within integrative translational research. The improved FFPE-prote-
omics procedure showcased in this thesis exemplifies the invaluable importance of proteomics in
unlocking the proteomic secrets of diseases such as ductal carcinoma in situ, the most prevalent
non-invasive breast lesion. Through both discovery and targeted approaches, quantitative prote-
omics not only confirms the genomic biomarkers identified in independent transcriptomic studies
but also uncovers more than 380 additional proteomics and metabolic biomarkers. This wealth of
information has the potential to inform much-needed strategies for disease management, partic-
ularly in pre-malignant lesions. The next step in this study would be the design of larger scale and
more refined validation studies, taking hormone receptor status and other clinical variables into
consideration. In addition, functional studies to examine the hypotheses and findings of this fun-
damental cancer study need to be designed and performed. Importantly, the work presented in
this thesis provides an assay that not only demonstrates clinical validation but also meets regula-
tory requirements and can be readily incorporated into clinical practice guidelines. All -omics and
non-omics data have been made available on recognized data-sharing platforms to improve ac-
cessibility of the translational research performed here. This further solidifies the clinical utility of
the developed method and enhances its potential for real-world impact in improving patient out-

comes.

The candidate has co-authored several articles reviewing current challenges in MS-based prote-
omics for biomarker development and developing targeted MS methods to advance clinical pro-

teomics.
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The article published in Cancers3* is of particular interest as it points to a potential therapeutically
relevant discordance between genomic and proteomic data in colorectal cancer liver metastases
and represents the starting point of this PhD study. Notably, for one of the patients in this study,
the proteomic data indicates that targeted cancer therapy might have been beneficial, even
though genomic data alone excluded the patient from precision oncology approaches. 3* The val-
idation of this intriguing result in a larger cohort was anticipated within this PhD project and might
have important implications for future treatment decisions in colorectal cancer, leading to im-
proved outcomes and providing promising therapeutic options for patients who currently have
little hope of receiving state-of-the-art targeted therapies. The following paragraphs will discuss
details of this project to highlight current limitations and challenges of multi-omics studies, and
to present approaches the candidate has chosen to overcome these bottlenecks.

The candidate established an optimized and semi-automated proteogenomic pipeline which in-
tegrates state-of-the-art precise MS and genomic sequencing to quantify protein expression, in-
cluding mutated proteins and protein phosphorylation in individual tumors. All sample prepara-
tion steps were systematically developed and optimized by the candidate to fit the purposes of
this study and the limited sample volumes. New equipment was purchased, and methods were
developed for label-free and TMT-labeled high-pH reversed-phase fractionation. A commercial
TMT-labeling kit was optimized for a cost-effective, robust labeling of peptides for TMT-labeled
larger-scale (phosho-)proteomics studies. A liquid handling robot was utilized for the develop-
ment of an automated phosphopeptide enrichment method.

Collaborations with local clinical biobanks were established and a total of 97 fresh frozen surgical
biopsies of metastatic liver lesions were selected by the candidate for the purposes of this study
-- based on (i) RAS genotyping, the prevalent approved clinical biomarker for clinical decision
making in colorectal cancer, (ii) the disease stage at time of collection, and (iii) the response to
standard-of-care treatment. Cryosections of each biopsy, embedded in optimal cutting tempera-
ture (OCT) medium were prepared by the candidate and were stained with hematoxylin and eosin
(H&E) for pathological examination. Of the recruited specimens, 42 were excluded due to non-
compliance with preset thresholds, i.e., at least 30% tumor cellularity, less than 10% necrosis.
Thus, 55 specimens were included for comprehensive proteogenomic analysis (discovery cohort).

