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SUMMARY

In recent years, various modelling approaches in systems biology have been applied for
the study and analysis of signal transduction networks. However, each modelling
approach has its inherent advantages and disadvantages, so the choice has to be made
based on research objectives and types of data. In this PhD dissertation, we propose
probabilistic Boolean network (PBN) as one of the suitable modelling approaches for
studying signal transduction networks with steady-state data. The steady-state distribution
of molecular states in PBN can be correlated to the steady-state proteomic profiles
generated from wet-lab experiments. In addition, the relevance of interactions within
signalling networks can be assessed through the optimised selection probabilities. These
features make PBNs ideal for describing the properties of signal transduction networks at

steady-state with some uncertainty on network topologies.

To investigate the applicability of PBNs for the study of signal transduction networks, we
developed optPBN, an optimisation and analysis toolbox in the PBN framework. We
demonstrated that optPBN can be applied to optimise a large-scale apoptotic network with
96 nodes and 105 interactions. Also, it allows for network contextualisation in a
physiological context of primary hepatocytes through the analysis on optimised selection
probabilities. Similarly, we also applied optPBN to study deregulated signal transduction
networks in pathological contexts, i.e. the PDGF signalling in gastrointestinal stromal
tumour (GIST) and the L-plastin signalling in breast cancer cell lines. By integrating prior
information on network topology from literature with context-specific experimental data,
contextualised PBNs can be derived which in turn provide additional insights into
biological systems such as the importance of certain crosstalk interactions and the
comparative signal flows at steady-state in non-metastatic versus metastatic cancer

cell lines.

In addition to the applications on fundamental research, we also explored the applications
of PBNs in a pharmaceutical setting where detailed mechanistic models are usually used.
Here, we applied optPBN as a tool for network contextualisation. A proof-of-concept
example on a small model demonstrated that optPBN helped to pre-select the suitable
network structure according to the provided experimental data prior to the building and
optimisation of detailed mechanistic models. Such application is foreseen to be applied in
a pharmaceutical setting and to explore additional applications such as combinatorial

drugs’ effect and toxicity screening.
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Chapter 1
INTRODUCTION

1.1. Cellular signal transduction networks

The cell is a basic building block of life. Higher-level complex organisations among
different types of cells lead to the formation of tissues and organs with specialised
functions that work systematically to maintain the well-being of an organism. On another
view, complex and diverse regulatory mechanisms within the cells also operate on
multiple cellular components in an orchestrated fashion to preserve the proper

functionalities and integrity of each cell.

In eukaryotes, from yeast to human, multi-level cellular organisations and
regulations have been established and they are well-conserved through evolution. To
shortly recall on the information processing between cellular components within central
dogma of molecular biology, the functional genetic components in deoxyribonucleic acid
(DNA) are transcribed into messenger ribonucleic acid (mMRNA) which are subsequently
translated into proteins in diverse forms including structural proteins, transcription factors,
signalling proteins and enzymes (Crick, 1970). Each form of these protein has designated
functions, i.e. providing structural support and protect the cells from external environment,
binding to DNA and regulating transcription, transducing signals from internal and external
cues to regulate cellular phenotypes, and catalysing biochemical reactions within the cell,
respectively. These diverse effector units are built to supply the need of cells to survive
and to undergo through particular cellular events such as cell division or apoptosis

according to the incoming changes and perturbations in the environment.

Among the information transfer within central dogma, it is noteworthy that each
step is governed by multiple regulatory processes. This includes epigenetic regulations
such as chromatin remodelling or DNA methylation, regulation of transcription machinery
by various transcription factors, post-transcriptional regulation, e.g. by endogenous
microRNAs (miRs), and post-translational modifications of proteins such as
phosphorylation or glycosylation. Such regulatory processes modulate and contextualise
the information from the genome to create diversified cellular units with specialised
properties that function on particular biochemical reactions. Over decades, these
regulatory mechanisms were increasingly studied as networks, which depict the

interactions or relationships between cellular components. Some of the most well-studied
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cellular networks are gene regulatory networks which represent the interactions among
genes within genomes, metabolic networks which illustrate the pathways of biochemical
reactions of metabolites, and signal transduction networks where the information

processing between signalling molecules are rendered (Ryll et al., 2014).

