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Abstract

Cancer is a disease of the genome. Tumor cells contain many genetic and epigenetic
mutations affecting diverse genes involving relevant cellular processes, such as proliferation or the
evasion of apoptosis. Recently, advances in genomics and transcriptomics research have achieved
the discovery of biomarkers and therapeutic targets, positioning these methods as the main tools
for cancer research. The complete multi-omic landscape of most cancer types is still unknown, a
significant gap in understanding cancer as the past focus on genomics alone can’t provide a full
picture of the mechanisms inside the tumor cells. The integration of different molecular profiling
technologies (multi-omics) is the central topic in the studies, presented as a tool to give a more
complete molecular phenotype of the diseases.

The first study combines mass spectrometry along with genomics and transcriptomics from
a cohort containing more than four hundred esophageal adenocarcinoma samples. The analysis of
changes in expression between the RNA and the proteins provides the identification of tumor-
specific genes involved in the disease, revealing deregulatory mechanisms in the tumor cells and
creating new opportunities for the development of new therapies.

The second part of the thesis focuses on the study of undifferentiated pleomorphic
sarcoma. The search of a common altered pathway is carried through the genomic characterization
of twenty patient samples, the mutational landscape, and its heterogeneity. Although alterations
shared between most of the patients were detected, and a possible therapy is suggested, the high
variability between samples suggests that a patient-specific treatment might be the best approach.
Therefore, a computational model was conceived to predict the immunological presentation of
mutation-borne neoantigens. The model is based on proteogenomics integration and will aid the
development of personalized therapies.

The last study presents a case report of Gorham-Stout disease, a rare syndrome
characterized by the uncontrollable growth of vascular tissue and the consumption of the
surrounding bone matrix. Through the integration of genomics and transcriptomics, new possible

disease markers and improvements in the current therapies are revealed.






Streszczenie

Nowotwory nazywane sa chorobami genomu. Komérki nowotworowe zawieraja liczne
mutacje genetyczne i epigenetyczne. Dotkniete nimi geny reguluja procesy komérkowe takie jak
proliferacja i apoptoza. Postgp w dziedzinie genomiki i transkryptomiki pozwolil na odkrycie
istotnych biomarkeréw oraz celéw terapeutycznych w chorobach nowotworowych. Tym samym
metody te staly si¢ kluczowe dla badan nad nowotworami. Analiza multi-omiczna pozwala na
pelniejsze opisanie krajobrazu poszczegélnych nowotwordéw, jednak dla wickszosci z nich tak
zintegrowane dane nie s3 jeszcze dostgpne. Genomika — do niedawna podstawowa metoda — nie jest
w stanie zbada¢ i opisa¢ wszystkich mechanizméw zachodzacych w komérkach nowotworowych.
Integracja réznych metod profilowania molekularnego (multi-omika) jest narzedziem
pozwalajacym na wyczerpujacy opis fenotypéw molekularnych choroby oraz tematem przewodnim
tej pracy.

Pierwsze spo$réd prezentowanych badan laczy spektrometric mas z genomika i
transkryptomika, bazujac na zestawie danych z ponad czterystu prébek gruczolakoraka przetyku.
Analiza zmian ekspresji molekul RNA oraz bialek pozwolila na ustalenie genéw specyficznie
aktywnych w nowotworze i ujawnita mechanizmy de-regulacji ekspresji, wspierajac rozw6j nowych
metod leczenia.

Druga czes¢ pracy koncentruje si¢ na analizie niezréznicowanego migsaka pleomorficznego.
Dwadzie$cia prébek pobranych od pacjentéw zostalo scharakteryzowanych w zakresie mutacji i ich
heterogenicznosci. Zaobserwowano zmiany wspéldzielone przez wigkszos¢ pacjentéw, co pozwolito
na zaproponowanie odpowiedniej metody leczenia. Jednak wysoki poziom zmiennosci pomiedzy
prébkami sugeruje, Ze terapia spersonalizowana moze by¢ najlepszym podejéciem w tej chorobie.
Stworzono model komputerowy pozwalajacy na przewidywanie immunologicznej prezentacji
neoantygenéw pochodzacych ze zmutowanych genéw. Model bazuje na integracji danych
proteogenomicznych i wspomoze rozwdj terapii spersonalizowanych.

Ostatnia sktadowa opisywanych badan to opis przypadku choroby Gorhama-Stouta. Jest
to rzadki syndrom polegajacy na niekontrolowanym rozroécie naczyn krwionosnych w kosciach,
prowadzacym do zaniku tkanki kostnej. Integracja badan genetycznych i transkryptomicznych

pozwolita na wykrycie potencjalnych markeréw chorobowych i usprawnien leczenia.






1. Introduction

1.1 Biology and bioinformatics background of cancer research.

1.1.1 Biological characteristics of the tumor environment.

Cancer is the second leading cause of death worldwide, right after cardiovascular
disease. Although cancer is always referred to as a disease, it is a collection of different
diseases that share common hallmarks that lead to the development of the tumor’? The
treatment for these diseases has an estimated cost of one trillion dollars annually?, a value
only surmounted by the tragic loss of life and morbidity of this disease.

Cancer is a disease of the genome. Tumor cells contain a large number of genetic
and epigenetic mutations affecting diverse genes involving relevant cellular processes, such
as proliferation or the evasion of apoptosis®. The hallmarks described for cancer can arise
through the accumulation of genomic aberrations that lead to the modification more
broadly of the molecular phenotype, as these aberrations progress along with the central
dogma of information flow in the cell. As the disease develops, the tumor as a whole
exhibits hallmarks? that include:

1. Sustaining proliferative signaling: The signaling pathways of cancer cells are
altered by inducing a continuous signaling cascade of growth and
replication.

2. Evasion of growth suppressors: Cancer cells grow fast and uncontrollably.
One of the reasons for this phenomenon is the evasion of the cell growth
control mechanisms.

3. Avoidance of immune destruction: Although cancer cells are detected by
the immune system, another evasion event is the surpass of immune
vigilance.

4. Enabling replicate immortality: The limits in cancer cells are breached,
permitting the reversion to a pre-differentiated state and avoiding the cell

cycle.


https://www.zotero.org/google-docs/?kZIhaZ
https://www.zotero.org/google-docs/?AxPkbt
https://www.zotero.org/google-docs/?4EfZkv
https://www.zotero.org/google-docs/?ITUP07

5. Tumor-promoting inflammation: The inflammatory mechanisms are used
by cancer cells to promote their own growth and survival.

6. Activating invasion and metastasis: Cancer cells can expand to other
locations and migrate to other tissues breaking away from the primary
tumor.

7. Inducing angiogenesis: Blood vessel growth is stimulated in cancer tissue,
conceding nutrients to the tumor tissue.

8. Genome instability and mutation: The DNA contained in tumor cells is
highly altered, enhancing the other tumor characteristics and deactivating
tumor-suppression mechanisms.

9. Resisting cell death: Cancer cells can avoid the programmed pathways of
apoptosis that normally induce the death of damaged cells.

10. Deregulating cellular energetics: To accomplish the growth of tumor cells,
the energy demand is increased when compared to normal cells. This

requirement is usually satisfied by increasing aerobic glycolysis®.

Tumor-like diseases share features with the cancer environment, like uncontrolled
cell proliferation, alteration of the genome, or inflammation of the affected tissues, usually
presenting the same type of lesions on the tissue. Due to the similar behavior, it is difficult
to distinguish clinically the malignancy of the lesions®~®. The research on tumor-like diseases
can be then compared to the study of cancer, applying the same techniques to reveal the
details of the cellular processes affected.

A multi-omic approach will reveal further molecular features involving different
hallmarks of cancer that would be missed without the integration of single-omic studies.
We have applied a combination of genomics, transcriptomics, and proteomics (Figure 1.1)

to achieve a better understanding of the tumor molecular phenotype.


https://www.zotero.org/google-docs/?kXUVwE
https://www.zotero.org/google-docs/?ZZX9cO
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Figure 1.1. Multi-omic exploration allows the tracking of genomic mutations through the transcriptome

and the expression profiles of its pathway until the altered protein product.

1.1.2 State of the art in cancer genomics studies.

Cancer is a disease of the genome, therefore the first line of analysis when
performing cancer research has become the genomic analysis. The advances in cancer
genomics have been made possible thanks to technological innovation in next-generation
sequencing (NGS) techniques developed in the past 20 years and the careful gathering and
exploitation of tumor biobanks rich with clinical data by clinicians. NGS has allowed the
parallel sequencing of entire genomes and exomes as well as specific genomic regions,
creating a unique opportunity to characterize cancer types by the parallel analysis of a large
cohort of patients.

The evaluation of tumor mutations is a complex procedure that starts with

obtaining samples from a specialist and its storage for future processing. Samples are then

9



collected in a laboratory and prepared for the desired analysis (DNA/RNA sequencing,
immunohistochemistry, mass-spectrometry, etc.). Once completed, data analysis of the
results is performed by bioinformaticians, reading, curating, and filtering the data to
acquire the most relevant genomic/transcriptomic/proteomic information. The final
results are then taken to clinical interpretation to investigate the relevance of the variants
for the cancer type, taking diagnosis and possible treatments into consideration (Figure

1.2).
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Figure 1.2. Workflow for NGS data processing and the evaluation cancer treatment. a) Tumor tissue
is extracted from the patient. b) Extracted samples are processed and prepared for the NGS. c) Sequencing
and mutation analysis is performed. c) Results are evaluated by an oncologist to determine their relevance and

possible treatments.
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The results of successful collaborative efforts determining the results of NGS
studies have revealed the existence of a huge number of alterations that contribute to cancer
formation and metastasis’. Mutations are then assessed as an impact on the population,
studying the number of times an alteration is observed in a cohort (allele frequency) and
performing survival analyses that allow determining the severity of the mutation™. The
characterization of cancer genomes through population studies revealed relevant genes
involved in cellular processes leading to the discovery of oncogenes in certain types of
cancer, such as BRCA in breast and ovarian cancers'!; BRAF in melanoma and colorectal
cancers, or FLT3 in leukaemia2,

Pan-cancer studies have revealed common genes altered across tumors, like the
alteration of TP53, a gene coding for a tumor suppressor protein that is mutated in most
types of cancers'. These studies elucidated if the role of mutated genes that were highly
altered in a specific tumor were present in other tumors', allowing the discovery of altered
genes” involved in fundamental cell processes such as DNA repair, cell cycle regulation,
and cell adhesion’.

The understanding and identification of gene mutations in cancer was propelled
by the success of the Human Genome Project as well as the efforts of multiple consortia
like the Cancer Genome Atlas” (TCGA), the Clinical Proteomics Tumour Analysis
Consortium®, and the International Cancer Genome Consortium® (ICGC). These
platforms represent efforts to sequence tumors on mass and have contributed significantly
to the understanding of the genetics behind cancer diseases. For the most part, cancer
genomics has focused on the broad characterization of mutations and other such
aberrations within large cancer cohorts generated by consortia like TCGA and ICGC. The
methylation profile of DNA, along with these variants, have become the most frequent
tools for DNA exploration in cancer research, providing a much-needed global perspective

of nucleotide modification in this tissue.

11


https://www.zotero.org/google-docs/?sw6Yeo
https://www.zotero.org/google-docs/?aHXQSn
https://www.zotero.org/google-docs/?dhB6cZ
https://www.zotero.org/google-docs/?JfqsYn
https://www.zotero.org/google-docs/?2Zyugq
https://www.zotero.org/google-docs/?3OqbAV
https://www.zotero.org/google-docs/?5fhSHc
https://www.zotero.org/google-docs/?XKNMSq
https://www.zotero.org/google-docs/?3Kv5Wi
https://www.zotero.org/google-docs/?P7RHTh
https://www.zotero.org/google-docs/?QDORs7

1.1.3 Transcriptomics studies in cancer research.

Transcriptomics studies with their power to give a glimpse into the cellular states
of the tumor are major contributors to the discovery of cancer biomarkers. As tumors
accumulate aberrations in their genomes, the way that genes are transcribed to RNA
changes with concomitant changes in gene expression indicative of an aberrant cellular
state. Those changes can be used in clinical diagnosis, for estimating the stage of the tumor
and therefore the prognosis of the patient or to distinguish benign tumors from
malignant®.

In transcriptomics, the discovery of biomarkers is usually achieved by the
differential expression analysis of RNA sequencing data obtained from the comparison of
tumor and normal tissue. RNA sequencing has substituted microarray technology, as its
potential with a higher dynamic range and unlimited genome coverage has overcome the
results used in the traditional technology®. The individual changes in each of the genes
reveal the diversity between healthy and cancer cells. The gathering of this information into
the affected metabolic pathways paints a portrait of the signaling cascade affected by the
malignancy of the disease. Other RNA sequencing analyses in cancer research focus on the
alterations of nucleotide sequences, like RNA editing* or variant calling of small RNA
mutations®. However, the procedures of mutation calling in RNA sequencing have yet to
be standardized?, creating a lower performance and accuracy than DNA variant calling.

The evolution of transcriptomic technology has become a great tool for diagnosis
and prognosis prediction in multiple cancer diseases, replacing imaging techniques and
providing a large window of clinical applications®. On the other hand, the improvements
in RNA sequencing have presented computational challenges in their analysis. The increase
in read-length and the depth of RNA sequencing complicated the storage, transmission,
quality control, and especially, the analysis of the data by adding a higher degree of
complexity*.

One of the past challenges in RNA sequencing has been the determination of tumor
heterogeneity and the creation of an accurate interpretation of tumor diversity. The tumor

extraction from some cancer patients itself presents a problem in the differentiation of
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tumor tissue and its perfect separation from adjacent normal tissue. These cases also
contribute to the complexity of the interpretation of the results in RNA sequencing. As a
solution, single-cell RNA sequencing has achieved the interpretation of cancer
heterogeneity, successfully revealing the tumor microenvironment and allowing the
classification of different cancer cell types within a tumor sample®*,

The current challenges in RNA-sequencing are more focused on optimizing the
implementation of transcriptomic studies, starting with the standardization of

bioinformatic analysis and especially reducing the cost of the whole analysis, of which the

approximate cost per patient is €7000%.

1.1.4 Proteomic characterization of cancer disease.

Although the presence of mutations in genomics and transcriptomics studies adds
complexity to the range of the studies, nucleic acids are mostly preserved making it easier
to predict the protein translation®. Proteomic research, on the other hand, deals with a
large dynamic range, generated by splice variants, RNA editing, and the possible
combination of multiple post-translational modifications, such as glycosylation,
phosphorylation, methylation, etc®. Regardless of the complexity of protein studies,
proteomics has contributed to oncology by revealing potential drug targets and biomarkers.

The scientific community has tackled the problem of complexity by sharing in
databases information about the protein expression and modifications in multiple tissues
and diseases. Projects like the human protein atlas have created an interactive website that
allows the exploration of protein expression, classifying them by tissue, cell type, or
pathology?*. Other projects have focused on cancer proteomics databases, like the cancer
proteome atlas (TCPA)*, in which current efforts in gathering protein information have
obtained around 8000 samples in 32 different cancer types**.

The analysis of proteomics data has a few similarities with transcriptomics. Protein
intensities obtained from mass spectrometry analysis can be used to determine the
differential expression between healthy and cancer tissue, as well as, to be used for pathway

analysis. A further step is protein-protein interactions, a unique characteristic of
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proteomics that can reveal insights into cancer biology, being tandem affinity purification,
the most frequent method used®. Another similarity with RNA sequencing is the
possibility to study variations. Post-transcriptional modifications (PTMs), in the
proteomic case, are more challenging to be predicted computationally, however, with the
standardization of laboratory techniques, the creation of databases similar to those
observed in genomics can be achieved®.

When proteomics is applied to cancer research, the profiling studies have the
potential to discover molecular biomarkers for early diagnosis, prognosis markers, and
possible therapeutic targets for cancer treatment®. One of the following studies has used
mass spectrometry as the central technique to obtain a clear insight into the inner
regulation of tumor cells correlating the proteomic information with genomics and

transcriptomics.

1.2 A multi-omic perspective on cancer.

Multi-omics by definition, as well as, trans-omics, or pan-omics, combine two or
more levels of information aboard this complexity®®. The comprehensive study of complex
diseases requires the interpretation of multiple levels of information such as the genome,
transcriptome, or proteome®, as it can provide a better understanding of the events and
changes caused by a disease. The advances in high-throughput methodologies have created
an overwhelming amount of single-omics data containing valuable information on the
different levels of the cell environment. The increased dimensionality of the data carries
with it two main challenges: an increased time of processing of samples, and the integration
complexity of multiple layers of heterogeneous information*.

We will review how genomics transcriptomics and proteomics integrate, explaining
the different ways that they can be connected, using state-of-the-art techniques like DNA
and RNA sequencing or mass spectrometry, and facing the multiple challenges of this

discipline.
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1.2.1 DNA and RNA sequencing combination.