The study population was split into two study groups: (1) KRAS mutation negative (KRAS wt, n=32)
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and (2) KRAS mutation positive (KRAS mut, n=23). The patients in each study group were matched
to age at time of diagnosis, sex, and sidedness of primary tumor, guided by findings from clinical
trials conducted on colorectal cancer. From all clinical samples five 8-um thick sections were pre-
pared and stored along with H&E-stained sections for future analyses, such as validation studies
and functional experiments for hypothesis testing.
A simultaneous extraction for DNA, proteins and metabolites from available clinical samples was
not successful due to the low sample volumes. A collaboration with a leading company for tar-
geted metabolomics assays was established by the candidate for future projects of the same type.
The metabolomics team of the Borchers lab is currently developing untargeted tissue metabo-
lomics pipelines, including data processing, which have proven to be difficult. An additional col-
laboration for Al-based metabolic profiling, used in the work presented in Chapter 3 of this thesis,
was self-initiated by the candidate.
Although the genomic, proteomic, and phosphoproteomic analyses of this fundamental integra-
tive cancer study have been completed, data analysis is challenging and requires specialized tools
and statistical approaches. In particular, the genomic data analysis for the purposes of this study
has proven to be difficult as somatic mutations identified by WES need to be translated into mu-
tated protein sequences, including known protein isoforms. Next, signature proteotypic peptides
need to be identified that are unique to the mutated protein and integrated into a ‘genomic-
centred’ FASTA database. This database can then be used for proteomics data analysis to identify
and quantify canonical (wildtype) and mutated proteins in the proteome of liver metastases from
colorectal cancer. Recently published tools, such as QUILTS,38 SeqTailor3® and ProteoDisco®° are
either not suitable for this purpose or technical difficulties have been encountered. Collabora-
tions with leading data scientists in the field had been established but had to be suspended due
to restrictions beyond the candidate’s control. The newly formed bioinformatics team at the
Borchers lab is currently developing an algorithm for -omics data analysis which we hope will
overcome these problems.
Preliminary data analysis conducted by the candidate, however, is intriguing and reveals a total
of 659,748 exome altering events with an average alignment rate to the hg38 genome of 99.9%.
In a preliminary data-processing approach, a genomic-centred FASTA database was created con-
taining 33,009 mutated proteotypic peptides, unique to 11,610 proteins; 97.8% are missense
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mutations, and 2.2% are stop-gain mutations. An attempt to include stop-loss mutations to the
database was not successful, because the resulting mutated protein sequence could not be de-
termined. In the event of a stop-loss mutation, the mRNA transcript will end in a unique 3’UTR-
sequence. This region is usually not translated into a protein sequence so we expect that the
expressed protein would be truncated or nearly normal, if transcribed. The candidate has been
working with the builders of SeqTailor,3° a computational tool for the translation of genomics
data into proteomic sequences and vice versa, to include this type of mutation in their algorithm.
Although it is unclear whether stop-loss mutations are relevant for protein expression due to the
lack of proteomics studies on this matter, stop-loss events have been described to be relevant for
gene expression and cancer research by others.**3 Guided by these recent genomic findings, we
therefore decided to include copy number variant (CNV) analysis of the genomics data, to aid in
variant interpretation, and to estimate whether stop-loss mutations might be relevant for our
study.

Data processing and analysis of this challenging multi-omics study is still ongoing, but first results
show clear genomic and proteomic differences between the study groups of heavily pre-treated
metastatic disease, for which treatment options have been exhausted. This work will present
multi-layered information on mechanisms leading to acquired treatment resistance and will re-
veal new therapeutic strategies that would have not been accessible by either of the -omics fields

alone.

In summary, this PhD thesis argues for a paradigm shift in clinical research towards multi-omics
approaches, particularly the integration of proteomics data, in order to uncover therapeutic vul-
nerabilities in hard-to-treat malignancies, such as pre-malignant breast ductal carcinoma and
treatment resistant metastatic disease in colorectal cancer. The limitations of genetic screening
alone are widely acknowledged, and this thesis provides a comprehensive overview of the ad-
vancements in genomics, transcriptomics, and proteomics research. The importance of multi-
omic data integration, biomarker development, and the potential of mass spectrometry-based
proteomics are emphasized throughout the thesis. This research has significant implications for
precision oncology and the development of personalized treatment strategies for patients with
challenging malignancies.