The signal transduction network is one of the core functional layers in a cell. Upon
perturbations, it is the first system which receives and integrates information from internal
and external stimuli before passing them to various effectors such as transcription factors
and metabolic enzymes to further regulate other functional layers including gene
regulatory and metabolic networks. In terms of organisation, a signal transduction network
comprises multiple cascades of signalling molecules which are classified into several
intracellular signalling pathways. Some of the major intracellular signalling pathways are
for instance mitogen-activated protein kinases (MAPK), phosphoinositide-3-kinases
(PIBK)/AKT (a.k.a. protein kinase B, PKB)/mammalian target of rapamycin (mTOR),
phospholipase C gammal/protein kinase C (PLCy/PKC), Janus kinase and signal
transducer and activator of transcription (JAK/STAT) and Caspase pathways (Bos, 2000).
Each of these pathways supports various cellular functions such as promoting
proliferation, differentiation, senescence, or activating apoptotic machinery depending on

the cell types.

In a physiological state, signal transduction networks maintain an optimal signal
flow towards effector units. Multiple cues from stimuli such as growth and death factors,
cytokines, hormones, and cell-to-cell contacts are sensed by the corresponding receptors
including receptor tyrosine kinases (RTKs), cytokine receptors, transmembrane and
hormonal receptors, as well as integrins and E-cadherins which in turn pass the signals
towards intracellular signalling pathways. The most common route to transduce signals is
mediated via the phosphorylation and dephosphorylation of signalling molecules by kinase
and phosphatase enzymes. To modulate the signals within the signal transduction
processes, a large number of natural regulatory mechanisms are taking place such as the
dephosphorylation by cytoplasmic phosphatases or by target-specific phosphatase
enzymes, e.g. phosphatidylinositol-3,4,5-triphosphate 3-phosphatase (PTEN),
proteosomal degradation following ubiquitination, and the formation of inactive protein
complexes, e.g. inhibitor of kappa B (IkB) and nuclear factor kappa B (NFkB) complex.
Apart from these regulatory mechanisms, increasing evidence in literature also reports the
importance of regulatory effects from crosstalk interactions between intracellular signalling
pathways (Su, Mei, & Sinha, 2013; Xia & Storm, 2012). It was shown that crosstalk

interactions play a major role in the fine-tuning of signals and they are also involved in the
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compensatory mechanism once the signal flows within the canonical pathways are
disturbed (Mendoza, Er, & Blenis, 2011).

Generally, the regulatory and compensatory mechanisms are able to cope with
small and transient perturbations within signal transduction network. However, for certain
perturbations, e.g. the mutations of key signalling molecules such as Ras in MAPK
pathway or PTEN in PI3K/AKT/mTOR pathway, the signal flows are deregulated and
inappropriate signals were transduced to the effector units which in turn leads to
pathological phenotypes of cells. The abnormality in cellular phenotypes subsequently
serves as the etiology in many types of diseases including neurodegenerative diseases,

metabolic diseases as well as cancers (E. K. Kim & Choi, 2010; Lawrence et al., 2008).

1.2. Deregulation of signalling pathways in cancers

Cancer is one of the major causes of death in human worldwide since decades
(Jemal et al., 2011). It is often characterised by the over-proliferation of cancerous cells
which invade tissues and cause the failure of homeostatic regulation in the human body.
To date, there is no simple treatment which can eradicate all types of cancer due to the
high complexity of cellular and tissue organisations within tumours. Thus, a deeper and
more comprehensive understanding in the field of cancer research is required to decipher

the pathogenesis of cancers and to develop more advanced therapeutic treatments.