Genomics and transcriptomics have been the most extended and developed single-
omic analysis techniques, being whole-exome sequencing (WES), whole-genome
sequencing (WGS), and RNA-sequencing the tip of the spear in the field**>. The
similarities in molecular composition, structure, and sequencing techniques between DNA
and RNA sequencing allow much easier integration of the genomics and transcriptomics
data.

The combination of these two levels of information empowers the analysis of single
nucleotide variants (SNVs)*. Mutations caused in the DNA by a disease like cancer can be
tracked down to RNA variations with the integration of sequencing techniques. The
accuracy of the variant calling is therefore increased as mutations can be validated at the
transcriptome level. Variants transcribed to RNA allow determining which mutations
avoid the DNA repair mechanisms and will be later coded in the protein sequences,

foreseeing the possible structural modification changes produced (Figure 1.3).

Mutation producing Mutation producing
a stop codon a stop codon

! !

DNA NN T TS DNA DI T

Mutation preserved Mutation corrected
in the RNA by cellular mechanism

RNA DN T s |  RNA T

Protein @@-O-O |Protein @ @-O- OO 0@

Figure 1.3. Example of a mutation detected in DNA that can be either preserved in the RNA and
translated into a truncated protein or corrected by DNA repair mechanisms restoring the amino acid product

and the full-length protein.
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During the past years, cancer research has applied the combination of DNA and
RNA variant calling to study the alterations in multiple patients, revealing information like
early drivers of metastasis in breast cancer*, new forms of prostate cancer*, or specific gene
isoforms in gastric cancer*.

Another form of variant calling using genomics and transcriptomics that goes
further than the detection of single nucleotide variants is the integrated call of gene fusions.
Gene fusions are chromosomal rearrangements that result from a joint product of two
previously separated genes?. The detection of the fused structural variants is usually
performed by the analysis of DNA or RNA-sequencing reads, classifying the evidence reads
into two types. Junction reads are those that contain nucleotide information from two
different genes within the same fragment overlapping the fusion. On the other hand, in
pair-end sequencing, spanning reads are read pairs mapping each to a different gene,
surrounding the point of fusion® (Figure 1.4). While previous methods only achieved gene
fusion calling using RNA-sequencing®’, novel bioinformatic methods have allowed the
combination of both DNA and RNA sequencing mapped files to be checked for gene
fusions, obtaining evidence reads on each level and therefore improving the confidence of
the variant calling®. The advances of this technology have proven that gene fusion, as well
as other structural variants, should be taken into consideration as a driver characteristic of
diseases like cancer, where they have become a relevant biomarker for cancer diagnosis,

prognosis, and therapeutic targets*->,

Paired-end
sequencing reads

Spanning Read Junction Read

Figure 1.4. Gene fusion detection by DNA or RNA sequencing divides the evidence reads into
spanning and junction reads, depending on if each read aligns to a gene or if one read has evidence of the
fusion point respectively.
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Besides the integration of DNA and RNA for variant calling, there are other forms
of combining genomic and transcriptomic sequencing. An example of it, and one of the
most common forms of analysis, is the assessment of the effect caused by mutations in gene
expression. The exploration of the consequences caused by genetic mutations relies on the
accuracy of variant calling in DNA sequencing and its combination with differential
expression analysis in RNA sequencing. The bioinformatic process behind it is simple yet
effective, having a large impact in cancer research where it has allowed the analysis of
cancer-associated gene alterations®>~>*. The most recent studies have taken advantage of all
the different combinatory levels mentioned in this section to obtain clinically actionable

insights into diseases like lung cancer>®.

1.2.2 Changes in expression between RNA and proteomics.

The next two levels of integration are transcriptomics and proteomics. This
combination gives a perspective of the molecular mechanisms of the cell as proteins can
regulate metabolic activity and transcript expression®’. In contrast to the sequencing
techniques followed by genomics and transcriptomics, proteomics has multiple
experimental procedures to determine protein abundances, such as gel electrophoresis or
the wide range of mass spectrometry (MS). Although MS has been established as the most
common technique for proteomic analysis, it still presents a huge variety in
instrumentalization (LC-MS-MS, MALDI-TOF) and methodologies (labeling or label-
free)*®. To address the problem of multiple strategies in proteomics and transcriptomics a
chapter will cover the current state of normalization methods and the combination used
for this thesis.

Previous attempts of combining protein abundances and RNA intensities showed
alimited correlation between the two levels of expression®”. Multiple hypotheses have tried
to explain the causes behind this phenomenon, like the different half-life between protein
and mRNA inside the cell, the variability of mRNA expression levels during the cell cycle,
or the experimental errors produced in the analysis procedure®’. However, progress in the

field of multi-omic analysis has been achieved, dealing with the complexity of the
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correlation between proteomics and transcriptomics and obtaining valuable information
from this type of analysis. In cancer research, multiple studies have proven the value of
integrated transcriptomics and proteomics, revealing new insights into the field like

potential targets or tumor signatures®-*,

1.2.3 Proteogenomic integration analysis, current state, and limitations.

The first definition of proteogenomics was given in 2004 to describe a study where
proteomic data was used to support genome information®. Since then, the term has
evolved to a broader ambit where protein information is integrated with genomics and/or
transcriptomics, not only providing validation but also improving the overall analysis®.
The three different levels of information can be grouped into two categories depending on

the starting point of the analysis:

1. Top to bottom proteogenomics: Following the events described in the central

dogma of molecular biology, top to bottom proteogenomics uses genomics as the
first approach followed by transcriptomics and proteomics. The flow of the analysis
focuses on the study of changes caused by DNA alterations and their impact on the
phenotype. The higher depth of sequencing achieved in GWS studies and its
reliability create a perfect starting point for the analysis of diseases associated with

or caused by genetic variants.

2. Bottom-up proteogenomics: The opposite case uses proteomics as the initial step of

the analysis. Changes in the proteome are evaluated by genomics and transcriptomics
interrogating their origin. This type of analysis is ideal when comparing two
conditions, to obtain information on the expression changes between them and track

down the causes of the alteration.
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Independently of the directionality, proteogenomics studies provide a full insight
into the events of the cell and its environment, revealing the connections between three
different biological levels of data. The principle behind proteogenomics is to perform
multiple layers of analysis within the same cohort of patients and take advantage of the
correlation between the data types to obtain the biological characteristics of the subjects®.

The current state of multi-omics can be easily observed in the scientific literature,
where multiple studies use this combination to have a clearer picture of diseases like

Mendelian disorders®® and especially in cancer®-"°

. The advantages of the methodology
have allowed the discovery of biomarkers and target candidates for new therapies in cancer,
establishing this area of knowledge at the cutting edge of the field. Multiple tools have been
developed to facilitate the development of multi-omic analysis, being categorized into tools
that allow disease subtyping, tools that predict biomarkers or driver genes, and tools that
provide an insight into the molecular biology inside a disease®.

Besides the advantages of proteogenomics integration analysis, these studies are
subjected to a meticulous design of the experiments and multiple considerations due to the
number of limitations. The first obstacle in a proteogenomic analysis is the design of the
experiment, having in mind the number of samples that will be processed, the budget is the
first restriction that is faced. Although the cost of NGS techniques has been decreasing
during the past years, a combinatory analysis of DNA sequencing, RNA sequencing, and
mass spectrometry proteomics for multiple samples can be expensive, multiplying the cost
not only for the number of patients but for the number of techniques.

A database approach can be used to perform a cost-effective analysis, but the
variability of the methods used over time will add another limitation to the study. The
usage of different techniques, the variance added between batches processed in multiple
days, by different equipment, or by multiple analysts in different research centers are
common phenomena in databases and online repositories” 2. This variance will be present
in the raw data before the analysis, if the data obtained for the repository is already

processed, variability will be added from the usage of different processing pipelines.
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To perform a more robust analysis, it is recommended to create a unique pipeline
for the analysis of the multiple samples proposed in the experimental design. This election
is also limited, not only by the knowledge of prediction models and the selection of suitable
software for the analysis but also by the computational power required to achieve the
analysis. Once samples are processed, normalization methods have to be applied to remove
the batch effects and consistent nomenclature has to be established across the different data
types (ENSEMBL gene id, protein IDs, gene names...)”.

Data interpretation from the proteogenomic analysis is also limited by other factors.
The technical artifacts in single-omics analysis add up when scaling to multiple layers,
making it difficult to distinguish changes coming from technical variance from those
provoked by the disease™. The distinction of changes caused by environmental factors is to
date one of the major unsolved challenges of multi-omics, besides efforts from the scientific
community that has tried to tackle the problem””.

Other limitations encountered in multi-omics originate from the restrictive choice
of methods when performing an analysis. One example of this is portrayed in
proteogenomic studies, where global MS is usually preferred for the exploration of
proteomics. The analysis of mutations in proteomics will be then subject to a global
technique where, although evidence of a mutation can be found, the reduced coverage of
specific peptide fragments will decrease the possibilities of finding DNA and RNA varijants

in the proteome’”".
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2. Aims and objectives.

The common thread of the research presented is the integration of multi-omic data
to seek unexplored characteristics of three diseases (Esophageal adenocarcinoma,
Undifferentiated pleomorphic sarcoma, and Gorham-Stout syndrome). With a multi-layer
approach, the strategy develops around obtaining further insights into the mechanisms of
each disease, revealing possible biomarkers and therapeutic targets that otherwise would be
missed in single-omic studies.

Although the environment of the three diseases will be diverse due to the variability
between cancer types, a common strategy for analysis reveals their characteristics. Our
study through the analysis of mutations and other molecular profiling techniques follows
the procedures of the latest advances in the field, observing how genomic mutations impact
at the multi-omic level®, the immune landscape of the tumor tissue and their
surroundings®’, and the pathways affected by the modification of the internal mechanisms
in tumor cells®.

Genomics, transcriptomics, and mass spectrometry proteomics are the main -omics
covered in the study, and for each one of them a shared processing pipeline needs to be
developed to obtain data consistency across samples and/or projects. When the data per
sample has been processed, either created by the pipelines developed or obtained from
external sources, the challenge resides in merging all sample sources, considering all the
technical biases that can be produced in the processing techniques, and integrating the
multiple levels of information.

The specific aims for each study can be defined into:

1. Examine the changes in RNA/Protein expression in Esophageal adenocarcinoma
and explore the effect they produce in the cell environment compared to normal
tissue expression.

2. Characterize the genomic landscape of Undifferentiated pleomorphic sarcoma and

determine new possible therapies.
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3. Interrogate the events occurring in Gorham-Stout disease by the complete
examination of genomics, transcriptomics, and proteomics and discover how the

integration can reveal new insights into this rare disease.
The thesis has been developed as 3 different projects sharing common methodologies

and presented in article format, of which one of them (the Gorham-Stout chapter) has been

already published.
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3. Esophageal adenocarcinoma.

3.1 Introduction.

Among esophageal cancers, esophageal adenocarcinoma is the predominant
subtype in western countries, being the sixth-leading cause of tumor-caused death®. The
high mortality cause of the disease is attributed to a poor prognosis, with a survival rate
between 15-25% after five years*. During the past 50 years, esophageal adenocarcinoma
incidence has increased drastically with a seven-fold change in the number of cases
reported®, and the growth expectations from 2015 to 2025 is an increase of 140%*. The
mortality of esophageal adenocarcinoma combined with the increasing incidence of the
disease has created the necessity to reveal the mechanisms inside EAC. Most of the current
studies try to find early-detection biomarkers or discover new therapeutic targets to
improve the 5-year prognosis.

Esophageal adenocarcinoma is characterized by a glandular differentiation that
frequently originated from a precursor disease called Barrett’s esophagus®. This disease
creates a change in the esophageal tissue cells that develops them into mucosa cells similar
to the ones found in the intestine®. Therefore, both EAC and Barrett’s esophagus share
risk factors like tobacco smoking and obesity®’, with gastroesophageal reflux being the most
common cause of the disease®. There is also an important male predominance of the disease
with a 7:1 ratio, although the causes of the gender-specificity remain unknown®. Another
clinical characteristic that explains the high mortality of the disease is the common pattern
of metastases to the lungs, liver, brain, and especially the lymph nodes”'.

Besides the removal of the tumorigenic tissue through surgical procedures and
chemotherapy, EAC treatments have evolved over time to obtain the best long-term
outcome for the patients. First, endoscopic therapy appeared as an option to surgical
treatments, providing similar results to the previous procedures®. Current treatments
focus on the use of neoadjuvant therapy, like metformin®, to improve patient outcomes®,

while the most advanced techniques rely on the use of personalized therapy®>*°. To perform
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a successful evaluation of personalized therapy, a well-characterized landscape of the
mutations in EAC tissue has to be provided as a starting point to biomarker discovery.
Although genome sequencing studies of EAC have achieved to provide new insights into
the disease” allowing the discovery of recurrent driver mutations®® and copy number
alterations™, little to no efforts have characterized the landscape of the disease through a
multi-omics integration®.

Therefore, we have created a joint study with the Oesophageal cancer clinical and
molecular stratification (OCCAMS) consortium to cover this lack of information in the
literature with the expectation to reveal new therapeutic targets and biomarkers for
esophageal adenocarcinoma. Our study gathered DNA-sequencing and RNA-sequencing
data from over 300 EAC samples and combined it with mass spectrometry proteomics from
a small subset of patients. The main focus of our study was to reveal the limitations of
single-omic studies by evaluating the changes produced between RNA and protein
expressions. Furthermore, we discovered that the origin of genes presenting drastic changes
in expression between the two levels of information are not caused by somatic mutations

but rather produced by other regulatory mechanisms of the tumor environment.

3.2 Materials and methods.

3.2.1 Sample collection.

Clinical samples from the esophageal adenocarcinoma, adjacent normal esophagus,
and distal normal gastric tissue were collected from patients’ biopsies. The tissue extracted
was de-identified, frozen in liquid nitrogen, histopathologically reviewed by a pathologist,

and stored at -80°C until processing.

3.2.2 Whole-genome sequencing.

A total of 454 whole-genome sequencing EAC samples along with attached normal
esophageal tissue were included in the study. The cohort is composed of samples previously

published by Frankell et al.*” added to 34 new WGS samples. FASTQ files were aligned to
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the human reference genome (hg38) using the Burrows-Wheeler Aligner (bwa v0.7.17),
Following GATK best practices pipeline, aligned bam files were marked for duplicate reads
using Picard Tools (v2.18.23), thereafter, genomic variants were called per sample using
GATK Mutect2 (v.4.1.3) and filtered against the variants detected in their respective paired
normal esophageal tissue. Germline variants were labeled using the 1000 genomes
project'®. The analysis of the variant calling files across all patients was performed using

custom scripts with Maftools in R (version 4.1.0) after the merge and annotation using

VCF2MAF".

3.2.3 EAC RNA-sequencing data.

As well as in WGS, RNA-sequencing data was gathered with a joint effort with the
OCCAMS consortium collecting a total of 281 EAC samples RNA-Seq, of which new 17
samples were added in our study, matching patients from the previously described WGS
cohort. FASTQ files were mapped to the hg38 reference genome using STAR (v2.6.1). The
resulting BAM files were quantified for transcript expression with RSEM (v1.3.3),
obtaining normalized transcript per million (TPM). The remaining 264 EAC RNA-seq
samples were obtained from Frankell et al.* in the form of expression files reporting FPKM
values per gene and patient. The values were converted to TPM to standardize the

quantification procedure.

3.2.4 Tissue processing for mass spectrometry.

Fragments of 20 to 30 mg of tissue were lysed in 8M urea buffer (8.5pH and 0.1 M
Tris/HCI), combined with protease inhibitor (Merck, Darmstadt, DE), at approximately
5-cell-pellet volumes. Lysis was promoted through rapid freezing using liquid nitrogen,
thawed, sonicated on ice, and centrifuged at 14,000 g/30 minutes/4°C. The supernatant
was saved, and protein concentration was determined using RC-DC™ Protein Assay
(BioRad, CA, USA). 100 pg of protein was loaded to Microcon, Ultracel-30 spin column
with 30 kDa cutoff (Millipore, MA, USA) and digested using a Filter Aided Sample

1102

Preparation (FASP) protoco
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A wurea lysis buffer was added to the column and centrifuged at 14,000 g/15
minutes/20°C. Protein reduction was performed using 100 mM Tris (2-carboxyethyl)
phosphine hydrochloride (Sigma-Aldrich, MO, USA) in urea buffer for 30 minutes on a
thermoblock set at 600 rpm/37°C. The column was again centrifuged at 14,000 g/15
minutes/20°C and free sulfhydryl groups were alkylated using 300 mM iodoacetamide in
urea buffer (Sigma-Aldrich, MO, USA). Protein alkylation was held in the dark at 20°C for
20 minutes followed by another centrifugation at 14,000 g/15 minutes/20°C.

