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Abstract

The research described in this thesis concerns with the visual exploration of gene expression
in bio-molecular networks. Our focus is on investigating the merits of different visualizations
as visual analysis methods with the eventual objective of hypotheses deduction. When
designing each visualization, we focused on concept model visualization, i.e. each
visualization is designed to capture a perspective of the biologist’s understanding in
molecular biology.

Our contributions span four areas: visual analysis, visualization methods, user evaluation,
and analysis of hepatocellular carcinoma biology. In visual analysis, we contributed a visual
analysis framework which captures the biologist’s practice of incremental investigation (see
Chapter 1). We demonstrate that the approach of “filter first, zoom and details, overview if
necessary” can support hypotheses deduction in biology. As such, our visual analysis
framework can provide an engineering framework for bioinformatics software designers in
future.

In visualization methods, we designed the clustered circular layout for capturing the
‘network within network’ organization of a GO_Process-defined Protein Interaction Network
(see Chapter 4). We also designed the three-parallel plane layout as a novel method for
visualizing the two-overlapping network (see Chapter 5). The uniqueness of our design is
that, apart from the two heterogeneous bio-molecular networks G; and G,, the overlap layer
G; is explicitly visualized in the middle plane. The node set V3 of Gz is commonly shared by
the node sets of G; and G, i.e. V1N V,. Finally, we designed the circular plane layout as a
novel method for visualizing the three-overlapping network (see Chapter 6). The uniqueness
of our design is that the mappings between the three heterogeneous bio-molecular networks
G,, Gy, and Gg are being explicitly visualized as inter-plane edges.

In user evaluation methods, we brought to the bioinformatics community the first set of
benchmark tasks for evaluating usability of visualizations that display gene_cluster-GO
relationships (see Chapter 3). These tasks define usability in terms readability and
effectiveness in assisting analytical reasoning. They can be modified for evaluating data
object-to-ontology relationships in any clustering pattern visualizations.

In cancer biology, we proposed a tentative explanation on how the protein-based gene
regulatory interactions may co-operate with RNA-based gene silencing interactions and the
TGFB1 (transforming growth factor beta)-signaling interactions in promoting cancer growth
(see Chapter 6). Our hypothesis can provide a direction to the cancer research community for
future laboratory-based investigations.



In conclusion, we hope that this thesis will provide interested experts from the fields of
bioinformatics, information visualization, and visual analytics, with a starting point for
investigating visualization-related problems in molecular biology.
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CHAPTER 1

Introduction

“A Picture means A Thousand Words”_ o1 p cHINESE SAYING

1.1. Motivation

One great advancement brought forward by the Human Genome Project in the last decade
has been the increasingly routine application of high throughput technologies, e.g. DNA
microarrays [97], protein-protein affinity microarray [115], CHiP-Chip array [13] and high-
throughput mass spectrometry [165], in biological research. Their extensive application turns
molecular cell biology from a data-poor to a data-intensive science within a decade. The
copious amount of data generated continues to challenge the biologist’s cognitive capacity to
gain a holistic understanding on its biological meaning. The problem is two-folded.

The first has to do with the general conceptual view assumed by most biologists. Most of
them have been trained in the reductionist approach towards biology. The term ‘biologist’
used in this thesis is defined as experts who research and study biology at the molecular and
cellular level. They are often known as molecular biologists and cell biologists respectively.
This view assumes that we can understand the biological meaning of a complete single-cell
network by having it dissected down to its individual components. In other words, we can
understand the whole if we know how many molecules there are and more importantly, the
supposed biological function of each molecule. Such an assumption leads to the emphasis on
the choice of data mining methods available to biologists. The rationale has been that the
biological meaning of a large-scale gene expression dataset can largely be explained by a
handful of differentially expressed genes. However, recent discoveries that many low-copy
expressed genes are functionally important to cancer progression show the fallacy of this
rationale [94].

The second reason has to do with the multi-disciplinary approach required. Each of the
disciplines, i.e. statistics, data mining, information visualization, and molecular biology,
contributes to parts of the solution in the process of biological research (see FIGURE 1.1). Yet
very few professionals in any of these disciplines are practitioners of adjacent disciplines.
For example, researchers in bioinformatics visualization often focus on designing new
visualizations of data generated by statistical or data mining algorithms, rather than capturing
one or more concept models in biology. To achieve the latter will require a background in
biology.



2 Introduction

Laboratory

Data Analysis Experimentation

Visualization Data Curation

FIGURE 1.1. Key steps in a typical molecular biology research project in the post Human Genome
Project era. A biologist represented by the ball-and-stick model needs to participate in a research
process of four broad steps, i.e. (1) Laboratory experimentation, (2) Data curation, (3) Data and bio-
informatics visualization, and (4) Data analysis. Computing supports every step in this process, and
visualization serves as the medium for the biologist to proceed from data curation to data analysis.

Some visualization systems address the above problem partially by allowing the biologists to
overlay gene expression values or expression correlation scores onto the nodes of a
molecular network as colour hues. The protein interaction network (PIN) and metabolic-
network (MN) are the two most commonly used. The assumption behind has been that such
an integration should provide a glimpse on the systems-level interaction dynamics within a
single cell. The molecular network is then generated as a node-edge network visualization in
a variety of layouts, e.g. force-directed layout, circular layout, or grid layout. The same
visualization also allows the biologist to integrate biological ontologies with the network in
order to give it a functional context [104]. Without which, biologists will have difficulty
deducing the meaning of the data, let alone hypothesis formulation. The latter is central to
knowledge discovery [117].