In 2000, Hanahan and Weinberg introduced six hallmarks of cancers which hold
true still today (Hanahan & Weinberg, 2000). These hallmarks, which are considered to be
the common phenotypes in almost all types of cancers, include self-sufficiency in growth
signals, insensitivity to anti-growth signals, limitless replication potency, evasion of
apoptosis, sustained angiogenesis, and tissue invasion and metastasis. Interestingly, the
molecular mechanisms which give rise to the six cancerous phenotypes can be explained
by the deregulation of normal physiology in signal transduction networks. A few examples
are as follows: the independence of growth signals for cell proliferation can be due to the
over-expression of receptor tyrosine kinases, the reduction of apoptotic machinery can be
caused by the up-regulation of anti-apoptotic oncogenes such as bcl-2, and the changes
in integrin and E-cadherin expressions could lead to more invasive cellular phenotypes.
From this perspective, it was proposed that the deregulation of signal transduction
networks is the central mechanism that drives carcinogenic transformation. The integrated
circuit of signal transduction networks comprising multiple intracellular signalling cascades

are depicted in Figure 1.
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Figure 1. Integrated circuit of a cellular signal transduction network. Multiple intracellular
signalling cascades were depicted together with the points of signal integration via
crosstalk interactions. Adapted from (Hanahan & Weinberg, 2000) under licensing number
3585911018186 and (Hanahan & Weinberg, 2011).

Since the hallmarks of cancer were established, the body of cancer research
based on this conceptual work was largely expanded over the last decade. In 2011, two
new cancer hallmarks which are deregulating cellular energetics and avoiding immune
destruction together with two enabling characteristics which are tumour-promoting
inflammation and genome instability and mutations were additionally proposed to
participate along the carcinogenic progression of cancer cells (Hanahan & Weinberg,
2011). It was shown that the reprogramming of glucose metabolism via aerobic glycolysis
(Warburg, 1956) could divert glycolytic intermediates towards other biosynthetic pathways
(Vander Heiden, Cantley, & Thompson, 2009) and the by-product lactate can also be re-
utilised within the lactic cycle (Feron, 2009). In addition, the role of innate immune system-
driven inflammation during tumour progression (DeNardo, Andreu, & Coussens, 2010)
and the mechanistic details of epithelial-mesenchymal transition (EMT) mediated by a set
of transcription factors, e.g. Snail, Slug, Twist, and Zeb1/2 (Klymkowsky & Savagner,
2009) were also illustrated. These advances on identifying additional cancer etiology

opened up a new possibility for discovering novel cancer therapeutic treatments such as
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metabolic and immunological therapies which were not concretely focused for treating

malignancies in the past.

Apart from investigating the molecular transformations of normal cells into cancer
cells as a basis to understand carcinogenesis progression, the focus on the tumour
microenvironment was also recently emphasised as an important rudimentary unit which
allows cancer cells to survive and to further spread to adjacent and distant tissues
(Egeblad, Nakasone, & Werb, 2010). The composition of each tumour microenvironment
generally comprises cancerous cells together with supporting structures such as cancer-
associates fibroblasts, vascular endothelium, pericytes, inflammatory immune cells as well
as cancer stem cells. These cells elicit a heterotypic signalling among different cell types
to foster their local expansion and invasiveness. In parallel, they also establish a
reciprocal interaction with surrounding supporting structures such as stromal reservoirs to
exploit the source of nutrients before moving to a distant site. In a causal view, the
deregulation of signalling pathways was shown to be one of the principal contributors to
the formation of the tumour environment (Hanahan & Weinberg, 2011). For instance,
cancer cells up-regulate the expression of vascular endothelial growth factor (VEGF) and
its receptors to promote the proliferation of endothelial cells and angiogenesis (Ferrara &
Davis-Smyth, 1997). Another example is an over-expressed platelet-derived growth factor
(PDGF) and its receptors mediated by tumour cells leading to the recruitment of
mesenchymal cells such as fibroblasts to tumour sites which in turn secrete hepatocyte
growth factor (HGF) in order to promote tumour metastasis (Hanahan & Weinberg, 2011).
At the molecular level, these growth factors serve as ligands for RTKs which activate
downstream signalling cascades to transform cellular phenotypes in favour of malignancy.
Such line of arguments additionally highlights the importance of deregulated signal
transduction networks, both at the levels of receptors and downstream intracellular

signalling pathways, which largely contribute to cancer advancement.