After alkylation, 100 mM ammonijum bicarbonate was added to the column,
followed by centrifugation at 14,000 g/15 minutes/20°C. Trypsin (Promega, WI, USA)
dissolved in 50 mM ammonium bicarbonate buffer was added at a 1:100 enzyme to protein

ratio (w/w) and protein was digested overnight at 37°C.

3.2.5 TMT labeling and fractionation.

The peptide concentration was determined using Pierce™ Quantitative
Colorimetric Peptide Assay (Thermo Fisher Scientific, MA, USA). An equal peptide
concentration from each sample was transferred into the clean low peptide retention tubes.
Samples were evaporated on the SpeedVac concentrator (Savant SPD121P, Thermo
Scientific, MA, USA) until dry and dissolved in 50 ul 100 mM triethylammonium
bicarbonate. TMT label tags were equilibrated to room temperature and resuspended in 41
ul of anhydrous acetonitrile, followed by 5 minutes of occasional vortexing and short spin.
Half volume (20.5 pl) of the corresponding TMT label reagent (Figure 3.1) was added to
each sample. Samples were incubated at room temperature for one hour. The reaction was
quenched by 4 pl of 5% hydroxylamine for 15 minutes. Finally, all TMT labeled samples
were pooled together into a clean low peptide retention tube and dried at room temperature
in the SpeedVac concentrator. Pooled TMT samples intended for direct LC-MS analysis
were dissolved in 0.1% (v/v) formic acid (FA) in LC-MS water and desalted using Micro
SpinColumns C18 (Harvard Apparatus, MA, USA) packed with C18 sorbent followed by
lyophilization in SpeedVac.concentrator. TMT-labeled samples intended for fractionation

were dissolved in 300 pl of 0.1% (v/v) trifluoroacetic acid solution. Samples were
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fractionated using Pierce™ High pH Reversed-Phase Peptide Fractionation Kit (Thermo
Fisher Scientific, MA, USA) according to the manufacturer’s instructions. Fractions were

evaporated in the SpeedVac concentrator.

3.2.6 HPLC conditions and mobile phases.

The nano chromatographic separation was performed using a nano-RSLC
UltiMate system (Thermo Fisher Scientific). For sample loading and desalting, a PepMap
C18 Trap-column (Thermo Fisher Scientific) of 300 um ID x 5 mm length, 5 pm particle
size, and 100A pore size was used. Nano HPLC Separation of labeled and digested proteins
was performed using a C18 uPAC separation column (PharmaFluidics, Ghent, Belgium).
The dimensions of the used wPAC column were: 5 um pillar diameter, 2.5 um inter-pillar
distance, 18 pm pillar height; 315 um bed channel width, and 200 cm column length. The
pillars are superficially porous, end-capped with C18-chains.

The aqueous loading mobile phase contained 2% ACN,0.1% TFA, and 0.01%
HFBA cooled to 3°C, as described earlier'®. The mobile phase transferred the sample from
the sample loop to the trap column by the loading pump at 30 wl/min to the trapping
column, which was operated in the column oven at 50°C. The trapping time was set to 5
min, which was sufficient to load the sample to the trapping column and wash possible salts
and contaminants. The cooled mobile phase enabled the trapping of the hydrophilic
analytes at enhanced oven temperature. Peptides were separated and analyzed using positive
nano HPLC-ESI-MS.

The gradient elution was performed by mixing two mobile phases composed of the
following solvents:

® Mobile phase A (MPA): 95% H20, 5% ACN, 0.1% FA;
® Mobile phase B (MPB): 95% ACN, 5% MeOH, 0.1% FA.

At 240 minutes, the trapping column was switched back into the separation flow
and equilibrated for the following run.

The nano HPLC separation was performed on the pPAC separation column with

a 2 m separation path. Due to the long separation path, the void volume of these columns
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is higher in comparison to conventionally packed nano separation columns. Therefore, the
flow rate of the nano HPLC pump was set to 800 nl/min for the first 10 minutes with a
gradual lowering to 600 nl/min for separation purposes. The gradual increase of the flow
rate at the end of the separation run to 800 nl/min is performed for speeding the
equilibration of the separation column. Details on developing and testing different
gradients for the 200-cm wPAC column are described by Téth et al.**

Detection of eluting peptides is performed using both UV at 214 nm (3nl UV cell,
ThermoFisher Scientific, Germering, Germany) and mass spectrometry (Q-Exactive Plus,

ThermoFisher Scientific, Bremen, Germany).

3.2.7 Mass spectrometry.

Mass spectrometry analysis was performed using a Q-Exactive Orbitrap Plus
equipped with the Flex nano-ESI source and stainless-steel needle (20 um ID x 10 pm tip
ID). The needle voltage was set to 3.1 kV, scan range was 200-2000 m/z. Full MS resolution
was set to 70000, automated gain control (AGC) target to 3x10°, and maximum injection
time was set to 50 ms. For MS/MS analysis, the mass resolution was set to 35.000, the AGC
target to 1x10°, and the maximum injection time to 120 ms. The isolation width for
MS/MS was set to m/z 1.5, and the top 15 ions were selected for fragmentation, single
charged ions and ions bearing a charge higher than +7 were excluded from MS/MS.

Dynamic exclusion time was set to 20 seconds.
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Figure 3.1. TMT sample preparation design and analysis. For each patient, a combination of EAC
(T), paired normal esophageal (E), and gastric tissue (G) was processed for mass spectrometry analysis.
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3.2.8 Database searching and peptide identification.

A total of 23 EAC patients were analyzed for TMT mass spectrometry, of which 7

were obtained from a previously published article'*

in the form of raw reporter jon data.
ThermoFisher RAW files were converted using msconvert'® to mzML files. Database
searches were performed using MS-GF+'” (v2019.04.18) against a custom database of
Ensemble v94 proteins that were augmented with patient-specific variants arising from
DNA-Seq®. Reverse decoy sequences and common contaminants were then added to the
search database. Mass-spectrometry searching was conducted with the following
parameters: 10 PPM precursor Tolerance, trypsin digestion with 2 missed cleavages, 6 to
40 peptide length, fixed Cysteine carbamidomethylation, and variable Methionine
oxidation. A separate False Discovery Rate (FDR) was set to 1% at both the peptide and
protein level (ENSP identifier) using Scavager'” (v0.1.29). Reporter ion intensities were

108

extracted from the mzML files using the pyopenms'® package with a 0.01 Dalton tolerance.

Peptide intensities were generated by summing the corresponding PSMs intensity values.

3.2.9 Quantitative analysis of proteomes.

Peptide expressions obtained in the previous step were filtered to those peptides
mapping to a unique gene ENSG identifier and protein groups containing at least 2
peptides. Although data were obtained from different batches, once the samples were
processed, the results were reported in a peptide level expression table with associated

intensities for each of the samples.

3.2.10 Normal tissue proteomic and RNA sequencing data.

To facilitate comparison to normal healthy esophageal tissue, we incorporated a
large study of normal transcript and protein level data into the study'®. Furthermore, 32
different normal tissues with matched proteomic and transcriptomic expression, including

esophageal, were obtained from the GTEx database>'"".
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3.2.11 Normalization of RNA-seq samples.

A crucial step before the comparison of different batches in experiments or data
from multiple sources is the normalization. All the RNA sequencing files used in the study
were analyzed by numerous methods using various sequencing companies, therefore
requiring a normalization step to be able to compare their expression. We first merged all
the expression values reported to the common unit of TPM and then applied a 2-step
normalization method based on the trimmed mean of M-values (TMM) followed by

quantile normalization (Supplementary Figure 1)".

3.2.12 Normalization of peptide intensities.

Mass spectrometry data contained a high variability due to the different sources of
analysis (Supplementary Figure 2a), thus requiring normalization to perform an effective
analysis of the cohort. The normalization method consisted of three normalization steps,
starting from reported peptide ion intensities we applied sample loading normalization,
TMM, and quantile normalization (Supplementary Figure 2b). Normalized intensities
were then merged from peptide level to gene level using ENSG identifiers. To obtain the
ENSGs values, peptides mapping to a common identifier were combined using the
geometric mean for all technical replicates in each tissue (gastric, EAC, and normal
esophageal) per single patient.

MS expression results from normal tissues obtained from external articles'*>'"°

were
processed using the same approach. Being first filtered to peptides mapping to a unique
ENSG and then merging peptides with common ENSG using the same geometric mean

str ategy.

3.2.13 Difterential expression of protein intensities.

Differential expression analysis of tumor tissue was investigated using the mass
spectrometry analysis of the 23 EAC samples compared to their matching normal
esophageal and gastric tissue. To obtain a global expression per tissue across all technical

and biological replicates in the 23 samples, we used a meta-analysis principle with a fixed-
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effect model, where a weighted mean for each protein group was calculated according to

the inverse of the variance in peptide expression''?

. For each of the patients, logarithmic
fold change values were calculated using the ratios of protein expression from the tumor
against normal esophagus and gastric tissue (TVE and TvG). Welch's modified t-test was
used to test the hypothesis that relative protein expression in the TvE and TvG ratios was
not different from the protein expression of the technical replicates (TvT, EvE, and GvG).

P-values were corrected with the Benjamini-Yekutieli method for multiple hypothesis

testing and the significance threshold was set to p<0.05.

3.2.14 Immunohistochemistry.

Immunohistochemistry (IHC) staining was performed at the histology research
facility at the Institute of Genetics and Cancer, University of Edinburgh. The tissue
microarray (TMAs) cores included patient-matched normal esophagus, normal stomach,
esophageal adenocarcinoma, normal lymph nodes, and lymph node metastasis where
present. TMA blocks were sectioned at a thickness of 5 um and placed on positively charged
slides (Thermo Fisher Scientific) to maximize tissue adherence. IHC was performed using
BOND III autostainer with antibodies to GPA433 (Abcam, ab108938, 1:250), (Sigma,
HPAO018858, 1:100) or /GF2BPI (Sigma, HPA002037, 1:500) incubated for 20 min at
room temperature and detected using the Leica Bond Polymer Refine Detection kit
(DS9800; Leica Biosystems), following the manufacturer’s instructions. Sections
representing normal colonic epithelium and normal tonsillar tissue were stained in parallel
as positive and negative controls.

Assessment of the IHC intensity staining of TMA cores was performed by two
expert histopathologists reaching consensus scores and these samples were graded 0-3 (0 =
nil, 1 = weak, 2 = moderate, 3 = strong). Cores with significant artifacts (i.e., folded tissue)

or loss of tissue material were excluded.
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3.3 Results and discussion.

3.3.1 Differential expression analysis of EAC proteins.

To identify proteins with enriched EAC-specific expression, patient samples
representing the primary tumor, adjacent normal esophagus, and stomach were collected
from 23 patients. The combinatory analysis of all mass spectrometry samples determined a
total of 5897 gene products quantified in at least one patient across the three different
tissues (with a minimum of 2 peptides per ENSG group and 1% FDR at the PSM, peptide,
and protein level). A comparison between the expression of these genes in each of the
patient-matched tissues reveals proteins with enriched expression in EAC compared to
surrounding normal tissues (Figure 3.2). A previous study identified and validated

105

EpCAM as being highly expressed in EAC compared to surrounding normal tissues'”, an
event confirmed again by our analysis. Furthermore, we predict similar patterns of enriched
expression in EAC for many other novel genes.

Examining proteins quantified in at least 60% of patients and significantly
upregulated in EAC compared to both normal esophagus and stomach, several further
candidate EAC enriched protein groups were identified. Nineteen members of the RNA
binding motif (RBM) protein family were identified, with 4 of them (RBM3, RBMe,
RBM25, and RBMX) presenting enriched expression in EAC compared to both normal
esophagus and normal stomach. RBM3, in particular, was 2-fold enriched when compared
to both normal esophageal and normal gastric, being of particular interest as it has been
previously related to cancer. Although RBM3 has been suggested as a potential tumor-
suppressive gene whose lower expression is associated with tumor aggressiveness''*, other
esophageal adenocarcinoma studies have correlated high expression of RBM3 with

intestinal metaplasia'®.
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Figure 3.2. The landscape of protein expression in EAC compared to matched normal esophageal
and normal gastric tissue in 23 patients. Relative expression of 5507 genes expressed across all tissues in more
than one patient. The size of each point indicates the number of patients in which the protein has been
quantified and the color represents the number of peptides quantified per protein.

Several cancer/testis antigens were identified as EAC-enriched including
melanoma-associated antigen family members MAGEA4, MAGEA10, MAGED2, and
MAGEB2. This group of genes has a well-established role in other cancers and MAGEA4
has been previously demonstrated to be overexpressed in esophageal cancer'*. Due to its
tumor-specific expression, MAGEA4 is a compelling target for immunotherapeutic
approaches. Clinical trials are already underway for MAGEA4-directed adoptive T-cell
therapies for patients with MAGEA4 expressing esophageal cancer''”'8,

Further cancer/testis antigen, IGF2BPI, was identified as EAC-enriched in 10% of
our cohort. There is little published literature on the role of this protein in EAC and we,

therefore, sought to validate its expression by immunohistochemistry.
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3.3.2 Validation of EAC-specific proteins by IHC analysis.

Protein expression was determined in tissue microarrays comprising patient-
matched primary esophageal adenocarcinoma, lymph node metastases, uninvolved lymph
nodes, normal gastric, and normal esophageal tissue samples, from a cohort of 115 patients
in whom 75% had surgery with no prior oncological treatment '%.

Insulin-Like Growth Factor-Binding Protein 1 (/GF2BPI) is a member of a
conserved family of proteins that have a role in embryogenesis and tissue development and
its expression was detected in normal and tumor tissues. A recent study reported higher
expression of /GF2BPI in colonic tumor tissue relative to their normal counterparts in a
set of 13 paired samples'”’.

IHC staining showed high levels of IGF2BP1 protein expression in 12% of the EAC
samples whilst such expression was absent in the normal esophageal squamous tissue
(Figure 3.3a). Furthermore, five EAC cases showed positive JGF2BPI whilst their patient-
matched normal squamous tissue was negative (Figure 3.3b, C-50, C-25, C-26, C-33, and
C-86). These observations support the hypothesis presented in the proteomics analyses.
Moreover, we found high IGF2BP1 protein expression in cancerous cells in 19% of the
metastatic lymph nodes (Figure 3.3a). Although around a quarter of uninvolved lymph
nodes (25%) and normal gastric mucosa (23%) cases had high IGF2BPI protein expression,
the staining was confined mainly to a few scattered lymphocytes (T and B cells)
(Supplementary Figure 3b) or within the gastric glands (Supplementary Figure 3c),
suggesting that IGF2BP1 tends to be from tumor cells (tumor-specific). However, more
than two-thirds (72%) of the EAC cases showed negative protein expression for IGF2BP1
by IHC. Overall, the data suggest that IGF2BP1 protein can be considered to be a
moderately tumor-specific biomarker that is also expressed in some normal lymphocytes

making it less likely to be useful in a clinical context for identifying EAC metastases.
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Figure 3.3. Validation of candidate tumor-specific proteins (IGF2BP1 and GPA33) in tissue
microarrays contains patient-matched primary esophageal adenocarcinoma (or tumor core), involved lymph
node (metastasis), uninvolved lymph nodes, normal gastric, and normal esophageal squamous samples. a-b)
Immunohistochemistry (IHC) scores for IGF2BP1 protein expression. a) Histoscores according to tissue
type. b) A total of 53 patient-matched samples which includes tumor cores and/or involved and uninvolved
lymph nodes along with normal gastric and normal esophageal squamous tissues. c-d) Assessment of GPA33
protein expression. c) IHC scores according to tissue type. d) A total of 43 patient-matched samples which
includes tumor cores and/or involved and uninvolved lymph nodes along with normal gastric and normal
esophageal squamous tissues. ¢) Representative IHC core images showing similar staining patterns of two
different anti-GPA33 antibodies as indicated in each one.

Glycoprotein A33 (GPA33) is a cell surface antigen and a member of the
immunoglobulin superfamily with a suggested role in cell-cell adhesion'*’. GPA33 is widely
expressed in the intestinal mucosa, gastric cancer tissues, and in > 95% of colonic cancers,
and resulting from these findings, anti-GPA33 antibodies were developed as
immunotherapy for gastric and colorectal cancers''~'?. Clinical trials of monoclonal anti-
GPA33 showed good safety and tolerability'**, while other clinical trials investigating novel
anti-GPA33 antibodies in colonic cancers are still reporting their results (NCT02248805).

