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Abstract

Molecular life sciences advance our understanding of biology, ultimately leading to improved
treatments or personalized medicine. Today, very large amounts of heterogeneous high
dimensional molecular data are routinely collected from large-scale biomedical high-throughput
assays. With our understanding of the different signal, bias, and noise characteristics of these
data still areas of active research, the discovery of clinically relevant insight remains a bottleneck
in basic and applied research, also rate-limiting the translation of research findings to the clinic.
Biomedical data sets can vary substantially in size: from small patient groups in typical clinical
settings, to collections of multiple cohorts spanning hundreds of cancer patients in repository
databases, such as The Cancer Genome Atlas (TCGA). A joint analysis of distinct data types is
increasingly explored to overcome bias and noise specific to individual studies. There is no
consensus yet, however, what methods of data integration are reliably effective, with reported
successes apparently often specific to a particular data set. Moreover, integrated analyses by
design are more complex and can be challenging to implement and reproduce. As a result, even
today, only a small percentage of published studies exploit integrated analyses.

My thesis first dissects the technical challenges of reproducibly performing complex
bioinformatics analyses of high-throughput datasets, as required for successful data integration.
Subsequent sections examine analyses of datasets of different molecular profile types and
characteristics. | first discuss the analysis of a typical small clinical dataset and discuss the
benefits and also new challenges from genome-scale assays. | subsequently consider analyses of
experiments with increasing biological sample variance, from cell lines, through tissue samples
from model organisms, to clinical patient samples. The increasing complexity points towards the
benefits to be gained from combining different matched molecular profiles available in large
cancer cohorts. | then establish and demonstrate my novel approaches to data integration on such
data. In order to substantially advance methods for data integration, | also address the challenge
of estimating the value and the performance of new methods in this context. Specifically, 1
introduce an effective number of affected patients as a balanced metric for comparing patient
stratification approaches.

Through my work | show how exploration of biomolecular data can advance our understanding
of biology, and human disease in particular. Recognizing that Big Data sets are often not easily
understood because of their high dimensionality and heterogeneity, | show that incorporation of
external knowledge and the use of similarities across data types and patients allows a meaningful
dimensionality reduction that attenuates the inherent noise and facilitates the extraction of
higher-level actionable patterns. In my thesis research | have designed, implemented, and
validated two complementary principled methods to that end, and demonstrate their utility on a
wide range of genome scale assay technologies and different cancers. One of the methods
substantially improves on the state of the art of the stratification of cancer patients into clinically
relevant sub-groups (ViLoN), the other method sets a new bar for patient survival prediction.



Zusammenfassung

Molekulare Biowissenschaften fordern unser Verstandnis der Biologie und fiihren letztendlich zu
verbesserten Behandlungen oder personalisierter Medizin. Heute werden sehr groRe Mengen an
heterogenen hochdimensionalen molekularen Daten routineméfig aus grof3 angelegten
biomedizinischen = Hochdurchsatz-Assays gesammelt. Mit unserem Verstdndnis der
unterschiedlichen Signal-, Verzerrungs- und Rauschcharakteristika dieser Daten sind die
Bereiche der aktiven Forschung noch nicht abgeschlossen, so dass die Entdeckung klinisch
relevanter Erkenntnisse ein Engpass in der Grundlagen- und angewandten Forschung bleibt und
die Ubertragung von Forschungsergebnissen in die Klinik begrenzt wird. Biomedizinische
Datensétze konnen sehr unterschiedlich grof sein: von kleinen Patientengruppen in typischen
klinischen Umgebungen bis hin zu Sammlungen mehrerer Kohorten, die Hunderte von
Krebspatienten umfassen, in Repositoriumsdatenbanken wie dem Cancer Genome Atlas
(TCGA). Eine gemeinsame Analyse verschiedener Datentypen wird zunehmend untersucht, um
Bias und Rauschen zu uberwinden, die fiir einzelne Studien spezifisch sind. Es besteht jedoch
noch kein Konsens dariiber, welche Methoden der Datenintegration zuverléssig effektiv sind,
wobei die gemeldeten Erfolge offenbar oft spezifisch fiir einen bestimmten Datensatz sind.
Darliber hinaus sind integrierte Analysen nach Design komplexer und kdénnen eine
Herausforderung bei der Umsetzung und Reproduktion darstellen. Aus diesem Grund nutzt auch
heute noch nur ein kleiner Prozentsatz der verdffentlichten Studien integrierte Analysen.

In meiner Arbeit werden zunéchst die technischen Herausforderungen der reproduzierbaren
Durchfuhrung komplexer bioinformatischer Analysen von Hochdurchsatz-Datensétzen, wie sie
fur eine erfolgreiche Datenintegration erforderlich sind, analysiert. In den folgenden Abschnitten
werden Analysen von Datensétzen verschiedener molekularer Profiltypen und -eigenschaften
untersucht. Zuerst bespreche ich die Analyse eines typischen kleinen klinischen Datensatzes und
diskutiere die Vorteile und auch neue Herausforderungen von genomischen Assays.
AnschlieBend betrachte ich Analysen von Experimenten mit zunehmender biologischer
Probenvarianz, von Zelllinien Gber Gewebeproben von Modellorganismen bis hin zu klinischen
Patientenproben. Die zunehmende Komplexitat deutet auf die Vorteile hin, die sich aus der
Kombination verschiedener angepasster Molekularprofile in groRen Krebskohorten ergeben.
AnschlieBend etabliere und demonstriere ich meine neuen Ansatze zur Datenintegration solcher
Daten. Um die Methoden zur Datenintegration wesentlich voranzutreiben, stelle ich mich in
diesem Zusammenhang auch der Herausforderung, den Wert und die Leistung neuer Methoden
zu schatzen. Konkret stelle ich eine effektive Anzahl von betroffenen Patienten als ausgewogene
Metrik fir den Vergleich von Patienten-Stratifizierungsansétzen vor.

Durch meine Arbeit zeige ich, wie die Erforschung biomolekularer Daten unser Verstédndnis der
Biologie und insbesondere der menschlichen Krankheit verbessern kann. In Anbetracht der
Tatsache, dass grolRe Datensétze aufgrund ihrer hohen Dimensionalitdt und Heterogenitéat oft
nicht leicht zu verstehen sind, zeige ich, dass die Einbeziehung von externem Wissen und die



Verwendung von Ahnlichkeiten zwischen Datentypen und Patienten eine sinnvolle
Dimensionalitatsreduzierung ermdglicht, die den Eigenrausch dampft und die Extraktion von
Ubergeordneten verwertbaren Mustern erleichtert. In meiner Doktorarbeit habe ich zwei
komplementére prinzipienbasierte Methoden zu diesem Zweck entwickelt, implementiert und
validiert und ihren Nutzen an einer breiten Palette von genomischen Assay-Technologien und
verschiedenen Krebsarten demonstriert. Eine der Methoden verbessert den Stand der Technik der
Stratifizierung von Krebspatienten in klinisch relevante Untergruppen (ViLoN) erheblich, die
andere Methode setzt einen neuen MaRstab fiir die Uberlebensvorhersage von Patienten.



Acknowledgements
Abstract
Zusammenfassung
List of Figures
List of Tables
List of publications from my thesis research
1. Chapter 1: Introduction
1.1. Effective exploitation of growing datasets
1.2. Combining data for improved detection of biological signal
1.3. Heterogeneity of data characteristics affects integration efficacy
1.4, Effective benchmarking of integrative methods
1.5. Technical challenges for implementing large scale integrative analyses
2. Chapter 2: Frameworks for implementation of complex bioinformatics analyses
2.1. The critical role of workflow systems in Data Science
2.2. Workflow experiences — Use cases
2.2.1. Nationwide supercomputer support for sequence analysis, Sweden
2.2.2. Method-centric explorative research, Austria
2.2.3. National high performance compute infrastructure, Finland
2.2.4. National core genomics platform, Sweden
2.2.5. Government center for genotyping & sequencing research, Italy
2.2.6. Biomedical workflows as a service for the scientific community, Austria
2.2.7. Customized workflows for specialized bioinformatics applications, Bulgaria
2.3. Common automation strategies in bioinformatics
2.3.1. Basic scripting
2.3.2. Traditional makefiles
2.3.3. Scientific workflows
2.3.4. Key insights
2.4. Future workflow systems
3. Chapter 3: Traditional analyses (‘Small Data’)
3.1. An example from studying heart disease, a topical use case
3.1.1. Cohort characteristics

3.1.2. Gene regulation in isolated cardiomyocytes of male and female patients

viii

o o o o g A W WN P e X

N DD DN N NN N N DNDNDND P PR R
~N o0 A A WO DN P P O O ©o N b DN O



3.1.3. Relationships between gene expression and ejection fraction
3.1.4. Sex specific differences in the response to pressure overload
3.2. Relevance of traditional analyses to clinical research today
4. Chapter 4: Genome-scale analyses
4.1. Big Data enable genome-scale exploration
4.2. Cell line assays as an example for low noise experiments
4.2.1. Chinese Hamster Ovary cells profiled by a novel high-performance microarray
4.2.1.1. Novel microarray design
4.2.1.2. Media supplement optimization through pathway information

4.2.1.3. Enhancing cell growth via detection of transcriptomic differences

4.2.2. Mouse embryonic stem cells for deriving thyroid progenitors via gene overexpression

4.2.2.1. Stem cell systems model complex disease states
4.2.2.2. In vitro might be on par with in vivo models in some applications
4.2.2.3. NKX2-1 overexpression leads to efficient thyroid derivation
4.3. Tissue samples from model organisms
4.3.1. Mouse model for finding the genetic program of differentiation to lungs
4.3.1.1. Finding distinct genetic program of lung through transcriptomic analysis
4.3.1.2. Understanding the genetic program through pathway analysis
4.3.1.3. Comparing in vivo and in vitro models
4.3.2. Sheep’s secretome proteomics unravels molecular anti-inflammatory mechanisms
4.3.2.1. Technical feasibility of the novel sheep model
4.3.2.2. Ovine model supports comprehensive molecular profiling via proteomics
4.3.2.3. Sheep as a vehicle to understanding selected human diseases
4.4. Patient samples reflecting variation from non-uniform cohort structure
4.4.1. The role of data integration in overcoming limitations from unwanted variation
5. Chapter 5: Integration of heterogeneous data sources
5.1. A multi-layer network approach to data integration for patient stratification
5.1.1. Patient classification
5.1.1.1. Improvement through data integration
5.1.1.2. Network-based approaches
5.1.1.3. Challenges with performance assessment
5.1.2. A novel algorithm for the construction of patient similarity graphs

5.1.3. A metric for clinically relevant patient stratification

vi

29
32
34
35
35
36
36
38
39
42

45
46
47
47
48
50
52
54
55
56
57
62
63
63
64
64
64
65
65
66
66
69



5.1.4. Performance in the CAMDA cancer data integration challenge
5.1.4.1. Robustness of patient stratification
5.1.4.2. Comparison to previous work
5.1.5. Validation on other cancer datasets
5.1.5.1. TCGA colon and rectal cancer
5.1.5.2. TCGA thyroid carcinoma
5.1.6. Achieved improvements in patient-stratification and recent ongoing work
5.2. A novel integrative framework for predicting survival time in cancer studies
5.2.1. The importance of vertical and horizontal data integration
5.2.2. Combining data from different cancers via dynamic graph databases
5.2.3. Integrating knowledge about molecular interactions
5.2.4. Linear combination of features for patient clustering
5.2.5. Machine learning models for survival time prediction
5.2.6. Building accurate survival time prediction models with data integration
6. Chapter 6: Conclusion: Towards precision medicine through data integration
6.1. Summary and outlook

7. Bibliography

Vii

70
70
70
75
76
77
78
78
79
80
82
83
84
86
87
90
92



List of Figures

Figure 1: Cumulative number of scientific publications (as found via PubMed) analysing

TCGA datasets

Figure 2: Modular system for supporting in-flow enforcement of consistency constraints

(prototype)

Figure 3: Visual representation of a user-made ChlP-seq data analysis workflow in the

Chipster software

Figure 4: Components in the CRS4 center’s automation system

Figure 5: Galaxy Workflow

Figure 6: Gene expression analysis in isolated human cardiomyocytes
Figure 7: Sex-specific reduction in the ejection fraction

Figure 8: Beta coefficients of the gene:sex interaction terms

Figure 9: Summary of design target properties

Figure 10: GeneOntology (GO)-Tree

Figure 11: Media supplement batches

Figure 12: Graphical depiction of the developed differentiation system

Figure 13: RNA-Seq analysis of purified Nkx2-1+ endodermal and ectodermal cell
populations during mouse development

Figure 14: The embryonic lung specification program

Figure 15: Healing of adult and fetal cartilage defects

Figure 16: Sample correlation structure

Figure 17: Proteins implicated by a range of differential screening tests

Figure 18: Overview of the network structures exploited by the novel algorithm
Figure 19: Comparison of effective number of affected patients scores

Figure 20: Comparison of groups found by Variation of information fused Layers of
Networks (ViLoN) or Similarity Network Fusion (SNF) algorithms

Figure 21: Bar plots showing the overlap of ViLoN-based groups with the clinical
high / low risk labels

viii

11

15

16

28

30

31

38

40

42

46

51

53

57

58

59

68

72

73

74



Figure 22: Kaplan—Meier curves showing the distinct survival profiles of groups
found by the ViLoN algorithm in the Neuroblastoma dataset

Figure 23: Comparison of effective number of affected patients scores, in integrative
analysis of colon and rectal cancer, with N-group stratification

Figure 24: Comparison of effective number of affected patients scores, in integrative
analysis of thyroid carcinoma, with N-group stratification

Figure 25: Horizontal and vertical data integration

Figure 26: Workflow of data integration of the independent datasets, performed within
our framework

Figure 27: The universal Tumour Integrated Clinical Feature (TICF)

Figure 28: Example of patients related semantically via internal and linked network

75

76

77

79

82

83

84



List of Tables

List of Tables

Table 1: Advantages and disadvantages of different categories of automation
strategies for bioinformatics

Table 2: Baseline characteristics of the study population

Table 3: Echocardiographic characteristics of the study population

Table 4: Models with one regressor

Table 5: Models with interaction terms

Table 6: Enriched Gene Ontologies

Table 7: Enriched KEGG-pathways

Table 8: Selected relevant proteins

Table 9: Comparison to the best reported patient stratifications

Table 10: Comparisons of performance of integrative algorithms in 2-group stratification

Table 11: Best overall performance compared to the state-of-the-art clinical neuroblastoma
grouping

Table 12: Aggregated results of cross-validation: with Tumour Integrated Clinical Feature
(TICF); with integrative network

Table 13: Aggregated results of cross-validation, without the TICF; with integrative network
Table 14: Aggregated results of cross-validation, with the TICF; without integrative network

Table 15: Aggregated results of cross-validation, without the TICF; without integrative network

20

26

27

30

31

40

41

60

71

71

73

85

86

86



List of publications from my thesis research

This section lists the scientific papers arising from my PhD thesis research work, highlighting my
specific contributions for each manuscript.

1. Spjuth et al. Experiences with workflows for automating data-intensive bioinformatics.
Biology Direct (2015)

| investigated various workflow systems with regard to features necessary for performing
high-throughput bioinformatics analyses, with focus on my research group at BOKU. |
tested these systems on multiple use-cases, including high-performance-computing on the
Vienna Scientific Cluster (VSC), local servers, and groups of desktop machines.

2. Sayegh et al. Polarization-sensitive Optical Coherence Tomography and Conventional
Retinal Imaging Strategies in Assessing Foveal Integrity in Geographic Atrophy.
Investigative Ophthalmology & Visual Science (2015)

| implemented and executed statistical analyses comparing multiple retinal imaging
methods, including cross-validation with subsampling to confirm robustness towards
outliers. This work provides an example of robustness analysis required in the study of
‘Small Data’ sets.

3. Shridhar et al. Transcriptomic changes in CHO cells after adaptation to suspension
growth in protein-free medium analysed by a species-specific microarray. J
Biotechnology (2017)

| helped design a microarray assay and worked with other students in performing the
actual validation experiments in the lab, including the differential expression analysis of
the measurements that we generated.

4. Dame et al. Thyroid progenitors are robustly derived from embryonic stem cells through
transient, developmental stage-specific overexpression of Nkx2-1. Stem Cell Reports
(2017)

| performed gene set enrichment analysis (GSEA) to examine molecular profiles at the
KEGG pathway level, integrating measurements across genes for an effective
dimensionality reduction of the studied RNA-Seq profiles. Based on my results we were
able to narrow down the molecular mechanisms that facilitate thyroid derivation via
overexpression of a specific gene.

Xi



5. Ribitsch et al. Fetal articular cartilage regeneration versus adult fibrocartilaginous repair:
secretome proteomics unravels molecular mechanisms in an ovine model. Dis Model &
Mech (2018)

| developed, implemented, and executed comprehensive differential effect analysis of
proteomics profiles in a multi-factorial experiment of wound healing in tissue samples
from young and adult sheep. | implemented and combined multiple alternative analysis
pipelines, from imputation of missing values to alternative normalization approaches.
Notably, results are affected by algorithm choice, | identified the most simple pipeline
showing good agreement with known base truths to demonstrate this new model system. |
then selected a conservative threshold to focus on the strongest effects. | devised and
compiled all figures summarizing the analysis that underpin the story of the manuscript
and contributed the manuscript parts reporting analysis results and methods employed.

6. lkonomou et al. The Genetic Program of Primordial Lung Progenitors. Nature
Communications (2019) (in press)

Going beyond established methods | explored a range of state-of-the-art processing and
analysis pipelines for differential effect analysis of raw RNA-Seq profiles, followed by
gene set enrichment analysis (GSEA). The divergent results were matched to known base
truths to identify the most consistent analysis. This analysis then identified novel genes of
interest for experimental in vitro validation. In fact, a key gene was identified and
validated that elucidated the conditions triggering the genetic program of primordial lung
progenitors, highlighting the role of certain signaling pathways specific to lung
differentiation.

7. Mihaylov & Kanduta et al. A Novel Framework for Horizontal and Vertical Data
Integration in Cancer Studies with Application to Survival Time Prediction Models.
Biology Direct (2019) (in press)

For my first collaboration independent of my PhD supervisor leading to a first-author
paper, |1 was responsible for molecular profile analyses. Specifically, | sourced and
mapped multiple complementary molecular profile types for data integration. | revised the
study design to provide for an effective framework for establishing the superior
performance of our novel integrative system, and refocused and rewrote the manuscript.

8. Ribitsch & Kanduta et al. Fetal tendon regeneration versus adult fibrous repair:
proteomics deciphers molecular mechanisms. Scientific Reports (2019) (submitted)

Building on and extending the analysis pipelines | had developed previously (Ribitsch et
al. 2018) I performed comprehensive differential effect analysis of proteomics profiles in
a multi-factorial experiment of wound healing in different tissue samples from young and
adult sheep. Results were strongly affected by algorithm choice, and for tendon tissue, no

Xii



10.

single pipeline could be identified as clearly superior. Only a conservative integration of
multiple approaches allowed robust biological conclusions. | devised and compiled all
figures summarizing the analysis that underpin the story of the manuscript and
contributed the manuscript parts reporting analysis results and methods employed.

Gaignebet & Kanduta et al. Sex-specific human cardiomyocyte gene regulation in left
ventricular pressure overload. Mayo Clin Proc (2019) (submitted)

| performed an unbiased model search to identify molecular and clinical factors
underlying improvements in heart function after surgery. This required a non-linear
mapping of the target variable — the ejection fraction — and extensive robustness analysis
to avoid sensitivity to outliers in a small cohort, as are common in clinical research. Even
in this small cohort | was able to robustly identify a clear sex-specific effect.

Kanduta et al. ViLoN — A Multi-Layer Network Approach to Data Integration for Patient
Stratification. (in preparation)

| devised and established an integrative network-based algorithm that incorporates
external knowledge about molecular interactions in order to find similarities between
patients. | demonstrated the value of this novel approach in a typical application of
clinical research, the stratification of patients for tailored treatment of cancer. Notably,
other methods have so far failed to establish a widely used common method for effective
data integration in this field. Scientific progress has been impeded by the lack of rigorous
metrics with application relevance. For a balanced objective comparison of my novel
approach and a range of independent other methods with one another and results from the
scientific literature | developed and demonstrated the utility of a novel metric which
accounts not only for the amount of risk change for a patient group but also the size of the
patient group. This effective number of affected patients score thus forms a natural novel
metric with direct relevance to the clinic. Remarkably, my novel approach, integrating
multiple molecular profiles and external domain knowledge across the patients,
substantially outperformed the alternative state-of-the-art algorithms, direct clinical
grouping, and the most effective patient stratifications reported in the literature.

Xiii



1. Chapter 1: Introduction

1.1. Effective exploitation of growing datasets

Molecular life sciences advance our understanding of biology, be that by finding genes
responsible for specific healing processes’ or biological signals responsible for cell
differentiation’>. They help us understand specific diseases, leading to finding potential
treatments. This can be by discovering molecular pathways responsible for disease development,
or through finding similarities between patients, to improve treatment selection. Molecular data
collected in the biomedical sciences increasingly come from high-throughput experiments, and
data sets are commonly of genomic scale®*. Systematic analysis of gene expression, for instance,
has become a key tool for biomedical research in the laboratory and clinic>®. Differential
expression analysis, specifically, yields hundreds to thousands of genes implicated in a specific
explored condition. While individual genes often form less reliable biomarkers®'® exploring
functionally related sets of genes can lead to discovering robustly related phenotypes'**2. This
has also been observed for phenotypes that are of immediate clinical relevance, such as the
patient response to a targeted cancer therapy™®. Consequently, testing for the enrichment of sets of
genes of known functions constitutes one of the most popular established examples of approaches
for interpreting lists of implicated genes in both basic research and clinical applications™**>.

Particularly, in the treatment of cancers, that are the leading cause of death worldwide, right after
heart disorders, effective exploration that would lead to selecting an actual therapy for individual
patients is challenging because of the heterogeneity of the disease. Cancer progression and
treatment response can vary widely across patients. In order to predict a patient’s response
clinicians delineate subgroups of patients likely to react similarly. Typical criteria of
classification include clinical records, such as the age at diagnosis, sex, and comorbidities. It is by
now well recognized that the underlying mechanisms can vary widely across patients. Even for
patients with the same specific clinical diagnosis, for instance, we find many subtypes of breast
cancer'® or adult acute myeloid leukemia (AML)Y. Combining clinical records and histologic
tests alone often cannot reliably identify the biological processes underlying a particular tumor
type’®. Increasingly, therefore, molecular markers are now incorporated to improve the prediction
of therapy response and prognosis®#*. Common molecular markers include changes in gene
activity, such as identifying characteristic gene sets or signatures®*?*, and genomic sequence
variants, such as copy number changes from deletions and amplifications of certain genomic
regions, like the amplification of the MYCN gene in neuroblastoma patients®, as well as smaller
changes, such as single nucleotide polymorphisms®.
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1.2. Combining data for improved detection of biological signal

The identification and interpretation of biologically relevant patterns in general, due to the not
well understood bias and noise, however, still remains a bottleneck in basic and applied research,
and has been rate-limiting in the translation of research findings to the clinic?®®%’. These data are
highly heterogeneous, generated by various independent technologies, and highly dimensional,
with thousands of genes profiled. For instance, both copy number variation and transcriptional
regulation have been implicated in cancer, and are therefore systematically being profiled in key
efforts like The Cancer Genome Atlas project (TCGA)®. In practice, however, these data are
usually generated for relatively small patient cohorts. In recent years, there has been high interest
in the integrated analysis of different data types from large-scale high-throughput experiments.
Data integration, be that horizontal, across patients®® ', or vertical, across assay types***, should
improve sensitivity to small changes in signal®, help finding different aspects of biology from
complementary information, but also help in overcoming the inevitable bias and noise inherent in
individual studies®®. Combining different assay types may capture complementary aspects of
information and, investigated across patients, could help shed new light on complex relationships
of interest, such as the relationship between genotype and eventual consequences for tumour
progression. Complementary measurements may, for example, facilitate accurate survival time
prediction.

As a consequence, new and increasingly sophisticated computational methods are being
developed to better take advantage of the complex Big Data sets collected. Increasingly, methods
for an integrated analysis have been applied with good results®***. For example, employing both
gene expression and copy number information was reported to improve clustering for subtype
analysis using a probabilistic model of joint latent variables®®*". Notably, profiles of copy number
variation, known to be a fairly noisy data source on itself®**°, when combined with gene
expression should improve predictive power and help identify prognostic biomarkers in lung
cancer®’. Evidence shows that even diagnosing a specific cancer can be extremely hard without
effective integration of clinical, morphologic, immunohistochemistry, and molecular data*. In a
further example, by introducing dimensionality reduction via low-rank approximation, Wu et al*?
reported an improved stratification of cancer patients, establishing a probabilistic model of
different data types conditional on shared latent factors. Network-based algorithms, which have
seen a variety of successful applications, such as the identification of dysregulated pathways****
or an optimization of biotechnological processes® are also being applied for data integration.
Using network representations Wang et al*® exploit not just the complementary nature of data
sources but also similarities across patients, i.e. combining data both vertically and horizontally,
with the hope of identifying relevant patterns of the underlying biology of the disease. In
summary, integration of heterogeneous data sources seems to be of great benefit in general, and
of crucial importance in treatment of diseased patients, specifically.
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1.3. Heterogeneity of data characteristics affects integration efficacy

It seems surprising, therefore, that data integration is not yet fully explored or well understood
and still only a small percentage of studies exploit integrated analyses (Fig. 1). This may reflect
the challenge of methods needing to effectively deal with the different measurement
characteristics of each data type*’. In particular, adding another data source can actually be
detrimental due to the additional measurement noise introduced. The additional noise from a new
data source can dominate overall results when other data sources contribute considerably more
information compared to the information added by the new data source®®. A successful robust
integrated data analysis pipeline therefore needs to adapt to situations where an integration of
data may be beneficial versus situations where additional noise from an additional data source
just deteriorates the overall signal. Given that data integration is difficult, there is a great interest
and great opportunity for improvement in developing novel integrative methods.
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Figure 1: Cumulative number of scientific publications (as found via PubMed) analysing TCGA?® datasets.
Left-hand side: The number of publications per year exploring either gene expression or copy number data alone
(single-track, orange line) is compared to the number of publications focusing on joint analysis of these two data
sources (integrated, blue line). Right-hand side: The decreasing ratio of published research on gene expression or
copy number data analysed separately to the number of publications analysing these datasets jointly, over the years.
Year 2019 is excluded as it is still ongoing.