To further illustrate the role of major intracellular signalling pathways and their
contributions to cancer pathogenesis as summarised in Figure 1, | shortly review the

components and their roles in cancer signalling in the scope of this dissertation as follows:

1.2.1. Mitogen-activated protein kinases (MAPK) pathway family

The MAPK pathway comprises a cascade of three or more protein kinases which
are MAPK kinase kinases (MAP3Ks), MAPK kinases (MAP2Ks) and MAPKs. The series
of molecular activation are modulated by phosphorylation on serine, threonine and

tyrosine residues. The mammalian MAPK family consists of 3 downstream effectors which
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are extracellular signal-regulated kinase (ERK), p38 and c-Jun NHy-terminal kinase (JNK)
which exist in several forms, i.e. ERK1 to ERKS8, p38-q, -B, -y, -0, and JNK1 to JNK3. The
activation within the MAPK pathway are moderated by either one-to-one interaction
between kinase components or by the guidance of scaffold proteins, e.g. kinase
suppressor of Ras-1 (KSR), JNK-interacting protein (JIPs) and B-Arrestin (E. K. Kim &
Choi, 2010).

On signal processing, the three different MAPK pathways respond to different
stimuli with a designated set of molecular players. The JNK pathway responses to cellular
stress and inflammatory cytokines by activating apoptosis signal-regulating kinase 1
(ASK1) or transforming growth factor-B-activated kinase 1 (TAK1) which pass the signals
towards mitogen-activated protein kinase kinase (MKK) 6 and MKK3 that in turn trigger
JNK activity. In parallel, the p38 pathway responds to the same set of stimuli as JNK
pathway and it shares the activation on ASK1 and TAK1 downstream. However, this
pathway further activates another set of MKK which are MKK4 and MKK?7 before eliciting
the function of p38. Lastly, the ERK pathway, which is usually activated in response to the
activation of the RTK-Growth factor receptor bound protein 2 (Grb2)-Son of Sevenless
(SOS) cascade via the members of the Ras family proteins including K-Ras, H-Ras and
N-Ras, processes the information through Raf isoforms such as A-Raf, B-Raf or C-Raf
(Raf-1), MEK1/2 (MKK1/2) and ERK1/2 successively. Subsequently, the activated MAPKs
from each pathway phosphorylate various substrates proteins such as ELK-1, activating
transcription factor 2 (ATF2) and TP53 (E. K. Kim & Choi, 2010; Lawrence et al., 2008).

Physiologically, each MAPK pathway is optimally triggered to maintain proper
functions in response to corresponding stimuli while pathologic deregulation of MAPK
pathways leads to the destabilisation of homeostatic regulation that eventually results in
disease. The alterations in MAPK signalling cascades were shown to be the cause of
multiple diseases including neurodegenerative diseases such as Alzheimer’s disease and
Parkinson’s disease, chronic and genetic diseases such as Crohn’s disease and
polycystic kidney disease, and also many types of cancers (E. K. Kim & Choi, 2010). Even
though it was shown that the anomalies in JNK and p38 pathways are also the etiology of
many diseases, only the aberration in ERK pathway, on which we will further focus in this

dissertation, was clearly demonstrated to be the promotor of carcinogenesis (see Fig. 1).