Analyzing GPA33 IHC staining showed high levels of GPA33 protein expression
in around a third of the EAC samples (30%) (Figure 3.3c) which is consistent with our

proteomics data that showed increased expression in 8 of the 23 patient samples. In
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contrast, only 2 cases across all of the normal tissues (normal lymph node, normal gastric
mucosa, and normal esophageal squamous epithelium) showed similarly high GPA33
expression (Figure 3.3c). Remarkably, of the 43 multi-sampled patients we analyzed, there
were 14 (33%) showed high GPA33 protein levels in the primary esophageal
adenocarcinoma with low or negative expression in metastatic tumor deposits (Figure
3.3d, red labeled). Of these 14, just one case showed high expression in metastatic cancer
in lymph nodes (Figure 3.3d, C-13). On the other hand, there were only 2 cases across all
of the normal tissues (normal lymph node, normal gastric mucosa, and normal esophageal
squamous epithelium) that showed such high expression of GPA33 with negative GPA33
staining in the primary EAC (Figure 3.3d, C-100, and C-107). Of note, we further stained
a sub-population of the patient cohort (n=62) with another anti-GP433 antibody (Sigma)
(Figure 3.3¢) and we found a highly significant correlation (Rho=0.822, p-value <0.001)
between the two different antibodies IHC staining patterns, indicating that GPA33 is a
consistent EAC tumor biomarker. Overall, this analysis suggests that GP433 THC

detection shows high tumor specificity and consistency.

3.3.3 Protein to RNA expression in matched proteogenomics samples.

We measured the correlation of expression between proteomics and mRNA levels
in a subset of seven patients (Supplementary Figure 4a-g). The patients whose tumor
biopsy passed the quality threshold were designated for matched DNA and RNA
sequencing along with MS proteomics. The selected “matched patients” offer an
opportunity to explore the event of decoupling RNA and protein abundance to regulate
expression levels by exploring protein-to-RNA abundance in EAC.

A total of 5,531 genes were commonly detected in both the RNA and protein
abundances across all patients. The number of correlated genes per patient was highly
variable, indicating that when an increased number of genes were detected shown the
correlation trend improved in comparison with those samples containing fewer genes. In

general, and following the principles of the central dogma of molecular biology, high
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transcript expression values were leading to increased protein abundances (Supplementary
Figure 4h).

Among the high expression proteins, we found tumor-specific candidates detected
in previous studies, like GAPDH"> or prothymosin alpha (PTA1A)"*, as well as protein
families like the Eukaryotic Translation Elongation Factors (EEFI)'” or the keratin gene
family (KRT15)"*. The tumor-specific gene expression detected in our results matches

previous hypotheses in the literature, indicating the continued applicability of our research.

3.3.4 Disproportionate protein to RNA expression in EAC.

The combined RNA and protein approach herein provides an opportunity to
understand the dysregulation of protein to RNA abundance in EAC, which could lead to
the discovery of new mechanisms of tumor suppression or oncogene over-expression
previously undocumented. Our interests focused on identifying genes with unbalanced
levels of expression, either presenting low protein intensities with uncharacteristically high
levels of RNA expression or the opposite case. These groups of genes might not drag the
attention when performing single-omics by themselves and therefore might be missed by
individual analysis.

Among the genes with unbalanced levels of protein to RNA expression, RHNOI,
CHFR, and CENPE stand out as proteins present in high protein abundance despite low
transcript levels (Supplementary Figure 4h). RHNOI has been recently reported as a

prognostic marker in colorectal cancer'?

, renal, and liver cancer, where the high expression
of the gene ends in an unfavorable prognosis for the patient'*. Therefore, RHNOI could
be a possible prognostic marker for esophageal adenocarcinoma contributing to the survival
analysis of EAC patients. Similarly, CHFR, a gene that is known to be downregulated or

silenced in esophageal adenocarcinoma at the RNA level "%

stands out, again having
extreme protein abundance despite low levels of RNA. Another gene following this pattern
of expression is CENPE, a gene associated with other types of adenocarcinoma'” and

prognostic potential at the genomic level for esophageal adenocarcinoma’**. Our hypothesis

for genes with the mentioned characteristics aims for a potential inside mechanism of the
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diseases that escapes the RNA regulation and compensates it with an overexpression of the
protein.

On the other hand, we have explored disproportionately expressed genes with high
levels of RNA and medium to low protein abundances. Most of them have been previously
reported to be involved in other cancer diseases, either as oncogenic, inducing tumor cell
proliferation, or causing poor prognosis (4CTGI1>'%¢, PPIA", GNAS"®, BTF3", or
YBX1'>141), A pattern of expression was also observed for mitochondrial genes (M7-CO3,
MT-ND3, or MT-ND#4) that, although might not have the same impact as the oncogenic

genes, might indicate an affected pathway in EAC.

3.3.5 Matched patients as an adequate representative of global EAC

Protein to RNA expression changes.

We have examined how the integration of protein and RNA expression has
followed the general trends of correlation between the two levels of expression in our
matched esophageal patients. To evaluate the representativeness of our matched patients
with a more general cohort of samples we combined the totality of the RNA and MS
samples described in our study as global analysis of the Protein to RNA expression changes
in EAC. Genes presenting changes between the Protein and RNA expression in the seven
matched EAC patients (Figure 3.4a) were labeled and used as guidance for the analysis,
comparing how their expression changed across the global tumor samples. The RNA and
protein correlation in the matched patients generalized with equal distribution in the larger
unmatched cohort containing a global analysis of all the available transcriptomics and
proteomics samples from EAC patients (Figure 3.4b).

Genes presenting increased RNA-seq and decreased protein expression remained in
the same Protein to RNA ratio levels when comparing the two EAC cohorts, as well as most
genes with high protein expression and low RNA-seq intensities (Figure 3.4c). In general,
genes presenting discrepancies in the Protein to RNA abundances showed a low coefficient

of variation, indicating consistency across all the EAC samples independently of the
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matched or unmatched origin. Besides this, a small proportion of genes with high protein
abundances and low RNA-seq expression do not follow the same trend, tending to have
changes in protein expression when comparing the general cohort to the matched dataset.
The changes in the expression originated at the protein level are accompanied by a high
coefficient of variation between samples. Genes like NUBP1 or AKR1C1, presented

heterogeneous abundances across patients, suggesting high inter-tumor heterogeneity.

3.3.6 Protein to RNA expression changes in normal esophageal tissue.

The changes in expression between protein and RNA abundances and how they are
regulated as part of normal tissue homeostasis are poorly described in the literature'*, as
well as in esophageal cancer'**. However, both protein degradation and synthesis pathways
can be tightly regulated'*“. The former through post-translational modifications of proteins
targeting them towards proteasomal degradation and the latter arises through tight post-
transcriptional regulation of the epitranscriptome which decorrelates RNA and protein
abundances. All aspects of gene expression are dysregulated in cancer, for example through
mutation, copy number variation, or epigenetic modification. Dysregulation of carefully
controlled protein to RNA ratios through post-translational or post-transcriptional
pathways is likely another exploitable mechanism.

There have been two significant efforts to study RNA and protein abundances in

normal tissue: GTEx!1%!1!

and Kuster et al.’””. To compare how the dysregulated genes
found in EAC relate to normal esophageal samples, we have used these studies as a backdrop
for the study of Protein to RNA ratios against our matched and general cohort of EAC
patients.

The combined study of Protein to RNA expression of all datasets (matched
patients, unmatched patients, GTEx data, and Kuster et al. data), correlated 2977 genes
found in common across all studies (Figure 3.4). An analysis of the correlated Protein and
RNA expressions between the previously explored EAC (Figures 3.4a and 3.4b) and the

normal tissues from the Kuster et al. article and the GTEx database (Figures 3.4d and 3.4e)

shows a clear shift in both expression levels for most of the dysregulated candidate genes.
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The characteristic changes in expression point to some dysregulated genes in EAC as new
possible tumor-specific candidates presenting Protein to RNA abundances that differed
between normal tissues and the EAC tumors (Figure 3.4f). Some of the candidate genes
(KRT5, ANXA1, SPRR3, S100A8, or S100A9) showed a decreased RNA expression in
both of the EAC datasets when compared to normal esophageal tissue while staying at the
same protein expression levels.

In contrast, other dysregulated genes become unlinked from the correlation when
comparing normal esophageal expression against EAC tissue, increasing the protein
abundances while presenting similar transcript expression levels. TAOK2, MAPKAPKS3,
or HIGD2A are perfect examples of tumor-specific candidate genes with those
characteristics. The increased activity at the protein level in EAC tissue could be indicative
of a way to regulate tumor oncogenic pathways through Protein to RNA abundance
dysregulation, raising the expression of proteins associated with cancer hallmarks. For
example, TAOK2 and MAPKAPK3 would be upregulated kinases with links to the

p38/MAPK activation pathway.

3.3.7 Tissue specificity of Protein to RNA expressions changes.

Further study of tissue specificity was performed by using a combinatory
examination of the Protein to RNA expression between the two esophageal
adenocarcinoma cohorts previously described and 32 other normal tissues available from
the literature’®'"'. Candidate genes with high variation between protein and RNA
abundances in matched EAC samples were compared, for protein to RNA ratios, against
the global EAC cohort and the collection of normal tissues. To further interrogate the
origin of EAC and its relationship to Barrett’s esophagus, marker genes from
undifferentiated Barrett’s tissue published by Nowicki-Osuch et al.'*> were labeled and
included in the examination. Among all these candidates, only genes presenting differences
in the protein to RNA ratios between EAC and other normal tissues were selected (Figure

3.5).
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Figure 3.4. Protein to RNA correlation of 2977 genes common in EAC and normal esophageal. (a)
Correlation of RNA and Protein expression from 7 EAC patients with matched proteogenomics. (b)
Correlation of RNA and Protein expression from all EAC samples (23 proteomics and 264 transcriptomics)
(c) Correlation of Protein to RNA ratios of selected candidate genes in both EAC cohorts. (d) Correlation of
RNA and Protein expression from Kuster et al. normal esophageal tissue. (¢) Correlation of RNA and Protein
expression of esophageal mucosa tissue from the GTEx database. (f) Correlation of Protein to RNA ratios in
both normal esophageal studies for the selected candidate genes.
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Figure 3.5. Scatter plot of the candidate genes presenting a disproportionate Protein to RNA ratio,
either with high protein and low RNA expression (red) or the opposite (blue). Genes labeled in green were
marked as undifferentiated Barrett's esophagus. For each gene, we compared ratios from EAC-matched
patients (red dots) and from the global EAC cohort (blue dots) against a variety of normal (distribution plot)
containing esophagus samples from Kuster et al. (yellow dots), three different esophageal tissues from the
GTEx database (light green, green, and turquoise dots), and other normal GTEx tissues (gray dots).

Candidate genes like RHNO1, CHFR, or AKR1C4 were detected in EAC while
not being reported in normal esophageal or other normal tissues from the GTEx database.
The protein to RNA ratio for cases like RHNOL1 is complemented with low expression at
the RNA level, where a comparison between EAC and normal tissues shows a decreased
expression in the tumor sample. Despite the low mRNA expression. protein expression was
only detected in tumor samples, producing a high Protein RNA ratio. The results suggest
that genes containing low RNA expression and high protein intensities have an inner
mechanism that produces this dysregulation event, being for some of them, specific to

esophageal adenocarcinoma.
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Most of the candidates reported (Figure 3.5) were found in normal esophageal or
other normal tissue in the GTEx database, allowing a comparison of the results. Genes
whose protein to RNA ratio in EAC differs drastically from normal samples were especially
of interest as they suggest a variation in either the protein, RNA, or both levels of
expression. Inside this group, genes containing a low ratio discrepancy between matched
proteogenomic samples and the global EAC cohort revealed strong tumor-specific
candidates. Genes within those characteristics are MAPKAPK3 and TAOK, members of
the p38 MAPK signaling pathway which is known to be dysregulated in cancer by showing
a variety of post-transcriptional modifications which are currently used as an attractive
target for tumor treatments'*'",

The MAPK signaling pathway seems to be heavily affected in EAC. In addition to
TAOK and MAPKAPK3, AGMAT has been recently reported to promote tumorigenesis
by using this signaling cascade. Agmatinase was labeled as one of the genes from Barrett's
undifferentiated tissue'* that presented a significant difference between EAC patients and
other normal tissues. Furthermore, AGMAT was previously reported in the differential
expression analysis of EAC proteins as one of the genes with increased fold-change values
in tumors when compared to matched normal esophagus and gastric tissue (Figure 3.2).
The combination of the analysis suggests AGMAT as one of the oncogenic drivers of EAC,
presenting an increased protein product while keeping the RNA expression levels similar
to normal tissue.

Genes showing a high difference in the protein to RNA expression ratios between
EAC samples and normal tissues open the opportunity for new therapeutic targets like
AGMAT and the other members of the p38 MAPK pathway. Another example can be
found in SLC25A30 and PTBP2, the genes presenting the higher difference in the protein
to RNA ratio. Both of these genes are implicated in mitochondrial functions and were
identified in cancer as possible biomarkers correlating to metastasis and poor prognosis of

the patients'**'*, making them good candidates for early diagnosis and therapeutic targets.

44


https://www.zotero.org/google-docs/?OHQkWt
https://www.zotero.org/google-docs/?FeDuk7
https://www.zotero.org/google-docs/?MYHyRk

3.3.8 Mutation analysis of candidate genes.

Although usually the expression changes observed in cancer are attributed to
aberrations in the genome or transcriptome, we hypothesized that dysregulation between
the RNA and Protein intensities are caused by other oncogenic mechanisms using the
machinery of the cell. To check the veracity of our hypothesis, we checked the mutations
detected on the previously described candidate genes using both patient-specific data from
our matched EAC patients and a larger cohort of DNA sequencing samples®. The seven
patients from the matched cohort showed a lack of mutations in the DNA for all of the
candidate genes. On the other hand, a total of 144 mutations were detected in the global
cohort of 454 EAC patients across all candidate genes. Further analysis revealed that all the
mutations were detected in only 26 patients, where some of the candidate genes were not
mutated in the whole dataset. The most commonly mutated candidate genes across the
cohort affected only 3% of the population (Figure 3.6), entrenching the theory that gene

alterations are not the driver of the expression changes.

EAC percentage of mutated patients (% of 454)
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Figure 3.6. Mutational bar plot of candidate genes presenting Protein to RNA dysregulated ratios.
The cohort is composed of 454 whole-genome sequencing EAC samples. The candidate genes present a low
mutation percentage, not reaching even a 3% of mutated patients for most of the genes. The results suggest
the alterations observed between the specific Protein to RNA expression changes are not caused by genomic
alterations.
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3.4 Conclusion.

The combination of mass spectrometry and RNA differential expressions, the
correlation of RNA and protein abundances, and the further exploration of the genes
involved by DNA mutation analysis has created a complete proteogenomics insight into
the cellular environment in esophageal adenocarcinoma.

The study of tumor-specific proteins in EAC matched previously published
results'’, showing EPCAM as one of the most differentiated proteins expressed in EAC
when compared to surrounding normal tissues, showing this difference for 80% of the 23
patients. Besides being presented in a fewer number of patients, GPA33 and IGF2BP1
showed similar tumor-specific protein expression. The specificity of these two genes
combined with the high expression levels, arise them as possible protein biomarkers for
EAC.

PTBP2, CHCHD2, and CHFR were proteins detected whose expression was
previously reported in other cancer tissues'*>''>2, being possible candidates for metastasis
and poor prognosis in esophageal patients. Many of the EAC-specific proteins detected are
associated with intestinal tissue expression or goblet cell phenotype (INTL1, VILI,
OLFM4, REG4, ANXA13) which may reflect the origin of EAC from glandular metaplasia
of the esophagus.

The combined analysis of protein intensities and RNA expression in EAC patients
revealed a small number of genes containing discordance between the two levels of
expression. Genes showing a disassociation in protein and RNA expression presented
concordance when the samples for the study were increased in numbers, showing that the
small cohort of matched patients is a good representation of the molecular events inside the
EAC tissue. When the dysregulated genes in EAC tissue were compared to normal
esophageal, it was observed that a few candidate genes shifted to more proportionate ratios
of expression. Genes in the esophageal normal tissue that showed proportionate protein
and RNA levels, but presented a change in expression in EAC, are tumor-specific

candidates possibly modified by the inner regulatory mechanism of the disease.
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The comparison of genes presenting disproportionate ratios of expression in EAC
against the library of normal tissues showed two pathways strongly affected by candidates
presenting differences in expression ratios between tumor and non-tumor samples. The
first pathway is related to mitochondrial functions that seem to be altered by genes like
SLC25A30 and PTBP2, known to promote the proliferation of kidney cancer*® and

glioma's3

respectively. Both of these genes are known to be involved in auto-regulatory
mechanisms by splicing factors™! or long non-coding RNA™*, which strengthens our
hypothesis that the origin of Protein to RNA expression changes derives from alternative
mechanisms rather than gene mutations. Other genes presenting high differences in Protein
to RNA ratios between tumor and normal samples are TAOK, MAPKAPK3, and
AGMAT, clear contributors to the modification of the p38/MAPK signaling cascade.
AGMAT also showed a high tumor-specificity in the differential expression analysis of
protein analytes, raising the gene as a possible biomarker for the disease.

Overall, the study of esophageal adenocarcinoma has provided a complete
proteogenomic exploration combining DNA and RNA sequencing with mass
spectrometry proteomics. The unique nature of the analysis has revealed new insights into

the mechanisms of the diseases, indicating possible gene markers and altered pathways for

the development of new therapies.
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4. Undifferentiated pleomorphic sarcoma.