1.4. Effective benchmarking of integrative methods

Critically, in order to objectively demonstrate that a new method is indeed advantageous it needs
to be assessed through effective benchmarks in comparison with established alternatives*® .
Estimating the value and the performance of a new method will depend on the application
scenario of interest and related factors. This means that effective benchmarking approaches need
to adapt by context. For instance, in the context of predicting patient survival, commonly a group
of similar patients is identified that can be associated with an average risk change. Thus a
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grouping of patients is clinically relevant if one can find a sufficiently reduced or increased risk
for a reasonable number of patients with significance, where significance alone is insufficient for
clinical relevance®. Although there is no universally agreed threshold for the clinical relevance
of hazard ratios for death by cancer, a risk change of 14% is typically considered to be small,
changes of 47-90% can be considered moderate size effects, while risk changes of 90% or more
are considered large®®. Large effects can often be identified more easily for more specific, smaller
subsets of patients. For a meaningful comparison of different predictions we therefore need to
consider the number of patients as well as the size of the risk change. This is an area of active
research and | will address these challenging questions in Chapter 5, section A multi-layer
network approach to data integration for patient stratification.

Moreover, balanced benchmarking typically relies on both positive and negative reference sets.
Especially, negative references are traditionally very hard to compile but can be very useful. For
example, exploiting known negative examples has considerably improved method performance in
various areas of computational biology, such as the prediction of mRNA targets of regulatory
microRNAs™ or the prediction of protein function®, e.g., for the identification of DNA-binding
proteins from their sequences®®.

Because of the difficulty of determining negative samples for benchmarks, furthermore, scientists
use simulated datasets, where some ground truth is known®"*®, Non-trivial challenge for
simulating data remains, however, in the necessity of capturing the biological complexity and
internal structure of datasets obtained under realistic conditions*?*4°%%,

Selecting a method amongst available alternatives has thus remained a non-trivial challenge for
practitioners in biomedical research.

1.5. Technical challenges for implementing large scale integrative
analyses

Also importantly, there are technical challenges related to data storage and access themselves,
that need to be addressed in order to facilitate streamlined integrative analysis and validation.
Data need to be accessible to an advanced algorithm. Read-only databases, like TCGA?, that
store data for download are indispensable to accelerating scientific discoveries. However, such
databases relate data only by patient ids or such, and do not allow external uploading of new
patient’s information or simple integration with external databases. Furthermore, in such setup all
data processing and analysis needs to be performed locally, including development of novel
algorithms for data integration. In order to facilitate direct online interaction with the data and to
make them accessible to advanced integrative algorithms, technical open issues need to be
overcome. These include the problem of allowing for dynamic extension by novel input / output
types, and of relating heterogeneous data sources in a meaningful and useful way®".
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Moreover, the technical complexity accompanying the development of complex integrative
algorithms themselves and of performing bioinformatics analyses in general, can be reduced by
workflow systems. These tools not only help to break down the intricacy of analysis, but also
facilitate reproducible work — a tremendous issue in bioinformatics, and topical research area®
% by encapsulating reusable modules, allowing for logging of the analysis steps, versioning of
software and databases, or automating reporting and documentation. Importantly, these systems
facilitate performing computation on the high-performance computing infrastructure, necessary
for high-throughput data analysis. Various systems have been developed® "2 all differing in
supported functionality. Even though, there exists no tool of universal appeal and applicability,
there is a consensus among researchers that such systems are necessary for performing
bioinformatics analyses’.

2. Chapter 2: Frameworks for implementation of
complex bioinformatics analyses

In this chapter, exploring practical use cases, | give an overview of common bioinformatics
research questions, computational tasks, and supporting infrastructure and tools, with a special
focus on scientific workflow systems for automated analysis”. All the discussed points are
crucial for performing complex bioinformatics analyses, including data integration.

2.1. The critical role of workflow systems in Data Science

High-throughput technologies, such as next-generation sequencing (NGS), have revolutionized
molecular biology and transformed it into a data-intensive discipline’®. Bioinformaticians are
nowadays required to interact with computational infrastructure consisting of high-performance
computing (HPC) resources, large-scale storage, and a vibrant ecosystem of bioinformatics tools.
It is common that analyses consist of multiple software tools applied in a sequential fashion on
input data; and these analysis steps are usually executed on a server or a computer cluster given
the significant data size and computation time requirements. Such a multi-step procedure is
commonly referred to as a workflow. In order to efficiently carry out such analysis it can be
beneficial to use Scientific Workflow Management Systems that can streamline the design and
execution of workflows and pipelines in high-performance computing settings such as clusters or
computing clouds”.

There exist a number of workflow systems for use in bioinformatics. Taverna™® pioneered
integration of web services in bioinformatics; Galaxy’’ " is a workflow system that has been
used in sequence analysis and other bioinformatics applications; Kepler®® and Chipster® are other
examples of such systems that are used for next-generation sequencing and gene expression data
analysis. All of the above mentioned systems have graphical user interfaces for constructing
workflows and can run on HPC and cloud systems. However, experienced bioinformaticians


http://f1000.com/work/citation?ids=5882,58545,13873,801746,7534999&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
http://f1000.com/work/citation?ids=5882,58545,13873,801746,7534999&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
http://f1000.com/work/citation?ids=5642638,580863,4662606,581075,7625521,1006413&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0
http://f1000.com/work/citation?ids=648970&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=648970&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=95305&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=7589582&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1215804&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=580907,580846,48940&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=2230675&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=4543379&pre=&suf=&sa=0

commonly work at a lower programming level and write their workflows as custom scripts in a
scripting language such as Bash, Perl or Python. For this user group, a number of lightweight
workflow systems have emerged to simplify scripting and parallelizing tasks on HPC resources,
such as Luigi (https://github.com/spotify/luigi), Bpipe”®, Snakemake® and BcBio
(https://github.com/chapmanb/bcbio-nextgen). General Linux tools such as Make®*® are also
widely used due to their simplicity.

HPC resources in academia traditionally consist of compute clusters with Linux operating system
and batch (queueing) systems for scheduling jobs. Recently, cloud computing has emerged as an
additional technology, offering virtualized environments and the capability to run custom virtual
machine images (VMI). For workflows this opens new possibilities such as packaging entire
analyses or pipelines as VMIs, which has been acknowledged in bioinformatics®*. There are also
other technologies such as MapReduce®, Hadoop® and Spark®’ that show great promise in
bioinformatics and that might change how bioinformatics analysis can be automated.

Nevertheless, there does not seem to be a single system that satisfies the varied needs of the
scientific community. To explore this further, within the COST Action BM1006: Next
Generation Sequencing Data Analysis Network (“SeqAhead”, http://www.seqahead.eu/), a series
of hackathons and workshops brought together a number of scientists from different
organizations, all involved in data-intensive bioinformatics analysis. Below, from the point of
view of the participant, we summarize their current computational infrastructure and experiences
with workflows, including also the challenges in automating data-intensive bioinformatics
analysis recognized by specific labs. Based on these examples, | can then discuss common
approaches and remaining issues, letting us propose criteria for simple and efficient systems
supporting the construction and execution of complex bioinformatics in research. Specifically, |
have developed an extension to a widely used workflow system (Snakemake®®) that underpins
much of my thesis work.

2.2. Workflow experiences — Use cases

2.2.1. Nationwide supercomputer support for sequence analysis, Sweden

2.2.1.1. Overview

The Bioinformatics platform at UPPMAX and Science for Life Laboratory (SciLifeLab) provide
high-performance computational resources for the national NGS community in Sweden, as well
as the necessary tools and competences to enable Swedish bioinformaticians to work efficiently
with HPC systems®®. Since 2010, UPPMAX has had over 500 projects and 300 users, and as of
December 2014 has 3328 compute cores and almost 7PB of storage. On UPPMAX HPC
systems, users get access to installed software, reference data, and are able to carry out data-
intensive bioinformatics analyses. Applications include whole genome-, de novo- and exome
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sequencing, targeted resequencing, single nucleotide polymorphisms (SNPs) discovery, gene
expression and methylation analysis.

2.2.1.2. Workflow experience

On our systems, most users use scripting in Bash, Perl, and Python to automate analysis. We have
a security policy to not allow web servers, which has made it more difficult for us to use
graphical platforms such as Galaxy. Recently, however, we have deployed a private cloud where
we aim to provision images containing workflow systems like Galaxy, Chipster, and GPCR-
ModSim®®, which we believe will enable us to reach a larger scientific community. We are
experimenting with the workflow system Luigi on our HPC system, and CloudGene®™ on a
previously established prototype Hadoop cluster in a private cloud. For automating workflow
execution we use either cron jobs and an external Jenkins continuous integration instance.
Besides the workflow evaluations, considerable efforts were put on the quantitative comparison
of the different approaches to solve usual bioinformatic tasks in DNA and RNA-seq experiments.
In recent work we provide evidence for superior scalability for the task of mapping short reads
followed by calling variants on the Hadoop-with-HDFS platform compared with the existing
HPC cluster infrastructure®. We also developed a versatile solution® for the feature-counting and
quality assessment tasks in RNA-seq analysis, extending the acknowledged HTSeq package®
into the e-Science domain with Hadoop and MapReduce. We are also evaluating the Spark
platform for pipelining NGS data but our initial assessment did not reveal any performance gain
compare to Hadoop due to the non-iterative nature of our problems. Spark has however in our
opinion a more intuitive and appealing programming environment.

2.2.1.3. Future challenges

It is important for UPPMAX as a national provider of HPC resources for NGS analysis to strive
for efficient resource usage. With many biologists having little experience of automating
bioinformatics analyses, it is important for us to provide workflow systems, examples, support,
and training in order to maximize resource utilization and improve efficiency of analyses. We are
noting that future pipelines will have problems running on our current HPC systems due to
intensive use of shared file systems, and we will continue to evaluate and develop a future e-
infrastructure where Hadoop and Spark are interesting options. There is however a challenge for
traditional HPC centers like UPPMAX to adopt cloud computing and Hadoop clusters as they
contrast a lot to current best practices and experiences of system administrators. The buildup of
competence in these directions will be an important task.
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2.2.2. Method-centric explorative research, Austria

2.2.2.1. Overview

The Bioinformatics Research Group at the Institute for Molecular Biotechnology at Boku
University, Vienna is a method-centric research group at the interface of computational analysis
and large-scale experimental assays. Recent work includes (i) an assessment of accuracy,
reproducibility, and information content of gene transcript expression profiling platforms,
including RNA-Seq, microarrays, and gPCR*: (ii) a method benchmark in the comparison of
normalization efficiency across multi-sitt RNA-Seq laboratories™ ): (iii) signal level models of
hybridization based assays for high-density microarrays®. These analyses require high
computational power largely provided by HPC facilities like the Vienna Scientific Cluster (VSC),
with the VSC-2 consisting of 1,314 nodes with 16 cores each and 32 GB RAM, and the VSC-3
consisting of 2,020 nodes with 16 cores each and 64 GB RAM. Large memory tasks are run on
individual fat nodes with 256 GB—16 TB RAM.

2.2.2.2. Workflow experience

In many instances, we simply use Make® to run custom pipelines for both cluster and local jobs.
It is a standalone tool with no setup / installation needed on standard. In our experience, if a
workflow system is less lightweight than Make and small scripts (Perl, Bash, etc.), people will
not use it when they need to ‘get something done’ even though many people know that in the
long-term this is not efficient. Systems like Galaxy and Taverna provide a useful platform for the
automation of routine data analysis steps as commonly found in industrial or facility settings, but
are less useful for performing explorative and flexible analyses. In explorative work, one would
like to run workflows for different configurations, and compare results. It would be helpful if
there was support for tagging, managing ‘alternative’ workflow runs, and outputs. Moreover,
what most systems lack is support for the enforcement of quality control (e.g., inputs/outputs),
and support for cycle control (revisions of workflows, input data, tools).

We have initially tested several systems, including, Bpipe”, Moa
(http://mfiers.github.io/Moa/index.html) and Ruffus®’, and are now focussing on exploring
Snakemake® due to, among other features, its make-like workflow definition, simple integration
with Python, Bash code portability, ease of porting workflows to a cluster, intuitive
parallelization and continuous curation/development. We are currently working on extending
Snakemake with a lightweight modular system for development cycle control and policy-based
specification of rules and requirements that supports an in-flow enforcement of consistency
constraints. We have developed a proof-of-concept prototype of the mechanism and automated
the code generation of rules (Fig. 2) (unpublished data).
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Figure 2: Modular system for supporting in-flow enforcement of consistency constraints (prototype).

(A) Original directed acyclic graph (DAG) of an analysis workflow using Snakemake.

(B) Activation of constraints by combining test modules and workflow code. Steps enforcing specific constraints on
input and output of a specific step of the original DAG (see A) are automatically added by our code generator. They
are recognised as standard Snakemake workflow pseudo-code by the workflow system.

(C) DAG of workflow with automatically integrated constraint checking steps. All the steps (original and
automatically added ones) are executed in the same fashion by the Snakemake workflow system. Here consistency
constraints are enforced by our system. Specifically, these steps ensure that each analysis step is provided with non-
erroneous input data, and that the data generated by this step is also correct and can be processed further.

Specifically, we use workflow systems to partly preprocess cancer-related data, like
tumour/normal samples from the TCGA consortium® and to fully automate some steps of this
data analysis. Furthermore, we try to incorporate workflows in the process of designing
microarrays for Drosophila melanogaster experiments (unpublished) or to automate RNA-seq

analysis in stem cell research area®®.
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2.2.2.3. Future challenges

While Snakemake seems to be a promising tool, on its own it does not provide an allround
workflow system solution, requiring external mechanisms to support critical features like revision
control and management of multiple workflow instances run with varying parameter sets. We are
now working to integrate Snakemake with external tools and our modular code generation system
for in-flow enforcement of consistency constraints.

2.2.3. National high performance compute infrastructure, Finland

2.2.3.1. Overview

CSC - IT Center for Science is a government-owned computing centre in Finland that provides IT
support and resources for academia, research institutes and companies. CSC provides capacity
through a traditional batch oriented HPC environment, but also with a cloud platform. Major
HPC environments are Cray XC40 supercomputer with 40,608 cores and HP XL230a cluster
with 12,960 cores. The OpenStack based infrastructure-as-a-service (laaS) cloud runs on the HPC
cluster hardware.

As a national bioinformatics facility CSC has a large number of users, the majority of which have
bio/medical background and no experience in programming. We strive to enable users to work
independently by providing training and user friendly interfaces. An example of the latter is the
Chipster software, developed at CSC, that provides a graphical user interface to a large suite of
analysis tools®.

2.2.3.2. Workflow experience

Chipster enables users to create and share bioinformatics workflows. It tracks what the user does
and allows him/her to save any series of analysis steps. These workflows can be exported, shared,
and applied to a different dataset. Everything is tracked, including parameter settings and
reference data. The result files are also automatically annotated with this information. An
example of a Chipster workflow is shown in Fig. 3.
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Figure 3: Visual representation of a user-made ChlIP-seq data analysis workflow in the Chipster software.
After detecting STAT1 binding regions in the genome, the user has filtered the resulting peaks for g-value, length
and peak height. S/he has then looked for common sequence motifs in the peaks and matched them against a
transcription factor binding site database. S/he has also retrieved the closest genes to the peaks and performed
pathway enrichment analysis for them. Finally, s/he has checked if the enriched pathways contain the STAT
signaling pathway. All these downstream analysis steps can be saved as an automatic workflow, which can be shared
and executed on another dataset. In addition to analysing data and building workflows, Chipster allows users to
visualize data interactively. As an example, genome browser visualization is shown (bottom right panel)The number
of publications per year exploring either gene expression or copy number data alone (single-track, orange line) is
compared to the number of publications focusing on joint analysis of these two data sources (integrated, blue line).
Right-hand side: The decreasing ratio of published research on gene expression or copy number data analysed
separately to the number of publications analysing these datasets jointly, over the years.

One major challenge is where to stop when recording analysis execution. We include parameters,
inputs and such, but also source code for the tools. However, maintaining full reproducibility
over years is impossible because the underlying tools and databases change. Our philosophy has
been to maintain reproducibility to the level that is needed for workflows to be a practical tool for
users. For provenance and long term archival we store enough metadata on the workflow and,
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most importantly, all data with their relationships. That might not be enough for one-click rerun
of the pipeline several years later, but it is still enough for manual reproduction of the analysis.

Chipster users represent a wide range of research fields, ranging from medicine to agriculture and
biotechnology. Therefore also the workflow functionality has to be flexible enough to cater for
very different types of analysis. The typical tasks include analysis of RNA-seq data (QC,
preprocessing, alignment, quantitation, differential expression analysis, filtering and pathway
analysis), ChlP-seq data (QC, preprocessing, alignment, peak calling, filtering, motif discovery
and pathway analysis) and exome/genome-seq data (QC, preprocessing, alignment,variant calling
and filtering).

2.2.3.3. Future challenges

Potential future development at CSC is to provide a more technically oriented workflow engine
on top of our cloud laaS offering. We are looking into software packages that are used and
developed in the cloud and big data communities to base our own development efforts on.
Workflow system would be presented with platform-as-a-service (PaaS) model. Technically
capable users could program workflows that are run in the laaS cloud, but they would not need to
care about the laaS aspects such as node provisioning and user management.

Important requirement for future workflow systems is the ability to distribute data processing
workload with frameworks such as Hadoop and Spark. To this end, we have participated in
development of tools that allow bioinformatics data to be efficiently processed in Hadoop:
Hadoop-BAM and SeqPig'® %, This work is continued by integrating Hadoop and Spark into
our laaS environment and providing easy to use interfaces for data intensive computing.

2.2.4. National core genomics platform, Sweden

2.2.4.1. Overview

The Stockholm genomics core platform of the Swedish National Genomics Infrastructure (NGI)
crunched over 45TBp (terabasepairs) in 2014. The current NGS instrumentation located in
Stockholm includes 11 Illumina HiSeq 2500 sequencers, 3 MiSeq systems, and 3 HiSeq X
sequencers, and with the coming addition of more HiSeq X instruments, the amount of data
produced and processed at NGI is expected to increase dramatically in the year ahead.

2.2.4.2. Workflow experience

NGI in Stockholm uses bcbio-nextgen (https://github.com/chapmanb/bcbio-nextgen) and some
customizations for assembling and running the analysis pipelines. For us, having support from a
pipeline framework already established in other institutions has been a big plus. In our
experience, home-grown bioinformatics pipeline frameworks not published or released early
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enough in the development process fail to gain wide adoption and momentum. As bioinformatics
pipelines are inherently complex, we think it is better to share this complexity with the open
source community and generalize as early as possible. Unfortunately we have not been able to
keep up with fast developments upstream and periodically deploy validated instances of the
pipeline.

We think that this shows the growing disconnect between traditional HPC architectures in
academia and other sectors in industry:

1. Non-community maintained software. Such as using the ancient, hard to maintain and
update "module system™ (http://modules.sf.net) versus a more sustainable option such as
the HomeBrew science (https://github.com/chapmanb/homebrew-cbl) system.

2. Non-existent stable usage of cloud computing architectures. This could enable continuous
integration and delivery. Having containerized execution units coupled with good
software management would increase robustness and provenance tracking on pipelines.
That is, globally trackable software releases as opposed to the home-grown local module
system that we now use.

3. Lack of career paths for Research Software Engineers (RSE) personnel
(http://www.rse.ac.uk/who.html) that could explore new avenues and maintain points 1
and 2. In other words, lack of a "research computing” unit able to keep up and be up to
date with new ways of computing.

For instance, our current HPC system does not now (and is not predicted to anytime soon)
support newer deployment strategies such as continuous deployment of lightweight Docker
containers (https://github.com/chapmanb/bcbio-nextgen-vm). As a result, we are actively
exploring workflow frameworks and methodologies that can survive the age of HPC systems. We
are investigating Piper (https://github.com/johandahlberg/piper), Snakemake, and Luigi, which
seem to be more adaptable with regard to deployment strategies.

On the one hand, many pipelines incorporate a basic test suite to ensure that all moving parts
work as expected. On the other hand, few of those include a benchmarking suite that can validate
several bioinformatic tools and compare their performance and biological relevance. Bcbio-
nextgen has put some good care in validating that the underlying biology remains sound across
software versions by following up with the "Genome in a Bottle Consortium", a gold standard for
validation.

Having a continuously deployed and benchmarked pipeline allows researchers and RSEs to
validate every single change in the source code, like industry does with continuous software
delivery and deployment models. In this way, both source code and biology can be validated and
errors spotted earlier'®. Likewise, performance of variant callers can be continuously, closely
assessed and improved quantitatively in different versions of the whole system.
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2.2.4.3. Best practice pipeline

For a few years, bcbionextgen has been processing samples for the so called "best practice”
pipeline at SciLifeLab. The typical outputs of the pipeline include:

e Quality assessment via FastQC.

e Contamination screening via fastgscreen.

e Alignment against preconfigured reference genomes and its indexes (mainly hg19).
e Variant analysis using the GATK toolkit and FreeBayes.

e Functional annotation of variants using SNPeff.

e Several RNAseq packages such as cufflinks and DEXSeq.

In practice, although the outputs are appreciated by service customers, there are many sample and
project-specific details that have to be taken into consideration. This limits our ability to
generalize the data that can be most useful to our scientists, but we found that at least the quality
assessment and some alignment and coverage metrics are immediately useful to researchers.

2.2.4.4. Future challenges

Modernizing the current computing environment to more modern ways to isolate and reproduce
workflows (Docker) while collaboratively managing scientific software (Homebrew Science,
http://planemo.readthedocs.org/en/latest/) are big challenges that hinder reproducibility and
portability. Currently, we think that systems like Piper and others are too tightly coupled with
specific environments, compromising its generalization and portability.

2.2.5. Government center for genotyping & sequencing research, Italy

2.2.5.1. Overview

Center for advanced studies, research and development in Sardinia (CRS4) is a government
research center with a focus on applied computing and biology. It hosts a high-throughput
genotyping and sequencing facility that is directly connected to the center’s computational
resources (3000 cores, 4.5 PB storage). With three Illumina HiSeq2000 and two older Illumina
Genome Analyzer 11X, it is the largest NGS platform in Italy. CRS4 directly participates in large-
scale population-wide genetic studies — for instance, pertaining to autoimmune diseases and
longevity'®*'%* _ and provides sequencing services for external collaborators and clients. All the
data produced by the sequencing laboratory undergoes some degree of processing in the
computing center, spanning from quality control and packaging to reference mapping and variant
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calling. Over the past five years, the facility has processed more than 2000 whole-genome
resequencing samples, 800 RNA-Seq samples and 200 exome sequencing samples.

2.2.5.2. Workflow experience

At CRS4 we have worked to automate the standard preliminary analysis of sequencing data to
achieve high sample throughput and consistency. The processing system is summarized by the
schematic diagram in figure Fig. 4. Our automation strategy is split in two layers. At the lower
layer we are using the Galaxy platform to implement workflows for specific operations on data —
e.g., demultiplexing (Fig. 5), alignment and variant calling. At a higher level, a custom daemon
launches and monitors the execution of these workflows according to its configuration. When a
workflow completes its operations, the daemon registers the resulting datasets in our
OMERO.biobank'® traceability framework, which allows us to keep track of which input
datasets and sequence of operations were applied to produce the results (represented by
serializing the galaxy history). The process effectively results in a dataset graph rooted at the
original raw data.

Automator Sample submission
OMERO.biobank Workflow manager
l ‘ Compute Engines
iRODS I
I

Figure 4: Components in the CRS4 center’s automation system. The system has been created by linking together
freely available components with some specialized software built in-house. In addition to running preliminary
processing, it records operations within OMERO.biobank, thus ensuring reproducibility.
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Figure 5: Galaxy Workflow. Example of a workflow used at CRS4 to generate demultiplexed fastq files starting
from an Illumina run directory. The BCL to gseq conversion and the demultiplexing operations are performed on a
Hadoop cluster using the Seal toolkit.

The automation daemon also connects multiple workflow operations in sequence, when
necessary; for instance, after running the demultiplexing workflow it is configured to run a
sample-specific workflow to process each sample dataset. The daemon implements an event-
driven model, where events are emitted in the system when something specific happens (e.g.,
flowcell ready, workflow finished, etc.) and the system is programmed to react to each event type
with a specific action. The action may perform some housekeeping tasks, such as moving files to
a specific location, or execute some other workflow.

To help our operation sustain a high throughput level — and to leverage CRS4’s computing cluster
— we implemented some of the more time-consuming and data-intensive processing steps on the
Hadoop platform'®, and proceeded to integrate these tools with Galaxy™’ to compose them with
other conventional tools in our bioinformatics workflows.

In summary, our operation uses Galaxy to define complex operations (workflows) given its
familiarity to biologists and bioinformaticians and its REST API, which allows is to supplement
it with our own custom automation daemon. On the other hand, we have turned to Hadoop-based
tools to improve our computational scalability. Finally, to ensure reproducibility we trace all our
automated operations with OMERO.biobank. The entire operation is described in more detail in
Cuccuru et al'®.
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2.2.5.3. Future challenges

Future challenges vary in complexity and ambition. At a lower, perhaps simpler, level lies the
need to have full reproducibility of these data analysis procedures. To a degree at CRS4 we have
achieved this goal by tracing all automated operations with the combination of Galaxy and the
OMERQO.biobank. However, the system only works with operations that are run and monitored
by our automation daemon; therefore, it cannot trace interactive, user-driven operations. In
addition, our current solution introduces some complexity in managing changes in workflows and
tools versions. For these issues we currently rely on Galaxy, but its functionality in these terms is
limited so alternative solutions will need to be devised or integrated.

A more ambitious challenge lies in the need to be able to efficiently deal with a steady stream of
updates to model data (such as genomic references), bioinformatics tools and analysis
procedures. To stay current, all acquired datasets need to be kept in line with the state-of-the-art.
This is a very laborious, complex and computationally intensive task which, however, could be
automated with the proper support for operating on both data and workflows computationally as
first class citizens. With such functionality one could, for instance, update an alignment workflow
to use the latest genome reference and automatically find all datasets that had been generated
with the previous version and recompute them.