Among the evidence from literature in early years of cancer research, ERK1/2
activity was identified as a crucial contributor to the pathogenesis of cancers (Land,

Parada, & Weinberg, 1983). Cancer-associated mutations of the components in ERK
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pathway, especially of Ras and Raf, often up-regulate signal flows in this pathway and
facilitate the cells to obtain cancerous phenotypes. For instance, the mutations of K-Ras
were often found in many human cancers such as lung and colon cancers (Schubbert,
Shannon, & Bollag, 2007) while the mutations of B-Raf gene were discovered in more
than half of malignant melanomas (Calcagno et al., 2008). Looking at the hallmarks of
cancer at molecular level, it was shown that the ERK pathway plays a major role in many
steps of tumour development. The key role of this pathway is to transduce growth signals
from RTKs into the cells in order to initiate cellular proliferation. Hence, the abnormality of
upstream signalling components, such as the over-expression of ligands and RTKs, also
contributes to the clonal expansion of cancer cells as well as their supporting structures
(Hynes & MacDonald, 2009). In addition, the ERK pathway was also found to contribute to
other cancer hallmarks such as increasing cell invasion by inducing the expression of
matrix metalloproteinases (Chakraborti, Mandal, & Das, 2003) and promoting survival of
cancer cells by regulating the activities of Bcl-2 family proteins (Balmanno & Cook, 2009).
Given the broad role of the ERK pathway in different stages of carcinogenesis, it has been

now one of the most targeted signalling pathways for the treatment of cancers.

1.2.2. PI3BK/AKT/mTOR pathway

The PISK/AKT/mTOR pathway is highly conserved in mammalian signalling
networks and its activation is tightly controlled in multiple steps. Class-l PI3Ks are
heterodimers composed of two subunits, a catalytic subunit (p110) and a regulatory
subunit (p85). The Class-I PI3Ks are also classified into subclasses, i.e. subclass IA which
interacts with RTKs and subclass IB which is activated by receptors coupled with G-
protein. Upon the activation of these receptors, the p85 subunit of PI3K binds to the
receptor by recognising the phospho-tyrosine residue on the receptors with SH2 domain
and activates the enzymatic activity of the p110 subunit which in turn converts
phosphatidylinositol (3,4)-bis-phosphate (PIP;) into phosphatidylinositol (3,4,5)-tris-
phosphate (PIP3) on cell membrane. Active PIP; at the cell membrane then recruits AKT
to bind, allowing 3-phosphoinositide-dependent protein kinase 1 (PDK1) to access and
phosphorylate threonine 308 (T308) residue of AKT which leads to partial AKT activation.
Subsequently, partially activated AKT activates the mTOR complex 1/2 (mTORC1/2) and
inhibits tuberous sclerosis protein 2 (TSC2) which inhibits the activity of mMTORC1/2. The
unleashed mTORC1/2 then reciprocally phosphorylates the second regulatory
phosphorylation site serine 473 (S473) on the C-terminal tail of AKT which leads to the full
activation of AKT activity. The activities of AKT can be counter-regulated by the
dephosphorylation of T308 by protein phosphatase 2 (PP2A), the dephosphorylation of
S473 by PH-domain leucine-rich-repeat-containing protein phosphatases (PHLPP1/2),
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and the reconversion of PIP; to PIP, mediated by phosphatase and tensin homolog
(PTEN). (Fresno Vara et al., 2004; Hemmings & Restuccia, 2012)