4.1 Introduction

Sarcomas are relatively uncommon cancers representing approximately 0.5-1% of
the human cancers'>. The complexity of sarcomas is defined by the multiple subtypes that
can emerge from diverse tissues such as blood vessels, nerves, muscle, fat, ligaments,
tendons, and joints'*, creating over fifty genetically distinct subtypes. Among all the
sarcoma subtypes, the most common in adults is pleomorphic high-grade soft-tissue
sarcoma (UPS)"’”. UPS is defined as a tumor of mesenchymal origin with no identifiable
line of differentiation. The so-called “pleomorphic” appearance may be the de-
differentiation endpoint of sarcomas in any of the sub-groups that arise from different
tissue types such as muscle, fat, or cartilage’®.

Limited by the relative rarity, the small market entailed, and the diversity of the
sarcoma subtypes, few novel treatments have been able to improve patient outcomes. The
genetic heterogeneity reduces the likelihood of finding “common” sarcoma-type-specific
drugs that target rare driver mutations. Current standard treatments generally include

doxorubicin alone or in combination with other drugs'’

. However, the survival of patients
with metastatic cancer treated by such anti-cancer therapies is just over one year'®.

Although previous genetic analysis using targeted RN A-seq has failed to reveal any
“highly penetrant” tumor-specific aberrations in UPS'®!, more recent studies based on
genome-wide approaches have shown recurrent mutations in TP53, RBI1, and
CDKN2A216 Furthermore, certain hallmarks of cancer have been described in soft tissue
sarcomas, such as the activation of replicative senescence through telomerase mutations in
TERT ATRX and DAXX or the avoidance of the immune system by the upregulation of
immune checkpoints of PD-L1 and CTLA4'¢.

We define the expressed oncogenic mutational landscape of UPS using a

proteogenomics approach and identify potential options to inform future therapeutic

strategies. This involves (i) Next-generation exome sequencing of 20 UPS sarcoma DNAs
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and their matched normal exomes to define somatic mutations including single nucleotide
variants (SNV), small insertions or deletions (INDELS), and copy number variants
(CNVs); (ii) Deep sequencing of the T-cell receptor variable region in a subset of these
specimens to detect the presence of physiological somatic variation in the t-cell receptors,
and to use this to quantify the immune infiltrate clonality; and (iii) tumor-specific RNA-
seq and mass spectrometric based-proteomics on a subset of cases to identify potential
patient-specific neoantigens. Together these approaches have allowed us to compile a map
of the expressed oncogenic landscape of UPS and to propose therapeutic strategies for

improved treatment of patients with UPS.

4.2 Materials and methods

4.2.1 Sequencing and processing of DNA.

To identify the most-common genetic alterations that define high-grade
undifferentiated pleomorphic sarcoma (UPS), we performed whole-exome sequencing on
twenty patients containing tumor-normal tissue pairs. One tumor sample was divided in
half to measure intra-tumor heterogeneity providing a total of 21 tumor samples from
twenty patients. For each of the histological types of high-grade soft tissue sarcomas,
histologically normal adjacent tissue was chosen to define the non-tumor germline. We
used normal tissue distant from the tumor in the same surgical specimen to provide the
patient-specific control reference DNA database.

Exome Sequencing was performed using Agilent V5+UTR Exome Capture Kit
(75Mb) and 100bp paired-end reads were acquired until completing coverage of 100x for
tumor and 30x for normal tissue samples. Paired de-multiplexed fastq files were generated
using CASAVA software (Illumina) and initial quality control was performed using
MultiQC'®. Paired de-multiplexed fastq files were aligned to the GRCh38 human genome
reference assembly with BWA 0.7.92'. Duplicate reads were marked with Picard
MarkDuplicates 1.102 (http://broadinstitute.github.io/picard). Following GATK best

practices for calling somatic variants, single nucleotide variants and indels were identified
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using MuTect2 "“over the target capture regions (Agilent SureSelect All Exon v5+UTR,
including 100 bp padding). Variants were filtered using SNPsift for a variant allele
frequency (VAF) greater than 0.03 and a tumor alternative read depth of greater than 5.
Additionally, the variant allele must have been observed more than once on both strands.
Functional consequences of Somatic Varjants were predicted using Ensembl Variant Effect
Predictor (VEP) and converted into Mutation Annotation Format (MAF) format using the

vef2maf tool (https://github.com/mskcc/vef2maf, version 1.6.10).

4.2.2 Copy number variants.

We next evaluated whether UPS displays common genomic regions of amplification
or deletion that would identify genetic drivers of this cancer type. Tumor and normal
variants identified by the GATK Mutect2 were filtered by removing indels and keeping
SNVs with a minimum coverage of 15 and Non-Reference (ALT).

4.2.3 RNA sequencing.

Paired de-multiplexed fastq files from RNA-Seq libraries were mapped to the hg38
reference genome using STAR (v2.6.1). The resulting BAM files were quantified for
transcript expression with RSEM (v1.3.3), obtaining normalized transcript per million
(TPM) per sample. Differential expression analysis of tab-delimited text files was
performed in the R computing environment (version 4.1.0 for Windows). Transcript-wise
mapping matrices were created to summarize the mapping results in columns of TPM
values per sample. Further analysis was performed in the R package Limma (release 3.14'%®)
using the multidimensional scaling (MDS) tool for explorative analysis and the different

available statistical tools for the identification of differentially affected genes.

4.2.4 Sample preparation for SWATH-MS.

Approximately, 5 ug of sarcoma tissue were lysed in 300 ul of Urea buffer (8 M
Urea, 0.1 M Tris/HCI, pH 8.5) to retrieve tissue protein lysates. The protein concentration

in tissue protein lysates was determined using micro-BCA (Thermo, MA, USA) according
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to the manufacturer's instructions. Sample preparation for bottom-up mass spectrometry
was performed on 10 kDa filters (Millipore, MA, USA, P/N: MRCPRT010) following a
modified protocol inspired by Filter-Aided Sample Preparation (FASP) (Wisniewski et al.,
2009). Briefly, a volume of protein extract corresponding to 100 pg of protein was mixed
with 200 ul of Urea buftfer. Filters were then centrifuged at 14,000 g for 15 min at 20°C.
Proteins were reduced by 100 ul of Urea buffer with 0.1 M Tris(2-carboxyethyl) phosphine
hydrochloride (TCEP) added to the filter followed by centrifugation at 14,000 g for 15 min
at 20°C. Protein alkylation was performed by 100 pl Urea buffer with 50 mM
iodoacetamide. After incubation on the filter in a thermomixer at 600 rpm for 30 min at
37°C, the liquid was removed from the filter by centrifugation at 14,000 g for 15 min at
20°C. Urea buffer was exchanged for ammonium bicarbonate buffer by adding 100 pl of
0.1 M ammonium bicarbonate and then centrifuged at 14,000 g for 15 min at 20°C. The
step was repeated twice. Following, 100 pl of ammonium bicarbonate buffer (50 mM
ammonium bicarbonate in water) was added to the filter together with 3.3 ul of 1 pg/ul
trypsin in water (Promega, WI, USA). Tryptic protein digestion was held overnight at 37°C
in the incubator. Filters were placed to clean tubes and centrifuged at 14,000 g for 15 min

at 20°C to retrieve tryptic peptides.

4.2.5 Peptide desalting.

Wash the C18 column (Micro Spin, MA, USA, Harvard apparatus) with 200 ul of
0.1% (v/v) formic acid (FA) in LC-MS acetonitrile (AcN), then centrifuge at 300 g for 3
min at room temperature. Repeat the step twice. Hydrate the C18 column with 200 ul of
0.1% (v/v) formic acid (FA) in LC-MS water then centrifuge at 700 g for 2 min at room
temperature. Let the C18 column incubate with 200 pl of 0.1% (v/v) formic acid (FA) in
LC-MS water for 15 min then centrifuged at 700 g for 2 min at room temperature. Load
the sample to the column and then centrifuge at 700 g for 2 min at room temperature.
Three times wash the sample with 200 ul of 0.1% (v/v) formic acid (FA) in LC-MS water
then centrifuge at 700 g for 2 min at room temperature. Replace the collecting tube with a

new one. Elute the desalted peptides with an increasing percentage of ACN as follows. First
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elution: 200 mL 50% (v/v) ACN with 0.1% (v/v) FA, second elution: 200 mL 80% (v/v)
ACN with 0.1% (v/v) FA and third elution 200 mL 100% (v/v) ACN with 0.1% (v/v) FA,
each elution followed by centrifugation at 700 g for 2 min at room temperature. Eluates

were pooled and evaporated in Speed-Vac to the dryness.

4.2.6 Mass spectrometry.

Sarcoma tryptic peptide samples were measured using data dependent (DDA) and
data independent (DIA) mass spectrometry acquisition under identical liquid

chromatography conditions into 8 fractions on Triple TOF5600+.

4.2.7 Sample dissolving and liquid chromatography separation.

Tryptic digests were dissolved in 100 ul of loading buffer (5 % acetonitrile (ACN),
0.05 % TFA in the water) and analyzed by a pipeline inspired by Dias et al.
(10.1016/j.is¢i.2021.102878). Samples were thoroughly vortexed and 5 min sonicated on
the sonication bath. Nanodrop (Thermo, MA, USA) was used to measure peptide
concentration and approximately 2 ug of peptides were loaded onto a chromatographic
column. Eksigent nanoLC 400 (SCIEX, Canada) coupled to a TripleTOF 5600+ mass
spectrometer (SCIEX, Canada) was used to separate the peptides using reverse phase
chromatography (RPLC). Peptides were loaded on a cartridge trap column (300 pm i.d. x
5 mm) packed with C18 PepMap100 sorbent with 5 um particle size (Thermo Scientific,
MA, USA) using a 5 pl/min flow of loading buffer. Peptides were eluted to a capillary
emitter column (75 um i.d. x 250 mm, fused-silica) (New Objective, MA, USA) in-house
packed with ProntoSIL C18 AQ 3 um beads (Bischoff Analysentechnik GmbH, Germany).
Peptides were separated using a linear gradient of mobile phase A (0.1 % (v/v) formic acid
(FA) in water) and mobile phase B (0.1 % (v/v) FA in ACN) with a constant flow of 300
nl/min. Peptide separation started at 5% mobile phase B followed by its linear increase up
to 40% B in 120 min. Separated peptides were ionized in a nano-electrospray ion source

with 2.65 kV at the capillary emitter.
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4.2.8 SWATH acquisition.

Measurement of each sarcoma tissue peptide digest was repeated three times to yield
three technical replicates. SWATH-MS data acquisition was operated in high sensitivity
positive mode. Precursor masses falling within a precursor range of 400 Da up to 1200 Da
were included in the experiment. The selected precursor range was divided into 67
precursor SWATH windows with a constant width of 12 Da. Overlaps between each
consecutive SWATH windows were set to 1 Da. MS/MS spectra were scanned from 360 to
1360 Da. MS/MS signal from each SWATH window was accumulated for 50.9 msec.
Precursor ions were fragmented using Rolling collision energy with a 15-mV collision

energy spread setting.

4.2.9 Spectral library generation.

The spectral library measurement and data analysis were inspired as described in
Herranz et al. (PMID: 30951861) and Faktor et al. (DOI: 10.14735/amko20164S54). Data-
dependent mass spectrometry was used to generate spectral library files from each of the
sarcoma tissue samples. DDA method operated in a positive mode with a precursor range
from 400 Da up to 1250 Da. MS/MS range was set from 200 Da up to 1600 Da. A method
was set to fragment the top 20 most intense precursor ions excluding them once measured
for 12 sec. The resulting DDA method had a 2.3 sec cycle time.

DDA data were searched against a Homo sapiens search database (Uniprot entries)
concatenated with a decoy database in ProteinPilot 4.5 software (AB-SCIEX, Canada).
Search engine settings were as follows: enzyme-trypsin, fixed modifications —
carbamidomethyl, none of the variable modifications were emphasized. MS and MS/MS
mass tolerances were set to predefined search settings for TripleTOF 5600+. The FDR
calculation was performed in the decoy database. A spectral library was generated from the
results. GROUP file in SWATH™ Acquisition MicroApp 1.0 a plugin for PeakView
1.2.0.3. (AB-SCIEX). The spectral library was built from proteins identified at FDR<1 %.
Up to 4 no modified and no miscleaved peptides with at least 99% peptide confidence per

protein were included in a spectral library, and the rest of the peptides were suspended from
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the experiment. A maximum of 6 transitions per peptide were included in the spectral

library.

4.2.10. Quantitative SWATH-MS data extraction and statistical analysis.

Protein quantitation was done via the AB-SCIEX SWATH data analysis pipeline.
Briefly, SWATH™ Acquisition MicroApp 1.0 plugin running under PeakView 1.2.0.3
(AB-SCIEX) extracted SWATH data for transitions listed in the spectral library. MS/MS
signal of product ions was extracted + 4 min to the left and right from the peptide retention
time indexed in the spectral library. Product ion extraction mass accuracy was set to £ 0.05
Da around the expected m/z. Product ion peak areas per each transition were integrated
into extracted product ion chromatograms. MarkerView 1.2.1.1. (AB-SCIEX) software
summarised peptide and protein intensities. Protein intensities were normalized on total
ion current (Sum of all protein intensity). Statistical analysis was performed using a
pairwise t-test in MarkerView software. The confidence levels of detected relative
differences (foldchanges) in a protein expression level among compared conditions are
expressed as p-value. The false rate discovery rate of the assay was cured by a recalculation

of p-values to adjusted p-values using Benjamini-Hochberg correction.

4.3 Results and discussion.

4.3.1 The landscape of cancer-specific single nucleotide variants in UPS

We evaluated the mutational spectrum in UPS to determine whether commonly
mutated genes could be identified and whether additional therapeutic approaches could be
derived from genomic data. A summary of the variant type, variant classification, and the
number of variants per sample is shown in Figure 4.1. The signature C>T dominates in
the single nucleotide variants (Figure 4.1C). The number of non-synonymous tumor-
specific mutations per sample at the cut-offs used ranges from approximately 20 through
to over 200 with a median of 43.5 (Figure 4.1D). There are likely more non-synonymous

mutations within the tumor, especially if it is heterogeneous. However, with the depth
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(coverage) in the sequencing reads (100x), we focus here only on the dominating high
confidence single nucleotide variants. The most frequently mutated genes are highlighted
as a function of the number of patient samples with mutations (Figure 4.1F). These
include, of known therapeutic interest, p53, ATRX, and ELMO1.

The most commonly mutated gene with single nucleotide substitutions was p53
occurring in 6 patients (Figure 4.2) along with deletion of 17p.1 in other cancers
highlighting p53 as a commonly mutated target (Figure 4.3). The second most commonly
mutated gene was ATRX (Figure 4.2), occurring in six patients. The position of mutations
and the coding change is shown in Figure 4.4. The mutations reside within the kinase
domain. As frameshifts are observed, the data suggest that the mutation might create a loss
of function or dominant-negative effector, presumably impacting protein-protein
interactions in the ATRX protein life-cycle. ATRX is a relatively large gene and the
significance of these is often minimized due to the increased mutation frequency as a
function of size. Nevertheless, ATRX function as a chromatin-modifying protein could be
analyzed in the future as a potential target pathway to evaluate in stratified UPS patients.
One prior study highlighted the co-mutation of p53 and ATRX genes in pediatric
adrenocortical tumours'”’. However, in our UPS samples, the mutation of ATRX and p53
appears mutually exclusive (Figure 4.2). The remaining commonly mutated genes occurred
in 2-3 patients out of twenty thus reflecting the usual frequency of mutation (e.g., 5-15%)
of genes in cancer cohorts. The only known, possibly “activating” oncogenic mutation
with a potential druggable pathway is ELMO1 (Figure 4.2), which is mutated in 3 out of
twenty patients. Gain-of-function mutations in ELMO1 occur in 6% of patients with
Oesophageal Adenocarcinoma and are thought to activate RAC1-dependent migration or
invasion”. Indeed, ELMO1 is implicated in metastasis in rhabdomyosarcoma'”®. These
data together provide three potential therapeutic target pathways; p53, ATRX, and ELMO
(RAC). The low penetrance of commonly mutated genes has been noted in many other
cancer types raising the problem of how cancer genetics can find common solutions across

many patients for therapeutics based on cancer gene sequencing.
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4.3.2 Inter-tumor heterogeneity of Mutational Signatures in UPS.