2.2.6. Biomedical workflows as a service for the scientific community,
Austria

2.2.6.1. Overview

The Medical University of Innsbruck (MUI) is one of the leading centres of medicine in Austria.
Within the MUI, the Division of Genetic Epidemiology is an internationally recognized expert on
lipid-associated disorders, holds cooperations with several epidemiological studies and is
involved in several genome-wide association studies (GWAS) and imputation projects. An
intensive cooperation with the research group Databases and Information Systems (DBIS) at the
University of Innsbruck exists, developing data-intensive bioinformatics software solutions such
as Cloudgene®, HaploGrep*® or the mtDNA-Server'®. Lately, the developed workflow system
Cloudgene has been utilized as the underlying architecture for the Michigan Imputation Server,
developed in cooperation with the Department of Biostatistics, University of Michigan. For in-
house data analysis, a cloud approach based on a shared-nothing cluster architecture is used for
data processing.

2.2.6.2. Workflow experience

Our institute is especially experienced in providing biomedical workflows as a service to
everyone (SaaS). For example, the Michigan Imputation Server
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(https://limputationserver.sph.umich.edu) provides an efficient, user-friendly and free service to
impute large-scale population studies using the 1000 Genomes Panel (Phase 1 and 3) or the new
HRC Panel. Furthermore, the mtDNA-Server (http://mtdna-server.uibk.ac.at) enables a highly
parallelized way to detect heteroplasmies and contamination within mtDNA samples.

For these time-intensive manipulation and analysis of huge datasets, we mainly focus on the
application of Hadoop (hadoop.apache.org). Therefore we developed Cloudgene, a framework
for the execution and tracking of Hadoop MapReduce workflows. This graphical workflow
system allows domain experts to run implemented MapReduce workflows directly from their
web browsers. Cloudgene is able to combine existing MapReduce programs written in Java,
approaches based on the high-level language Apache Pig, command line tools and R-based
scripts to a sophisticated workflow. All used parameters and input/output data are tracked
ensuring reproducibility and transparency. Final reports are created using R and RMarkdown.
Within Cloudgene, workflow steps are defined in a YAML manifest file, the underlying
workflow definition language (WDL) supports conditions and loops. Based on this workflow
definition, Cloudgene creates user interfaces to submit MapReduce jobs graphically. Since
Cloudgene supports the execution of command-line programs and bash scripts, it can also be seen
as a generic workflow system. Furthermore, the architecture behind Cloudgene was developed in
a way that it is compatible with existing cloud managers such as CloudMan®*°. Thus, the same
workflow can be executed on a local infrastructure or on private and public clouds without any
adaptations''*. This enables us to develop prototypes of new bioinformatics workflows fast and to
provide them as services to other scientists.

2.2.6.3. Future challenges

Reproducibility of data and software is from our perspective one of the most challenging tasks in
the near future. Many publications are presenting software solutions, which are often hard to
integrate into a local workflow ore impossible to use due to specific requirements on software
packages. We think that cloud-based SaaS approaches applying state-of-the-art pipelines could
improve the quality of current data analyses. Of course, Apache Hadoop is not applicable to all
kinds of problems, but its scalable and open-source nature could result in a boost within
Bioinformatics. One goal of Cloudgene is therefore to improve it to an even more generic big
data platform by supporting the complete Hadoop YARN architecture. This opens the door to
build and execute workflows based on different computational models such as Apache Spark
(http://spark.apache.org) or Apache Giraph (http://giraph.apache.org).
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2.2.7. Customized workflows for specialized bioinformatics applications,
Bulgaria

2.2.7.1. Overview

At the Faculty of Mathematics and Informatics and Joint Genomic Center, both part of Sofia
University, we do research projects that require customized workflows. This has been necessary
for tasks ranging from biodiversity estimation in metagenomics, to alternative transcript detection
in wheat, maize, sorghum and arabidopsis genomes, as well as SNP discovery in wheat. For this
reason, graphical or web-based workflow software designed for easy creation and maintenance of
workflows does not suffice for our requirements. We started with shell scripts and then moved to
standard Makefiles and as an alternative, our own Python-based bioinformatics workflow system.

2.2.7.2. Workflow experience

In our experience, more modern workflow systems do not always offer significant advantages. In
our bioinformatics projects, the use of Makefiles alone is not enough. During tasks such as NGS
assembly, alignment or variant calling, some custom data processing which cannot be
implemented in shell pipelines is usually implemented in AWK, Bash or Python scripts. AWK
allows compact presentation of simple data processing and is enough in surprisingly many cases.
Biopython library has also proved to be very convenient for more complex handling of
bioinformatics data files.

While easy to use and construct, Makefiles are often not flexible enough - their support for
parallel jobs cannot take multi-threaded or multi-process jobs into account, and they do not
provide any usable means to describe a recursive flow, such as progressive application of
multiple alignment for large datasets. Some of the shortcomings can be overcome by using sub-
Makefiles, however we thought it would be useful to develop a YAML-based workflow
description system inspired by Makefiles. We apply them for the more convoluted problems, but
we are hoping to make it generally applicable to simple problems as well**?.

2.2.7.3. Future challenges

Our aim is to build a workflow tool that is as simple as Makefiles, yet one that can make use of
more complex functionality. The major challenge is making the system feature-complete and as
expressive as Makefiles without sacrificing the simplicity that is inherent in the alternatives.
Work is also ongoing to optimize the workflow schema and extension syntax to take maximum
advantage of the YAML format. We are looking for expanding our expertise in workflow
systems and improving our own tool.
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2.3. Common automation strategies in bioinformatics

The approaches for automating bioinformatics analysis by the organizations at the SegAhead
hackathons and workshops roughly fall into the following categories: scripting (usually in
languages such as Bash, Perl, or Python), Makefiles or similar (Make, Snakemake, CMake, etc.),
and other workflow systems (such as Luigi, Galaxy, Taverna, and BcBio). We summarize the
main advantages and disadvantages from our point of view in Tab. 1. One observation is that
sequencing workflows are used in two different ways. There are core workflows that are used for
preliminary processing, are standardized and rarely change, and are the ones that stand to benefit
the most from sophisticated automation. Then there are research workflows that a
bioinformatician creates to run ad hoc analysis, explore the data and try to extract information.
These are not standardized and indeed the steps and parameters are chosen and modified often as
the understanding of the data and the problem changes. We note that several of the organizations
are not satisfied with the currently available tools and have resided to developing in-house tools
to support their use cases. We also observe that workflow tools developed and used in other
domains, such as astronomy™*® in many cases are not widely used in bioinformatics, which may
partly be due to a lack of communication between scientists of different fields, yet also reflect
domain specific needs.

Table 1: Advantages and disadvantages of different categories of automation strategies for bioinformatics

Advantages Disadvantages

Scripting e Simple to construct e Hard to hand over, manual tools integration and
difficult HPC interaction

Makefile e Simple to construct once you are familiar with e Multithreaded programs and remote execution not
the programming languages and the bioinformatics handled well
command-line tools involved
e Describes data flow and takes care of dependency e Lack of recursion support
resolution, parallel execution and caching results from
previous runs
e Uses code fragments in familiar scripting languages e Requires programming or shell experience

for processing of data
e Can't be automatically parsed and visualized

Scientific Workflow Systems o More powerful features, easier to maintain and share e Requires more effort

2.3.1. Basic scripting

Shell scripts are compact and tailored for running commands in a specific order. Linux has
simple yet powerful commands for text processing, and most of bioinformatics tools are available
as Linux commands. There are some significant disadvantages to this simple approach to
automation. One is that it can be tricky to ensure reproducibility of analyses; or rather, the onus is
completely on the individuals who are using the script to document in some way the datasets that
have been produced. Moreover, desirable advanced features such as resilience to hardware
problems, the ability to re-use intermediate datasets, integration with HPC cluster resources, etc.
must all be written from scratch. It can be argued that by the time such features have been
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integrated into the script one has effectively written a new workflow system, and thus might have
been better off adopting one from the start.

However, scripting also has advantages and hence many adopters. The most important
convenience is likely its simplicity and flexibility, meaning that one can very quickly achieve
some degree of process automation that works, though it may not be optimal or efficient. Another
important advantage is that most bioinformaticians already have scripting experience and are
familiar with some scripting languages. By automating through scripts that knowledge can easily
be recycled. In the authors’ experience scripting is not sufficient to provide a fault-tolerant
automation for production use.

2.3.2. Traditional makefiles

The standard Linux solution for automating compilation and other tasks that require a
dependency graph are Makefiles®. These can serve as a simple yet effective tool to describe
bioinformatics workflows, and are applicable to a wide variety of tasks. They describe
dependencies between files and commands, and commands can be executed in parallel.
Subsequent runs of the workflow use as many of the computation files from previous runs as
possible, which serves as a basic form of caching. Drawbacks of makefiles are their inability to
create multiple output files and lack of support for multiple wildcards in 1/O names. Moreover,
their design is not suitable for large datasets, long running operations, and execution on
heterogeneous failure-prone distributed resources. To address these issues both general purpose
Make implementations, like SCons (http://www.scons.org), PGMake'** or GXP make!™ were
developed, and bioinformatics-dedicated systems, like Makeflow'*® and Snakemake®. These
tools try to move beyond Makefiles while retaining the simplicity of GNU Make .

As Makefiles grow they tend to become very complex. In the authors’ experience, Makefiles are
good for simpler use cases, but have shortcomings when it comes to more complex workflows
with multiple steps and branches.

2.3.3. Scientific workflows

Scientific workflow systems provide an environment to interconnect components and in most
cases allow for execution on distributed resources. Authors’ experiences regarding their utility
vary. While all acknowledge the power and importance of scientific workflow systems to enable
reproducible data analysis and simplified integration with HPC systems, in practice it turns out
that many projects have started using workflow tools and frameworks but later switched back to
custom scripting and Makefiles (or similar) since they discovered limitations of the systems,
especially with the pressure from Pls to deliver results faster.

An important remaining challenge is the standardization of data flow in workflow systems. There
have been several attempts to address this issue, where some are based on describing common
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data types via a dedicated XML schema**’ or introducing ontology-based methods for managing
data types™'®. No particular approach, however, has yet emerged that could substantially impact
the field or find widespread acceptance in the bioinformatics community. With no central
authority to dictate standards for interoperability, the community can only develop standards
through collaborative efforts like the EU COST action SeqgAhead.

2.3.4. Key insights

Automation on shared HPC clusters is difficult, and workflow tools can aid in achieving
it.

True analysis reproducibility is typically hard, sometimes impossible to achieve. This has
two reasons: i) large scale analysis very often relies on external databases that commonly
are not versioned, or even if they are versioned only 'milestone’ versions are available, ii)
scientific software management is on one hand inefficient in HPC clusters while on the
other hand usage of the Web Services might be risky due to instability and lacking
versioning. Community efforts for standardized software packaging and versioning are
also lacking.

The available log processing and provenance systems are not good enough. These would
provide better reproducibility, monitoring and analytics.

Bioinformatics analyses are currently to large extent file-based and there is no
standardized way of passing data between applications in the workflow. This would
require a transparent conversion of data formats with the resulting technical as well as
semantic challenges™®. In addition there is a necessity to check the consistency of the
produced data. Although these tasks do not form a ‘research’ part of the workflow they
can still constitute the majority of the workload in a typical analysis'?°.

Biological validation of workflows is typically missing. In other words, integration with a
reference biological dataset, such as genome in a bottle, and accompanying test suite that
validates biology across each source code change is, unfortunately, not a common
practice today.

Makefiles are a quick way to get the work done in a seemingly efficient manner, but they
can become inadequate when more advanced features are required. It can also be difficult
to understand for inexperienced users. Further, there exist more efficient tools than
Makefiles with similar level of complexity (e.g., Snakemake, Bpipe).

Scripting is common for analysis development, but we see a move to Workflow tools for
data production that has more strict requirements.
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e Workflow systems on HPC resources have advantageous performance over cloud
computing resources, but software installations is simplified on cloud systems and they
are also more suitable for interactive use.

With regard to seamlessly and reproducibly performing bioinformatics analyses researchers seem
to have similar problems. Especially in case of data-intensive bioinformatics analyses, where an
additional layer of computational complexity is added. To overcome the discussed issues
workflow tools are becoming increasingly more powerful, user-friendly, and hence more
frequently used and appreciated for automation and creation of research pipelines.

2.4. Future workflow systems

The harder it is for a scientist to use a system compared to an ad-hoc hack, script, or perhaps a
suboptimal stand-alone tool, the lower the widespread acceptance of a workflow system is in the
wider bioinformatics and computational biology community. In general, we therefore recommend
further development of light-weight and layered systems, where at least the basic functionality is
easily accessed. More specifically:

e Maintain as much reproducibility as possible without sacrificing usability and simplicity
of design and execution.

e Keep things simple, light-weight, easy to install and integrate with Bash and scripting
languages.

e Workflows should be easily executed, with little or no change in local and distributed
environments (HPC and cloud).

e Encourage attempts for further data flow standardization and data versioning as well as
standardized software management.

e Put more effort into (biological) testing, validation, continuous delivery and deployment
of the software. In other words, spend more effort on quality assurance.

Bioinformatics analysis are currently to a large extent file-based, and as long as this will be the
case, workflow tools will continue to be important for bioinformatics automation. Even though
exciting new data analytics frameworks such as Hadoop and Spark provide alternatives, with
high up-front costs and the so far low uptake in the bioinformatics community we do not see a
shift in paradigm within the nearest years.

The analyses presented in the following chapters, even if this is not explicitly stated, were
facilitated via workflow systems, if not the whole analysis pipeline then at least parts of the
bioinformatics work.
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3. Chapter 3: Traditional analyses (‘Small Data’)

In clinical studies it is common to focus on a selected small group of patients for which clinical
information and various clinical outcomes are directly collected by the physicians and scientists
involved in the treatment™®*?. In addition, expression of genes of interest might be measured
with low-throughput technologies, like quantitative polymerase chain reaction (qQPCR)*?. This
results in a low dimensional dataset, consisting of a small number of samples and only a few
variables describing them. Such datasets are typical of traditional molecular biology and are the
backbone of most of our current knowledge. It is known that findings presented in such studies
may have low statistical power'?®. Only stringent robustness analysis, as | perform in the

following subsection, allows identification of strong signals*?.

3.1. An example from studying heart disease, a topical use case

With heart and circulatory diseases being the leading causes of death worldwide, I first focus on
analysis of a related dataset. In particular, here, we focus on aortic stenosis (AS) patients. The
pressure overload (PO) that develops in aortic stenosis or hypertension leads to left ventricular
(LV) hypertrophy (LVH). The initial compensatory mechanism is expected to reduce wall stress
and to maintain systolic function of the heart. In later stages, the myocardium undergoes
pathologic molecular, cellular and tissue changes. This maladaptive LV remodeling includes
reactivation of the fetal gene program, induction of fibrosis, dilation, ultimately contributing to
the development of heart failure (HF).

The development of PO-induced LVH differs significantly between men and women'®*. In

particular, sex-specific LV remodelling leads to a more concentric form of LVH in women. This
structural adaptation of LV geometry can be described by less LV dilation and wall thinning in
female than male hearts'®. However, the molecular mechanisms contributing to these sex
differences are incompletely understood. So far, analysis of cardiac biopsies from AS patients has
revealed a higher level of fibrosis-related genes in male hearts compared to female hearts 21?7,
Studies with experimental animals have also shown higher levels of fibrotic and hypertrophic
mediators, as well as lower levels of mitochondrial factors, in male versus female LV tissues
under PO'?81%,

However, the investigation of these sex differences has been based on multi-cellular LV tissue
samples. Consequently, the use of whole tissues leads to the loss of information on cell-specific
gene regulation™. The heart consists of a number of different cell types that coordinately
regulate cardiac physiology and the response to injury. Given the fundamental role of
cardiomyocytes in myocardial function, we aimed here at the assessment of gene expression in
isolated human cardiomyocytes. We focused on genes relevant for cardiomyocyte function and
adaptation, including hypertrophic markers and genes involved in LV remodelling. We
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hypothesized significant sex differences in gene expression, which would be linked to cardiac
function in a sex-specific manner.

3.1.1. Cohort characteristics

In this exploratory study, 34 patients (50% men) with AS undergoing aortic valve replacement
(AVR) from March 20, 2016, through May 24, 2017 at the German Heart Centre Berlin, were
recruited (Tab. 2). Age and body mass index were comparable between men and women. Systolic
and diastolic blood pressures were also similar between men and women. There was no
statistically significant difference between men and women in the proportion of patients with
diabetes, arterial hypertension, concomitant hyperlipidaemia or coronary heart disease. The
number of patients treated with calcium antagonists was higher in women compared to men. In
contrast, there were more men treated with statins than women. No significant differences were
observed between men and women in other relevant medications, such as angiotensin converting
enzyme inhibitors, angiotensin Il type 1 receptor antagonists, beta-blockers and diuretics.

Echocardiographic assessment of the patients revealed significant sex differences (Tab. 3). The
LV end-diastolic diameter was significantly higher in men than in women. Similarly, the
posterior wall thickness and LV mass index were higher in men. The EF was significantly lower
in men than in women. The aortic valve area index and transvalvular pressure gradients were
similar between men and women.
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Table 2: Baseline characteristics of the study population

Total Men Women P

(n=234) (n=17) (n=17) value
Age, y 6819 68 + 10 69+8 0.49
Body mass index, kg/m? 28149 28+ 3 28152 0.93
Systolic blood pressure, mmHg 133124 13319 133 = 31 0.98
Diastolic blood pressure, mmHg 72 £ 11 74 £ 10 70+£12 0.32
Diabetes Mellitus, % 38 47 24 0.15
Hyperlipidemia, % 41 41 41 1.00
Hypertension, % 73 76 71 0.69
Coronary artery disease, % 47 52 41 0.40
ACE inhibitors, % 42 47 40 0.68
AT1 receptor antagonists, % 28 29 27 0.86
Beta-blockers, % 54 71 40 0.08
Diuretics, % 36 41 33 0.65
Calcium antagonists, % 21 6 40 0.02
Statins, % 57 77 40 0.03

Values are shown as mean + SD. ACE, angiotensin converting enzyme; AT1, angiotensin Il type 1 receptor
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Table 3: Echocardiographic characteristics of the study population

Total Men Women P

(n=34) (n=17) (h=17) value
LVEDD, mm 48+ 7 52+9 45+ 4 0.007
Interventricular septum, mm 14428 15.3+£3.2 136222 0.067
Posterior wall thickness, mm 13.2+23 142125 12.1+16 0.029
Left ventricular mass index, g/m? 140 £ 41 158 £ 45 123 £ 29 0.037
Relative wall thickness 0.54 £ 0.1 06+0.12 0.5+0.08 0.867
Aortic valve area index, cm?/m? 04+0.16 0.4+0.19 05+0.15 0.962
Mean pressure gradient, mmHg 42 +13 39+£12 45+ 14 0.170
Maximal pressure gradient, mmHg 64 £ 18 57 £15 69+19 0.066
Left ventricular ejection fraction, % 54 + 11 49+ 14 5915 0.010

Values are shown as mean + SD. LVEDD, left ventricular end-diastolic diameter

3.1.2. Gene regulation in isolated cardiomyocytes of male and female patients

In order to assess cardiomyocyte-specific gene expression between male and female patients, we
collected samples from the interventricular septum during AVR and used these to isolate
cardiomyocytes. We focused on genes that lead to increased synthesis of structural proteins
encoding actin cytoskeleton and cardiac muscle structural and contractile proteins, as well as
inflammatory factors. These were ACTC1, CCN2, GATA4, GJALl, MYH6, MYH7, MYLZ2,
MYL3, MYL4, NFKB1, NPPA and NPPB. Our analysis revealed that the levels of the majority
of these genes were higher in male cardiomyocytes than in female cardiomyocytes (Fig. 6). Only
the levels of MYH7, MYL2 and MYL3 were similar between male and female cardiomyocytes.
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Figure 6: Gene expression analysis in isolated human cardiomyocytes. Data present mean + SEM; n = 12-
13/group; AU, arbitrary unit
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3.1.3. Relationships between gene expression and ejection fraction

Given the significant sex differences in cardiac function, as assessed by the EF, and in gene
expression, we performed a systematic analysis of dependencies between the two. In order to
identify relevant links between the EF and specific genes, we combined systematic statistical
regression analysis with leave-one-out robustness testing for validation'??. For an unbiased
analysis we considered all potential factors in regression models. In order to avoid over-fitting in
view of the available patient numbers, we first focused on the most simple models, each only
including one of the 12 genes or one of the clinical features of age, sex, or body mass index. For
all of these tests we report a measure of evidence strength (Akaike Information Criterion, AIC)
and significance (p-value), characterizing the different models in Tab. 4. Specifically, for every
patient, we confirmed the relevance of the model features by testing the significance of the model
trained on a validation cohort that excludes that patient. We report robustness under two
thresholds: 5%, i.e. P < 0.05, and 10%, i.e. P < 0.1. We found statistically significant and highly
robust gene-based models for the NFKB1 and CCN2 genes (Tab. 4). Our analysis revealed that a
higher expression level of NFKB1 was negatively related to EF (P < 2%, robust at P < 5% in
24/24 leave-one-out validation cohorts). Similarly, a higher expression level of CCN2 was
negatively related to EF (P < 2%, robust at P < 5% in 22/24 and P < 10% in 24/24 validation
cohorts). Notably, a two-fold increase of NFKB1 or CCN2 expression was related to an average
reduction of the EF by 11% and 4%, respectively. Considering males and females separately, we
identified that the change of EF was significantly different between the sexes (P < 0.1% for
NFKB1 and P < 1% for CCN2). In particular, a two-fold increase of NFKB1 expression was
related to an average reduction of the EF by 17% in males and 7% in female patients (Fig. 7). In
the case of CCN2, the average reduction of the EF was 8% and 1% in male and female patients,
respectively.
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Table 4: Models with one regressor

Beta SE P value AlC robust <56% robust <10%
ACTC1 -0.03 0.02 0.08 32.46 1/24 8/24
CCN2 -0.15 0.06 0.02 31.86 22/24 24/24
GATA4 -0.02 0.01 0.07 35.08 3/24 15/24
GJA1 -0.04 0.02 0.04 35.22 9/24 21/24
MYH6 -0.04 0.02 0.04 35.36 7/24 20/24
MYH7 -0.06 0.02 0.01 33.80 23/24 23/24
MYL2 -0.04 0.02 0.01 34.92 21/24 23/24
MYL3 -0.02 0.02 0.25 36.98 0/24 2/24
MYL4 -0.01 0.01 0.12 35.83 0/24 6/24
NFKB1 -0.12 0.05 0.01 29.83 24/24 24/24
NPPA -0.01 0.01 0.09 33.36 3/24 9/24
NPPB -0.01 0.01 0.55 35.57 0/24 0/24
Age 0.00 0.01 0.68 39.87 0/24 0/24
Sex -0.35 0.16 0.04 35.50 14/24 24/24
BMI 0.01 0.02 0.39 38.39 0/24 0/24

Beta, model coefficient; SE, standard error of the beta coefficient; P value, statistical
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Figure 7: Sex-specific reduction in the ejection fraction (EF) upon a two-fold increase in expression of the NFKB1
(left) and CCN2 (right) genes. In each box, the median is presented by the horizontal bolded lines and the
corresponding quartiles (whiskers) are shown.

Examining the gene expression for the two robustly significant gene factors suggested that they
may be sex-specific. We expressly test this hyptothesis in a model of the sex-specific effects,
assessing evidence strength, significance, and robustness as before. Even in this pilot cohort it
was possible to identify highly significant sex-specific effects (Tab. 5) that were strong enough to
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robustly yield significant models for the two genes, i.e. for NFKB1 (P < 2%, robust at P < 5% in
23/24 and P < 10% in 24/24 leave-one-out validation cohorts) and for CCN2 (P < 3%, robust at P
< 10% in 24/24 leave-one-out validation cohorts). For both genes, regression extended by the
explicit gene-sex interaction term revealed that higher expression was related to a reduced EF in
male patients, while there was no significant effect in female patients (Fig. 8). In particular, for
NFKB1, a significant male-specific effect was detected (P < 4%, robust at P < 5% in 22/24 and P
< 10% in 24/24 leave-one-out validation cohorts), with a two-fold increase yielding an average
EF reduction of 15%. For CCN2, a significant male-specific effect was detected (P < 2%, robust
at P < 5% in 22/24 and P < 10% in 24/24 leave-one-out validation cohorts), with a two-fold
increase being related to an average reduction in EF of over 7%.

Table 5: Models with interaction terms

Beta SE P value AlC robust <5% robust <10%
CCN2:sex 0.02 33.02 22/24 24/24
CCN2:male -0.13 0.06 0.02
CCN2:female 0.40 0.51 0.41
NFKB1:sex 0.02 30.62 22/24 24/24
NFKB1:male -0.10 0.05 0.03
NFKB1:female 0.02 0.10 0.81
NFKB1 CCN2
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Figure 8: Beta coefficients of the gene:sex interaction terms. Bars indicate standard errors for male (circles) and
female (diamonds) sex. Notably, the coefficients for male-specific effects have narrow error bars and away from 0,
showing their clear significance. In contrast, the female-specific interaction terms are not statistically significant,
reflected by them not being distinguishable from O (either the coefficient is itself at / close to 0 or the error bars are
very broad and crossing 0).
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3.1.4. Sex specific differences in the response to pressure overload

The present study is the first to show that in cardiomyocytes isolated from AS patients gene
expression differs significantly between the sexes. In particular, the expression of a number of
genes associated with maladaptive remodelling was higher in cardiomyocytes of male patients
compared to female patients. An additional novel and important finding of this study is that the
expression of two inflammatory genes, i.e. CCN2 and NFKB1, was negatively related to EF and
this was in a sex-specific manner.

The development of PO-induced LVH differs significantly between men and women'?**1%_Tq

this extent, we found here sex-specific remodelling of the heart. In particular, at a similar degree
of LV outflow obstruction, male hearts had significantly increased LV end-diastolic diameter and
decreased EF compared to female hearts. These sex differences in geometry and function may
influence outcome. It has been shown that EF and mid-wall stress were better preserved during
the progression of AS in women compared to men'*®**". This indicates that women develop
initially a form of remodelling that is more adaptive to PO in terms of function. Of note, although
the progression of the stenosis itself was not significantly different between the sexes, women
showed 31% lower all-cause mortality independently of treatment, age or blood pressure™®”.
Previous studies investigating samples from patients and experimental animals have provided
insight into potential mechanisms underlying sex differences in PO**% However, they were
based on multi-cellular LV tissue samples. Consequently, we aimed here at the assessment of
gene expression in cardiomyocytes isolated from AS patients. As a pilot study, we took a targeted
approach focusing on structural genes, because they are involved in the development of PO-
induced LVH and LV remodelling. We found that the expression of ACTC1, GJAL, MYLA4,
NPPA and NPPB, which are associated with LVH and maladaptive LV remodelling®, was
higher in male cardiomyocytes compared to female cardiomyocytes. In addition, the levels of
GATAA4, which is an important transcription factor involved in the development of LVH and
HF*, as well as the levels of its downstream targets MYH6 and NPPA, were higher in male
cardiomyocytes compared to female cardiomyocytes. Although several factors may influence
disease progression and outcome'“®**!, the overall induction of these hypertrophic factors in male
cardiomyocytes indicates maladaptive remodelling at the molecular level occurring in male
patients and supports the view that they may play a key role in the worse outcome observed in
men under PO. Notably, the novel finding of increased gene expression of maladaptive
remodelling factors in cardiomyocytes of male patients than female patients suggests that the
male and female hearts remodel differently through divergent mechanisms. This raises the
question to what extent current knowledge, which mostly stems from research on males, is
relevant for females, ultimately calling for more research on females.