81



References

1.

10.

11.

12.

13.

14.

15.

Rodriguez, H., Zenklusen, J.C., Staudt, L.M., Doroshow, J.H. & Lowy, D.R. The next horizon in precision
oncology: Proteogenomics to inform cancer diagnosis and treatment. Cell 184, 1661-1670 (2021).
Mani, D.R., et al. Cancer proteogenomics: current impact and future prospects. Nature Reviews Cancer
22,298-313 (2022).

Jia, P. & Zhao, Z. Impacts of somatic mutations on gene expression: an association perspective. Brief.
Bioinform. 18, 413-425 (2017).

Vasaikar, S., et al. Proteogenomic Analysis of Human Colon Cancer Reveals New Therapeutic
Opportunities. Cell 177, 1035-1049.e1019 (2019).

Alvarez, M.J., et al. Functional characterization of somatic mutations in cancer using network-based
inference of protein activity. Nat. Genet. 48, 838-847 (2016).

Mertins, P., et al. Proteogenomics connects somatic mutations to signalling in breast cancer. Nature
534, 55-62 (2016).

Sanger, F., Nicklen, S. & Coulson, A.R. DNA sequencing with chain-terminating inhibitors. Proceedings
of the national academy of sciences 74, 5463-5467 (1977).

Anaparthy, N., Ho, Y.J., Martelotto, L., Hammell, M. & Hicks, J. Single-Cell Applications of Next-
Generation Sequencing. Cold Spring Harb. Perspect. Med. 9(2019).

Gkazi, A. An Overview of Next-Generation Sequencing. in Technology Networks Genomics Research
(2022).

Heather, J.M. & Chain, B. The sequence of sequencers: The history of sequencing DNA. Genomics 107,
1-8 (2016).

Gupta, N. & Verma, V.K. Next-Generation Sequencing and Its Application: Empowering in Public Health
Beyond Reality. in Microbial Technology for the Welfare of Society (ed. Arora, P.K.) 313-341 (Springer
Singapore, Singapore, 2019).

Patel, S.K., George, B. & Rai, V. Artificial Intelligence to Decode Cancer Mechanism: Beyond Patient
Stratification for Precision Oncology. Front. Pharmacol. 11, 1177 (2020).

Barlas, S. The White House Launches a Cancer Moonshot: Despite Funding Questions, the Progress
Appears Promising. P t 41, 290-295 (2016).

Noh, K.W., Buettner, R. & Klein, S. Shifting Gears in Precision Oncology-Challenges and Opportunities
of Integrative Data Analysis. Biomolecules 11(2021).

U.S. Food and Drug Administration. Nucleic Acid Based Tests.

82



16.

17.
18.

19.

20.
21.

22.
23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Wahjudi, L.W., et al. Integrating proteomics into precision oncology. Int. J. Cancer 148, 1438-1451
(2021).

Prasad, V. Perspective: The precision-oncology illusion. Nature 537, S63-S63 (2016).

Letai, A. Functional precision cancer medicine—moving beyond pure genomics. Nat. Med. 23, 1028-
1035 (2017).

Kumar, D., et al. Integrating transcriptome and proteome profiling: Strategies and applications.
Proteomics 16, 2533-2544 (2016).

National Human Genome Research Institute. Transcriptome Fact Sheet.

Bludau, I. & Aebersold, R. Proteomic and interactomic insights into the molecular basis of cell
functional diversity. Nature Reviews Molecular Cell Biology 21, 327-340 (2020).

National Human Genome Research Institute. GENCODE Release (version 43). (02.2023).

Hong, M., et al. RNA sequencing: new technologies and applications in cancer research. J. Hematol.
Oncol. 13, 166 (2020).

Ghazalpour, A., et al. Comparative analysis of proteome and transcriptome variation in mouse. PLoS
Genet. 7,e1001393 (2011).

Paolillo, C., Londin, E. & Fortina, P. Next generation sequencing in cancer: opportunities and challenges
for precision cancer medicine. Scandinavian Journal of Clinical and Laboratory Investigation 76, S84-
S91 (2016).