We observed four different UPS-signature mutational patterns within the twenty
patients (Figure 4.5A). Individual UPS-signature mapped against all 20 cancers is
highlighted in Figure 4.5B. The UPS-signature class 1, predominating in C>T mutations,
is associated with aging processes due to DNA polymerase errors accumulated at repeated
cell divisions and is one of the most frequent signatures observed across many cancer types.
Tumors 94 and 55 have more than half of their mutation pattern composed of UPS-
signature 1 (Figure 4.5B). While UPS signatures 2 and 3 also predominate in C>T
mutations they also contain C>A and T>C mutations respectively, relatively frequent as
well in many cancer types. Tumors 100364, 141343, 090244, 97a, and 141430 have more
than half of their mutation pattern comprised by UPS-signature 2 (Figure 4.5B), whilst
tumors 66, 070052, 080258, 100378, 080107, 100297, have more than half of their
mutation pattern comprised by UPS-signature 3. UPS-signature 4 corresponds to the less
frequently observed T>G mutation signature. UPS signature 4 dominates in tumors 74, 60,
59, and 84 that have more than half of their mutation pattern composed of the T/G
subclass (Figure 4.5B). These data indicate that most UPS samples have all four signatures
present within each sample, with the penetration variable so that, for example, tumor
100297 shows almost all mutations can be attributed to UPS-Signature 3, whilst 84 is

dominated by UPS-Signature 4 and tumor 55 by UPS-Signature 1 (Figure 4.5B).
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Figure 4.1. WGS variant analysis of 21 UPS samples. a) Variant classification of the mutations detected. b) Types of variants classified in single nucleotide polymorphisms (SNP),

insertion (INS), and deletions (DEL). ¢c) Cumulative bar plot of nucleotide substitutions. d) Number of variants detected per sample. €) Distribution of variant types across all samples.
f) Top 20 mutated genes across all samples.
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Figure 4.4. Lollipop plot of ATRX showing the SNPs detected across all patients, the position of
the mutation, and the type of variant caused.

4.3.3 Intra-tumor heterogeneity of somatic mutations in UPS

Detailed analysis of tumor mutations through ultra “deep” sequencing at high read-
depth to detect rare mutations, has revealed a striking level of heterogeneity in tumors'”.
Such tumors are thought to include sub-clones that can evade standard therapeutics'”.
Genomically distinct subpopulations of cells in a cancer biopsy can show differences in
mutant variants as defined by the fraction of DNA sequencing reads that harbor a mutated
allele'”. To assess the tumor heterogeneity in all twenty tumors, MATH (Mutant-Allele
Tumor Heterogeneity) scores were calculated'”*. The MATH score is calculated as 100x
median absolute deviation (MAD)/median of the variant allele frequencies and describes
the ratio of the width of the data to the center of the distribution among tumor-specific
mutated loci. A homogenous tumor will have a narrower distribution of mutant-allele
fractions amongst loci, centered at a lower fraction, than a heterogeneous tumor. Thus, a
wider width of distribution will define enhanced diversity among loci arising from more

heterogeneous cell populations.
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Figure 4.5. a) Probability bar plot of mutational signatures in UPS. The X-axis represents the type
of nucleotide substitution for each of the samples represented as a bar plot where the Y-axis is the probability
of that mutation to occur. Four main mutational signatures were observed in the 20 UPS patients. b)
Cumulative bar plot of the contribution of each mutational signature to each one of the UPS samples.
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The variant allele frequencies (alternate depth/total depth) of all twenty tumor
samples are plotted in Figure 4.6A. When applied to the exome sequencing data of the
twenty UPS tumor/normal pairs (Figure 4.6B), the MATH score average was 50.80
(ranging from 22.57 to 92.99). Example plots of density vs variant allele frequency for

samples 55 or 94 are shown in Supplementary Figures 5A and 5B. Tumor 55 is unique
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amongst the 20 tumor samples in containing a high frequency of variants approaching 1.0
suggestive of a tumor with a high degree of haploidy (Supplementary Figure 5A). Near-
haploidy states have been observed previously in UPS'” and leukemia'’*. Tumor 94
highlights a more representative MATH profile in which there is an enrichment in
different mutant allele fractions below 0.5 suggestive of distinct, dominating cell
populations (heterogeneity) (Supplementary Figure 5B). The enrichment of one mutant
allele fraction density approaching 0.5 in Tumor 94 is suggestive of shared variants within
cell populations of the heterogeneous tumor. Finally, although intratumor heterogeneity
and mutation rate are different concepts, it is possible that tumors with high mutation rates
would simply have greater intratumor heterogeneity. This was not the case. Altogether, the

data suggest a high degree of intra-tumor tumor heterogeneity in UPS.

4.3.4 Copy number alterations in UPS reveal high-frequency dual loss of
RB1 and p53 loci.

We next evaluated whether UPS displays common genomic copy number variations
that would identify genetic drivers of this cancer type. The most significantly amplified
region (in 32% of samples) was on chromosome 1q21.2. There are 14 genes in this cluster
including Histones and 2 additional genes embedded within this region, BOLA1, and
FCGR1A. Carcinosarcomas were previously observed to amplify 1q22, which contains the
HIST2H gene cluster'””. Quantitative SWATH proteomics of tumor 55 (Supplementary
File 1) reveals a highly significant elevation of production of Histone H1 paralogues,
followed by Histone 2 paralogues. These data nevertheless suggest a common genetic event

is the amplification of the Histone H2 loci.
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Figure 4.6. a) Violin plot showing the distribution of Variant Allele frequencies for each of the UPS
samples. b) Mutant-Allele Tumor Heterogeneity (MATH) score for each of the UPS samples. The MATH
score represents the intra-tumor heterogeneity of each of the patients.

BOLAL is a mitochondrial protein that regulates the mitochondrial thiol redox
potential”® and its amplification might protect against mitochondrial damage permitting
cancer cell survival. FCGR1A is a high-affinity Fc-y receptor whose suppression by an IgG4
blockade impacts tumor immunity in melanoma'”. The two most significant regions of

deletion were mapped to 13q14.2 (84% of samples) and 17q13.1 (47% of cancers). 13q14.2
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contains 3 genes in peak including the tumor suppressor protein RB1. 17p13.1 contains
one gene in the peak, the tumor suppressor p53. Thus, we identified a striking dual
mutation of the p53 and RB regions in UPS. This analysis provides one future therapeutic
strategy for treating UPS patients; that is developing Rb/p53-mesenchymal cell models and

drug screening assays that target cells with dual inactivation of both p53 and Rb.

4.3.5 Targeting mutated p53 cells as a potential therapeutic approach in

UPS.

We explored the top ten genes whose deletion or mutation map to cancer-associated
genes (Supplementary Figure 6). Focusing on RB1 and p53, the data suggest that loss of
both p53 and RB1 loci form very common genetic events in UPS, occurring jointly in
twelve out of twenty patients. Immunohistochemical analysis of formalin-fixed tissue
samples confirms that sarcoma 55 and 74 (containing missense mutations in the p53 gene)
result in elevated nuclear staining of p53 protein which is an indicator of p53 gene mutation
(Figure 4.7). Clues into the significance of this dual mutation of these dominant tumor
suppressor genes come from mouse transgenic data showing that deletion of p53 and RB1
accelerated sarcoma development faster than only p53 gene deletion'®. As p53 deletion,
but not RB deletion, stimulates sarcoma development in mice, we can hypothesize that loss
of RB within a p53 mutated UPS presumably impacts the de-differentiated phenotype of
UPS. At the same time, loss of p53 impacts genetic instability that accelerates mutagenesis
and chromosomal rearrangements driving UPS development. This provides two
independent roles for p53 and RB in sarcoma genesis. These data are consistent with a study
showing that SV40 large T antigen, which can bind both p53"#'¥2 and Rb1'®, can drive

the transformation of mesenchymal stem cells into a UPS-like cellular phenotype'®.
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Figure 4.7. Representative immunohistochemistry staining shows the differences between A) RB1
in 4 UPS patients, and B) High and low degrees of P53 staining in two UPS patients. The
immunohistochemistry degree of staining was collected for the different UPS samples in the right table.

The high-frequency loss of both of these tumor suppressor genes suggests that a
common therapeutic strategy to impact UPS patients would be to identify drugs that can
kill tumor cells with loss of p53 and/or pRB1. A compelling new drug lead named APR-
246 has been identified that kills tumor cells with mutant p53 has been tested in a variety
of preclinical models and is undergoing clinical trials in human patients'*>'*. As such, we
tested whether a novel angiosarcoma mouse model driven by mutant p53 would serve as a
model system to evaluate whether APR-246 can enhance the killing of sarcoma cells
containing mutated p53. Although the derived mutant p53-murine sarcoma cell line 19311f
is partially resistant to doxorubicin and APR-246, the combined treatment effectively kills
the sarcoma cells as demonstrated using xCELLigence real-time growth assays, cell density,

and Alamar-blue (Figure 4.8a-c, respectively).

65

Where 0 is no staining of tumour cells


https://www.zotero.org/google-docs/?eLugRP

a)

# B2 # B10 = E2 # E10

=
4
4
4
4
4
2
>
4
2
;
;
2
4
42
2
>

z B

.

@ =

L =
70

% E 193lIIf cell lines

S 60 \.—»/' B2 DMSO,

3 505 B10 Dox 70nM,

3 = E2 p53 drug APR246 25uM
40 E10 p53 drugAPR246 25uM +Dox 70nM
3{){'—-IIIIIIIIIIIIIIIIIIIIlIIII][IIlIII]III

0 10 20 30 40 50 60 70 80 90
Time (Hours)

Doxorubicin (uM)

0 0.078 0.156 0.3125 0.625 1.25 2.5 5 10
= 20.64 11.32
32 20.13 10.51
Q 13.71 4.25
N 4.24 4.33
x 4.23 4.25
< 4.27 43

B No growthinhibition [ Partial growth inhibition  [Jlii Maximal growth inhibition
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Together, these data suggest one obvious therapeutic strategy against UPS using
APR-246 or equivalent pharmacological agents that selectively kill cancer without
functional wt-p53. Identifying such drugs of course has been a long-term challenge since
P53 mutation was first recognized as a common oncogenic mechanism across many cancer
types. Developing synthetic lethal screening strategies in cancer cells that lack both p53
and Rb might accelerate drug discovery in UPS. Such cell models might be possible
considering human MSCs can be transformed into UPS-like cells using Large-T-antigen'*.
It remains to be seen whether dual knock-out of RB and p53 can produce the same

transformation of a mesenchymal cell.

4.3.6 Heterogeneity of infiltrating immune cells in UPS

One emerging approach to exploit personalized patient cancer genomic sequencing
is to develop neoantigen vaccines that stimulate pre-existing tumor-specific T-cells
recognizing mutated neuropeptides’ ', As our data suggest significant inter-tumor
heterogeneity could be observed within each UPS sample, then vaccination strategies would
be required that can capture individualized neoantigen burden accurately. The data thus
highlight the need for more accurate tools to define potential neoantigen burden to fully

target the tumor using neoantigen stratagies'®’

1%, Another approach would be to utilize
monoclonal antibodies targeting immune checkpoint receptors to achieve an auto-immune
reaction against cancer-specific targets, and this approach has had great success in
melanoma amongst other diseases'”’. Immunotherapy has the potential advantage that it
can target multiple identifiable cancer-specific epitopes in a single tumor, and potentially
also provide a bystander effect against adjacent cancer cells, thus overcoming some of the
challenges of tumor heterogeneity.

To begin to examine the immune-cancer synapse as a possible therapeutic target in
individual UPS patients, we analyzed the extent of immune infiltrate and in particular the
extent of T-cell clonality, reasoning that oligoclonality, as opposed to polyclonality, might

be indicative of tumor neoantigen-specific T-cell clonal expansion. To determine the

repertoire and degree of tumor-infiltrating lymphocytes (TIL) the CDR3 regions of the
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TCR beta regions were sequenced in 8 tumor samples. Samples were analyzed by high-
throughput sequencing of the TCR (3 CDR3 region using the InmunoSEQ immune
profiling system at the survey level (Adaptive Biotechnologies, Seattle, WA). ImmunoSEQ
data were exported from Adaptive Biotechnologies and imported into the Bioconductor
package LymphoSeq (version 1.0.2). Only TCR ( CDR3 that produced productive
sequences were included for analysis. The relative degree of clonality is represented by a
Lorenz curve drawn such that the x-axis represents the cumulative percentage of unique
sequences and the y-axis represents the cumulative percentage of reads (Figure 4.9). A line
passing through the origin with a slope of 1 reflects equal frequencies of all clones. The Gini
coefficient is the ratio of the area between the line of equality and the observed Lorenz curve
over the total area under the line of equality. Both Gini coefficient and clonality are
reported on a scale from 0 to 1 where 0 indicates all sequences have the same frequency and
1 indicates the repertoire is dominated by a single sequence. Tumor samples 94 and 59 have

the highest clonality of T-cells, with tumor sample 60 having the least.
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Figure 4.9. Lorenz curve plotting the cumulative sequences on the y-axis against the cumulative
percentage of unique reads on the x-axis. Higher clonality is represented as the closeness of the curves to the
dotted correlation line.
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The repertoire diversity was further highlighted by visualizing whether there are
any common CDR sequences amongst the samples. The number of overlapping productive
amino acid sequences between samples was visualized with a UpSetPlot generated using the
R package UpSetR (Figure 4.10). For instance, sarcoma 74 displayed 35 sequences in
common with Sarcoma 60. The majority of shared CDR sequences between tumors were
in the range of 1-7 (Figure 4.10). Together the data suggest a relatively high degree of
individuality in immune cells with tumor-specific recognition in each patient's tumor. T-
cell receptor deep sequencing indicated the presence of dominant clonal T-cell infiltrates in
the range associated with other cancers responsive to immunotherapy, suggesting an
alternative immunotherapeutic strategy, perhaps enhanced by the development of patient
and cancer-specific vaccines'”.
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Figure 4.10. Correlation of the complementary-determining region 3 between each of the 8 UPS

samples sequenced. The first 8 bars represent the amino acid size of that region while the rest indicates the
number of common regions between patients.
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4.3.7 Towards personalized proteogenomics in UPS

The high levels of immune cell clonality infiltrating UPS suggest that personalized
neoantigens might be of use as personalized therapeutics. Towards this end, we aimed to
define a proteogenomics methodology for defining potential neoantigens in UPS. Most
neoantigen discovery methods use DNA-seq as a source of potentially mutated peptides.
We used proteogenomics to include the subset of mutated genes that have detected peptides
by shotgun mass spectrometry of the tumor biopsy. The tumor sample 55 versus normal
tissue had over 1,743 proteins identified. This includes the previously identified
“oncogenic” antigen overexpressed in many sarcoma subtypes; CLIC1'(Supplementary
File 1). Of these differentially quantified proteins, 30 were linked to mutated genes. This
reduces the list of mutated genes identified as a source of neoantigens by over 85%. That is,
we rule out a mutated gene if the levels of its protein are not detectable.

We next determined whether we could identify high-affinity MHC Class I peptides
using MHCNET4.0, an algorithm used to predict high-affinity peptide binders'*. The
HLA class of tumor 55 defined using http://nagasakilab.csml.org/hla includes:
C*07:02:01:03, B*07:02:01, A*03:01:01:01, C*04:01:01:01, B*35:01:01:02, and
A*29:02:01:02. When these alleles are filtered through MHCNET4.0 using the mutated,
trimmed peptide library derived from the SNVs of tumor 55, then high-affinity
neoantigens can be defined. Using SNV defined using DNA-seq filtered usinga SWATH-
MS dataset, then there were potential neoantigens defined including CADM1, IDH3G,
SSCPDH, PLEC, and PDCD6. The additional use of the IDA peptide library derived from
the tumor increased the potential neoantigens by one, PABPC1.

The use of RNA-seq as a source of expressed genes, filtered using the SWATH-MS
library, resulted in the identification of 12 potential mutated proteins (Supplementary
Table 1). The number with predicted MHC Class I binders included CAMD1, PDCD6,
IDH3G, HUWE1, and MTCH2. The inclusion of the peptide library derived from Tumor
55 increased by 6 the number of potential mutated proteins. Of these, there were four with
potential neoantigens including HLA-A, HLA-DRB1, IGHG#4, and IGH3G. Interestingly,

the MHC Class II protein HLA-DRBS had 5 tumor-specific mutations from amino acids
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40-55 residing in the peptide-binding pocket. PDCDG6 has a peptide that when trimmed to
a 9-mer is predicted to bind with high affinity to B*35:01:01:02 and C*07:02:01:03
(Supplementary Figure 6A). Mutated PDCD6 mRNA was detected by shotgun RNAseq
in tumor 55 (Supplementary Figure 6B). We, therefore, focused on determining whether
mutated peptides can be detected by mass spectrometry for PDCD6; high-confidence
mutated peptide was detectable (Supplementary Figure 6C) providing evidence for the
concept that the genomic sequencing of UPS can be used to identify mutated proteins

expressed in the tumor.

4.4 Conclusion

In the case of UPS, our data suggest that (i) the cancers are heterogeneously
mutated: (ii) the most common genetic alteration based on chromosomal analysis is loss of
both RB and p53 tumor suppressor gene pathways; and (iii) the vast majority of mutated
genes are largely patient specific. Although common mutations were found highlighting
the dual inactivation of the p53 and RB pathway, the data also suggest that more
personalized strategies using next-generation DNA sequencing will be one of the best
approaches for “rare” human cancers such as UPS. These personalized strategies could
include the use of patient-specific cancer neoantigens as vaccine therapeutics.