We further identified that the expression of two inflammation-related genes, CCN2 and NFKBL,
was higher in male cardiomyocytes compared to female cardiomyocytes, suggesting a male-
specific activation of inflammatory factors. Of note, assessment of the relationship between these
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two genes and cardiac function revealed that their levels were negatively related to EF in male
patients, pointing at the involvement of inflammatory factors with heart function and failure in a
sex-specific manner. Inflammation is a necessary process that ensues stress and injury, such as
myocardial infarction and hypertrophy. Consequently, initial activation of inflammatory factors is
crucial for the heart to maintain its integrity and function. However, persistent inflammation
contributes to disease progression and may lead to HF.

CCN2 encodes cellular communication network factor 2, also known as connective tissue growth
factor (CTGF), which is a member of the CCN family of cytokines. Nevertheless, CCN2 does not
act as a traditional growth factor or cytokine, but rather as a matricellular protein, induced by
transforming growth factor-beta (TGF-f), as well as a cofactor for and downstream mediator of
TGF-p*#!*3  thereby contributing to cardiac fibrosis***. The levels of CCN2 have been
previously shown to be induced in cardiac tissues of humans and experimental animals in
HFX21° hut have not been previously studied at an earlier phase of LV remodelling, i.e.
compensated LVH, or in isolated human cardiomyocytes. In fact, the role of cardiomyocyte-
derived CCN2 is not clear, while fibroblast-derived CCN2 appears to be crucial for the
development of cardiac fibrosis in mice**. We postulate that a pro-inflammatory role might be
more relevant for cardiomyocyte-derived CCN2 (discussed below). Collectively, we put forward
that the increased expression of CCN2 in male cardiomyocytes under PO may contribute to
increased vulnerability to cardiac dysfunction and worse prognosis in men.

NFKB1 codes for the nuclear factor kappa B subunit 1 (NF-kB), which belongs to a family of
transcription factors playing a central role in immune and inflammatory responses. Rodent
studies have linked NF-kB to the hypertrophic response of the heart. Its prolonged activation is
detrimental, triggering chronic inflammation through the induction of inflammatory factors,
ultimately leading to HF**". Along this line, activation of NF-kB has been reported in cardiac
tissues of HF patients™*®*°, but as with CCN2, any regulation of NF-kB at an earlier phase of LV
remodelling or in isolated human cardiomyocytes is poorly understood. Interestingly, CCN2 has
been shown to activate NF-xB in the mouse aorta and kidney, thereby promoting pro-
inflammatory factors and inflammatory cell infiltration*****!, This suggests a pro-inflammatory
role of CCN2 together with NF-kB in male cardiomyocytes. Their persistent induction might
render male patients more prone to the development of HF with depressed systolic function.

Our modelling approach revealed that increasing the expression of CCN2 and NFKB1 two-fold
yielded a 7% and 15% average reduction in EF of male patients, respectively. This suggests that
male-specific activation of pro-inflammatory factors may contribute to LV remodelling and
cardiac dysfunction. On the basis of this, we put forward that male patients with compensated
LVH might benefit from therapeutic interventions targeting CCN2 and NF-«xB. This could
address the unmet need for effective anti-inflammatory therapies, since antagonism of the pro-
inflammatory cytokine tumour necrosis factor (TNF) in HF has been discouraging®®***3. It has to
be noted, though, that such anti-inflammatory strategies were used in chronic HF. Our data
indicate that activation of inflammatory factors already occurs during compensated LVH.
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Therefore, we posit that onset of treatment against these targets at an earlier phase of cardiac
remodelling may prove useful for the prevention of the progression from compensated LVH to
HF. Novel anti-inflammatory strategies targeting the CCN2 and NF-«B pathways deserve further
research to identify selective inhibitors reaching therapeutic efficacy and minimizing systemic
toxicity.

Moreover, these findings provide insight into the diversity of pathological mechanisms
implicated in the development of HF. Over the past years, the clinical definition of HF as a
uniform phenotype and pathophysiology has been strongly refuted. Although EF has been used
for decades as a clinical quantification of HF, current research has highlighted the high
prevalence of HF with preserved EF (HFpEF) and its strong association with the female sex******,
The present findings support the hypothesis that different molecular mechanisms would initiate
diverse disease trajectories and highlight the need for more research, in order to understand the
background and individuality of every presentation of clinical symptoms of HF, starting with sex-
specific differences. Doing so would lead to a more personalized medicine and a better
management of this very frequent syndrome with poor outcome.

In conclusion, the present findings show pronounced sex differences in gene expression in
isolated human cardiomyocytes and a significant male-specific association between cardiac
function and inflammation-related genes. Together, this might contribute to the transition of
compensated LVH to HF in the male pressure-overloaded heart, thereby determining
postoperative recovery and the development of symptomatic HF with depressed systolic function.
Taking these sex differences into account may contribute towards a more accurate design of
research and the development of more appropriate therapeutic approaches for both men and
women.

Future studies should take into account sex differences, as this will lead to a more accurate design
of research and will contribute to the development of more appropriate therapeutic approaches for
both men and women.

3.2. Relevance of traditional analyses to clinical research today

The sample size in this study might be considered relatively small. Surely, with a larger sample
size, more features could be added to statistical models, without losing interpretability or leading
to model over-fitting. However, this cohort is not unusually small, given that cardiac samples
were used from patients that have to continue with a functioning heart following biopsy-
sampling. This is the case with other patient tissue as well. Blood samples, for example, can be
more readily available in larger numbers but will not help us answer the tissue-specific disease-
related questions. Notably, the exploratory sample analysed in this study was adequate for
identifying significant sex differences in cardiomyocyte gene expression. In fact, this unique pilot
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dataset could already show the remarkable strength and robustness of both the overall gene
expression effect and the interaction effect with sex, reflected by the solid results obtained.

Such ‘Small Data’ studies allow for developing simpler models of relations between the few
tested variables'??, where complex interactions might show significance, but they do not allow for
meaningful interpretation, e.g., possibly overfitting the data. Robustness towards outliers needs to
be thoroughly tested in order to exclude the danger of a single patient being responsible alone for
the performance of the model. In our analysis we ensure this in the leave-one-out validation. It is
also difficult to find biomedical insights in a clinical cohort that will generalize to new
independent cohorts™®. Moreover, gPCR results are known to depend on the choice of
housekeeping genes. Specifically, expression data need to be normalized against housekeeping
reference genes. Under normal conditions, irrespective of internal and external factors, these
reference genes are expected to be expressed in all cells of an organism, because they are
essential in maintaining the most basic cellular functions, crucial for the existence of a cell.™>’
The commonly used housekeeping genes, however, are not always reliable, with their expression
varying under different experimental conditions, possibly adding noise and leading to false
results™®*®!. Defining these reference genes is nontrivial and depends on the context. With issues
like: deciding between a gene expressed in all tissues, or at a constant level across multiple

tissues, with alternative splicing here potentially causing a substantial challenge®’.

4. Chapter 4: Genome-scale analyses

4.1. Big Data enable genome-scale exploration

The apparent limitations of small datasets are overcome when working with genome-scale data,
such as gene expression measured by microarrays or RNA-Seq. Housekeeping genes can still be
exploited for additional control or the purpose of adjusting unbalanced datasets*’, but are not used
for normalization of such expression profiles’®. On the other hand, such molecular studies are
characterized by a very high feature dimensionality, with thousands of genes measured, but again
only a relatively limited number of samples, i.e. small patient cohorts. This is an issue in various
applications of bioinformatics'®®*®°, sometimes referred to as the curse of dimensionality, and it
hinders the interpretation of biological signal, with hundreds to thousands of genes found to be
implicated in a disease being explored. In order to overcome this issue in an efficient way, it is
necessary to reduce the dimensionality of the data with statistical techniques*®**®®. An established
way to facilitate analyses of gene expression, by reducing the high dimensionality and the noise
inherent to gene expression data'®® %8, is a summarization of the expression at pathway level'’.
This is, moreover, a form of data integration, combining prior domain biochemical knowledge
with gene expression, and also combining measurements across genes.
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Notably, each genome-scale data type has different characteristics, with different type-specific
random variation, or noise, present, and bias introduced by multiple different factors® 166168177,
Importantly, there is a stronger correlation of measured effect, like gene expression, between
technical replicates than between different subjects, i.e. biological replicates™®. In order to
distinguish relevant biological signal from technical noise, an appropriate number of biological
replicates from each compared condition needs to be accounted for'’®. Apparently, including
more biological replicates in an experiment improves the reliability of the identified signal'®°.
Thus, naturally, biological variation will be the lowest across replicate cell-line samples,
increasing between tissue samples in model organisms, and the highest between human patients
for whom usually no technical replicate measurements are available. We analyse the following
corresponding datasets in the order of increasing variation.

4.2. Cell line assays as an example for low noise experiments

Biological variation will be the lowest across replicate cell-line samples. This should enable us to
perform meaningful analyses with only a small sample count and highly dimensional data. In the
following work we employ two well established gene expression technologies each, microarrays
and RNA-Seq. Specifically, we design and develop a novel microarray to help optimize Chinese
Hamster Ovary (CHO) cells growth, highly relevant for biotechnological processes™®!. We then
focus on mouse embryonic stem cells, finding a gene responsible for deriving thyroid
progenitors, with important implications for the fields of pluripotent stem cell (PSC) biology and
regenerative medicine?. In order to reduce the dimensionality of the data and extract higher level
biological knowledge we always integrate external knowledge and perform gene set enrichment
analyses.

4.2.1. Chinese Hamster Ovary cells profiled by a novel high-performance
microarray

Chinese Hamster Ovary (CHO) cells are the most important mammalian cell line'®® for the
production of therapeutic proteins due to their ability to perform human-like protein folding with
proper glycoforms. They are regarded as safe hosts and can easily be adapted to different culture
conditions®!#. The adaptation of CHO cells to serum-free and suspension growth is state of the
art today, as serum is an ill-defined, variable, animal-derived mixture, which also harbors a
contamination risk'®. Serum-weaned CHO cells will detach and grow in suspension, a beneficial
side-effect that allows the switch from static to shaken and stirred cultivation conditions, leading
to better scalability. Nevertheless, the adaptation, a labor- and time-intensive process™®®, often
leads to reduced proliferation, as serum contains many growth supporting factors'®. Little is
known about changes in CHO cell metabolism and gene regulation caused by serum- to protein-

free adaptation®.
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Possible approaches to investigate the state of cells include transcriptome, proteome and
metabolome analyses. The targeted comparison of cells with distinct characteristics can lead to
identification of new engineering targets to enhance cell line performance®®*%. Vice versa, these
technologies are used on engineered cells®**? or on cells grown in modified media or under
varied culture conditions'® %% to identify deregulated pathways or genes which might be
responsible for the observed beneficial cell characteristics. As many of the growth factors present
in serum directly interact with the regulation of gene expression, an analysis of the transcriptome
appears the most suitable strategy to investigate the effect of serum-weaning on cell behavior.

The transcriptome is usually interrogated using genome-scale profiling platforms such as gene
expression microarrays, RNA-Seq, SuperSAGE, or even a combination thereof'**% while
RNA-Seq has been embraced enthusiastically as a novel method for expression analysis because
of its power to discover and profile unknown transcript sequences, work to systematically
identify and remove sequence specific measurement distortions is still in early stages'®%. In
contrast, microarrays have been well established for more than 20 years, and with the
development of robust data processing methods they have become a highly effective tool for the
routine profiling and comparison of samples. Recent work increasingly suggests that microarrays
actually complement RNA-Seq for sensitive genome scale quantitative profiling, with both
technologies having rather different strengths and weaknesses®*®®. In general, RNA-Seq
provides better sensitivity and specificity for strongly expressed transcripts, whereas microarrays
can obtain a better signal to noise ratio for low expressors, including many transcription factors,
which are known to show biological activity also in relatively low abundances'***%% |t has
been observed that microarrays more sensitively identify pathways related to protein secretion,
which is of particular relevance to biotechnological strain optimization®’. When target sequences
are known, microarrays thus remain a highly attractive tool in the quest to systematically and
sensitively assess and analyze the regulation of the transcriptome of CHO cells for optimized
biotechnological applications.

Before the first CHO-genome became publically available in 2011%", either microarrays for Mus
musculus were applied for transcriptional profiling of CHO cells %% or CHO-specific
microarrays were constructed to target those transcripts identified by expressed sequence tag
(EST) sequencing®®2%. The first CHO-specific microarray contained 2,602 probes for targets
mapped by ESTs?®, with later designs including up to 10,000 probes for ESTs’®. The
WyeHamster2a chip was generated by combining ESTs and CHO sequences from public
databases, covering a total of 3,567 distinct CHO-specific sequences, representing less than one
third of the expressed genes in CHO?®. These earlier chips left a large part of the transcriptome
uncovered, indicating their limited effectiveness for systematic genome scale expression
profiling. Recently, full genome chips were generated by collecting RNA-Seq data of several
CHO cell lines and Chinese hamster tissues*'® or from a comprehensive CHO transcript database
that uses multiple sources of available sequence information®*?*2, Unfortunately, none of the
above mentioned designs are publicly available to researchers in the field.
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We here therefore introduce and validate a high-performance microarray platform for the
scientific community. The efficacy of the platform is demonstrated in an examination of the
transcriptome of CHO cells grown in the presence and absence of serum. The obtained molecular
understanding of gene expression changes is then successfully used to enhance the growth of
serum-free cells by medium optimization.

4.2.1.1. Novel microarray design

A total of 22,036 transcripts were obtained from NCBI, comprising 22,021 unique sequences.
Clustering these into groups of highly similar transcripts, led to 20,627 unique transcripts
standing alone. In addition, 1,394 sequences formed 620 clusters with over 90% sequence
identity, where each cluster is assessed by a joint probe. In all subsequent analyses, we reference
groups of clustered sequences by a representative transcript. Thus, the design targets consist of
20,627 singletons and 620 cluster representatives. While a perfect match to all targeted transcripts
in a cluster is required and enforced, we aim for minimal cross-hybridization both to other known
transcripts, and also potentially unknown transcripts in intergenic regions of the genome. After
global probe set optimization for specificity, sensitivity, and uniformity, our design covered
21,565 (98%) of the design targets (Fig. 9), of which 20,853 (95%) were covered with high
specificity, showing no detectable cross-hybridization potential to any other transcript or
intergenic region, which might harbour unknown transcripts.

Microarray Design Targets Target Groups Covered

867;4%
397;2%

694; 3%
397;2%
158;1%

m single targets with no DXH

m multi targets with no DXH
single targets with DXH

m multi targets with DXH

m complex confounders

19986;
19986; 91% 94%

Figure 9: Summary of design target properties. The left panel shows the design fate of the 22,021 unique
transcripts processed: 91% of them are covered as single targets and with no detectable cross-hybridization (blue), cf.
Methods. About 4% fall into multi-target groups of highly similar sequences, such as arising from a recent gene
duplications, which can be measured together showing no detectable cross-hybridization (orange), for a total of 95%
that can be assessed with high-specificity. For single targets and clusters of highly similar targets (‘multi targets’),
respectively, only 2% and 1% could not be assessed without detectable cross-hybridization (yellow and green).
Finally, just 2% of all design targets showed complex interaction patterns so that conservative probes could not be
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obtained (brown). The right panel shows a summary of properties for the target groups covered by the microarray
design. The same colour code is used. 97% of all target groups can be assessed with high-specificity. In the legend
box, ‘detectable cross-hybridization’ is marked as ‘DXH’.

We then confirmed the robustness of our design, with regard to a major new annotation release,
with the original design retaining specificity and comprehensive coverage even after this
substantial annotation update. Furthermore, we mapped all the specific probes to the new
annotation to estimate the genes covered by probes of our design, demonstrating stringent
specificity of probes and ensuring that designs will remain robust also under subsequent

annotation updates®®.

4.2.1.2. Media supplement optimization through pathway information

RNA samples of CHO-K1 cells, grown adherent in medium containing 5% fetal calf serum, were
compared to samples obtained from the same CHO-K1 cell line after adaptation to growth in
suspension in a protein-free medium®®’. Based on the prior understanding of the response to
serum withdrawal, one would expect these samples to have an altered transcription pattern
reflecting (a) the removal of growth factors and hormones as well as small molecules present in
serum or bound to serum-components from the medium and (b) the morphological, mostly
extracellular matrix related changes that occur with adaptation to growth in suspension. We find
369 genes differentially expressed under a g-value of 0.05".

GO*32 annotation from mouse was transferred to CHO by predicted orthology because no
systematic GO assignments were yet directly available for CHO. Significantly enriched GO-
terms are shown in Tab. 6, and the graph indicating their positions in the respective GO trees is
provided in Fig. 10. Out of the 120 GO terms with g-values < 0.05, 54 were related to
extracellular matrix and 4 were related to lipid metabolism (Tab. 6). The other terms were
connected to cellular response to the environment and to metabolism.
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Table 6: Enriched Gene Ontologies. GO terms related to extracellular matrix and lipid metabolism are highlighted.

Cellular component, biological process and molecular function are abbreviated as “C”, “B” and “M” respectively.

ID p.adjusted |GO category [name

G0:0044421 2.41E-Q07|C extracellular region part

GO:0005576 2.41E07|C extracellular region

G0:1901615 7.03E-05|B organic hydroxy compound metabolic process
G0:1901617 2.91E-04|B organic hydroxy compound biosynthetic process
G0O:0008299 | 0.001328479|B isoprenoid biosynthetic process

G0O:0008202 | 0.001356965 | B steroid metabolic process

GO:0006694 | 0.009243104 | B steroid biosynthetic process

G0O:0006066 | 0.016104007 | B alcohol metabolic process

G0:0065010 | 0.016431729|C extracellular membrane-bounded organelle
GO:0006720 | 0.027220461|B isoprenoid metabolic process

G0O:0044710 | 0.036249463 | B single-organism metabolic process
G0:0043230 | 0.036249463 | C extracellular organelle

GO:0006950 | 0.036249463 | B response to stress

G0O:1901681 | 0.036249463 |M sulfur compound binding

G0:0010035 | 0.036249463 | B response to inorganic substance
G0:0005539 | 0.036249463 | M glycosaminogly can binding

GO:0008152 | 0.036249463 | B metabolic process

G0:0003823 | 0.036249463 | M antigen binding

G0:0031012 | 0.042498891|C extracellular matrix

G0:0016765 | 0.044196523 |M transferase activity, transferring alky| or ary| (other than methyl) groups

Figure 10: GO-Tree. Enriched GO-terms due to serum-free adaptation are depicted in green (biological process),
purple (cellular component) and yellow (molecular function).

We then analysed enriched KEGG*"® pathways. The 369 differentially expressed transcripts of
our novel chip, which corresponded to 364 genes, were mapped to the KEGG pathways. 170 of
the differentially expressed genes were associated with one or more pathways. 10 pathways were
highlighted as significantly enriched (g-value < 0.05; Tab. 7) and the genes were highlighted on
these maps indicating their fold change'®!. Of these, 3 were related to lipid and fatty acid
metabolism (KEGG-ID: 00072, 00100 and 00900). Glutathione metabolism is related to
antioxidant defense and detoxification. The other terms (KEGG-ID: 00980, 00982, 01524,
05204) were related to cytochrome p450 and cancer, and were significant because of their high
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number of glutathione-related genes, which account for 75 — 80 % of the regulated genes in these
pathways. Also, glutamine- and glutamate metabolism, and in general metabolic pathways were
indicated as differentially regulated.

Table 7: Enriched KEGG-pathways

KEGG ID |name genes in pathway |total genes in pathway | proportion | p.adjusted
72| Synthesis and degradation of ketone bodies 4 12 0.333| 1.61E-03
100 | Steroid biosynthesis 7 20 0.35| 6.40E-06
471|D-Glutamine and D-glutamate metabolism 2 3 0.667| 3.28E-03
480 |Glutathione metabolism 11 51 0.216| 2.25E-06
900| Terpenoid backbone biosynthesis 8 23 0.348| 2.25E-06
980| Metabolism of xenobiotics by cytochrome P450 11 72 0.153| 5.51E-05
982 | Drug metabolism — cytochrome P450 1 60 0.183| 8.93E-06
1100 | Metabolic pathways 45 1152 0.039| 5.56E-03
1524 |Platinum drug resistance 13 75 0.173| 2.25E-06
5204 |Chemical carcinogenesis 12 81 0.148| 3.04E-05

As lipid metabolism-related GO**?** and KEGG terms were the most prominently differentially

regulated pathways, we tested a standard lipid formulation supplement for its effect on growth
rate in protein-free medium. Although no GO and KEGG pathway enrichment was observed for
nucleotide metabolism, several genes involved in this process were differentially regulated,
including two that are known to be required for nucleotide synthesis (Hprtl, Atic). As faster
growing cells can be expected to have a higher requirement for nucleotides, we also tested a
nucleotide precursor supplement consisting of hypoxanthine and thymidine (HT).

Both supplements were used at two different concentrations, alone and in combination. After an
initial adaptation phase of two weeks, two batches were performed consecutively, each consisting
of two replicates for each condition. While each supplement alone showed no (lipid supplement)
to minor (HT supplement) growth enhancement, the combination of both lead to an increase in
growth of 10% (Fig. 11A). The growth rate was lower when calculated via viable cell volumes,
as the viable cell size decreases from day 0 to day 3 (see Fig. 11B). Another effect observed was
the reduction in viable cell size induced by supplementing the cells with hypoxanthine and
thymidine (Fig. 11B). This effect was most prominent on day 1 (20% size reduction), and
vanished again on day 4 (HT 1:100 supplemented) or day 5 (HT 1:50 supplemented). Thus, it
seemed to be highly dependent on the availability of HT supplement in the medium and was
quickly reversible.
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Figure 11: Media supplement batches. A: Growth rate [p] in exponential growth phase (72h). Stars indicate
significant changes in growth when compared to the cells without media supplements. B: Cell volume grouped by
the amount of HT-supplement added. The —HT line includes all samples without nucleotide addition, with or without
addition of lipids. The bars/points represent the mean + standard deviation of two batches, each consisting of two
replicates.

4.2.1.3. Enhancing cell growth via detection of transcriptomic differences

The adaptation of CHO-K1 cells to serum-free media in general leads to reduced growth in
suspension. To understand the phenotypic changes caused by serum deprivation, we compared
the gene expression pattern of cells cultivated in the presence of serum and of cells adapted to
growth in suspension in protein-free medium using microarrays. To this end, we have introduced
and validated the first public CHO-specific microarray, using state-of-the-art model based probe
design. Highly specific probes with no detectable cross-hybridization were designed for 95% of
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the targets, with 93% comprising single transcripts, and the remainder detecting groups of highly
similar transcripts (Fig. 9). It is noteworthy that transcripts with high similarity also cannot be
quantified reliably using RNA-Seq, because only a small fraction of reads will hit sequence
regions discriminating similar sequences, and the resulting high noise is particularly an issue for
complex transcriptomes, such as those of mammals'®. The main power of next-generation
sequencing methods lies in sequence discovery, mapping out the transcriptome of different
species. Indeed, for effective quantitative expression profiling by RNA-Seq, data analysis has to
exploit known gene models. Conversely, with custom microarray platforms well established,
once a revised genomic sequence or new gene modes become available from sequencing data,
microarray designs can be adapted on the fly to immediately take advantage of the latest updates,
with probes chosen to directly target the most informative sequence regions for effective
quantitative profiling. We have moreover shown that the performance of the platform design was
robust even to substantial transcript annotation updates.

We have applied this array to understand the biology involved in CHO adaptation to protein-free
medium and suspension growth. As expected, after GO and KEGG pathway enrichment analysis
several GO-terms were found to be enriched that are linked to the extracellular matrix, which is
remodelled due to transition from adherent to suspension growth (Tab. 6). In addition, significant
changes in sensing of the environment and in metabolism were detected (see Tab. 6, Tab. 7).
There was significant impact on isoprenoid and several lipid biosynthesis pathways, which were
downregulated in the serum-supplied culture. This could be due to the fact that serum contains
significant amounts of steroids and cholesterol, bound to carrier proteins such as albumin and
lipoproteins, thus provided in a soluble form®®, while protein-free media provide these
substances only in small amounts due to their low solubility. CHO cells are able to synthesize
their own isoprenoids and lipids, and the amounts required to be synthesized will depend on the
availability in the medium?®. These changes can also be explained by the necessity to change the
molecular composition of the plasma membrane for cells growing in suspension rather than as
adherent cells?" 28,

The terms antigen-binding, response to stress and glutathione metabolism were also significantly
enriched. Most of the associated genes were downregulated in the serum-supplemented culture,
indicating that the CHO-K1 cells were under less stress than the protein-free suspension adapted
cells, as stress induces genes connected to glutathione metabolism?°*?? and antigen-
presentation??*??2. This is probably caused by the mechanical force and the higher oxygen supply
which was applied to the serum-free and suspension-adapted CHO-K1 cells due to the dynamic
cultivation system used®”® and the higher cell density per ml culture volume. Though the
regulation of growth-factor related signaling cascades is highly associated with phosphorylation
rather than with transcriptomic changes®?, it is still surprising that complete removal of all
growth factors caused no significantly regulated pathway.

Still, the GO and KEGG pathway enrichment analysis can only find a portion of all phenotypical
relevant transcriptomic changes, considering that not all differentially expressed genes are
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annotated with GO-terms or KEGG-IDs and that small number of significantly regulated genes
are often not detected by enrichment analysis. Thus, the differentially expressed gene list*®
complements the information extracted by the enrichment analyses. Several genes involved in
nucleotide metabolism, with two of them (Hprtl, Atic) associated to nucleotide synthesis, were
found to be differentially regulated, though no GO and pathway enrichment was indicated.