Once the downstream signalling molecules of the PIBK/AKT/mTOR pathway, i.e.
AKT and mTORC1/2 are fully activated via phosphorylation, they further interact with a
large number of their downstream targets and regulate a variety of cellular functions (see
Fig.1). To demonstrate some examples, AKT is involved in cell-death regulation by
phosphorylating and inhibiting pro-apoptotic factor Bad and procaspase-9. In addition, it
also activates an inhibitor of cyclic AMP response element-binding protein (CREB) and
kappa-B kinase (IKK) in the NFkB pathway which results in the transcription of anti-
apoptotic genes. In parallel, it was shown that AKT also modulates cell cycle progression
and cell growth by regulating the localisation of targeting proteins. For instance, Akt
inhibits glycogen synthase kinase 3 (GSK3) by phosphorylation which in turn impedes the
degradation of B-catenin. This results in the increase of B-catenin translocation into
nucleus to bind transcription factors, e.g. TCF/LEF-1 to induce several genes that in turn
induce cell cycle progression, e.g. cyclin-dependent kinase (CDK) 1 which inactivates
retinoblastoma (RB) protein via hyperphosphorylation. In addition, AKT phosphorylates
and inhibits the anti-proliferative proteins p21 and p27 by retaining them in the cytoplasm
and it also facilitates nuclear translocation of Mouse double minute 2 homolog (Mdm2) to
antagonise the effect of TP53 on cell cycle checkpoints. On the other path, the activated
molecules downstream of the mTOR pathway further stimulate protein synthesis by
phosphorylating p70 S6 kinase (p70S6K) and elF4E binding proteins 1,2, and 3 (4E-BPs)
where p70S6K increases translation of mRNAs via the phosphorylation of ribosomal
protein S6 and 4E-BPs release the initiation factor elF4E to promote translation of many
proteins e.g. cyclin D1, Myc, and VEGF. (Altomare & Testa, 2005; Fresno Vara et al.,
2004). To summarize, both AKT and mTOR principally activate various cellular

mechanisms to increase the total cell population.

In the pathological context, the deregulation of PI3K/AKT/mTOR pathway also
leads to an abnormality in cellular phenotype which is the cause of multiple diseases such
as metabolic diseases (Manning & Cantley, 2007) as well as cancers (Altomare & Testa,
2005; Fresno Vara et al., 2004). As mentioned previously, both AKT and mTOR
participate in the regulatory circuit of cell survival and cell cycle progression. Hence, this
implies that both effector units could also promote cellular proliferation and evasion of
apoptosis in cancerous cells. In addition, the by-products of mTOR, e.g. VEGF, also has
an angiogenic effect which additionally reinforces the formation of tumours in local and

distant sites. Based on the survey on prostate, breast and ovarian cancer, it was shown

8|Page Chapter 1: Introduction



that nearly 80% of tumours with activated AKT1 were high grade stage lll/IV carcinomas
(Sun et al., 2001) while 30-40% of pancreatic and ovarian cancers were found to have
high activity of AKT2 (Altomare et al., 2005). In addition, the aberration of upstream
signalling molecules of the PISK/AKT/mTOR axis is also involved in multiple types of
cancers. To name a few, the mutation of p110 subunit of PI3K was reported in ovarian
carcinoma (Shayesteh et al., 1999) while the mutated gene that codes for the p85
regulatory subunit of PI3K was also shown in a T-cell lymphoma cell line (Jucker et al.,
2002). The loss of PTEN function due to somatic mutation also elevates the signal flux in
the PIBK/AKT/mTOR pathway via PIP; elevation which occurs frequently in glioblastoma,
melanoma and cancers of prostate and endometrium (Sansal & Sellers, 2004). Taken
together, it appears that the deregulation of the PI3BK/AKT/mTOR pathway also plays a
central role in cancer progression by activating multiple cancer hallmarks. Hence, their
components are worth to be further investigated together with the ones in the MAPK

pathway to design more advanced targeted therapies.

1.2.3. PLCy/PKC pathway

In mammalian cells, up to fourteen PLC-isozymes were characterised and
classified into multiple subtypes (Hwang et al., 2005). Among them, one of the well-
studied isozymes is PLCy-1 which has a strong implication in signal transduction. PLCy-1
has Src homology 2 and 3 (SH2 and SH3) domains, which interact with proteins via
phosphotyrosine and proline-rich sequences, respectively. The classical signalling
cascade of the PLCy/PKC pathway starts from the interaction of extracellular signalling
molecules such as hormone and growth factors with their receptors on cell surface which
in turn triggers a rapid hydrolysis of membrane phospholipid PIP, catalysed by PLCy
isozymes. The biochemical reaction leads to the generation of two intracellular
messengers, diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) which further
activate PKC and promote the release of calcium ion (Ca®") from intracellular storage. The
activated PKC and the gradient of increased Ca®* concentration subsequently modulate
the activities of signalling molecules which are the components of other intracellular

signalling pathways with diverse functions (Choi, Ryu, & Suh, 2007; Putney, 2002).