Next-generation sequencing of sarcoma subtypes is emerging and is informing on
cancer-specific mechanistic driver events. The vast majority of synovial sarcomas have a
unique chromosomal translocation, t(X;18)" although druggable targets are not apparent
from the targeted sequencing of this tumor class. Genome sequencing of chondroblastoma

3K36M

highlighted the very high frequency activating mutation at Histone H3. that impacts
on altered expression of cancer-associated genes'” and differentiation of mesenchymal
progenitor cells (MPCs)'”’. Pulmonary sarcomatoid carcinoma exome sequencing has
revealed over 20% of tumors display exon14 skipping in the met receptor gene that provides
a druggable oncogenic driver event'. Targeted sequencing of Desmoid type fibromatosis

has identified CTNNBlor APC pathway mutation in over 90% of patient samples'” and

suggests specific genetic pathways for developing targeted therapeutics. Genome
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sequencing of Angiosarcomas identified truncating mutations in the PTPRB phosphatase
gene in 26% of patients and 9% of cancers harboring possible activating mutations (R707Q)
in the plcgl tyrosine kinase gene®®. Together, these data highlight the power of next-
generation cancer genome sequencing to annotate the genetic blueprint of a pathologically
defined sarcoma subtype and to often provide focused therapeutic strategies.

UPS is the most common adult sarcoma. Our previous proteomics analysis in UPS
identified a highly expressed oncogenic target exemplified by CLIC1'. The CLIC1 target
was also highly expressed in many different types of sarcomas, in essence producing a
common therapeutic option for many sarcoma subtypes'”. However, CLIC1 is not
necessarily a highly druggable target. As such, we initiated a genomics study to complement
the proteomics to determine whether additional knowledge can be acquired on how to
develop therapeutic targets for UPS. Whole exome sequencing of cancer genomes derived
from twenty UPS patients identified key options to analyze in the future as a point of focus;
(i) Can Rb/p53 hypomorphic cancers provide therapeutic options; ii) does the ATRX
interaction landscape and/or kinase activity provide therapeutic options; and iii) can
exploitation of cancer genome and proteomic technologies (proteogenomics) identify
personalized vaccine candidates for neoantigen therapies in UPS.

Compared to the previous study of esophageal adenocarcinoma, the multi-omics
approach developed in UPS has a more genome-centric approach. The study of DNA
mutations followed by the development of personalized strategies based on shotgun RNA
sequencing and mass spectrometry proteomics has proven to be an informative way of

proteogenomic integration.
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5. Gorham-Stout disease (published article).

Although the first patient presenting symptoms, like the disappearance of bone
tissue of the humerus, was reported in 18382°" it wasn’t until 1955 that Gorham and Stout
presented 8 cases of the syndrome with details of their clinical characteristics**>. The
patients suffered from massive osteolysis and lymphangiogenesis where the formation of
vascular tissue was promoting the destruction of the surrounding bone. The study of GSD
over the years gave further details of the clinical characteristics, revealing the formation of
abnormal lymphatic vessels in the bone tissue*”, and the involvement of the immune
system in osteoclast activation, either through T-lymphocites®, leukocytes, and dendritic

cells?%4

or through macrophages®. Regardless of these efforts, the inside mechanisms of
regulation and molecular triggers that cause GSD are still unknown along with the exact
pathophysiology of the disease®”.

The incidence of Gorham-Stout syndrome remains unclear. The disease doesn’t

206,207

seem to present any gender preference , besides being the majority of the reported cases

in men?%®

. The range of age varies from 1 to 70 years, although there is a tendency to affect
children and young adults under the age of 40°. Jaw, shoulder, pelvis, spine, and skull are
the most commonly affected tissues of the disease, with the possibility of affecting multiple
parts of the body at the same time*"°.

The rareness of Gorham-Stout syndrome has created a spread distribution in the
number of cases detected through the ages, which has provoked the use of different
therapeutic strategies against the disease. The use of multiple strategies has produced a lack
of consensus, with current therapies covering a broad range of options®"'. Most of the
current procedures converge in the starting point of the treatment, initiating with a surgical
resection followed by radiotherapy. Recent advances have shown successful management
of the disease when the use of radiotherapy was complemented with chemical therapies like
zoledronic acid, vitamin D and propranolol*?, or bisphosphonate*?'%, The most novel

approach to the treatment of the disease is the use of sirolimus (rapamycin), an oral mTOR

inhibitor that focuses on the PI3K-Akt-mTOR signaling pathway which affects
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angiogenesis and lymphangiogenesis. Although most of the patients were very responsive
to this treatment the safety of Sirolimus remains unknown?*".

Another effect of the low incidence of Gorham-Stout is that the studies are
restricted to case reports over time, making it difficult to perform a global study of the
disease in multiple patients. During the past years, the few published studies focusing on
genomic approaches to the syndrome have discovered mutations in 7NFRSFI114 and
TREM?2 as possible drivers of the disease®'?, as well as shared mutations between cancer and
Gorham-Stout in KRAS*¢*Y7,

To fill the void of a multi-omic approach in the literature we have developed a study
of a 45-year-old female patient with marked bone loss of the left humerus associated with
vascular proliferation, diagnosed with Gorham-Stout disease. By performing DNA and
RNA sequencing combined with antibody-based staining of the immune infiltrate in the
Gorham-Stout tissue we provided a unique insight into the disease that has revealed major
chromosomal rearrangements that could be drivers of the disease. Further exploration
revealed the success behind current treatments focusing on the PI3K-Akt-mTOR pathway,
as it has been characterized as the most affected signaling cascade in Gorham-Stout tissue.
Furthermore, a combined analysis of immunohistochemistry and RNA-sequencing data
have confirmed previous findings on M2 macrophage infiltration in the GSD lesional

tissue®.
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Abstract

RNA-seq expression data.

disease.

Background: Gorham-Stout disease is a rare condition characterized by vascular proliferation and the massive
destruction of bone tissue. With less than 400 cases in the literature of Gorham-Stout syndrome, we performed a
unique study combining whole-genome sequencing and RNA-Seq to probe the genomic features and differentially
expressed pathways of a presented case, revealing new possible drivers and biomarkers of the disease.

Case presentation: We present a case report of a white 45-year-old female patient with marked bone loss of the left
humerus associated with vascular proliferation, diagnosed with Gorham-Stout disease, The analysis of whole-genome
sequencing showed a dominance of large structural DNA rearrangements. Particularly, rearrangements in chromo-
somes seven, twelve, and twenty could contribute to the development of the disease, especially a gene fusion involv-
ing ATG107 that could affect macroautophagy. The study of RNA-sequencing data from the patient uncovered the
PI3K/AKT/mTOR pathway as the most affected signaling cascade in the Gorham-Stout lesional tissue. Furthermaore, M2
macrophage infiltration was detected using immunohistochemical staining and confirmed by deconvolution of the

Conclusions: The way that DNA and RNA aberrations lead to Gorham-Stout disease is poorly understood due to
the limited number of studies focusing on this rare disease. Our study provides the first glimpse into this facet of the
disease, exposing new possible therapeutic targets and facilitating the clinicopathological diagnosis of Gorham-Stout

Keywords: Gorham-Stout, Genomics, Transcriptomics, Autophagy, Fusions, Mutations, PI3K, AKT, mTOR, Case report

Background

Gorham-Stout disease (GSD) (OMIM #123880) or van-
ishing bone disease is an extremely rare illness that
causes a proliferation of lymphatic vascular channels
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inducing massive osteolysis and bone loss. Less than
400 cases have been reported since the disease was first
described in 1955 [1], leading to challenges in diagnos-
ing and treating the disease. Although it can affect any
part of the skeleton, the shoulders and pelvis are the most
commonly affected areas [2].

The disorder can be diagnosed at any age but is gener-
ally present in patients between 13 and 30 years of age
with no sex or ethnic predisposition [3]. The alterations
in bone resorption may be one of the reasons why young

©The Author(s) 2022, Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and repraduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line

to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http.//creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http//creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data
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adult patients are the main group affected by the disease
[4], as resorption is part of normal bone growth. Main
therapies consist of surgical excision and reconstruc-
tion of bone tissue, radiotherapy, and sirolimus (rapamy-
cin) treatment. Rapamycin treatment represents a novel
approach whose safety and efficacy remain unclear [5].

Recent research investigated mutations in this disor-
der, focusing on 50 cancer-related genes and revealing a
somatic activating mutation in KRAS causing a gain of
function [6]. This variant has been previously reported
in other cancer studies [7, 8]. It is known to promote
cell growth by activating the RAS/MAPK and PI3K/AKT
signaling pathways relevant to lymphatic vascular growth
and angiogenesis [9]. Concurrent with this study, Nas-
sim Homayun-Sepehr et al [10] presented a model where
a different mutation affecting KRAS also activates the
development of lymphatic vessels in bone through the
same signaling cascade.

The aim of our study is to provide new insights into the
genomics and transcriptomics characteristics of the Gor-
ham-Stout disease by performing the first multi-omics
exploration of whole-genome sequencing data and RNA-
sequencing data in a Gorham-Stout patient.

Case presentation

The 45-year-old white female patient presented with left
arm vascular proliferative disease within and around
the humerus bone resulting in a pathological fracture. A
clinical diagnosis of Gorham-Stout disease was made fol-
lowing pathological and radiological investigations of the
lesion at this site (Additional file 1: Fig. S1). Macroscopic
examination showed an abnormality of the upper arm
muscles which appeared vascular and spongiotic, soft in
some areas and fibrotic in others. The cortical bone of the
humerus was thin around the fracture site and the bone
marrow appeared, similar to the soft tissue, vascular with
some large cysts and hemorrhage noted. Tissue blocks of
all the abnormal areas from the soft tissue and humeral
bone were sampled for histological examination and fur-
ther investigations.

Histological sections of the affected regions confirmed
indeed an abnormal vascular proliferation dissecting
through fibroadipose connective tissue, skeletal muscle,
and bone. Despite its dissecting nature, the vascular pro-
liferation was composed of thin-walled vascular spaces
and papillary projections lined by cytologically bland
endothelial cells. The site of the fracture showed repara-
tive fibrotic changes, with extensive granulation tissue
and fibrosis. The dissecting vascular proliferation also
affected the bone and was associated with cystic changes
within the bone. The bone marrow showed vascular and
fibrotic changes with some granulation tissue. Occa-
sional discrete granulomas were scattered throughout the
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lesion. These changes are all consistent with the clinical
diagnosis of Gorham-Stout disease or vanishing bone dis-
ease. Past medical history includes a previous diagnosis
1-2 years earlier of a benign vascular proliferation/vas-
cular malformation involving both bone and soft tissue of
the left humerus compatible with Gorham-Stout disease.
The expert pathological review from the Department of
Musculoskeletal Pathology, Royal Orthopaedic Hospital
NHS Foundation Trust, Stanmore, was in agreement.

Genomic exploration of Gorham-Stout (GS) lesional tissue
Small DNA variants were called using whole-genome
sequencing data of GS vascular proliferation tissue and
surrounding normal tissue extracted from the same
patient (Additional file 2: Methods). Although the clinical
characteristics of GS can be similar to those manifested
in Ewing’s sarcoma [11], the genomic profile differs from
most cancer-like diseases, as it doesn’t seem to be muta-
tion-driven. A total of 643 mutations in 233 genes were
found in GS lesional tissue when compared to the adja-
cent normal. Of those mutated genes, neither TP53, RB1,
CDKN2A nor any of the known sarcoma biomarkers [12]
were reported to contain any small mutations.

The classification of variants (Fig. 1a) showed that,
although most of the variants code for missense muta-
tions, a considerable number of insertions and deletions
were found. Among the top mutated genes (Fig. 1b), most
of the genes reported contained insertions, deletions, or
splice site changes. Some known cancer-related genes
like the mucin family (MUC3A and MUCI2) in colo-
rectal cancer, or ZNF703 in breast cancer, seemed to be
mutated. Other genes like CSTS and UNCSB, related by
previous studies to the P53 pathway [13, 14], were also
involved in other signaling pathways that are manifested
in GS, like endochondral ossification and autophagy
respectively. Other relevant gene families affected are
those from TNFRSF10A and ANKRD36 genes, previously
identified as mutated in a scapular lesion affected with
Gorham-Stout disease [3].

Structural variants and gene fusions

We noticed a high proportion of genes with insertions
and deletions displayed in the top 20 mutated genes.
This motivated an analysis of larger indels and struc-
tural variants to explore the possibility that those alter-
ations might have been caused by major chromosomal
events. (Fig. 1c). Matching our previous discoveries,
a high number of structural variants were identified,
especially in chromosomes seven, twelve, and twenty.
Around 1000 structural variants were found, showing
duplications, deletions, and tandem repetitions. The
most frequent structural events detected were chro-
mosome translocations, suggesting that gene fusion
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variants could be a major event for GS disease. To fur-
ther explore these rearrangements, we combined DNA
and RNA gene fusion calls for the case (Fig. 2a). The
fusions were categorized in different tiers depending
on the evidence of the mutation at both the DNA and
RNA level based on the genes surrounding the fusion
or reads containing the translocation (Additional file 3:
Table S1). Although most of the fusions reported were
intrachromosomal events, chromosomes twelve, seven,

>
e\
A
2 N
N

1.Control ATG101- 4.Control PPTC7-  7.Control GRIP1-

10.Control SGCD- 13.Control
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and twenty shared a relevant number of interchromo-
somal mutations.

Based on the evidence of the gene fusions and their
biological relevance, seven gene fusions were selected for
RT-PCR validation (Additional file 4: Fig. S2). The fusion
of ATGI101 and SLC4A8 in chromosome 12 (Fig. 2b)
involves the autophagy-related protein part of the mac-
roautophagy signaling pathway [15]. The other validated
fusion (Fig. 2b) involves sarcoglycan delta (SGCD), a gene

Intrachromosomal
gene fusion

Interchromosomal
gene fusion

766 bp
500 bp
300 bp
150 bp
50 bp

16.Control HLAF- 19.Control FRS2-

SLCAAS AC007091 AC113346.2 DNAH11 SLC48-ATPSMC2 HLAH AC004485.1
2.Tumour ATG101- 5.Tumour PPTC7- 8.Tumour GRIP1- 11.Tumour SGCD- 14.Tumour 17.Tumour HLAF- 20.Tumour FRS2-
SLCAAS AC007091 AC113346.2 DNAH11 SLCA8-ATPSMC2 HLAH AC004485.1

3 ive Control 6.Neg Control 9.Neg Control 12.Neg 18.Negative Control 21.Negative Control

Control

Control

Fig. 2 Insilico study and validation of gene fusions detected in the GS tissue. a Circos plot of the gene fusions reveals a high number of

interchromosomal fusions (red) especially affecting chromosomes 7, 12, and 20. b PCR Validation of the gene fusion candidates. Each fusion

contains 3 columns showing the normal adjacent tissue DNA, the GS tissue DNA and a negative control from left to right respectively
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known to cause muscular dystrophy in mammals when
deleted or mutated [16-19], an event that could lead to
vascular malformations as reported in the GS lesions.

Gene expression in Gorham-Stout disease

The differential expression analysis of the technical rep-
licates from Gorham-Stout lesional tissue and attached
normal revealed that a high proportion of genes (36.6%
out of the 58,884 total) were either up-regulated or
down-regulated (Fig. 3a). Gene set enrichment analy-
sis showed statistically significant differences in path-
ways like lymphangiogenesis (Additional file 5: Table S2)
and osteolysis (Additional file 5: Table S3), suspected
of being drivers of the pathological characteristics and
potential targets of drug treatments for the disease [20]
(Fig. 3b). Inside these pathways, gene families like VEGF
or NOTCH were detected to change drastically in expres-
sion from normal to Gorham-Stout lesional tissue (Addi-
tional file 7: Fig. S3).

One of the main pathways affected by changes in
expression is the phosphatidylinositol 3-kinase (PI3K),
involved in the proliferation, growth, and regulatory
processes of the cell. In our study, we detected that the
expression of PI3K is considerably downregulated in
GS lesions when compared to normal tissue, therefore
the phosphorylation of PIP2 to PIP3 by this gene will
be decreased in the disease. This event is confirmed by
the up-regulation of PTEN which regulates PI3K by the
dephosphorylation of the PIP3 product [21].

The changes in expression of the PI3K and PTEN path-
way (Fig. 4a—b) are reminiscent of other cancers, where
the pathway is deactivated or mutated affecting regula-
tion of mTOR [22]. The expression of PI3K, AKT, and
mTOR in the Gorham-Stout lesion was decreased, while
PTEN expression was higher when compared to the
attached normal. The alterations suggest the promotion
of irregular endothelial cell growth and angiogenesis
through VEGFA and VEGFB via the VEGFRI-PI3K-AKT
signaling pathway [23, 24].