Considering the results reported above, we next aimed to enhance the phenotype of serum-free
and suspension adapted CHO-K1 cells by media supplementation. As lipid biosynthesis includes
many enzymatic steps and requires ATP as an energy source, we decided to supplement the cells
with cholesterol and other lipids to unburden this biosynthetic machinery. In addition, based on
the observed upregulation of nucleotide synthesis in the protein free culture, nucleotides were
added to the media. With a combination of these supplements, a significant growth enhancement
could be induced (Fig. 11A, p < 0.05, t-test). The energy which had been used for lipid
biosynthesis has now become available for other cellular processes. Also the supplementation of
cells with hypoxanthine and thymidine should shift the cells more from de novo synthesis to
salvage pathways, which consume less energy. When HT-supplement was added to the cells, a
reduction in cell size occurred in addition to growth enhancement. This seemed to be reversed
when the supplement is depleted (Fig. 11B). An increase in maximum cell density due to HT
supplementation which was reported in a previous study®** could not be observed here. As HT-
supplemented cells were already smaller when seeded due to the adaptation phase and as the
relative change of cell size reduction over the batch was similar for cells with and without HT-
supplement, the measured growth enhancement by supplementation was not affected by the cell
size reduction. Further investigation is necessary to determine the detailed characteristics of the
phenotype induced by the HT-supplement.

With the first public genome-scale CHO-specific chip design introduced and validated here, we
were able to sensitively detect transcriptomic differences which occur in CHO-K1 cells due to
adaptation to protein-free and suspension growth. Based on the results, it was possible to design a
medium supplementation strategy which enhanced the growth phenotype. Additionally, an effect
on the cell size was observed when HT was added to the media.

4.2.2. Mouse embryonic stem cells for deriving thyroid progenitors via gene
overexpression

Tissue progenitors are important intermediate cell types in embryonic development. Since these
cells give rise to all mature cell types within a given tissue, their in vitro derivation has important
implications for the fields of pluripotent stem cell (PSC) biology and regenerative medicine.
Significant advances in anterior foregut endoderm (AFE) progenitor biology in recent years*®
have led to derivation of AFE lung and thyroid progenitors (TPs) and their clinically relevant
progeny from PSCs®*® 232, However, with one notable exception®’, efficiencies of progenitor
derivation have been relatively low (<40%).
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Overexpression of transcription factors (TFs) is a well-established approach to manipulate
cellular identities as it results in reconfiguration or emergence of core TF networks, with
derivation of induced pluripotent stem cells (iPSCs) from somatic cells being the most prominent
example?®. Inducible TF expression in PSCs has been primarily used to enhance the derivation
of differentiated progeny”** . For example, Costagliola and coworkers®®** used forced
overexpression of the thyroid TFs Nkx2-1/Pax8 in mouse embryonic stem cells (mESCs) to
derive thyrocyte-like cells with high efficiency (60%) that formed in vitro follicular structures
and rescued athyroid mice upon transplantation. Despite the impressive findings, this work
neither focused on developmental stage competence nor examined the mechanisms of this
conversion. Overall, studies that systematically investigate the interplay between pulsed
heterologous TF expression and developmental stages in directed differentiation of PSCs are
lacking. Such studies may provide valuable insights in the cellular plasticity of developmental
intermediates and lead to rational design of robust and efficient directed differentiation protocols.
To address these questions, we used thyroid directed differentiation?”® in combination with
transient Nkx2-1 overexpression as our model system.

We make use of novel computational methods®****® and genome-wide gene expression analysis

by RNA-Seq to demonstrate that the thyroid-like cells induced by NKX2-1 are similar to mouse
embryonic thyroid epithelial cells. Finally, we employ mathematical modeling to suggest that the
Nkx2-1 overexpression effect is potentially governed by a time-dependent bistable switch?.

4.2.2.1. Stem cell systems model complex disease states

PSC-based systems hold great promise for the mass production of transplantable, clinically
relevant cell types and for in vitro modeling of complex disease states. Currently, a major
roadblock to achieving these goals is the poor or variable differentiation efficiency of many
differentiation protocols. This study used developmental-stage-specific overexpression of a single
TF, NKX2-1, to (1) investigate how cell competence changes in a dynamic, developmentally
relevant system and (2) improve the efficiency of thyroid progenitor specification.

Our results demonstrate that the inductive effect of NKX2-1 is restricted to a singular stage of
competence contingent on several synergistic parameters (FOXAZ2 levels, duration of
anteriorization, and BMP4/FGF2 signaling), implying that AFE-staged cells possess a unique
epigenetic status allowing for robust conversion to thyroid (Fig. 12). Respiratory lineages were
not derived as indicated by insignificant numbers of SPC+ cells and the only presumed lung
marker with high levels of expression (Sftpb) is expressed in both adult mouse (Figure S2A in
Dame et al?) and human thyroid (http://gtexportal.org/home/gene/SFTPB). We presume that the
absence of Wnt agonists, an important signal for lung specification?"?*%?*! is the major reason
for the paucity of respiratory lineages following NKX2-1 overexpression in our system.
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Figure 12: Graphical depiction of the developed differentiation system. Anterior foregut endoderm (AFE) is
robustly differentiated to thyroid progenitors via overexpression of NKX2-1.

4.2.2.2. In vitro might be on par with in vivo models in some applications

Our study also achieved the practical goal of highly efficient thyroid differentiation. Our data
indicate that the majority of the derived progenitors acquired a thyroid identity comparable to
their in vivo counterparts, and importantly, their progeny gave rise to follicular-like structures in a
3D environment, expressed genes of thyroid hormone biosynthesis at levels comparable with
adult thyroid, and produced high levels of T4 hormone. Overall, it appears that brief NKX2-1
exogenous expression during a well-defined window of maximum thyroid competence is
sufficient to dramatically increase the yield and robustness of PSC thyroid specification and
differentiation. Although a similar end-stage result has been previously reported through direct
reprogramming of mESCs?**, our approach delves into the mechanistic aspects of thyroid fate
decisions and competence at a developmentally relevant stage. Further work is needed to define
whether the thyrocyte-like cells produced downstream in our system are functionally equivalent

to the reprogrammed cells and to the progeny of purified bona fide TPs**.
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4.2.2.3. NKX2-1 overexpression leads to efficient thyroid derivation

We report that NKX2-1 can function as an inductive signal at the AFE stage of thyroid directed
differentiation (Fig. 12) as its transient expression converts AFE-staged cells to thyroid-like cells
with high efficiency (>70%)?. The resulting cells differentiate to thyrocyte-like cells that self-
organize to epithelial, follicle-like structures in 3D Matrigel culture. The effect is tightly
regulated and pertains only to a narrow developmental window of competence defined by and
contingent on dual BMP and FGF signaling, thyroid-competent AFE subpopulations and correct
anterior patterning of definitive endoderm.

This system can also be useful as a discovery tool in the absence of lineage-specific reporters.
Analysis of the RNA-seq has identified cell surface markers as well as potential regulators of
thyroid fate in AFE and early thyroid progenitors. Some of the TFs identified (Irx5, Hoxb8, Isl1)
have been involved in mouse foregut and thyroid development®****®, while others, such as
PROX1, have been implicated in human thyroid disease?**. Future PSC-based and in vivo studies
will unravel the thyroid-related function of select TFs during thyroid specification and
development.

Our theoretical model proposes a bistable positive feedback loop as the underlying mechanism to
describe the endogenous Nkx2-1 locus activation at the AFE stage leading to subsequent
stabilization of the core TF network, establishing thyroid identity. Future work will focus on
experimental validation of the model and investigate the possibility that bistable switches
controlling bifurcation dynamics in cell-fate decisions®*® can lead to the development of highly
efficient and robust protocols of general applicability.

4.3. Tissue samples from model organisms

We next look at two different datasets of model organisms that should reflect human biology
even better, RNA-Seq expression of mouse®, and proteomics of sheep*. Model organisms, like
the widely researched mouse, allow scientists to extensively study evolutionary conserved
biological processes and developmental mechanisms, with discoveries made potentially
explaining also human biology®*®?*". In particular, model organisms should, however, also allow
us to study human disease, where experimentation on human subjects would be impossible and
unethical. Even though mice are widely used in research, they differ physiologically from
humans to an extent that makes them less desirable as models of human disease, with the links
between genes and disease most probably being different than in humans®*®%*®, Physiologically
more similar to humans in both size and longevity, larger animals, like sheep, should provide a

better alternative to mice for studying specific human condition®*.
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4.3.1. Mouse model for finding the genetic program of differentiation to lungs

Pluripotent stem cell (PSC)-based systems offer the possibility of de novo somatic cell derivation
through directed differentiation, a multistage process with recapitulation of developmental
milestones®®. This methodology relies heavily on prior knowledge of developmental pathways
and processes within the tissue/organ of interest and incomplete developmental knowledge can be
a significant impediment to the establishment of efficient directed differentiation protocols.

This is well-illustrated by the late emergence of protocols for anterior foregut derivatives, such as
lung, thyroid and thymus as opposed to the more mature research areas of pancreatic/hepatic
differentiation®®®. In particular, the impressive progress in the last ten years in PSC-derivation and
downstream differentiation of respiratory and thyroid lineages coincided with major advances in
understanding of cell fate decisions in vivo. In the case of thyroid specification, in vitro findings
were subsequently validated in vivo?®®. In the case of lung specification??, elucidation of the role
of Bmp and Wnt signals through loss-of-function studies in murine development®®?**?* has led
to the development of growth factor cocktails for derivation of lung progenitors from mouse and
human PSCs?26227:22925L - gimilarly, the in vitro derivation of ciliated cells®*®* as well as
proximal and distal lung progenitors®*?*® were made possible by in vivo studies of Notch
signaling in ciliated cell differentiation®” and Wnt signaling in lung proximal-distal patterning®®
260 respectively.

An important intermediate population in lung lineage derivation from PSCs is the lung epithelial
primordial progenitor population, i.e. the first cells within the foregut that are specified to a lung
epithelial cell fate, but do not yet express markers of lung epithelial differentiation, such as
surfactant genes. Nkx2-1, the earliest marker of lung fate, is first expressed in the prospective
lung domain of the gut tube at around embryonic (E) day 9.0 during mouse embryogenesis®*. It
is also expressed in the prospective thyroid domain, specified at around E8.5, and in the
developing forebrain®®?. Previous work with mouse and human PSC lines, from our group and
others, has therefore wused in vitro Nkx2-1 expression as a marker of lung
progenitors??’229.230251.255:26263 * \vjith  hoth distal alveolar and proximal airway epithelial
competence. Additionally, our previous work using Nkx2-1 fluorescent reporter lines has allowed
us to purify and study endodermal Nkx2-1* populations??®#2*#1283 Nevertheless, in the absence
of similar characterization of the earliest primary Nkx2-1" progenitors that arise during
mammalian organogenesis, a major question remains, how closely do the in vitro progenitors
resemble their in vivo counterparts? Indeed, previous efforts to study early thyroid and lung
patterning have used microdissection techniques that inevitably lead to isolation of mixed
populations®*>?*. Furthermore, the equivalent stage in human development is not readily
accessible and in vivo information on the lung primordium, even Pluripotent stem cell (PSC)-
based systems offer the possibility of de novo somatic cell derivation through directed
differentiation, a multistage process with recapitulation of developmental milestones®. This
methodology relies heavily on prior knowledge of developmental pathways and processes within
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the tissue/organ of interest and incomplete developmental knowledge can be a significant
impediment to the establishment of efficient directed differentiation protocols.

This is well-illustrated by the late emergence of protocols for anterior foregut derivatives, such as
lung, thyroid and thymus as opposed to the more mature research areas of pancreatic/hepatic
differentiation®. In particular, the impressive progress in the last ten years in PSC-derivation and
downstream differentiation of respiratory and thyroid lineages coincided with major advances in
understanding of cell fate decisions in vivo. In the case of thyroid specification, in vitro findings
were subsequently validated in vivo®®. In the case of lung specification®?, elucidation of the role
of Bmp and Whnt signals through loss-of-function studies in murine development®*®?*:%° has led
to the development of growth factor cocktails for derivation of lung progenitors from mouse and
human PSCs?26227:229.230251 " gimj|arly, the in vitro derivation of ciliated cells®®*%* as well as
proximal and distal lung progenitors®>*° were made possible by in vivo studies of Notch
signaling in ciliated cell differentiation®’ and Wnt signaling in lung proximal-distal patterning®®"
200 respectively.

An important intermediate population in lung lineage derivation from PSCs is the lung epithelial
primordial progenitor population, i.e. the first cells within the foregut that are specified to a lung
epithelial cell fate, but do not yet express markers of lung epithelial differentiation, such as
surfactant genes. Nkx2-1, the earliest marker of lung fate, is first expressed in the prospective
lung domain of the gut tube at around embryonic (E) day 9.0 during mouse embryogenesis®*. It
is also expressed in the prospective thyroid domain, specified at around E8.5, and in the
developing forebrain?®?. Previous work with mouse and human PSC lines, from our group and
others, has therefore used in vitro Nkx2-1 expression as a marker of lung
progenitors??’229.230251.255256263 - \vjith  hoth distal alveolar and proximal airway epithelial
competence. Additionally, our previous work using Nkx2-1 fluorescent reporter lines has allowed
us to purify and study endodermal Nkx2-1* populations®?#22%%1263 'Nevertheless, in the absence
of similar characterization of the earliest primary Nkx2-1" progenitors that arise during
mammalian organogenesis, a major question remains, how closely do the in vitro progenitors
resemble their in vivo counterparts? Indeed, previous efforts to study early thyroid and lung
patterning have used microdissection techniques that inevitably lead to isolation of mixed
populations®**?**. Furthermore, the equivalent stage in human development is not readily
accessible and in vivo information on the lung primordium, even from other lunged species,
would be highly informative for human PSC-based lung differentiation studies and future
regenerative medicine applications.

Here, we report the identification, purification, and global transcriptomic analysis of the earliest
detectable lung progenitors that compose the developing mouse lung primordium in vivo. We
compare the genetic program of these developing lung progenitors to foregut endodermal
precursors purified just prior to the onset of expression of the Nkx2-1 program and contrast these
programs to those of the Nkx2-1" lineages that compose the developing forebrain and thyroid.
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These comparisons delineate the unique genetic program of the lung primordium at the moment
of lung lineage specification in vivo and suggest pathways that regulate the emergence of lung
fate within the developing foregut endoderm. We then mine the global transcriptome of the in
vivo lung primordium to improve the critical stage of in vitro lung specification in a mouse PSC-
based system. We show that modification of cell culture conditions, including biomechanical
properties of the culture substratum can enhance the epithelial character of PSC-derived mouse
lung progenitors. By applying computational methods for classifying cell fate consisting of
Linear Algebra-based projections, we demonstrate the improved fidelity of progenitors derived
under novel conditions as reflected by increased projection scores onto the in vivo lung epithelial
primordial population. Thus, our approach delineates the unique genetic program of the earliest
primordial lung progenitors and underscores the importance of applying such an in vivo
“roadmap” to guide the specification of primordial organ progenitors that may be engineered in
vitro from alternate sources, such as PSCs.

4.3.1.1. Finding distinct genetic program of lung through transcriptomic analysis

Directed differentiation of PSCs has emerged as one of the most promising regenerative medicine
platforms, for disease modeling and future cell replacement therapies®®. One of the main
remaining obstacles in the clinical use of PSCs for the treatment of lung disease is the partial
understanding of the sequence of cell fate decisions that lead from PSC-derived anterior foregut
endoderm to functional, clinically-relevant lung cell populations. In vivo, the formation of these
cell types and, in fact, of all lung epithelial lineages depends on the critical moment of lung
specification, i.e. the decision of specific cells within the anterior part of the gut tube to become
lung primordial progenitors. It is then evident that an incomplete understanding of this particular
progenitor population can limit attempts to generate a similar population in vitro. By providing
global transcriptomic signatures of the earliest in vivo Nkx2-1" progenitors and quantitative
algorithms for their application, our work establishes important benchmarks against which cells
engineered in vitro can be compared as they proceed through the developmental gateway of
lineage specification. Consequently, our current work addresses deficiencies in the development
of lung differentiation protocols by applying computational methods to improve the efficiency of
in vitro lung progenitor derivation.

The underlying assumption of current lung directed differentiation protocols is that lung
epithelial lineages in vivo are derived through an Nkx2-1" intermediate primordial
progenitor?26:227230.263.266 \nje substantiated this statement by performing indelible marking of
Nkx2-1" lung progenitors around E9.0 using an inducible Nkx2-1 knock-in Cre driver and an
nT/nG reporter mouse®. Nuclear GFP-positive cells were exclusively found in the epithelial
(EPCAM" or CDH1") compartment of the developing lung at both E14.5 and E18.5 and most
importantly in cells expressing markers of ciliated, secretory, basal, AEC1 and AEC2 lung
epithelial lineages. These findings further support the wide use of Nkx2-1 as the earliest marker
of lung epithelial fate and strongly imply that the use of Nkx2-1 fluorescent reporters in mouse
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and human PSCs**?®® in combination with lung specification cocktails leads to derivation and
isolation of putative lung progenitors with broad differentiation competence.

Using our Nkx2-1 knock-in mouse we were able to sort Nkx2-1* lung epithelial progenitors at
E9.0 and characterized their transcriptome by bulk RNA-Seq (Fig. 13).
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Figure 13: RNA-Seq analysis of purified Nkx2-1" endodermal and ectodermal cell populations during mouse
development.

(A) Schematic of embryo dissection and NKX2-1°7* cell sorting at the lung primordium stage (E9.0, 18-23 somites)
and at E13.5. The Nkx2-1°7* lung, thyroid and forebrain domains were micro-dissected using an epifluorescence
stereomicroscope. At E13.5, thyroid is separated from the trachea prior to enzyme digestion and sorting (left panels).
Bivariate flow cytometry dot plots showing sorted NKX2-1°* cell populations (middle panel) and pre-specified
foregut endoderm (ENDM1"EPCAM™) and ectoderm (ENDM1 EPCAM®) (right panel).

(B) FACS-purified cell populations used in RNA-Seq analysis. The same colors are consistently used in subsequent
figures to identify the respective populations.
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(C) Number of cells recovered by flow cytometry and normalized per embryo for the NKX2-1°7"* populations (lung,
thyroid and forebrain) and foregut endoderm. Number of sorts: N=7 for lung, thyroid and forebrain; N=5 for foregut
endoderm.

(D) Nkx2-1 expression (RNA-Seq normalized counts) in sorted Nkx2-1°7* and Nkx2-1°"-negative populations.

(E) Nkx2-1 counts for all Nkx2-1°7* samples (triplicate lung, thyroid and forebrain samples) mapped on the Nkx2-1
locus. Normalized Nkx2-1 counts for each sample are indicated on the right.

(F) Principal Component Analysis (PCA) plot of the eight populations depicted in (B). Arrows connect specified
endodermal or ectodermal populations and their respective precursor stages. The partial overlap of the Nkx2-1" lung
and forebrain field populations is most probably due to the fact that both populations are heterogeneous and contains
mesenchymal, endothelial, neuronal, non-lung foregut, and other lineages.

4.3.1.2. Understanding the genetic program through pathway analysis

The simultaneous purification and characterization of other Nkx2-1" embryonic progenitors and
E8.25 precursor populations (foregut endoderm and ectoderm) allowed us to define the genetic
program of primordial lung progenitors and signaling pathways that appear to be specific to lung
specification, relative to early endoderm and thyroid epithelium (Fig. 14). Previous work in
Xenopus and mouse has elucidated signals, such as RA, that impart lung competence to foregut
endoderm?®”?%® as well as lung specification signals emanating from the mesenchyme, such as
Bmp and Whnt signals?*024:220251

Our pathway analysis does demonstrate activation of Wnt and Tgf-f superfamily pathways in
lung primordial progenitors versus foregut endoderm vindicating the use of Wnt and Bmp
activators in in vitro lung specification cocktails for both mouse and human PSC-based systems
(Fig. 14A). Although the Shh pathway is also upregulated in primordial lung progenitors, our ex
vivo foregut explant experiments demonstrate that it acts upstream of -catenin-dependent Wnt
signaling and it may be redundant for in vitro PSC-derived foregut specification as long as Wnt
activators are present. Interestingly, the retinol metabolism is downregulated in lung progenitors
which may imply that RA signaling is necessary for making foregut cells competent to adopt lung
fate but it is not required during lung specification as reported previously by Zorn and
colleagues®®’. As far as pathways regulating thyroid versus lung endodermal fates are concerned,
the PI3K-mediated signaling features prominently in thyroid-related (3/10 pathways) but is
absent from lung specification-related pathways (Fig. 14A). This is experimentally supported by
the inability of FGF ligands to rescue lung ablation following inhibition of Shh signaling in
foregut explants as well as previous work from our group showing FGF signaling is required for
thyroid but not for lung specification in vivo and in vitro®®?*!. More specifically, inhibition of
PI3K-dependent FGF signaling in either Xenopus or in-mouse ESC-derived anterior foregut at
the moment of thyroid specification completely abrogated thyroid fate??. Intriguingly, the Hippo
pathway also appears to be differentially expressed during lung specification (Fig. 14A) and
various YAP/TAZ targets such as Ankrdl and Cyr61 are upregulated whereas YAP/TAZ
negative regulators are downregulated in lung primordial progenitors relative to pre-specified
foregut endoderm (Fig. 14B). Yet, the significance of these findings is, at present, unclear as

Shh®"-driven Yap deletion within the foregut endoderm does not lead to lung agenesis®®°.
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Figure 14: The embryonic lung specification program, characterized by differential regulation of the Hippo, Wnt
and Tgf-p superfamily pathways.

(A) Heat map of normalized enrichment scores (NES) for pathways that are differentially regulated in specified
Nkx2-1+ embryonic populations by gene set enrichment analysis (GSEA). The KEGG pathways database was used
as basis for GSEA and an FDR cutoff of 0.25 was used for inclusion of pathways for each pairwise comparison.
Pathways that were functionally investigated are indicated with an asterisk (*).

(B) Heat maps of selected transcripts for the Hippo, Wnt and Tgf-f superfamily pathways showing differential
expression between pre-specified foregut endoderm and Nkx2-1+ lung primordium.

(C) Whole-mount confocal micrographs of uncultured, freshly isolated embryos at 25-28 somite stage (upper panel)
or mouse foregut explants (lower panel). Foreguts were explanted at the 8-somite stage and cultured for 2 days.
Nkx2-1 expression demarcates the lung and thyroid domains. Co-staining with Sox2 (upper panel) and E-cad (lower
panel) is used to visualize foregut endoderm; Arrow = Thyroid, Arrowhead = Lung.
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(D) Whole-mount confocal micrographs of mouse foregut explants. Foreguts were explanted at the 6-8 somite stage
and cultured for 3 days. E-cad co-staining marks foregut endoderm; Arrow = Thyroid, Arrowhead = Lung.

4.3.1.3. Comparing in vivo and in vitro models

Having transcriptionally defined a benchmark for lung primordial progenitors, namely the E9.0 in
vivo lung epithelial primordial progenitors, this work attempted then to define the fidelity of in
vitro lung progenitors derived under new biomechanical conditions. As the repertoire of in vitro
engineered cell types through directed differentiation, direct conversion, and forward
programming is rapidly expanding, it is essential to define the correspondence of in vitro-derived
and in vivo cell types. Several methods, including our own work, have been developed that apply
network analysis to cell fate conversions?’, identify TFs that underlie cell identity?’*?"* and
predict reprogramming TFs?*®2”. Previously, we found to what degree to thyroid progenitors
derived from PSCs through forward programming were similar to E13.5 thyrocytes®. Application
of the same methods in the characterization of in vitro lung progenitors showed that enhancement
of their epithelial properties resulted in increased resemblance to in vivo lung primordial
progenitors and highly reduced mesenchymal cell signature. Nkx2-1"'EPCAM® progenitors
derived under 2D and 3D conditions had similar scores that were greatly improved compared to
Nkx2-1" progenitors without EPCAM enrichment. This implies that most of the lung competence
in the 2D, suboptimal condition appears to be in the small (~1-2%) Nkx2-1"EPCAM" population.
Nevertheless, differential similarity scores to epithelial lung progenitors from later time points
indicate that culture on different substrata may introduce fate biases, a tantalizing possibility that
merits further study. The increased similarity to in vivo lung primordium of even the Nkx2-1’
EPCAM" population may seem perplexing at first glance, as the absence of Nkx2-1 expression
should signify the absence of lung or thyroid endodermal identity. Yet, the fact that this
population does not project on other lung epithelial lung populations and has a higher liver
signature suggests that Nkx2-1-negative cells are qualitatively different that Nkx2-1* epithelial
progenitors at the same stage of in vitro directed differentiation. It is also possible that the sorted
Nkx2-1'EPCAM" population contains less differentiated cells that were about to adopt a lung
fate, as suggested by the higher foregut projection of this population.

In summary, the current work defines the unique genetic program of in vivo primordial lung
progenitors and uses similarity analysis to increase the correspondence of PSC-derived lung
progenitors with their in vivo counterparts via manipulation of their biomechanical
microenvironment. Our findings and the proposed methodology provide a framework for rational
and systematic development and refinement of PSC directed differentiation protocols and can
propel future studies of lung primordial progenitors.
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4.3.2. Sheep’s secretome proteomics unravels molecular anti-inflammatory
mechanisms

Osteoarthritis (OA), a degenerative joint disease characterized by progressive articular cartilage
degeneration, is one of the most commonly diagnosed diseases in general practice and one of the
leading causes of disability worldwide?*?". In addition to its significant medical, social and
psychological impact on quality of life, OA is associated with commensurate socioeconomic
costs’”®2" As adult articular cartilage has little intrinsic repair capacity and current treatment
options are mostly palliative, the disease prevalence and burden places a strong emphasis on the
need for new therapeutic strategies that could modify the structural progression of the disease and
regenerate articular cartilage. The development of disease-modifying anti-OA drugs has thus far
proven to be challenging due to the complexity of the disease and the pathophysiological
pathways that drive OA progression. While OA has a multifactorial aetiopathogenesis involving
genetic, molecular, and biomechanical influences as well as life-style and environmental stress
stimuli, it culminates in a consistent molecular, structural and clinical sequence of disease
progression, characterized by inflammation, gradual loss of proteoglycans, collagen type Il
(Col2) degradation, cartilage fibrillation, loss of maturational arrest and phenotypic stability of
articular chondrocytes (as reviewed by Goldring et al*®® and Pap et al®*").