The deregulation of the PLCy/PKC pathway has been investigated for its potential
role in promoting tumour formation and metastasis. In one study, PLCy was shown to
mediate together with epidermal growth factor receptor (EGFR) to promote tumour cell
invasion in prostate cancer cell lines (Kassis et al., 1999). In other studies, it was shown
that the expression level of PLCy-1 is elevated in cancer tissues comparing to normal

counterpart (Nanney et al., 1992) and it also plays an essential role in cellular proliferation
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and anti-apoptosis in various cell types (M. J. Kim et al., 2000). Thus, the PLCy/PKC
pathway is one of the important intracellular signalling pathways with direct links to many

hallmarks of cancers that needs to be considered and controlled in cancer treatment.

1.2.4. JAK/STAT pathway

The JAK/STAT pathway is known to be ubiquitous among vertebrates but it can
also be found in other metazoans such as Drosophila (Hombria & Brown, 2002). In
human, the JAK family consists of 4 cytoplasmic tyrosine kinases, i.e. JAK1-3 and Tyk2
and 7 proteins were identified in the STAT family, i.e. STAT1-6 with STAT5a and STAT5b.
Upon the activation of signalling receptors in response to extracellular growth factors and
cytokines, multimerisations of receptor subunits are formed and lead to the activation of
JAKs which are bound to receptors via phosphorylation. Subsequently, activated JAKs
recruit, phosphorylate, and dimerise STATs which then translocate into nucleus to interact
with various regulatory elements on the genome in order to modulate gene expression.
The activities of STATs are controlled by negative regulators including tyrosine
phosphatases such as SHP1/2, protein inhibitors of activated STATs (PIAS) and
suppressors of cytokine signalling (SOCS) proteins (Furqan, Mukhi, Lee, & Liu, 2013;
Rawlings, Rosler, & Harrison, 2004).

Various types of ligands such as erythropoietin (Epo), interleukin-6 (IL-6) and
interferon-gamma (IFNy) give rise to multiple combinations of JAK and STAT family
activations (Schindler, 2002). The diversities of JAK/STAT organisation subsequently lead
to complex regulations on multiple cellular functions including cell proliferation,
differentiation, migration, and apoptosis (Rawlings et al., 2004). On disease pathology, the
deregulation of JAK/STAT signalling was found to be the etiology for many types of
haematological malignancies, such as leukaemia and lymphoma. Among the effector
units, the anomaly of certain molecules, e.g. the constitutively active mutants of STATS3,
has a key role in the regulation of proliferation as well as oncogenesis in several tissues
(Levy & Lee, 2002). Such evidence inevitably points to the involvement of the JAK/STAT

pathway in the cancerous signalling circuit.