Another expression event that may be related to cancer
is the activation of the NF-kB signaling pathway, which
is down-regulated in Gorham-Stout lesional tissue when
compared to matched normal. The levels of expression of
NF-kB and IKK in the normal adjacent tissue could con-
tribute to inflammation and macrophage activation [25,
26).

Although the expression changes previously mentioned
are occurring in normal adjacent tissue, there are events
in GS tissue that share similarities with cancer. One of
them is the high expression of MDM2, a p53-specific E3
ubiquitin ligase, which leads to the degradation of the p53
tumor suppressor protein [27]. All the events linked to
the PI3K signaling pathway paint a picture of the possible
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inner mechanisms in Gorham-Stout and surrounding tis-
sue providing unique insights into the disease that could
lead to the development of new therapeutic strategies
targeting the mentioned pathways.

Immune infiltrates in Gorham-Stout lesional tissue

Immunohistochemical and H&E staining was carried
out using formalin-fixed, paraffin-embedded (FFPE) sec-
tions to investigate the immune system response of a sin-
gle case. Evaluation of the immune cell infiltration was
assessed by immunohistochemistry with five immune
cell markers: CD3" T cells, CD4" T cells, CD8" T cells,
CD20" B cells, and CD163" M2 macrophages (Fig. 5A—
F). Stained Gorham-Stout disease slides were scanned
using a Hamamatsu NanoZoomer XR slide scanner
at x 40 magnification. Digital images were analyzed using
QuPath (version 0.2.0-m7) to quantify the positive stain-
ing, validated by manual counting in selected areas that
showed a highly significant correlation (Table 1).

The Gorham-Stout disease specimen showed signifi-
cantly higher CD163" M2 macrophage infiltration, com-
pared with other examined immune cell markers (Fig. 5E
and Table 1). This was consistent with the RNA data that
revealed increased infiltration of M2 macrophages in
Gorham-Stout disease compared with normal samples
(Fig. 5G). In contrast, CD4" T cell staining was particu-
larly low with only 0.06% positive staining (Fig. 5B and
Table 1). Moderate staining was found for the other 4
lymphocytic cell markers: CD3" T cells (8.22%), CD8* T
cells (5.93%), and CD20™" B cells (4.86%).

Discussion and conclusions

Large chromosomal events were detected in chromo-
somes seven, twelve, and twenty, where gene fusions
were the dominant event. The gene fusion of ATG101
and SLC4A8 (Additional file 8: Fig. S4) involved a binding
protein (ATG101) essential for macroautophagy [15, 28],
which could affect the macrophag e signaling pathway.
This event has to be confirmed in other Gorham-Stout
patients, as the study of the structural variants and gene
fusions is a novel insight in this field. Evidence for this
fusion to be pathological was strengthened upon further
investigation by ensuring adherence to the ACMG stand-
ards and guidelines for the interpretation of sequence
variants [29] (Additional file 2: Methods).

The small mutations found in this case did not match
any of the previously mutated genes found in the lit-
erature, although genes were belonging to the same
families and/or affected the same pathways previously
found in neoplasms. The tumor necrosis factor receptor
TNFRSFI10A was detected in our study among the top
five mutated genes showing multiple deletions, inser-
tions, and point mutations. TNFRSF11A, a member of
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the same family of genes, was reported in a previous
case report of a Gorham-Stout patient [3] and linked
to muscular dystrophy and osteolysis [30, 31]. Another
example of mutated gene families affecting the same
pathway is the missense mutation found in PIK3AP1
(c.1139A > T), which belongs to the PTEN/PI3K/AKT
signaling cascade. Genes belonging to this family, like
PIK3CA, are known to cause lymphatic and vascular
overgrowth disorders [32] while others like PTEN have

Fig.4 Alterations in the PI3K/AKT signaling pathway in GS tissue. a Brief representation of gene members in the PI3K/AKT pathway. Most genes
showed changes in expression when comparing adjacent normal to GS tissue affecting other metabolic pathways. b Heatmap representation of
the gene members affected by RNA-seq expression changes between normal and GS tissue. PTEN and MDM2 showed over-expression in GS tissue
while most of the other affected genes appear down-regulated when compared to adjacent normal

been reported as mutated in Gorham-Stout disease
patients [33].

The alterations of the PTEN/PI3K/AKT signaling cas-
cade were not only observed by mutations of some of
the members of the pathway but also reported as gene
expression changes in the RNA sequencing data. We
observed that most of the genes involved in the signal-
ing cascade were either up-regulated or down-regu-
lated when compared to normal adjacent tissue. The
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Fig.5 Representative IHC stained images showing the distribution of CD3, CD4, CD8, CD20, and CD163 cell markers. The representative images
exhibit the immunohistochemical features of infiltrating immune cells: a CD3* T cells, b CD4* T cells, ¢ CD8" T cells, d CD20* B cells, e CD163+ M2
macrophages, and f H&E staining. Scale bars show 50 um. g RNA comparison of a variety of immune cell types between Gorham-Stout disease and
normal specimens. The analysis was conducted with 4 technical replicates
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Table 1 Summary of the percentage of cells stained for CD3,
CD4, CD8, CD20, and CD163 cell markers within the Gorham-
Stout disease sample

Sample Positive (%) Rho P value

CcD3 822 0997 <0.0001
CD4 0.06 0.986 <0.0001
cD8 593 0.991 <0.0001
CcD20 486 0.995 <0.0001
CD163 2001 0.99 <0.0001

The biopsy sections were stained with the following cell markers: CD3, CD4,
CD8, CD20, and CD163. Positively stained cells (expressed as a percentage
of total cells) were automatically counted using QuPath (version 0.2.0-m7).
The methodology was verified by comparing manual counting with QuPath
counting in 0.2 mm. [44-46] areas selected randomly across the different
sections. Pearson’s correlation (Rho) and P values were calculated

modifications of the PI3K pathway are known to cause
lymphatic malformations [9, 34] and during recent years
have become the main target for inhibitor therapies
designed to decrease VEGF secretion and angiogenesis
[35-38]. Although the PI3K pathway was already known
to be affected in Gorham-Stout disease, as well as other
lymphatic malformations, our study is the first to profile
Gorham-Stout lesions by RNA-Seq analysis and this has
demonstrated new possible candidates for therapy like
the targeting of MDM2-p53 already developed for cancer
therapy [39, 40].

Besides angiogenesis and osteolysis, another charac-
teristic of GS disease is osteoclast formation. Previous
studies have suggested this event is stimulated by mac-
rophage secretion of TNFa and IL-6 [41] and linked it to
the clinical characteristics of the disease [42]. Our study
has shown that M2 macrophages tend to infiltrate the
Gorham-Stout vascular proliferation tissue, while other
immune cells appear to be less frequent. The results
match previous findings in the literature where CD163
staining was also performed [6], as well as the mostly
negative staining for other immune cells [43].

We have presented a detailed molecular investiga-
tion of a single patient with Gorham-Stout disease.
Whole-genome sequencing data of the Gorham-Stout
vascular proliferation lesion revealed that the main
driver of the genomic events appears to be large struc-
tural alterations, though single nucleotide variants and
small mutations were also present. The transcriptom-
ics showed changes in expression between the normal
and the Gorham-Stout tissue, involving the osteolysis
and angiogenesis pathways. The alteration of the PI3K/
AKT/mTOR pathway along with the macrophage infil-
tration in the Gorham-Stout tissue are congruent with
emerging trends in this disease. As with any rare dis-
ease, the inclusion of further GSD patients into the
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future with a combined genomic and transcriptomic
profile could confirm the insights we have revealed on
the mechanisms of the disease.
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6. Conclusion

Multi-omic research has proved to be one of the most useful methods to characterize
complex diseases like cancer, presenting a technical challenge as well when dealing with the
complexity of data combination.

Chapter 3 focuses on esophageal adenocarcinoma, demonstrating the challenges
that must be overcome to integrate proteomics with other -omic datasets. In a maturing
field, multiple mass spectrometry methods exist to both generate and process mass-
spectrometry data. Normalization across all samples in the dataset layers allowed us to
develop an integrated analysis of the changes between RNA and protein gene expressions.
The integration of RNA and protein intensities is one of the unexplored analyses for most
tissues and diseases due to the challenge to correlate these two layers of the central dogma.
In our analysis, we were able to compare multiple normal tissues (including esophageal)
with the integrated multi-omic analysis of esophageal adenocarcinoma patients. As a result,
we identified genes that would have been missed through single-omic studies, containing
dysregulated abundances between the proteome and transcriptome. We hypothesized that
oncogenic genes with low RNA and high protein expression evade the regulatory processes
of the cell through tumor evasion mechanisms, causing the high protein expression of these
genes and therefore the malignancy in the tissue.

While the esophageal adenocarcinoma study utilized proteomics as the main source
of information to develop a multi-omics approach, the study of the landscape in
undifferentiated pleomorphic sarcoma used whole-exome sequencing as guidance. The
exploration of DNA sequencing (Chapter 4.3.1) showed shared mutations across the UPS
patients where a mutually exclusive mutation of TP53 and ATRX was to be the most
common event dominant. Further exploration of the copy number alteration revealed the
deletion of DNA areas coding for the tumor suppressor genes TP53 and RB1 for most of
the patients (Chapter 4.3.4). Based on this discovery we assessed the presence/absence of
both genes by IHC staining of the UPS samples and developed a combined therapeutic
strategy to reduce the spread of the disease (Chapter 4.3.5). Lastly, due to the heterogeneity

of the mutational landscape in UPS (Chapter 4.3.2-4.3.3), we proposed personalized
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neoantigen therapies as a possible approach to tackle the disease. By integrating both DNA
and RNA sequencing with mass spectrometry proteomics we obtained possible targets for
the development of new therapies (Chapter 4.3.7). Altogether the study of UPS has relied
heavily on the genomics exploration, showing that DNA-sequencing can be used to predict
mutated proteins uniquely expressed by sarcoma cells and having supporting data from the
transcriptomics and proteomics analyses.

In the last study, we performed a unique investigation of the mechanisms of
Gorham-Stout disease. For the first time reported in the literature, we have provided DNA
and RNA sequencing information of a Gorham-Stout patient with attached normal tissue.
Furthermore, the combination of the two levels of information has shown hints at the
mutational profile of the disease, revealing structural events as possible drivers of the
syndrome. The success of the study relies on the top to bottom multi-omic integration,
starting at the genomics level, and going through the transcriptomics until its final
validation. Besides this, the major limitation is caused by the absence of multiple patients
due to the rareness of the disease and the difficulty of publicly sharing anonymous data
from the literature.

With a growing influence on the current studies in the field, multi-omics analyses
are a useful resource to further interrogate the origin of a disease. One of the most
important considerations in these procedures is the design of the experiment. A careful and
consistent analysis of the samples will solve most of the complexity encountered when
integrating multiple layers of information. Computationally, heterogeneity in data due to
sample preparation can be handled using normalization, but this experimental
heterogeneity can sometimes be difficult to overcome resulting in reduced sensitivity of the
analysis.

Overall, we have studied, developed, and implemented the most up-to-date best
practices for a multi-omic approach to three different diseases. We have used this integrated
strategy to discover new possible causes of Gorham-Stout syndrome, explored new therapy
strategies in undifferentiated pleomorphic sarcoma, and revealed biomarkers that could

lead to possible therapeutic targets in esophageal adenocarcinoma.
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Furthermore, it has demonstrated the functionality of multi-omic integration and

its applicability, dealing with the complexity that resides in the multiple cases presented.
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8. Appendix

Supplementary Figure 1

a) Log2 TPM distribution of all RNA-seq raw samples
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Supplementary Figure 2
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Supplementary Figure 3
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Supplementary Figure 4

P50 RNA/PROT CORRELATION - 4451 GENES

R=0.44,p<22e-16

®

o

IS

Log10(TMM Normalized protein intentisties)

8 12 16
RNA exp in log2 (TPM)

Coefficient of variation

4
3
2
1
0
Number of peptides
* 10
® 50
@ 200

P77 RNA/PROT CORRELATION - 2759 GENES b)

R=0.57,p<22e-16

@

~

o

I

Log10(TMM Normalized protein intentisties)
o

15
RNA exp in log2 (TPM)

Coefficient of variation
4

Number of peptides
e 10
® 50
@ 200

P88 RNA/PROT CORRELATION - 2901 GENES

R=0.39,p<22e-16

~

o

o

IS
3

Log10(TMM Normalized protein intentisties)

RNA exp in log2 (TPM)

Coefficient of variation
4

Number of peptides
* 10

® 50

@ 200

P92 RNA/PROT CORRELATION - 4406 GENES

®

R=0.44,p<22e-16
. ° ° L

-~

o

I

w

Log10(TMM Normalized protein intentisties)
(4]

4 12

8
RNA exp in log2 (TPM)

d)

Coefficient of variation
4

Number of peptides
e 10

® 50

@ 200

>117 RNA/PROT CORRELATION - 1867 GENES

®

R=0.11, p = 8.6e-07

~
L]
.

o

o

IS

Log10(TMM Normalized protein intentisties)

4 8 12
RNA exp in log2 (TPM)

Coefficient of variation
4

Number of peptides
e 10

® 50

@ 200

P125 RNA/PROT CORRELATION - 856 GENES

@

R=03,p<22e-16

~

o

o

~

Log10(TMM Normalized protein intentisties)

w

8 12
RNA exp in log2 (TPM)

f)

Coefficient of variation
4

Number of peptides
e 10

® 50

@ 200

g)

137 RNA/PROT CORRELATION - 876 GENES

R=0.18, p=4.5e-08

®

~

o

o

IS

Log10(TMM Normalized protein intentisties)

8 12 16
RNA exp in log2 (TPM)

Coefficient of variation
4

0

Number of peptides
e 10

® 50

@ 200

TUMOUR TISSUE RNA/PROT CORRELATION 5531 GENES
RHNO1

° CHFR

8 R=0.46, p<2.2e-16

H2BC14
SLC25A30 HBB
SH3YL1

ss18
PTBP2 MTHFS,
CENPE -

S$100A4

HBA2
L \’ AKR1C2 .
01 2

o

.i_

g

oy W
SPINK{.. ONAS
StF3 MT-ND3

1IT™M2l

Log10(TMM Normalized protein intentisties)
ES

Number of patients
(Protein)
.1

MT=CO3
MT-ND4 _ YBX1 acTGg1 ACTB
8 PPIA

Number of peptides
quantified per gene

400

300
200
100
0

8 12
RNA exp in log2 (TPM)

118



density

Supplementary Figure 5

a)Tumor 55 b) Tumor 94
Mutations in
individual Shared
populations mutations
Diploidy Haploidy l 1
v
o
S math=101.33 o math=62.46
n o
g
© —medigr=0.44 s 2 4
L=
n | w |
o o
Q AR DS ans  CO T o _
° 9 T T T T T o I
0.0 02 04 06 08 1.0 1.0
val vaf

119




Supplementary Figure 6

PDCD6 mutant peptide identification
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Supplementary Table 1

Necantigen sets defined using DNAseq with SWATH-MS (1-8) and including IDA (9-12)

Protein
1.CADM1

2 .IDH3G

3.SSCPDH

4 . PLEC

5.PDCD6

.LAMB1
.POFUT2
.PIP4K2B
.PABPC1

O Od o,

10.EEF1A2
11.TP53
12.GOLIM4

t-value
1.045371

1.156134

0.781501

-0.84274

2.832139

5.861941
6.007655
0.749014

(]

p-value
0.

40558

.36707

.51633

.48809

.10534

.02789
.02661
.53196

fold change

13.8

\S]

. 752609

.7166

.85

.400572

.602734
.833805
.3664157

Mutation
R379C

RZ242H

Y237C

A2107V

V98I

T1100M

R213Q
R134W
T3191

R65T

R248Q
H132Y

121

peptide
IILGCYFAR
ILGCYFARH
CLLIILGCY
LLTITLGCYF
AAHYPQITE
VAAHYPQIT
WPISCCREL
WPISCCREL
RWPISCCRE
AVRQRQLAA
VRQRQLAAE
YITDWONIF
ITDWQNIFR
YITDWONIE
ITDWONIFR
YITDWONIE
ITDWONIFR
NO BINDERS
NO BINDERS
NO BINDERS
SPFGIITSA
PFGIITSAK
NO BINDERS
NO BINDERS
NO BINDERS

(nM)
406
4097
212
611
277
10490
29
53
40623
125
28704
357
20864
71
27462
150
45570

887
29088

HLA

A*03:
A*03:
A*29:
A*29:
B*35:
B*35:
B*07:
B*35:
B*35:
B*07:
B*07:
A*209:
A*29:
B*35:
B*35:
C*07:
C*07:

B*07:
B*07:

01
01
02
02
01
01
02
01
01
02
02
02
02
01
01
02
02

02
02
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