Fetal mammals, in contrast to adults, are capable of regenerating injured tissues including skin,
palate, tendon, bone and cartilage in the first 2 trimesters of gestation?®?%, and fetal scarless
regeneration is a paradigm for ideal tissue repair. Despite progress over the past decade, the
mechanisms of the tightly regulated process of scarless fetal healing, involving the interplay of
growth factors, cytokines, proteinases, and cellular mediators combined with differences in
cellular density, proliferation rate, inflammatory response, ECM composition and synthetic
function, especially compared to adults remain largely unknown®* 2%, Studies in dermal wound
healing identified qualitative, quantitative and temporal differences in growth factor and cytokine
expression between adult and fetal wounds 28%2%°2%

Experimentation on any humans, and especially fetal subjects, is impossible and unethical. In this
study, we aimed to (1) establish a standardized cartilage lesion model allowing comparison of
cartilage healing in adult and fetal sheep (ovis aries), large animals — physiologically similar to
humans in both size and longevity, that should provide a good model for studying human disease;
(2) establish the feasibility, repeatability and relevance of proteomic analysis of minute fetal and
adult cartilage samples; and (3) compare fetal and adult protein regulation in response to cartilage
injury.

The well characterized ontogeny of the ovine immune and inflammatory system and bone
marrow niche made the sheep an ideal model in which to examine fetal regeneration®*"?%. The
sheep is also a well-accepted and validated model for musculoskeletal disorders and particularly
cartilage degeneration®®***%, Hence sheep are commonly used to study therapies for osteoarthritis
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and articular cartilage lesions®*=>%. In addition, fetal sheep share many important physiological
and developmental characteristics with humans and have proven themselves invaluable models
for mammalian physiology 2*"*®. Results obtained in the fetal lamb have been directly applicable
to the understanding of human fetal growth and development and are highly predictive of clinical
outcome in a variety of applications including in utero stem cell transplantation®’293:307-311
Specific characteristics that make sheep particularly well-suited for osteoarthritis, regenerative
medicine and fetal regeneration research to obtain results of high clinical relevance are: (1) large
size facilitating repeated sampling from individual animals and harvest of adequate sample sizes;
(2) comparable bodyweight to humans; (3) similar mechanical exertion to humans®*3%; (4)
relatively long life expectancy (lifespan 8-12 years) allowing longitudinal analysis as well as
evaluation of long-term efficacy and safety of treatments; (5) long gestational period (150 days)
provides sufficient temporal resolution to translate findings obtained in sheep into human

parameters®®; (6) extremely well characterized immune development analogous to

humans?®"2%:314317-(7) ‘hone marrow ontogeny and niche development closely paralleling
humans®®. Furthermore, for the sheep model, a quite acceptable annotation status and
representative subsets of identified proteins are available on sources such as the NCBI (e.g.,

30584 genes and 69889 proteins)*® allowing good applicability and translation of the results.

The proteomic analysis of the differential response of fetal and adult cartilage to injury will have
a major impact on our understanding of cartilage biology and of the molecular mechanisms
underlying OA and cartilage regeneration, could help identify and target factors that are crucial to
promote a regenerative response and may allow the development of disease-modifying treatment
strategies to induce cartilage regeneration in adult mammals. A major challenge to the proteomic
characterization of the complex protein mixture in cartilage extract is the wide dynamic range of
protein abundance, making the detection of low-abundant proteins very difficult®**?°. However,
while technically demanding, studying the functional proteome gives a more comprehensive
picture of disease aetiopathogenesis than gene expression analysis alone, as its interpretation is

not limited by a possible disconnect between gene and protein expression levels®".

4.3.2.1. Technical feasibility of the novel sheep model

We first examined and confirmed that the ovine model, in repeatable fashion, supports complex
surgical manipulations required for the investigation of cartilage regeneration®. All sheep
tolerated laparotomy, uterotomy and fetal manipulation well, with no postoperative complications
or abortions. With our novel ovine cartilage defect model and analytical approaches we were able
to confirm regeneration in fetal versus scarring repair in adult sheep (Fig. 15).
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Figure 15: Healing of adult (5 months post injury) and fetal (28 days post injury) cartilage defects:
Haematoxylin and Eosin (H&E) stained sections. Adult (A and B): no repair except in areas of microfracture, tissue
mixture of fibrocartilage with partial hyalinisation, no integration with surrounding cartilage (see insert), Fetal (C
and D): defect filled to 80 - 90% with differentiating hyaline cartilage and the superficial 10-20% with repair tissue
with progressing hyalinisation, good integration with surrounding cartilage, processing artefact (*).

In this study we compared the adult and fetal response to cartilage injury 3 days after lesion
induction as this time point is established to be within the time window of inflammation for both
adult and fetal individuals, one of the injury responses hypothesized to crucially contribute to the
difference between adult and fetal healing. For the fetal injury response, it is only known that
cartilage regeneration occurs within 4 weeks, which is in stark contrast to the adult injury
response with an inflammatory phase of 3-5 days, a proliferative phase of 3-6 weeks and a
remodeling phase of up to one year duration resulting in a fibrocartilaginous scar. As the timeline
of the fetal injury response is not yet established, choosing a later date would have made data
interpretation and correlation of adult and fetal data impossible. Three days is within the peak
period of the adult inflammatory response, allows for recruitment of monocytes/macrophages to
the injury site and has been shown to be associated with signs of inflammation also in fetal
injuries in other tissues.

4.3.2.2. Ovine model supports comprehensive molecular profiling via proteomics

Protein identification was performed in an established fashion**** yielding an intensity value per

protein. We then developed a custom analysis pipeline, imputing missing values in order to
mitigate the effects of random non-observations, normalizing the data by a mean log-shift,
standardizing mean expression levels per sample’. We then fit linear models separately for each
protein, computing second-level contrasts for a direct test of differences between fetal and adult
responses to injury®”. Conservative Benjamini-Yekutieli correction was used to adjust for
multiple testing to give strong control of the false discovery rate (FDR). We call significant
features for g-values < 0.05. Linear models were adjusted for the nested correlation structure of
technical and biological replicates. Significance was assessed by regularized t-tests. For these,
group variances are shrunk by an Empirical Bayes procedure to mitigate the high uncertainty of
variance estimates for the available sample sizes®**.

Our results demonstrate excellent technical reproducibility, with variation clearly lower than
variation between biological replicates, indicating a high sensitivity of the proteomics profiling
workflow (Fig. 16). The robustness of our new cartilage defect model is reflected in the variance
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across biological replicates being small in relation to the examined biological effects, whether
injury versus control, or differences between adult and fetal samples (Fig. 16). For both adult and
fetal samples, low variance across replicates indicates good reproducibility of our experimental
setup, confirming that biologically meaningful signals can sensitively be obtained already from
moderate sample size. Furthermore, it confirms good standardization of our articular cartilage
defects between individuals of both the adult and fetal age group.

Replicate profile Spearman rank correlations
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Figure 16: Sample correlation structure. This figure compares pairwise sample correlations, with Spearman rank
correlation coefficients given in the boxes below the diagonal, which are visualized above the diagonal, with darker
and narrower ellipses indicating higher correlations. Rows and columns show sample labels, where A/F=adult/fetal,
c/i=control/injured, and #.# show biological and technical replicate numbers (n= 3 biological replicates/group, 2
technical replicates/biological replicate). For the visualization of the sample correlation structure, ellipses are plotted
as (x, y) = (cos(6+d/2), cos(0-d/2)), where 6 € [0,2m) and cos(d)=p, with p the Spearman rank correlation

coefficient®®,

Below we discuss the biological relevance of our new ovine cartilage defect model and MS
analysis. Specifically, secretome analysis of control and injured (3 days postoperative) cartilage
tissue samples derived from adult and fetal sheep, respectively, using high-resolution mass
spectrometry (MS) enabled the identification of a total number of 2106 distinct proteins. Thereof,
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445 proteins were found significantly regulated (q-value < 0.05) in response to cartilage injury in
adult animals, in contrast to 74 proteins in fetal animals (Fig. 17). Comparing protein baseline
expression, 1288 proteins were found significantly differentially regulated between fetal and
adult control animals. The injury response of fetal and adult sheep was significantly differently
regulated in 356 proteins.

Total Cartilage, Day 3 After Injury

Response

Fetal Adult
Response Response

Proteins with significant effects, FDR < 5%

Figure 17: Proteins implicated by a range of differential screening tests. Venn diagram gives an overview of
proteins implicated by a range of differential screening tests (n= 3 biological replicates/group, 2 technical
replicates/biological replicate). Specifically, we examine the average Total Response to injury (magenta), the Fetal
Response (blue), the Adult Response (red), and significant Response Differences (green). Separately assessing
significance of each of the four tests improves sensitivity and specificity by avoiding an accumulation of
thresholding artefacts. Comparing cartilage on day 3 after injury with matching control tissues yielded 385 genes
implicated in the total response incorporating the average evidence from all sample types
(7+9+0+35+261+2+56+15). Analogously, 74 genes were implicated in the fetal response (9+3+35+8+2+2+15), of
which 13 were newly identified (3+8+2+0). Conversely, 445 genes were implicated in the adult response
(45+261+64+2+56+2+15), of which 111 were newly identified (45+64+2+0). Response differences are shown by
356 genes with an injury response in fetal samples that was significantly different to that in adult samples
(3+0+45+35+261+2+8+2), including 3 previously not implicated genes, 8 genes so far only implicated in the fetal
response, 45 genes so far only implicated in the adult response, 2 genes already implicated in both, 35 genes already
implicated in the total and the fetal responses, 261 genes already implicated in the total and the adult responses, and
2 genes implicated in all, reflecting that response strength and direction of expression change can be affected
differently in the injury response of fetal and adult samples.

The main factors identified within the secretome were extracellular matrix proteins, growth
factors and inflammatory mediators such as cytokines and chemokines (Tab. 8). Considering the
key chondrocyte signalling pathways regulating processes of inflammation, cell proliferation,
differentiation and matrix remodelling, which include the p38, Jnk and Erk Map kinases, the PI-3
kinase-Akt pathway, the Jak-Stat pathway, Rho GTPases and Wnt-B-catenin and Smad

59



pathways>?®, our data provide an initial indication of differences in the inflammatory response to
injury between adult and fetal cartilage and suggest the active production of anti-inflammatory
and growth factors, such as Ppm1A and Cdc42 in the fetal environment.

Table 8: Selected relevant proteins. logFC represents the fold change in a logarithmic scale to the basis 2 based on
label-free quantification (LFQ) intensities.

Fetal ctrl vs Adult ctrl Fetal D3 inj. vs ctrl Adult D3 inj. vs ctrl Fetal vs adultinj. response

Name logFC q logFC q logFC q logFC q
Acan -10.74 5.54 E-11 1.77 1 -1.36 9.15 E-01 3.13 1.01 E-O1
Ccdc88A 4.32 5.29 E-01 -10.45 5.62 E-03 10.05 8.04 E-04 -20.5 1.90 E-05
Cedc42 -3.58 5.97 E-01 8.68 4.27 E-02 -3.45 9.39 E-01 12.13 547 E-03
Chad -10.94 2.14 E-09 1.48 1 -1.22 1 2.7 6.95 E-01

Col2a1 -2.07 3.69 E-01 1.14 1 -1.01 1 2.15 1

Comp -9.64 1.13 E-10 1.67 1 -0.05 1 1.72 1
Gabpa -3.01 3.50 E-02 8.23 1.52 E-05 -0.29 1 8.52 1.09 E-04
Mapk3 -7.81 1.50 E-02 1.1 1.00 E+00 -13.73 1.23 E-05 14.84 255 E-03
Ppm1A -1.62 1 8.91 1.36 E-03 -0.21 1 9.12 4.69 E-03
Prg4 -11.56 3.94 E-12 3.18 1.27 E-02 -1.43 5.29 E-01 4.61 1.63 E-03
S100A12 -2.71 1.86 E-01 8.39 4.99 E-05 13.54 7.37 E-10 -5.15 715 E-02
S100A8 -2.78 3.48 E-01 7.49 1.29 E-03 15.8 7.15E-10 -8.32 3.53 E-03
S100A9 0.08 1 6.34 4.25 E-01 15.45 9.32 E-08 -9.11 415 E-02

Ppm1A is a bona fide phosphatase, which is involved in the regulation of many developmental
processes such as skeletal and cardiovascular development. Through its role as phosphatase of
many signalling molecules such as p38 kinase, Cdk2, phosphatidylinositol 3-kinase (PI3K), Axin
and Smad, up-regulation of Ppm1A abolishes for example TGF-B-induced antiproliferative and
transcriptional responses®®’ as well as BMP signalling®®. Furthermore Ppml1A by
dephosphorylating kB kinase-p and thus terminating TNFa-induced NF-kB activation, partakes
in the regulation of inflammation, immune-response and apoptosis®**.

Cdc42 belongs to the family of Rho GTPases and controls a broad variety of signal transduction
pathways regulating cell migration, polarization, adhesion proliferation, differentiation, and
apoptosis in a variety of cell types®**. Cdc42 is required in successive steps of chondrogenesis by
promoting mesenchymal condensation via the BMP2/Cdc42/Pak/p38/Smad signalling cascade
and chondrogenic differentiation via the TGF-B/Cdc42/Pak/Akt/Sox9 signalling pathway>?.
Another essential Cdc42 function relevant to the current study is its involvement in wound
healing by attenuating MMP1 expression® and regulating spatially distinct aspects of the
cytoskeleton machinery, especially actin mobilization toward the wound®*! which, given the
increase of actin-containing articular chondrocytes in response to cartilage injury, could also play

a role in the healing of cartilage defects®*.

In contrast to the anti-inflammatory factors up-regulated in fetal sheep in response to injury, adult
sheep displayed a significant increase of inflammatory mediators such as alarmins S100AS8,
S100A9, S100A12 and coiled-coil domain containing 88A (Ccdc88A) (Tab. 8). The alarmin

S100 proteins are markers of destructive processes such as those occurring in QA3
Accordingly, in OA articular S100A8 and S100A9 protein secretion is increased, recruiting
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immune cells to inflamed synovia, initiating the adaptive immune response, inducing canonical
Whnt signalling and promoting cartilage matrix catabolism, osteophyte formation, angiogenesis
and hypertrophic differentiation®*?>**. S100A8/A9 up-regulate markers characteristic for ECM
degradation (MMPs 1, 3, 9, and 13, interleukin-6 (IL-6), IL-8) and down-regulate growth
promotion markers (aggrecan and Col2) and thus have a destructive effect on chondrocytes,
causing proteoglycan depletion and cartilage breakdown®®. Also S100A12 is up-regulated in OA
cartilage and has been shown to increase the production of MMP-13 and Vegf in OA
chondrocytes via p38 Mapk and NF-kB pathways®*®. Another relevant protein, which was
significantly down-regulated upon injury in fetal sheep but significantly up-regulated in injured
adult sheep is Ccdc88A. Ccdc88A is a multimodular signal transducer, which modulates growth
factor signalling during diverse biological and disease processes including cell migration,
chemotaxis, development, self-renewal, apoptosis and autophagy by integrating signals
downstream of a variety of growth factors, such as Efg, Igf, Vegf, Insulin, Stat3, Pdgfr and
trimeric G protein Gi®*"**, In addition, Ccdc88A, which is expressed at high level in immune
cells of the lymphoid lineage, plays an important role in T cell maturation, activation and
cytokine production during pathological inflammation and its inhibition could help treat
inflammatory conditions as shown in in-vitro and mouse studies®*. Furthermore Ccdc88A, via
activation of Gai, simultaneously enhances the profibrotic (Pi3k-Akt-FoxO1 and TGF-B-Smad)
and inhibits the antifibrotic (CAMP-PKA-pCREB) pathways, shifting the fibrogenic signalling
network toward a profibrotic programme>¥. Interestingly, in the liver, sustained up-regulation of
Ccdc88A occurs only in all forms of chronic fibrogenic injuries but not in acute injuries that heal
without fibrosis, indicating that increased expression of Ccdc88A during acute injuries may
enhance progression to chronicity and fibrosis**®. Ccdc88A also regulates the Pi3 kinase-Akt
pathway, which exhibits pleiotropic functions in chondrogenesis, cartilage homeostasis and
inflammation. It may further induce an increase in MMP production by chondrocytes leading to
subsequent cartilage degeneration, via its multiple downstream target proteins®** 34

Remarkably, in this study, the cartilage matrix proteins Prg4, Acan, Comp and Chad had a
significantly higher baseline expression in adult sheep and showed little injury response in either
age group with the exception of Prg4, which was significantly up-regulated in fetal injured sheep
(Tab. 8). Prg4, in response to injury increased 3.2 fold (q=0.01) in fetal sheep, which is a 4.6 fold
higher increase compared to adults (q=0. 002), indicating a stronger and more rapid cartilage
matrix production. Since Prg4 expressing cells constitute a cartilage progenitor cell population,
the higher baseline expression in adults is particularly surprising but can be explained by its
restriction to the most superficial cell layer in fetal joints compared to a distribution throughout
the entire cartilage depth in older individuals>*.

In contrast to the cartilage matrix glycoproteins, many growth factors, such as Gabpa and Mapk3
showed, as expected, differential regulation following injury between adult and fetal sheep (Tab.
8). Gabpa, a member of the ets protein family, which is ubiquitously expressed and plays an
essential role in cellular functions such as cell cycle regulation, cellular growth, apoptosis, and

61


http://f1000.com/work/citation?ids=31894,3553295,4857057&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=1596836&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=31749&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=7619766,1551464&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=355330&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1210656&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1210656&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=805618,143444,7619769,31933,7619772,31932,7619808&pre=&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0,0
http://f1000.com/work/citation?ids=31996&pre=&suf=&sa=0

differentiation®*° showed a further significant up-regulation in fetal injury and no response to

adult injury (g=0.0001). Gabpa activates the transcriptional co-activator Yes-associated protein
(Yap), which is essential for cellular and tissue defences against oxidative stress, cell survival and
proliferation and can induce the expression of growth-promoting genes important for tissue
regeneration after injury®®. The cellular importance of Gabpa is further highlighted by the
observation that in Gabpa conditional knockout embryonic stem cells (ESCs), disruption of

Gabpa drastically repressed ESC proliferation and cells started to die within 2 days®".

The growth-regulator Mapk3 had a higher baseline expression in adult sheep (logFC=7.8,
g=0.02) but significantly decreased (13.7 logFC, g<0.0001) after injury, while fetal Mapk3
remained essentially unchanged (Tab. 8). Mapk3 acts as an essential component of the MAP
kinase signal transduction pathway and as such contributes to cell growth, adhesion, survival and
differentiation through the regulation of transcription, translation and cytoskeletal
rearrangements. Mapk3 also fulfils an essential role in the control of chondrogenesis and
osteogenesis of MSCs under TGF-B or mechanical induction and positively regulates

chondrogenesis of MSCs**?,

4.3.2.3. Sheep as a vehicle to understanding selected human diseases

Our results are consistent with previous studies in fetal skin wounds, which also have shown a
different and reduced inflammatory response and decreased scar formation during dermal wound
healing in fetal sheep and mice?®. The chronic progressive articular damage of OA is associated
with similar levels of pro-inflammatory cytokines and chemokines throughout the disease®?! and
occurs via a complex program involving on-going local inflammation triggered by cytokines and
endogenous activation of innate immunity, complement and metabolic pathways®®*. Therefore,
the different inflammatory response as we have demonstrated in the fetus may be a major
contributor to fetal scarless cartilage healing. This is especially intriguing as fetal sheep have a
normally functioning immune system by 75 gd®*"***. Leukocytes have been shown to be present
and increase rapidly at the end of the first trimester®***, Fetal sheep are able to form large
amounts of specific antibodies in response to antigen stimuli by 70 gd®® and reject orthotopic
skin grafts and stem cell xenotransplants administered after 75-77 gd with the same competence
and rapidity as adult®®®. Furthermore, fetal sheep have an inflammatory response to injury before
80 gd**"**°. The first evidence of inflammation, the presence of TNF and IL-1 has even been
shown as early as 30 - 40 gd**°.

In conclusion, our results demonstrated the power of the sheep model organism to facilitate
understanding a corresponding disease in humans. Specifically, with our novel ovine fetal
cartilage regeneration model and analytical approach, both positive and negative regulators of
inflammatory events were found to be differentially regulated. This holds promise for potential
therapeutic interventions as the presence of a negative regulator is more easily mimicked than the
absence of a positive regulator. Further studies employing this newly developed animal model
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and analytical techniques to identify proteins involved in OA aetiology and pathogenesis, as well
as potential biomarkers and therapeutic targets are warranted to work toward the goal of novel
biomimetic solutions, which might be exploited to favourably shift the adult cartilage healing
milieu to a more fetal phenotype to induce regeneration by recapitulating cartilage ontogeny.

4.4. Patient samples reflecting variation from non-uniform cohort
structure

As we have shown, both cell lines and model organisms are well suited to small scale but highly
dimensional experiments, improving the state of knowledge in areas, like, targeted cell
differentiation?, or tissue regeneration, potentially transferable to inflamed human tissue™.
However, with these highly dimensional quantitative measurements, employed to characterise the
heterogeneous in vivo models, and increasing biological variation, the small sample size becomes
an issue®®*. Especially, in the treatment of cancers, predicting clinical outcome and selecting an
effective personalized therapy for individual patients is particularly challenging due to the
intrinsic heterogeneity of the disease®**® For instance, the most commonly occurring
malignancy in women — breast cancer, is known to include multiple distinct molecular subtypes
with disease progression and treatment response varying widely across patients>***®. Because of
this complexity of cancer patient cohorts only larger sample size can enable us to try to explain

this disease better and facilitate finding optimized, or personalized, treatments>®.

4.4.1. The role of data integration in overcoming limitations from unwanted
variation

Furthermore, integration of measurements generated with multiple varying technologies should
improve sensitivity to small changes in signal®, and help finding different aspects of biology
from complementary information. Combining different assay types may capture complementary
aspects of information and, investigated across patients, could help shed new light on complex
relationships of interest, such as the relationship between genotype and eventual consequences
for cancer progression. Importantly, because each genome-scale data type has different
characteristics, with different type-specific random variation, or noise, present, and bias
introduced by multiple different factors®*°%177 data integration should also facilitate
overcoming these issues inherent in individual studies®. Notably, different measurement
characteristics of each molecular profile type need to be taken into consideration when analysing
data jointly*’. This is important, because by introducing the additional measurement noise from a
different data source data integration could even be detrimental. Specifically, the additional noise
from a new data source can dominate overall results when other data sources contribute
considerably more information compared to the information added by the new data source®®. A
successful robust integrated data analysis pipeline therefore needs to adapt to situations where an
integration of data may be beneficial versus situations where additional noise from an additional
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data source just deteriorates the overall signal, a challenge when improving and developing novel
integrative methods.

In the following chapter, |1 show that complementary measurements may facilitate clinically
relevant patient stratification or accurate survival time prediction.

5. Chapter 5: Integration of heterogeneous data sources

In this chapter, 1 first analyse cancer cohorts available in a large neuroblastoma study*®’ 3" and

the TCGA database®. | focus on cancer because of the wide availability of matched multi-modal
data for this group of diseases. TCGA itself encompasses over thirty cancers, hosting multiple
independent studies per cancer, with multiple matched molecular profiles, like RNA-Seq, copy
number, or methylation data, and corresponding clinical information. | exploit the data for
stratifying patients into clinically-relevant treatment groups, and predicting survival time,
applications relevant to improvement and personalization of the treatment of cancer patients. |
always perform single-track analyses, involving a specific molecular profile, to then compare
these results with results obtained with my newly developed integrative algorithms. Importantly,
| establish a novel benchmarking metric and compare the performance of my models with state-
of-the-art algorithms and independent results presented in topical literature.

5.1. A multi-layer network approach to data integration for patient
stratification

5.1.1. Patient classification

In the treatment of cancers, selecting an effective therapy for individual patients can be
particularly challenging because of the heterogeneity of the disease, where disease progression
and treatment response can vary widely across patients. In order to predict a patient’s response
clinicians delineate subgroups of patients likely to react similarly. Typical criteria of
classification include clinical records, such as the age at diagnosis, sex, and comorbidities. It is by
now widely recognized that the underlying mechanisms can vary widely across patients. Even for
patients with the same specific clinical diagnosis, for instance, we find many subtypes of breast
cancer *° or adult acute myeloid leukemia (AML)*. Combining clinical records and histologic
tests alone often cannot reliably identify the biological processes underlying a particular tumor
type'®. Increasingly, therefore, molecular markers are now incorporated to improve the prediction
of therapy response and prognosis*®*'. Common molecular markers include changes in gene
activity, such as identifying characteristic gene sets or signatures®*?, and genomic sequence
variants, such as copy number changes from deletions and amplifications of certain genomic
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regions, like the amplification of the MYCN gene in Neuroblastoma patients®*, as well as smaller
changes, such as single nucleotide polymorphisms?>.

5.1.1.1. Improvement through data integration

With the very large amounts of molecular data now collected from biomedical assays, drawing
clinically relevant insight has soon become the bottleneck that still remains rate-limiting. A lot of
hope is being placed in analysis approaches which combine measurements from different sources,
be that horizontally, across patients®®>!, or vertically, across assay types> . Vertical integration
combines different assay types that may capture complementary aspects of information and,
investigated together, could help shed new light on complex relationships of interest, such as the
relationship between genotype and eventual consequences for tumour progression. Specifically,
one would expect the impact of gains and losses of gene copies to affect the expression of cis and
trans genes of relevance to cancer in a non-trivial way, and complementary measurements may
facilitate accurate survival time prediction.

Employing both gene expression and copy number information was reported to improve
clustering for subtype analysis using a probabilistic model of joint latent variables®®'.
Introducing dimensionality reduction by low-rank approximation, LRAcluster was reported to
further improve the stratification of cancer patients*, establishing a probabilistic model of
different data types conditional on shared latent factors.

5.1.1.2. Network-based approaches

Alternative approaches include network-based algorithms, which have seen a variety of
successful applications, such as the identification of dysregulated pathways**** or an
optimization of biotechnological processes™. In the Similarity Network Fusion (SNF) algorithm,
network representations exploit not just the complementary nature of data sources but also
similarities across patients*, i.e. combining both vertical and horizontal data integration. First,
patients are grouped into a network, with every node representing a patient. Distances in the
network reflect the similarity of the patients in respect of a particular data type. These networks
for the different data types are then merged through cross-diffusion by message passing across
the networks. This effectively combines evidence across complementary data types and patients,
with the hope of identifying relevant patterns of the underlying biology of the disease.