Roux, P.P. & Topisirovic, |. Signaling Pathways Involved in the Regulation of mRNA Translation. Mol
Cell Biol 38(2018).

Ebhardt, H.A., Root, A., Sander, C. & Aebersold, R. Applications of targeted proteomics in systems
biology and translational medicine. Proteomics 15, 3193-3208 (2015).

Ryu, J. & Thomas, S.N. Quantitative Mass Spectrometry-Based Proteomics for Biomarker Development
in Ovarian Cancer. Molecules 26(2021).

Zhang, B., et al. Clinical potential of mass spectrometry-based proteogenomics. Nature Reviews
Clinical Oncology 16, 256-268 (2019).

Vizcaino, J.A,, et al. ProteomeXchange provides globally coordinated proteomics data submission and
dissemination. Nat. Biotechnol. 32, 223-226 (2014).

Pino, L.K., Rose, J., O'Broin, A., Shah, S. & Schilling, B. Emerging mass spectrometry-based proteomics
methodologies for novel biomedical applications. Biochem. Soc. Trans. 48, 1953-1966 (2020).
Vasilopoulou, C.G., et al. Trapped ion mobility spectrometry and PASEF enable in-depth lipidomics

from minimal sample amounts. Nature communications 11, 331 (2020).

83



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

van Bentum, M. & Selbach, M. An Introduction to Advanced Targeted Acquisition Methods. Mol. Cell.
Proteomics 20(2021).

Blank-Landeshammer, B., et al. Proteogenomics of Colorectal Cancer Liver Metastases:
Complementing Precision Oncology with Phenotypic Data. Cancers (Basel) 11(2019).

Constance Sobsey, B.F., Georgia Mitsa, Sahar Ibrahim, Rene Zahedi, Elza d Bruin, Christoph Borchers,
Gerald Batist. Proteomic analysis of PIK3CA-mutated tumours identifies protein networks correlated
with clinical benefit of capivasertib genetically pre-selected patients. Clinical Cancer Research (2023).
Ibrahim, S., et al. Precise Quantitation of PTEN by Immuno-MRM: A Tool To Resolve the Breast Cancer
Biomarker Controversy. Anal. Chem. 93, 10816-10824 (2021).

Sahar Ibrahim, G.M., Cathy Lan, Catherine Chabot, Marguerite Bu-chanan, Adriana Aguilar-Mahecha,
Mounib Elchebly, Oliver Poetz, Alan Spatz, Mark Basik, Gerald Batist, René P. Zahedi, Christoph H.
Borchers. Precise quantitation of PTEN by immuno-MRM: a tool to resolve the breast cancer
biomarker controversy. Anal. Chem. (2021).

Ruggles, K.V., et al. An Analysis of the Sensitivity of Proteogenomic Mapping of Somatic Mutations and
Novel Splicing Events in Cancer. Mol Cell Proteomics 15, 1060-1071 (2016).

Zhang, P., et al. SeqTailor: a user-friendly webserver for the extraction of DNA or protein sequences
from next-generation sequencing data. Nucleic Acids Res. 47, W623-W631 (2019).

van de Geer, W.S., van Riet, J. & van de Werken, H.J.G. ProteoDisco: a flexible R approach to generate
customized protein databases for extended search space of novel and variant proteins in
proteogenomic studies. Bioinformatics 38, 1437-1439 (2022).

Dhamija, S., et al. A pan-cancer analysis reveals nonstop extension mutations causing SMAD4 tumour
suppressor degradation. Nat. Cell Biol. 22, 999-1010 (2020).

Waarts, M.R., Stonestrom, A.J., Park, Y.C. & Levine, R.L. Targeting mutations in cancer. J. Clin. Invest.
132(2022).

Reva, B., Antipin, Y. & Sander, C. Predicting the functional impact of protein mutations: application to

cancer genomics. Nucleic Acids Res. 39, e118-e118 (2011).

84