While it is true that network visualization has indeed facilitated the conceptual shift from
reductionist to systems biology, the current network visualizations have two limitations. The
first is that most visualization systems provide a whole-cell molecular network as the first
step in network exploration. This idea is deeply rooted in the information visualization
mantra of “overview, zoom and filter, details on demand” [141] rather than the biologist’s
work practice of incremental investigation. Furthermore, the network visualizations are
generated using generic layout algorithms commonly used for addressing the issue of
scalability. Yet the layout algorithm does not account for any biological context such as
biological processes, molecular function, intracellular distribution, pathways, and disease
association.
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FIGURE 1.2. A computer-generated visualization of a human protein interaction network (PIN)
superimposed on a cellular organization plan. Reproduced from Kojima et al. 2007 [87].

The result is often an unreadable network visualization that contains substantial edge
crossings and node overlaps. The second is that most network visualizations can handle only
one type of molecular interaction. The expanding variety of interaction types raises many
practical and theoretical problems related to how these datasets should be integrated into the
network representations (or models), how best to visualize the integrated network and how
the network should be explored [148].

Using an integrated network of gene regulatory and protein-protein interactions as an
example, the fact that the latter occur between proteins which are at least transiently co-
localized in a particular cellular component may favour an approach that seeks to generate a
visualization that mimics sub-cellular components (see FIGURE 1.2). However the same
approach may be unsuitable for gene regulatory interactions where the interacting proteins
may be involved in multiple distinct and distally located biological processes [148]. One can
argue that this can be resolved by simply changing layouts. Yet there is very little
understanding on how different network layouts influence biological reasoning.

The limitations discussed above impose a steep learning curve on bench biologists. They

also expose the misalignment between the designer’s intention and the biologist’s analytical
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thinking. Amar and Stasko [4] called this the worldview gap. This is reflected in some
biologists’ comments given during a heuristic evaluation [134] that the network
visualizations provided by Cytoscape [104] and similar systems are the computer scientist’s
view on molecular networks. As a result, network visualizations are mostly used by bio-
informaticians who already have a background in data mining or statistics, rather than bench
biologists.

In summary, we identify significant challenges in molecular network visualization and
visual analysis that further contributions are needed to overcome them. These limitations are:

1. Current visualizations are mainly designed for representing data patterns in graphical
form rather than representing concept models. Yet it is the latter that is more attuned to
the biologist’s analytical thinking.

2. The visualization of molecular networks on a very large scale is cognitively challenging
to the biologists and discourages the use of networks in data exploration.

3. The lack of visualizations that integrate heterogeneous molecular interactions and allow
the biologist to explore each of them simultaneously or in parallel.

If there are limitations with the existing network visualizations, what are the challenges in
designing visualizations or determining which visualization to use for analyzing gene
expression? There are at least four challenges to answer.

1. The first challenge is the “curse of scale”. While molecular interactions can be mapped
to network representations, network visualizations worked well for small networks. As
the molecular network approaches a few thousand nodes, node overlaps, node label
overlaps, and edge crossings make the network visualization confusing and unreadable
[61]. Protein interaction network (PIN) is the case to the point. Though it can be
represented by a simple node-edge graph, the scale of even a bacterial PIN

(V| =5000,

E|>=6000) is beyond the human cognitive capacity to comprehend and

therefore presents a steep challenge to layout design and interactivity design.

2. Filtering is often used as a solution for reducing scale. Network reduction inevitably
leads to the loss of information but will also reduce visual complexity. The challenge is
to find a trade off between information loss and visual complexity, that is acceptable to

biologists with diverse motivations.

3. Biologists like to cluster data according to their ontological classification, e.g. Gene
Ontology (GO). However, explicit visualization of the original network as inter-
connected clusters of molecules demands a change in network layout, which may affect

the biologist’s analytical reasoning.
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4. There can be more than one concept model for interpreting the same integrated
network. An integrated molecular network is one that integrates different interaction
types, e.g. signaling interactions, metabolic reactions, and gene regulatory interactions,
into one network. For example, bench biologists conventionally use the cascade model
for depicting the integrated signal transduction (or signaling) and the gene regulatory
network. This model depicts the two sets of interactions as two inter-connected sub-
networks, with the signal transduction sub-network being the input layer and the gene
regulatory sub-network being the output layer. The emerging concept model is the
systems model in which the two sets of interactions are considered to be one integrated
network. It is not a straightforward decision to determine which concept model is
‘better’ and should be visualized. As such, there is often a need to present both.
Furthermore, each model may require a different network layout or even visual design.

Knowing that more than one visualization are needed to assist biologists in analyzing gene
expression data to a depth that can lead to hypothesis formulation, this thesis focuses on
using a series of different visualizations to meet the above challenges. We attempt to answer
these challenges in four research problems and conduct our research in a coherent manner
using a visual analysis framework as introduced in the next section.

1.2. A Visual Analysis Framework for Molecular Biology

Nowadays, biologists perform microarray experiments for measuring gene expression on the
genome-wide scale. He/she will then perform the two pre-processing steps, i.e. normalization
and filtering to extract a set of quality data amendable to data mining or statistical analysis
[145]. Following that, the biologist may want to extract a set of co-expressed genes. Then
he/she will apply pairwise correlation coefficients such as Pearson or Spearman correlations
to the dataset. Our framework is designed to mimic a series of visual analysis tasks with the
assumption that a bench biologist would like to investigate gene co-expression as the first
step (see FIGURE 1.3).

The objective of our proposed framework is to assist biologists in deducing biological
hypotheses incrementally using visual analysis. The motivation behind is to provide a
framework that is based on modeling the biologist’s work practice, i.e. filter first, zoom and
details, and overview if necessary. The visual analysis framework consists of three steps,
with each step focusing on a different type of network visualization, i.e.

1. visual analysis of co-expressed gene clusters;
2. visual analysis of protein interaction networks;

3. visual analysis of integrated network.