We here introduce a novel network-based approach for the integration of multiple molecular data
types. By design, our algorithm extracts information at multiple levels, starting with differential
effect analysis of the molecular data. Going beyond earlier work, our approach then directly
incorporates functional knowledge from expert curated sources, including GeneOntology
(GO)*32* \which lists genes involved in known biological processes, as well as pathway
annotations from the KEGG?™ database. Finally, similarities across patients are exploited to build
a multiple-layer network®? that captures all the structured information discovered. This
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consolidated resource can then be exploited at various levels, be that the exploration of functional
modules identified across patients, or the identification of clinically relevant groupings of patients
in the network structure.

5.1.1.3. Challenges with performance assessment

In the context of predicting patient survival, commonly a group of similar patients is identified
that can be associated with an average risk change. Thus a grouping of patients is clinically
relevant if one can find a sufficiently reduced or increased risk for a reasonable number of
patients with significance. Notably, significance alone is insufficient for clinical relevance®.
Although there is no universally agreed threshold for the clinical relevance of hazard ratios for
death by cancer, a risk change of 14% is typically considered to be small, changes of 47-90% can
be considered moderate size effects, while risk changes of 90% or more are considered large®.
Large effects can often be identified more easily for more specific, smaller subsets of patients.
For a meaningful comparison of different predictions we therefore need to consider the number
of patients as well as the size of the risk change. To this end we introduce an effective number of
affected patients and demonstrate its use as a balanced metric.

We explore the value of our approach on a range of cancers and data types using several
complementary assays.

5.1.2. A novel algorithm for the construction of patient similarity graphs

We here introduce a new algorithm relating patients based on matched molecular profiles, such as
gene expression, copy number information, or others. Rather than considering patient similarity
based on the molecular profiles alone®®, we combine these with knowledge of biological
processes (GeneOntology, GO**?#*) and different classes of pathways (KEGG?") into a multi-
level patient / pathway network. Together, this allows for the first time a systematic exploration
of relationships incorporating both functional knowledge and multiple molecular profiles.

First, pathway networks are built for each patient and type of molecular profile separately (Fig.
18A), directly incorporating functional knowledge from GO and KEGG™®. In comparison to
methods based only on molecular profiles, the newly introduced functional focus reduces
dimensionality to extract higher-level actionable patterns, and attenuates noise. Specifically, at
this point, each patient is represented by a network of KEGG pathways that are connected by
weighted edges. Weights are computed from the probabilities of the pathway-associated genes
(KEGG) showing profiling differences between the tested patient and controls (e.g., differential
expression), while considering co-occurrence of genes in the same molecular processes (GO). An
integrated view of KEGG pathways can be obtained by summation over GO processes. A
stochastic block model (SBM)®*3*"* is then used to find robust®”®> pathway clusters in that
network. This set of pathway clusters can be used to characterize the disease of a specific patient
as reflected in a particular molecular profile type and already incorporating functional
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knowledge. The shared information distance between the clusterings®’® for different patients is
then a natural metric of patient similarities. The shared information distance of clusterings is also
known as the Variation of Information (V1) metric, and has favourable robustness and locality
properties *’. These are distances corresponding to similarity between two nodes in the network,
i.e. how closely related two patients are with each other. The smaller the VI and shorter the
distance, the stronger the similarity between two nodes. In order to obtain a weight corresponding
to this distance we further subtract the VI from 1. This way we arrive at the weight-based
integrated patient similarity graph, where the higher the weight between two nodes the stronger
the similarity between the two patients.

The metric furthermore allows a meaningful direct comparison and, thus, combination of
distances. We exploit the first property to construct a robust patient similarity graph (Fig. 18B)
for each molecular profile type (gene expression, copy number, ...). In summary, we obtain
vector-valued edge weights between patients with each vector coordinate corresponding to a
particular molecular profile type. We then take advantage of the second property to combine
information across different molecular profile types, and average the VI values, yielding a single
integrated patient similarity graph (Fig. 18C). After the VI distances are integrated, we
normalize them as suggested by Meila®”’. Specifically, we multiply each VI value by 1/logN,
where N is the number of data points in the specific cancer data set, i.e. cohort size or number of
patients. This bounds the range of values between 0 and 1. As discussed, in order to obtain a
weight corresponding to this distance we further subtract the normalized VI from 1.
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Figure 18: Overview of the network structures exploited by the novel algorithm.

(A) Building a patient-specific pathway network from a single molecular profile type using functional
knowledge. The patient-specific disease profile (black) is compared to one or several controls (grey). The resulting
differential effect (e.g., differential expression) is then assessed for genes of known biological processes (GO, red) in
a range of KEGG pathways (blue). The magnitude of the posterior probabilities of a differential effect for these
genes then determines the weights for a bi-layer network of KEGG pathway and GO biological process nodes. The
weights show the magnitude of the posterior probabilities that the shared genes exhibit a differential effect (e.g.,
differential expression). After integrating the bi-layer network by summation, each patient is represented by a
network of KEGG pathways connected by weighted edges that reflect the similarity between pathways in the context
of the patient’s disease. The robust pathway clusters identified by a stochastic block model (shown in three colours
for Patient P1) can be used as a characteristic fingerprint. Colour indicates node type: red=GO, blue=KEGG.
Weights are  illustrated by black lines  with  thickness  representing  weight  strength.
(B) Building a patient similarity graph from a single molecular profile type using pathway clusters. The set of
pathway clusters for a patient can be used to characterize the disease of that patient as reflected in a particular
molecular profile type and already incorporating functional knowledge (Fig. 18A). The shared information distance
between the clusterings for different patients then forms a natural measure of patient similarities, the Variation of
Information metric. Constructing a network of patients based on this metric thus allows an exploration of similarities
between patients in the context of the disease. Nodes in the patient similarity graph represent patients and edge
weights reflect pairwise similarities. The figure omits some connections for visual clarity. The thicker a connecting
edge, the stronger the similarity.
(C) Integrating multiple molecular profile types. A patient similarity graph is first constructed for each molecular
profile type (cf. Fig. 18A). Nodes in the graph represent patients and edge weights reflect the patient similarities for
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each molecular profile type. The different graphs can be superimposed to give one graph with vector-valued weights
for edges between patient nodes. An integrated patient similarity graph is then obtained by combining the
information across molecular profile types for edges reflecting an average patient similarity (see Methods).

This integrated patient similarity graph now captures all the structured information discovered
both from individual patients and across patient cohorts, as guided by the functional focus of
incorporating knowledge about pathways and biological processes. The structure resulting from
this Variation of information fused Layers of Networks (ViLoN) can then be exploited at various
levels, be that in an exploration of functional modules identified across patients, the
establishment of more powerful prognoses, or information rich patient stratification for precision
medicine, seeking an effective assignment of patient specific treatments. We here demonstrate
the effectiveness of clustering patients in the integrated patient similarity graph using a Stochastic
Block Model (SBM) to successfully identify similar patients with shared risk profiles. Survival
analysis confirms that we can find patient groups of high clinical relevance, where many patients
are affected by high hazard ratios.

5.1.3. A metric for clinically relevant patient stratification

Patient stratification seeks to identify a group of similar patients that can be associated with an
average risk change. Such a grouping of patients is clinically relevant if the reduced or increased
risk is sufficiently large, affects a reasonable number of patients, and passes statistical
significance tests. While significance alone is insufficient for clinical relevance®, there is no
universally agreed threshold for the clinical relevance of hazard ratios for death by cancer®,
Large effects can often be identified more easily for more specific, smaller subsets of patients (cf.
Fig. 19, right panel). For small groups, we could even observe hazard ratios above 10° (data not
shown). Conversely, small hazard ratios may be statistically significant but clinically not
actionable. For a meaningful comparison of different splits of a patient cohort into groups we
therefore need to consider the number of patients as well as the size of the risk change. To this
end we introduce an effective number of affected patients as a balanced metric. Specifically, the
product of the risk change and the number of affected patients gives a score reflecting an
effective number of affected patients. To also allow a comparison of studies restricted to a subset
of the full cohort (or other cohorts of different sizes), we standardize the score to a cohort of 1000
patients,

+N(,- (Qilllh(lugz HR) - 1)

N (1)

N, = 1000

for a hazard ratio HR and the affected group size Ng in a cohort size N.

Hazard ratios are always obtained for a specific subset of patients compared to a distinct
reference group of patients providing a baseline. It then is the size of the smaller of the two
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groups that determines how meaningful an observed high hazard ratio actually is. For a fair
comparison of different methods and their results, for each patient clustering we make the
conservative choice of selecting the largest group as the reference baseline, avoiding an artificial
inflation of hazard ratios.

Notably, we perform all the survival analyses applying Cox regression with Firth correction for
right-censored data that has proven to be reliable, opposed to normal Cox regression, when
information is largely censored®’®,

5.1.4. Performance in the CAMDA cancer data integration challenge

The annual CAMDA data analysis challenge (www.camda.info) provides a well recognized
forum for open-ended comparative exploration of novel algorithms®”®! We here consider the
neuroblastoma dataset®*%®37%%"! ' Neuroblastoma is the most common cancer in children
(www.cancer.gov/types/neuroblastoma/), causing 15% of cancer-related deaths at a young age®®%.
Despite modern therapies less than 40% of high-risk patients survive®®. While some patients
show spontaneous recovery it remains hard to predict who is at risk and assign appropriate
therapy. A more precise prognosis and more effective treatment assignment is now expected to

require an integration of molecular patient profiles'® 2",

In this cohort, three matched molecular profile types are available for 145 patients: RNA-Seq,
microarray gene expression, and copy number data. Clinical records of both 97 low and 48 high
risk patients include the survival times of the patients, with the majority of observations being
right-censored, i.e. at the end of the study the patient was still alive or dropped off the study
before it ended.

5.1.4.1. Robustness of patient stratification

Groups of patients found by ViLoN were stable to removing patients, i.e. the network was robust
to sample changes. When we remove a patient from the data set, the remaining patients mostly
fall into the same clusters as obtained from the complete patient cohort. Leave-one-out robustness
test, removing each patient in turn, yielded an average accuracy of 98% (SE 11%) and an average
normalized mutual information®* of 97% (SE 6%). Values of 100% designate perfect agreement.

5.1.4.2. Comparison to previous work

ViLoN results for individual molecular profile types compare favourably with the most effective
patient stratifications reported in the literature for gene expression profiles and copy number
data®" "1, Several complementary statistics and metrics of model performances are displayed in
Tab. 9. A small p value indicates statistical significance and the lower the Akaike Information
Criterion, the better the model fit. The latter value is notably not always available for published
patient splits. In all cases, however, we can consider the hazard ratio (HR) that characterizes the
risk difference between the patient groups, and the number of patients affected, which can be
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used to construct an effective number of affected patients as a balanced metric Ne (1). The
clinically most relevant grouping will have a high hazard ratio and a large number of affected
patients, as reflected in a large Nes score.

By all criteria, ViLoN results for individual molecular profile types already show a clear
improvement over the best patient stratifications reported earlier, with results integrating
information across profile types performing even better.

Table 9: Comparison to the best reported patient stratifications. The table shows, method: name of the method
for which results are listed in the corresponding table row; data type: type of data used in the analysis; p: p-value
indicating statistical significance; AIC: goodness of the model fit assessed by Akaike Information Criterion (AIC,
lower values are better); grSize: size of the patient group with the largest hazard ratio in the model; fullSize: size of
the whole analyzed patient group; absHR: the largest absolute hazard ratio; log,HR: a corresponding log, of the
hazard ratio - symmetrical for increased/decreased risk; Ness: the effective number of affected patients score.

method data type P AIC  grSize fullSize absHR Ilog2HR N
ViLoN int <10r9  317.1 68 145 11.08 3.5 4727
ViLoN acgh <10r-7 3287 69 145 6.59 2.7 2660

Theissen acgh - - 93 202 5.07 2.3 1874
ViLoN marray  <10"-6  329.0 54 145 5.62 2.5 1721
Kocak marray  <107-3 - 208 574 444 22 1247

By all criteria, representing patient data as a network, combining information across patients
already gave excellent performance for individual molecular profile types, improving on results
reported in earlier work. Vertically integrating patient networks across molecular profile types
considerably further improved stratification performance.

We then compared the performance of ViLoN with alternative stratification algorithms:
LRAcluster*? and SNF*, and the best model developed for the CAMDA challenge®®*. Even
though other integrative approaches yielded excellent results, incorporating functional domain
knowledge from KEGG/GO and combining information across patients, exceled these other
methods (Tab. 10).

Table 10: Comparisons of performance of integrative algorithms in 2-group stratification. ViLoN performance
on the Neuroblastoma dataset compared to the largest hazard ratios found by LRAcluster, SNF, and best CAMDA-
developed model. The table shows: method: name of the method for which results are listed in the corresponding
table row; data type: type of data used in the analysis; p: p-value indicating statistical significance; AIC: goodness of
the model fit assessed by Akaike Information Criterion (AIC, lower values are better); grSize: size of the patient
group with the largest hazard ratio in the model; refSize: size of the largest, i.e. reference, patient group in the model;
fullSize: size of the whole analyzed patient group; absHR: the largest absolute hazard ratio; log,HR: a corresponding
log, of the hazard ratio - symmetrical for increased/decreased risk; N the effective number of affected patients
score.
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method data type p AlC grSize refSize fullSize absHR log,HR N,
ViLoN int <1079 3171 68 77 145 11.08 3.5 4727
Kazan int <1079 NA 172 326 498 6.39 2.7 1863
SNF int <10"-6 325.1 45 100 145 6.15 2.6 1598
LRAcluster int <1074 336.4 48 97 145 417 2.1 1049

Our new approach not only improved on results reported in earlier work but also performed very
well compared to recent alternative approaches to data integration, including the probabilistic
dimensionality reduction algorithm (LRAcluster), another established network-based method
(SNF), and the best method developed and benchmarked specifically on this dataset for a recent
CAMDA competition (Kazan) (Fig. 19A). Interestingly, a method aiming to identify cancer
driver genes®®, which may point to new therapy approaches, yielded lower stratification scores
(data not shown), suggesting that drivers may not necessarily be the most prominent markers for
patient stratification in the context of currently available therapies.
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Figure 19: Comparison of effective number of affected patients scores.

(A) 2-group stratification. We compare ViLoN (triangle, point down) with two novel integrative algorithms:
LRAcluster (circle) and SNF (triangle, point up); results reported in relevant literature: ‘Kocak’ (square), ‘Theissen’
(diamond); and best CAMDA model: Baali (cross). Colors represent different molecular profiles, with black color
symbolizing integration. The larger the plotted symbol the larger the product.

(B) Integrative analysis, with N-group stratification. We compare ViLoN (triangle, point down) with LRAcluster
(circle) and SNF (triangle, point up) algorithms. Shown are all the significant models for N between 2 and 9,
independent of N. The larger the plotted symbol the larger the product, with colors accenting the best achieved scores
by each method.

The grouping by ViLoN, interestingly, already covers most of patients identified by SNF (43/45
= 96%) while expanding the group of high risk patients considerably (+25 = +58%) (Fig. 20). At
the same time, the risk increase associated with group membership is not diluted and the group-
associated risk is even considerably sharpened from 6.2 to 11.1 (Tab. 10).
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VLN SNF

Figure 20: Comparison of groups found by ViLoN or SNF algorithms. A Venn diagram compares groups stratified by the
alternative algorithms, in a 2-group stratification. Grouping by ViLoN covers most of patients identified by SNF (43/45) and
expands the group of high risk patients considerably (+25)

The standard benchmark Cox-Hazard model estimates the hazard ratio between two groups,
allowing a direct comparison of a range of stratification methods, also relative to clinical reports
in the literature. Several modern methods, however, can stratify into multiple groups, which can
independently be assessed relative to a baseline, using the largest group as the reference. Indeed,
considering stratification results from 2 to 9 clusters, the best pairwise performances for the
compared integrative methods are found for a group of patients identified in a stratification by
SNF, LRAcluster, and ViLoN into 8, 3, and 5 clusters, respectively (Tab. 10, Fig. 19B). Note that
the model with the largest product score and thus the largest effective number of affected
patients, and so clinical relevance, is not necessarily the best fitting model overall.

Table 11: Best overall performance compared to the state-of-the-art clinical neuroblastoma grouping. The
table shows: method: name of the method for which results are listed in the corresponding table row; data type: type
of data used in the analysis; #g: number of strata the model stratified patients into (between 2 and 9); adj.p: p-value
of the individual model with the largest hazard ratio in the whole model, adjusted for multiple testing, indicating
statistical significance; adj.p.model: p-value of the whole model adjusted for multiple testing, indicating statistical
significance; AIC: goodness of the model fit assessed by Akaike Information Criterion (AIC, lower values are
better); grSize: size of the patient group with the largest hazard ratio in the model; refSize: size of the largest, i.e.
reference, patient group in the model; fullSize: size of the whole analyzed patient group; absHR: the largest absolute
hazard ratio; log,HR: a corresponding log, of the hazard ratio - symmetrical for increased/decreased risk; Ngs: the
effective number of affected patients score.

method datatype #g adj.p adj.p.model AIC grSize refSize fullSize absHR log2HR  Ngs

ViLoN int 5 <10n-7 <107-5 308 30 34 145 51.3 5.7 10401
LRAcluster int 3 <10n-7 <10"-6 314 42 66 145 243 4.6 6734
SNF int 8 <10n4 <10"-4 311 17 22 145 46.2 -55 5300
clinical high_risk 2 <1011 <10M-11 305.7 48 97 145 11.72 3.6 3549

With our integrative ViLoN algorithm we can stratify patients into clinically relevant groups
significantly better than the alternative integrative approaches already for 2 clusters (Tab. 10),
with integrated models for 5 clusters performing even better and best overall (Tab. 11). Our best
2-cluster model (Tab. 10) is already also even better than the ‘high risk’ clinical label (Tab. 11).
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Compared to the original clinical grouping — high / low risk labels, the ViLoN-established
classification is clinically corroborated, i.e. high-risk patients are strongly enriched in our groups
(Chi-square test p-val << 0.001). The 2-cluster grouping looks very close to the clinical labelling
but the newly proposed ‘“high-risk” group is extended (Fig. 21, left-hand side). The 3-cluster
results seem to have interesting internal clusters (Fig. 21, right-hand side), with group 1
obviously of highest risk, where the majority of these patients are in fact deceased, group 2
seemingly a moderate risk group, and group 3 comprising of only time-censored patients and
with best predicted outcome (Fig. 22).
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Figure 21: Bar plots showing the overlap of ViLoN-based groups with the clinical high / low risk labels. Colors represent
different clinical risk labels, with orange color symbolizing ‘low risk’ and purple color ‘high risk’ patients. Compared
to the original clinical high / low risk labels, the ViLoN-established classification is clinically corroborated. The high-risk patients
are strongly enriched in ViLoN groups (Chi-square test p-val << 0.001). The 2-cluster grouping (left-hand side) looks very close
to the clinical labelling but the newly proposed ‘high-risk’ group is extended. The 3-cluster results (right-hand side) yield group 1
of highest risk, where the majority of these patients are in fact deceased (not shown); group 2 of seemingly moderate risk; and
group 3 comprising of only time-censored patients and with best predicted outcome.
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Figure 22: Kaplan—Meier curves showing the distinct survival profiles of groups found by the ViLoN
algorithm in the Neuroblastoma dataset. Survival profiles of the patient groups found by ViLoN are very
well separated, looking remarkably distinct. Notably, these groupings are based solely on the (integrated)
molecular data, i.e. the network does not have access to the clinical information while grouping the patients.
Shown for N=2..5.

5.1.5. Validation on other cancer datasets

In order to further investigate the clinical relevance of our approach we now focus on a well
established and largest collection of cancer data. The Cancer Genome Atlas (TCGA), a
collaboration between the National Cancer Institute (NCI) and the National Human Genome
Research Institute (NHGRI), collects data of over 30 types of cancer. It is a large scale collection
of molecular data sets profiling patients with various technologies, like, RNA-Seq, methylation,
or copy number information®®%, The TCGA datasets are publicly available and most of them
with a corresponding high-impact publication where each cancer is examined with state-of-the-art
methodology. This ensures a well-established baseline for any follow-up research for improving
the prevention, diagnosis, and treatment of cancer. To emphasize the potential clinical impact of
our novel method we focus on a few cancers where stratification for treatment is known to be
difficult. We here discuss one of them and four other cancers are discussed in the Supplement.
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Each of the cancer datasets contains matched profiles of two molecular profile types, specifically:
RNA-Seq and copy number or methylation data, together with corresponding clinical
information. This allows us to build ViLoN networks for exploring integrated analysis. For each
resulting integrated network, we stratify patients into K subgroups for survival analysis. We then
compare ViLoN groupings with models returned by the two integrative methods — SNF and
LRAcluster, and seminal models developed for specific TCGA cancers.

We first show an example of integrating gene expression with copy number data, data types
similar to the neuroblastoma dataset. In order to show that ViLoN’s performance does not depend
on the specific molecular profile types available for the neuroblastoma dataset we then focus on
integrating gene expression with methylation data. ViLoN further showed good performance on
other cancers as well (data not shown).

5.1.5.1. TCGA colon and rectal cancer

At the time of the comprehensive analysis of the human colon and rectal cancer (COADREAD-
TCGA) by the TCGA consortium there was no survival information available yet and survival
analysis could not be performed®’. Thus, for reference, we have selected the most recent analysis
of the COADREAD dataset®®. The ‘risk score* proposed by Zuo et al finds a highly clinically
relevant grouping of the patients from this specific dataset (Fig. 23). This is not surprising as the
result is adjusted on the whole dataset and is not validated on an independent data. One can thus
argue that the yielded product is the highest overall that could be obtained. ViLoN on the other
hand clusters patients de novo, i.e. in an unsupervised manner, and still finds a very relevant
grouping. Notably, none of the alternative integrative methods found any significant stratification
models.
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Figure 23: Comparison of effective number of affected patients scores, in integrative analysis of colon and
rectal cancer, with N-group stratification. We compare ViLoN (triangle, point down) with LRAcluster (circle) and
SNF (triangle, point up) algorithms and the best TCGA model (square). Shown are all the significant models for N
between 2 and 9, independent of N. The larger the plotted symbol the larger the product, with colors accenting the
best achieved scores by each method.

5.1.5.2. TCGA thyroid carcinoma

One of the largest multitrack datasets — thyroid carcinoma (THCA-TCGA), consists of 500
patients for all of whom RNA-Seq and matched methylation samples are provided. It is the most
common endocrine malignancy, where identifying high-risk patients for adequate treatment and
monitoring remains the major challenge®®. Specifically, in the case of THCA we compared the
resulting products of hazard ratio and group size with the clinical risk assessment stratification
proposed in the principal THCA analysis work®° (Fig. 24). SNF*® and LRAcluster*? were also
ran on the data, with the latter yielding no significant models. The best performing TCGA
model** found a group with extremely high hazard ratio, however, for a group of only 27
patients. Interestingly, ViLoN recovered 10 of these patients and found 127 additional ones, still
yielding a very high risk of death. Best SNF model was in agreement with ViLoN in case of 33
samples but only for 5 found by the best TCGA model.
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Figure 24: Comparison of effective number of affected patients scores, in integrative analysis of thyroid
carcinoma, with N-group stratification. We compare ViLoN (triangle, point down) with LRAcluster (circle) and
SNF (triangle, point up) algorithms and the best TCGA model (square). Shown are all the significant models for N
between 2 and 9, independent of N. The larger the plotted symbol the larger the product, with colors accenting the
best achieved scores by each method.
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5.1.6. Achieved improvements in patient-stratification and recent ongoing
work

| have developed and successfully validated the ViLoN: integrative Variation of Information
fused Layers of Networks, algorithm. Our novel method facilitates building a multi-layered
integrated network of patients. It consists of multiple single-track patient networks, build with
various molecular data profiles. Each patient herself is a network of molecular pathways, build
from differential effect data, combined with external biomolecular knowledge. Further, each
pathway is itself a network of genes.

| have shown a first application of the ViLoN method to patient stratification and survival
analysis of multiple cancers, developing a metric to compare results between tools and
publications. Best models were indeed achieved from combination of complementary
information: multiple molecular data types and domain knowledge, where ViLoN substantially
outperformed alternative integrative methods, single-track analyses, and best models reported in
literature.

Stratification into clinical treatment groups based on specific conditions or genes is not always
possible, e.g., cells in some cancers are too heterogeneous to be stratified significantly?>****%?, |n
case of the INRG classification system in neuroblastoma, for example, some of the prognostic
markers were identified over 30 years ago at a time when no comprehensive approaches for
whole genome analysis were available®®. These are not up-to-date anymore. The presented
approach, on the other hand, has been implemented as a scientific workflow that allows regular
updates and extensions of results by practitioners in the community.

I am currently also applying the developed networks to advancing statistical multi-layer basic
research and also analyse the within-cluster network structure in order to better understand the
biology of cancer. The current framework can naturally be extended to include alternative
pathway databases, like, Reactome®? instead of KEGG, and applied to other datasets. We’re
currently also comparing predictive strength of ViLoN to other newly developed network-based
models developed in-house.

5.2. A novel integrative framework for predicting survival time in
cancer studies

Even though our ViLoN integrative method could stratify patients into clinically meaningful
groups, networks built in this way yielded less robust results when applied to predicting patient
survival time (data not shown) — another challenging problem in the research of cancer. In a
different approach to data integration®, we now focus on extracting information that is directly
functionally relevant to the new task, using multiple molecular data types from the neuroblastoma
dataset®®"38379371 and the unusually large METABRIC breast cancer cohort'®.
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5.2.1. The importance of vertical and horizontal data integration

As discussed in previous chapters, the heterogeneity of data makes any integrative analysis
highly challenging. Data generated with different technologies include different sets of attributes.
Where data are highly heterogeneous and weakly related, two interconnected integrative
approaches are applied: horizontal and vertical integration (Fig. 25). The horizontal data
integration unites information of the same type, but from different data sources and, potentially,
in different formats. It facilitates uniting heterogeneous data, like clinical information, from many
different sources in one data model. The vertical data integration, on the other hand, means
relating different analyses and knowledge across multiple types of data, helping to manage links
between the patient’s gene expression, clinical information, available chemical knowledge, and
existing ontologies. Most existing approaches for data integration focus on one type of data or
one disease and cannot facilitate cross-type or -disease integration®**3%.

Disease O O O O O O Data from one medical
development institute in a certain format
CNV Data O O O O O O Data from another medical

institute in another format

Expression Data from third different
Data medical institute in different
format
o OO O OO

r

F 3

Horizontal
Figure 25: Horizontal and vertical data integration. Green arrows show relations between the data types (clinical,
expression, CNV and disease development, i.e. cancer progression). Horizontal integration is between patients,
where the data can originate from, e.g., different institutes, but covers the same type of data. The vertical integration
is applied to combine the different data types.

In the following work, horizontal data integration is considered to be a management approach in
which the raw data (patients, clinical records, expression profiles, etc.) can be “owned” and
managed by one network. Usually, each type of raw data can define different semantics for
common management purposes. In contrast, vertical integration semantically combines the
attributes of each separate type of data that are related to one another. Additional information, in
particular for the molecular data, can be found in external domain knowledge sources. With this
newly added information the missing parts of the studied data can be filled in. In this way
relations between attributes of the different records can be learnt. Currently, there are many
established algorithms that address single-track data analyses®*3%3% and some recent
successful approaches to integrative exploration®®. These, however, usually only focus on one of

the integration applications, either horizontal or vertical, underutilizing the entireness of the
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available information and the latent relations. We propose a novel framework that employs both
these integration views. We show its value on a first example application to machine learning-
based survival time prediction.

5.2.2. Combining data from different cancers via dynamic graph databases

Importantly, technical challenges related to data storage and access need to be addressed in order
to facilitate streamlined integrative analysis and validation. Data needs to be accessible to an
advanced algorithm. Read-only databases, like TCGA?, that store data for download are essential
to moving science forward. In such databases, however, data is related only by patient ids.
Moreover, uploading of new patient’s information is impossible. Importantly, in such setup all
data processing and analysis needs to be performed locally, including development of novel
algorithms for data integration. In order to facilitate direct online interaction with the data and to
make them accessible to advanced integrative algorithms develop a framework that allows
dynamic extension by novel input / output types, and facilitates relating heterogeneous data
sources in a meaningful and useful way®".

Data integration fundamentally involves querying across different data sources. These data
sources could be, but are not limited to, separate relational databases or semi-structured data
sources distributed across a network. Data integration facilitates dividing the whole data space
into two major dimensions, referring to where data or knowledge about metadata reside and to
the representation of data and data models. Biomedical experiments take advantage of a vast
number of different analytical methods that facilitate mining relevant data from the dispersed
information. Some of the most frequent experiments are related to gene expression profiling,
clinical data analytics*®, rational drug design®®, which attempt to use all available biological and
clinical knowledge to make informed development decisions. Moreover, machine learning-based
approaches for finding and highlighting the useful knowledge in the vast space of abundant and
heterogeneous data are applied for improving these analytics. Metadata, in particular, are gaining
importance, either being captured explicitly or inferred with the help of machine learning models,
like, inferring the data structure, data distribution, and common value patterns.

In this study we combine data from neuroblastoma and breast cancer. Via our data integration
approach whole datasets are joined, but the semantic integrity of the data is kept and enriched.
Through combining data from multiple cancers in this way we create a network of data where
entities, like proteins, clinical features and expression features, are linked with each other*®*. Data
can be often represented as networks, where nodes indicate biologically relevant entities
(typically genes or proteins) and edges represent relationships between these entities (e.g.,
regulation, interaction). In our overall network that we generate, ultimately, nodes represent
patients and edges represent similarities between the patients’ profiles, consisting of clinical data,
expression profiles and copy number information. Such network can be used to group similar
patients and to associate these groups with distinct features*®. The main challenges here are: (1)
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building an appropriate linked data network, discovering a semi-structure of the data model*®
and mapping assertions by the applied model for data integration“®*; and (2) data cleaning,

combined into a formal workflow for data integration.

As explained, horizontal data integration means combining data within the same data type (Fig.
25). In the datasets analysed here, these data sources are, specifically: clinical information,
expression profiles and copy number data. Each type of data is measured by a different
technology and potentially available in various data formats. As an example, we treat clinical
data from two cancers as one data source, or one entity, even if they are in different formats. We
treat such entities as semantically similar. Vertical data integration, on the other hand, is applied
to creating relations between all horizontally integrated objects (Fig. 25). This vertical data
integration provides a connection between all the different types of entities. This connection
covers relations between patients through clinical information, expression and copy number
profiles. Based on these relations we can easily detect all patients closely related to each other by,
for instance, protein mutations, diagnosis and/or therapy.

Different databases are required for horizontal and vertical data integration because each of these
approaches addresses different aspects of the integration problem. Horizontal data integration
deals with unstructured and heterogeneous data. Thus, we use a document-based database (such
as MongoDB), which can handle different data types and formats. For vertical data integration a
graph-based database is applied, as it is suitable for representing relations. In this study, all
relations are established between existing records for each entity, and represented by a semi-
structure.

Data integration model with a NoSQL database can potentially unite medical studies data,
alternatively to the most frequently used statistical/machine learning methods. Most of the
NoSQL database systems share common characteristics, supporting scalability, availability,
flexibility and ensuring fast access times for storage, data retrieval and analysis*®*“%. Very often
when applying cluster analysis methods for grouping or joining data outliers, small classes, and
data that dynamically change relatedness, will cause issues. To overcome these problems a
NoSQL database integration model can be applied. Further, we extend the potential of the model
by using multiple datasets, regardless of the level of heterogeneity, formats, types of data, etc. —
all characteristics very relevant in cancer studies*”’.

In summary, using the above approach we can relate molecular patient data of different types,
and corresponding clinical information, and also combine information between patients and
cancers.

Our integrative framework (Fig. 26) facilitates direct analyses of the data. We first focus on a
specific clinically relevant application: modeling and prediction of the survival time of cancer
patients. This consists of applying both conventional classification methods and machine learning
algorithms.
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Figure 26: Workflow of data integration of the independent datasets, performed within our framework. In data
preparation phase we transform and store the raw data of different formats in a document database, performing
horizontal data integration per data type. We generate relations between the data based on the available raw patient
datasets, including clinical information and molecular data, and we store these in a graph-based database, creating an
internal network. We then look up mutated proteins within the networks and search for related information in the
external knowledge sources. This way we build the new general relations network which is considered, finally
performing the vertical data integration. We store these enriched relations in the graph-based database, together with
the internal relationships.

5.2.3. Integrating knowledge about molecular interactions

Through semantic data integration with external domain knowledge sources, like Gene Ontology
compendium (GO)?*3, UniProt*®, Ensembl*®, we are able to find additional relationships
between genes or proteins represented in our data, and extend these to also include other closely
related genes/proteins. The strength of relations between these genes is established via a scoring
mechanism?®®. Usually, the number of relationships found this way is unfeasibly large (over a
billion), substantially increasing the dimensionality of the data. To account for that, we focus
only on “trusted relationships”. There is no optimal threshold and here we first define “trusted
relationships” as relations occurring more than 10 times among different patients. This is
necessary for differentiating the significant links between the genes and for reducing the noise of
the relationships between the patients through the added gene information. The noise is
introduced by the external knowledge sources, where, potentially, all genes can be related. Then
we add the relationships found in the external data sources. In general, relations originating from
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external knowledge sources are ranked lower, compared to the ones derived from the real
datasets.

5.2.4. Linear combination of features for patient clustering

For survival time prediction in breast cancer the Nottingham prognostic index (NP1)* is usually

applied. It helps to determine prognosis following the surgery. Its value is calculated using three
pathological criteria: the size of the lesion, the number of involved lymph nodes, and the grade of
the tumor. The NPI can be used to stratify patients into groups and is used to predict five-year
survival (in accordance with the more commonly used time scales for survival in other types of
cancers)*®. We do not utilize NPI in our framework because it only applies to one specific
disease — breast cancer. In our case a universal predictor is essential, in order to account for other
cancers, e.g., neuroblastoma. Thus, we develop a novel and universal predictive parameter —
Tumor Integrated Clinical Feature (TICF). To predict patient survival time (in both cancer studies
combined) we select specific informative clinical features. We tested different features, their
combinations and order, and established the optimal setup (not shown). Specifically, the TICF
feature is built by numerically concatenating tumor stage, tumor size and age at diagnosis (Fig.
27) in this exact order. The order of concatenation of the clinical data also shows the importance
of clinical information for tumor development and relevance to the patient survival rate. A patient
with a tumor in stage four, naturally, will have a shorter survival time compared to patients with a
tumor in stage two. The next feature — tumor size, is added second because with an increase of
the tumor size the survival rate of a patient is reduced. It is also less important to the survival
time than the stage of the tumor. Age at the time of diagnosis, is concatenated third, and indicates
that older patients have a lower survival rate. If the order of concatenation of these TICF-
composing features would differ patients with distant survival-related features would be
incorrectly grouped. In this manner, we provide a normalized distance between patients, essential
in our subsequent machine learning approaches to survival time prediction.

Tumour Tumour Age at
stage size diagnosis

Dataset

Figure 27: The universal integrated TICF clinical feature. TICF consists of three concatenated initial clinical
features: tumor stage, tumor size and age at diagnosis. The columns virtually group the patients by TICF, with regard
to the first number — the tumor stage. The rows (split by dotted lines) sort patients according to the values of the
TICF, referring to the tumor size and age at diagnosis — always from left to right, following the growth of numerical
axis.
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This novel integrated and universal, i.e. applicable to both cancers, feature built by combining
clinical features that are most related to survivability can now be used to find patients that are
closely related to each other. TICF provides a connection to the linked data network that
integrates the molecular information. Specifically, TICF is used in conventional k-neighbours
classification, to find the first group of patients that are related most closely to the patient of
interest (Fig. 28).

Patient
#8

T ot CEETEEEES

Patient

Hd

L 4 L -
A J

Patient ) I'—"ai_ient I'—"ai_i_:.a-m » _

#9 #5 #5 Patient »
#12

- e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

Patient
#11

Patient
#10

Studied
Patient

Patient
#13

»  Linked Data =) Studied data

Figure 28: Example of patients related semantically via internal and linked network. The studied patient of
interest is shown as a larger circle in the middle. The vertical lines split the schema into 5 classes, as determined by
the k-neighbor classification of the TICF feature. Black arrows show patients related to the studied patient based on
the molecular information. Grey arrows distinguish patients related to the studied patient based on external linked
data (from EDKS).

After that, we extend this group by finding other patients who may not have the new integrative
feature (e.g., due to lack of clinical information) but are still related by different types of
molecular data, like gene expression or CNV, od externally introduced information. Machine
learning models, based on support vector and decision tree regression, are then used for survival
time prediction and cross validation.

5.2.5. Machine learning models for survival time prediction

Next we apply machine learning models to predict and validate survival time of the patients.
Avrtificial intelligence, and in particular machine learning models, has been regularly used in
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cancer research, with practical implementations***. Artificial neural networks and decision trees,

for example, have been used in cancer detection and diagnosis for nearly 30 years*?. Various
models, applying Support Vector Machine (SVM) to cancer prognosis, have been successfully
used for approximately two decades*'®,

Machine learning models used in our study are based on Support Vector Regression (SVR) with
different kernels: Radial Basis Function (RBF), Linear and Poly, and Decision Tree Regression
model (DTR). Similar models were shown to perform well for survival prediction in cancer
studies*****°. Moreover, using these models facilitates a seamless cross-validation.

Specifically, for a patient of interest, for whom we want to predict survival time, we use the
extended group of patients, found to be related to her with the TICF feature, and molecular and
externally-linked information. These patients have their survival time information available and
allow us to build a predictive model with the aforementioned machine learning algorithms, which
is then used to infer the survival time of the patient of interest. We compare multiple machine
learning methods in a cross-validation approach (Tab. 12), with SVR-Linear and DTR models
clearly outperforming other methods.

Table 12: Aggregated results of cross-validation: with TICF; with integrative network. The validation is based on
four parameters for error evaluation: Train R2 (coefficient of determination) and trained Explained Variance are
related to the accuracy of the used model; while trained Negative Mean Absolute Error and Negative Median
Absolute Error are related to the noise (error) level.

ML Model Train R2 Explained Variance Negative Mean Negative Median
Absolute Error Absolute Error

Mean StD Mean stD Mean StD Mean StD

SVR-RBF 0.318 0.038 0.341 0.032 —45.742 5224 —34.455 5594

SVR-LINEAR 0983 0.007 0.986 0.006 —7.288 1.935 —6.109 1.509

DTR 0996 0.000 0.996 0.427 —5.624  0.427 —4.636 0.467
SVR-POLY 0.884 0.007 0.887 0.009 —20.354 3290 —15581 5.382

To confirm that our integrative framework is indeed necessary to obtain best performance, we
examine alternative approaches. First we show cross-validation results using our relational
network but without the TICF integrated clinical feature (Tab. 13). Instead we use the clinical
features as separate regressors in the experiment. Next we use the TICF feature, but this time we
do not extend the patient similarity search with the relational network (Tab. 14). Finally, we look
at predictions when only separate clinical features are used and no relational network (Tab. 15).
As is evidenced, models building on our novel fully integrative framework outperform the
alternatives.
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Table 13: Aggregated results of cross-validation, without the TICF; with integrative network.

ML Model Train R2 Explained Variance Negative Mean Negative Median
Absolute Error Absolute Error

Mean StD Mean StD Mean StD Mean StD

SVR-RBF 0.206 0.044 0.230 0.023 —54,023- 5267 —49.310 8.098
SVR-LINEAR 0972 0.009 0.973 0.008 —5.494 1.009 —5.312 1.515
DTR 0.991 0.004 0.991 0.004 —5.258 1.125 —4.443 1.235

SVR-POLY 0.883 0.020 0.886 0.021 —18.900 1.112 —14.272 3.289

Table 14: Aggregated results of cross-validation, with the TICF; without integrative network.

ML Model Train R2 Explained Variance Negative Mean Negative Median
Absolute Error Absolute Error

Mean StD Mean StD Mean StD Mean StD

SVR-RBF 0.119 0.171 0.283 0.041 —35.024 3.852 —31.768 8.111
SVR-LINEAR 0.876 0.024 0.896 0.015 —13.733  2.758 —12.726 2579
DTR 0.984 0.011 0.988 0.006 —4.727 1.760 —4.449 1.709
SVR-POLY 0.006 1.845 0.102 1.708 —21.943 13774 —14.637 4944

Table 15: Aggregated results of cross-validation, without the TICF; without integrative network.

ML Model Train R2 Explained Variance Negative Mean Negative Median
Absolute Error Absolute Error

Mean StD Mean StD Mean StD Mean StD

SVR-RBF NA NA NA NA NA NA NA NA
SVR-LINEAR 0.866 0.025 0.877 0.029 —14.485 2359 —12594 2.025
DTR 0.985 0.013 0.987 0.011 —4526 2133  —4.088 1.684
SVR-POLY 0.764 0.073 0.805 0.033 —17.165 1.376 —14516 1.963

5.2.6. Building accurate survival time prediction models with data integration

| have shown a novel unified and universal approach for integration of data generated in
independent cancer studies. We demonstrated its application to breast cancer and neuroblastoma
datasets. Our model is built to facilitate application and extension to multiple different diseases
with different types of multi-omics data. Subsequently, we highlight the clinical relevance of our
data integration method by applying it to survival time prediction, using machine learning
models.

Specifically, we used different database models, with the objective to horizontally and vertically
integrate and utilize information, also latent, available in whole and dynamically growing
datasets for multiple diseases. Additionally to the extensibility of our data integration model, it
also facilitates a seamless integration with external knowledge sources. Specifically, we applied
new database technologies: document type database for horizontal integration and graph database
for vertical integration — MongoDB and Neo4j, respectively. Such software technology facilitates
finding relations between the records in the integrated datasets. The main merit of our approach is
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that we are able, also dynamically, to add more data and relations. We explore these opportunities
by adding new semantically defined relations from the external knowledge sources. Our software
platform can be easily extended and supported, and applied in similar research and practical
projects.

Moreover, we developed a new classification feature for survival time prediction. The new TICF
feature, is an integrated parameter that facilitates finding patients closely related to the patient we
want to study, and make predictions for. Inclusion of related patients with different clinical and
expression parameters, as we show, is essential for improving the accuracy of survival prediction
models.

For survival time prediction we apply supervised regression models. Models used in this study
utilize the TICF feature to improve the accuracy of patient survival time prediction. Moreover,
application of these specific machine learning algorithms ensures a reliable validation of our
semantic data integration approach. Cross-validation of these models showed stable results with
regard to achieved performance — both in the context of success and error rates, in survival time
prediction.

In order to demonstrate the extensibility of our system we have now extended our framework to
facilitate exploration of other cancers — BRCA, KIRC, and LUAD, and potentially all TCGA
cancers, adding automated data retrieval of the TCGA / GDC datasets. We also considerably
improved the pipeline for model evaluation with improved cross-validation, also extending the
number of machine learning algorithms readily available within our framework (data not shown).

6. Chapter 6: Conclusion: Towards precision medicine
through data integration

In this thesis | advanced the state-of-the-art in exploiting complex data with ill-understood biases
and noise characteristics in the biomedical domain, especially matched molecular profiles of
different types and clinical data from cancer patients. While much hope has been placed in such
integrative analyses, such work is surprisingly rare (Fig. 1 right-hand side, Chapter 1). Moreover,
and perhaps counterintuitively, such analyses make up a decreasing percentage of published
research (Fig. 1 right-hand side, Chapter 1).

This is likely due to multiple progress-hindering factors related to the variety of technologies
used to generate the different types of data and various stages of sample processing. Each data
type has different characteristics, with different type-specific random variation, or noise, present,
and bias introduced by multiple different factors. Even the noise in data types that should
seemingly be very similar, because in essence they are both used to assess gene expression —
microarrays and RNA-Seq, will possess very distinct characteristics that need to be accounted for
when analysing the data jointly. Microarray data are known to be highly noisy, including noise of
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different level and impact on the analysis'®®*"®, introduced at various stages of the microarray

experiment, such as hybridisation and image analysis*’*. Together with systematic biases
introduced directly by handling the samples by a human operator, results generated from
microarray analysis are not straightforward to reproduce’®®*®®, When working with microarray
data all these issues need to be accounted for and the data processed and analysed accordingly*®’.
Notably, copy number data, based on hybridization of genomic DNA to microarrays, will have
similar noise issues'”. In the case of RNA-Seq, it is known that in the random sampling process
that is inherent to the assay, dependent also on the sequencing depth, measurement noise is
introduced. In addition, even though hybridization-based noise associated with microarrays is not
present’’®, background noise from genomic DNA contamination might be**. In RNA-seq data
also a transcript length bias needs to be addressed, where a strong association exists between the
length of the transcript and the ability of a differential effect analysis method to call genes
differentially expressed between samples'’”. Again, all these can and must be accounted for when
processing and analysing the data. Assuming that the noise and biases inherent to specific
technology are controlled for, another potential bias might be introduced at the stage of joint
analysis, as different technological platforms assay different numbers of genes. Here a solution is
to focus the analysis on genes measured by both platforms*®. In fact, there is an understanding
that combining data generated with different technologies may offset and compensate for the
different technical artefacts or bias specific to a measurement platform, eventually leading to
more robust biologically relevant readouts®®*!’.

In order to advance the state-of-the-art in exploiting complex data, | have developed and
validated a novel integrative framework — Variation of information fused Layers of Networks
(ViLoN), with a first application to cancer patient stratification into treatment groups. Cancer
patients are represented in a multi-layer network view, combining matched molecular profiles
and external knowledge about biochemical pathways (KEGG) and molecular processes (GO
terms) (Fig. 18A, Chapter 5). This approach reduces the dimensionality by summarizing
molecular data, creating a pathway level view. In this way we characterize the disease of a
specific patient as reflected in a particular molecular profile type and already incorporating
functional knowledge. After data preprocessing, this is the crucial first step in my integrative
framework, helping to overcome the curse of dimensionality, that otherwise limits the
interpretation of biological signal, with hundreds to thousands of variables, i.e. genes, measured
but for relatively small number of samples'®**®. This way we summarize the patient-specific
molecular effects at pathway level®!, in relation to the rest of the patients in the cohort. This is,
moreover, a form of data integration already, joining prior domain biochemical knowledge with
patient-specific gene expression, combining measurements across genes. We then further reduce
the dimensionality of the network by clustering the pathways (per patient). This set of pathway
clusters can be used to characterize the disease of a specific patient as reflected in a particular
molecular profile type and already incorporating functional knowledge. Then, by a information-
theoretic measure, a distance between the clusterings is found, indicating patient similarities. We
construct a robust patient similarity graph (Fig. 18B, Chapter 5) for each molecular profile type
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(like, gene expression, copy number, etc.), to finally combine information across different
molecular profile types, yielding a single integrated patient similarity graph (Fig. 18C, Chapter
5). This integrated network is then exploited by a clustering algorithm to classify individuals into
groups of patients that should potentially be treated clinically in a similar fashion.

Critically, in order to objectively demonstrate that a new method is indeed of avail, it needs to be
assessed through effective benchmarks, e.g., via gold-standards, in comparison with established
alternatives®®™'. While the development of improved approaches to data integration constitutes
an active field, there is an open need for effective benchmarks of algorithm performance in
general. Selecting a method amongst available alternatives has thus remained a non-trivial
challenge for practitioners in biomedical research. Moreover, because different studies focus on
different objectives it is difficult to compare methods that intrinsically focus on answering
different questions and yield results that are not directly comparable with other studies. Multiple
factors, specific to the problem being answered, need to be considered. For instance, for a
meaningful evaluation of a method for patient stratification, we need to consider not only the
significance of the novel grouping but also the number of patients and the size of the risk change.
Furthermore, it is noteworthy that without a negative reference set providing known or expected
negatives, it is impossible to estimate the specificity of a method, which is based on the number
of false positives that a method calls wrongly. For example, when evaluating a novel method for
gene enrichment analysis, while scores that assess how highly known positives are ranked do
provide objective measures of sensitivity>>**®*°  they cannot discriminate methods that identify
potentially valuable additional uncharacterized pathways from methods that wrongly include
known or expected negatives. Consequently, exploiting known negative examples has
considerably improved method performance in various areas of computational biology, such as
the prediction of mRNA targets of regulatory microRNAs® or the prediction of protein
function®, e.g., for the identification of DNA-binding proteins from their sequences®. Moreover,
because of the difficulty of determining negative samples for benchmarks, researchers seek to
exploit simulated data where some ground truth is known®>"8. For simulations to be of relevance,
however, they need to capture the biological complexity and internal structure of datasets
obtained under realistic conditions****>*° _ yet another non-trivial challenge.

To assess the performance of our newly developed algorithm we have established a novel
rigorous and balanced metric — effective number of affected patients (Nef), dedicated to validating
the performance of a method for patient stratification. Our metric accounts for the clinical
relevance of the grouping, recognizing not only the size of the effect of reduced or increased risk
of death, i.e. hazard ratio, but also considering the number of affected patients. It facilitates direct
assessment of clinical relevance of patient stratification into distinct groups for treatment,
comparing multiple state-of-the-art tools. Notably, our metric also allows comparisons of results
presented in independent scientific reports. This was previously not possible because the usual
metrics presented in scientific publications are not directly comparable with each other, yielded
for various group sizes, not directly accounting for clinical impact.
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Intriguingly, we achieved the best performing models indeed with combination of
complementary information, integrating multiple molecular data types per patient with external
domain knowledge about structure in the data, such as pathways. The difference in performance
between single molecular data type based models is substantial and our novel framework
outperforms both the results shown in relevant literature (Tab. 9, Chapter 5) and alternative
integrative state-of-the-art algorithms (Tab. 10, Chapter 5). Remarkably, our method builds
solely on molecular information and external domain knowledge, not considering clinical
information for the predictions.

Even though our ViLoN integrative method performed remarkably well for patient stratification,
it yielded less robust results for predicting patient survival time — another challenging problem in
the research of cancer. Therefore, in a different approach to data integration, we focus on
extracting information that is directly functionally relevant to the new task. In order to ensure
seamless and dynamic access to the data, in a way that would also allow for inferring vertical and
horizontal relations between different data types and patients, and facilitate complex analyses, we
developed a complete semantic data integration system®. In our framework we relate patients by
the similarity of their heterogeneous data, first finding a group of patients related to the patient of
interest by the means of the KNN machine learning algorithm applied to the novel integrated
clinical feature we developed (Fig. 27, Chapter 5). We then extend such a group to include
patients that further relate to the patients already included in the group, by the similarity of their
molecular data (Fig. 28, Chapter 5). Survival time for the specific patient can then be seamlessly
predicted based on the relevant clinical information of the patients that are most similar to the
studied patient of interest. In this way we explore molecular effect, like gene expression, not as a
direct predictor, which is known to be extremely difficult because of the high dimensionality of
the data*?®, but for finding patients similar to the one whose survival time we want to predict.
Satisfyingly, the best models are now achieved with combination of complementary information,
contained within the integrative clinical feature and the network structure built using the
molecular data and externally linked domain knowledge.

6.1. Summary and outlook

In conclusion, in this thesis | have shown that exploration of the notoriously abundant
biomolecular data presents scientists with a great challenge, at the same time giving us a great
opportunity for facilitating an advancement in our understanding of biology in general and human
disease in particular. 1 have shown that these Big Data are not yet fully utilized because of their
high dimensionality and heterogeneity. | have further presented my contributions to the
advancement of exploiting these complex data, showing that by reducing the dimensionality of
molecular data we can extract higher-level actionable patterns, and attenuate the inherent noise.
Specifically, | have developed novel cutting edge integrative frameworks, not only being able to
join high dimensional and heterogeneous information generated by multiple technologies, but
also share the information across patients. In rigorous validation procedures | have shown the
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potential of our methods to improve and target treatment of cancer patients. | hope that my work
will contribute to further advancement of precision medicine.

With my integrative algorithms | am currently exploring other cancer datasets, with notably over
thirty being hosted by the TCGA database. Even though, the method for patient stratification |
have proposed already achieved substantial improvement over state-of-the-art, it possibly still can
be further optimized. KEGG pathway database could be exchanged for a much larger
Reactome®® pathway database. This would be a more demanding task computationally, because
the patient graphs generated with such large data, would be significantly larger than graphs
generated using the much smaller KEGG pathway database. Moreover, my tool could be
extended to apply alternative clustering algorithms which could potentially yield different patient
stratifications. Using the networks generated in this work | am also currently working on a multi-
layer network method for finding most dysregulated pathways between cancer patient groups.
With regard to the integrative framework for survival analysis, in addition to analysing further
TCGA cancer datasets, | am now exploring novel machine learning methods for the task.
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