1.2.5. NFkB pathway

The NFkB pathway is one of the signalling cascades that is conserved through the
evolution from Cnidaria to humans (Sullivan, Kalaitzidis, Gilmore, & Finnerty, 2007). In
total, five members of NFkB family, which serve as transcription factors, were identified
including RelA (p65), RelB, c-Rel, NFkB1 (p105) and NFkB2 (p100). In most quiescent
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cells, dimers of NFkB family are bound to the inhibitory molecules of the IkB family. To
activate the NFkB pathway, 3 routes have been proposed (Gilmore, 2006). In the
canonical pathway, inflammatory-related ligands such as tumour necrosis factor alpha
(TNFa), lipopolysaccharides (LPS) and interleukin-1 beta (IL-18) bind to their receptors,
i.e. TNF receptor (TNFR), toll-like receptor (TLR) and IL-1 receptor (IL-1R) which in turn
activate kB kinase (IKK) complexes and NFkB essential modulator (NEMO). IKKs
subsequently phosphorylate IkBs which leads to proteasomal degradation of IkBs by
ubiquitination, allowing the p65/p50 dimers to enter the nucleus and regulate the
expression of up to thousand genes. In an alternative pathway, a different set of activated
receptors, e.g. lymphotoxin beta-receptor (LTBR) and CD40 induce the activity of NFkB
inducing kinase (NIK) which in turn leads to the ubiquitination and partial degradation of
p100 into p52 that binds to RelB before entering nucleus. In an atypical pathway which is
activated, e.g. by genotoxic stress, the signals are mediated via the signalling kinase
ataxia telangiectasia mutated (ATM) which in turn activates NEMO and follows the route
of the canonical pathway. The activity of NFkB is controlled by the IkB family as well as by

specific NFKB pathway regulators such as A20 (Gilmore, 2006; Hoesel & Schmid, 2013).

In terms of cellular functions, the NFkB pathway is well-known for its involvement
in the inflammatory responses mediated primarily by innate immunity. In addition, it was
shown that chronic inflammation exerts a pro-tumorigenic effect rather than a protective
one, e.g. by up-regulating the expression of anti-apoptotic genes (Dunn, Old, & Schreiber,
2004). In addition, it was shown that the NFkB pathway also contributes to the EMT
process (Huber et al., 2004) and neovascularization (Xie, Xia, Zhang, Gong, & Huang,
2010). Even if it is far-fetched to speculate that solid tumours arise from the deregulation

of this pathway alone, there is no counter-argument on its involvement in tumourigenesis.

1.2.6. Cell cycle signalling

In response to growth factors, the cell cycle signalling is initiated and drives the
cells from the resting state (Ggy) through the interphase (G4/S/G;) and mitosis (M) cycle,
resulting in cell division. The classical model of cell cycle in mammalian cells comprises
several cyclin proteins and CDKs which are required at different phases. The most critical
steps known as cell cycle checkpoints are G4/S and G,/M transitions where they are
controlled by cyclin D:CDK4/6 with cyclin E:CDK2 and cyclin A/B:CDK1, respectively. The
first checkpoint is controlled by the RB protein which binds to the E2F transcription factor
that up-regulates the expression of cyclin E. Additionally, the signalling molecules at the
checkpoints can also be regulated by a group of CDK inhibitor families with a broad range

of regulatory effects. To mention a few, p15 specifically inhibits cyclin D:CDK4/6 complex
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while p21 (CDKN1A gene) has wider targets and acts on multiple cyclins:CDKs
complexes. The expression of these regulatory molecules can be up-regulated by the
activation of anti-growth factors such as transforming growth factor beta (TGFB) which
transduces signals via Smads proteins. Also, TP53, as the chief guardian of genome
integrity, can up-regulate p21 and it functions together with other DNA-damage sensor
protein kinases such as ATM, ataxia and rad3 related (ATR), and Chk1/2 to ensure the
finest quality of DNA sequence before proceeding to DNA replication and mitosis.

(Vermeulen, Van Bockstaele, & Berneman, 2003)

Intuitively, the cell cycle signalling is highly involved in carcinogenesis with respect
to the control of cell population. The deregulation or mutations of signalling molecules
within this signalling pathway, e.g. the mutations of cyclin proteins, CDKs, p15, p21, RB
protein, and especially TP53, lead to the alteration of signal flows toward cell cycle and
also to the instability of the genomes in the progeny cells. Interestingly, recent studies
revealed that CDK1 is the only essential element to drive cell cycle in most mammalian
cells while the interphase CDKs, i.e. CDK2/4/6 are only essential in some specific cell
types. Such evidence ignites a new line of cancer treatment on cell cycle signalling which

can be applied to patients in a more personalised manner (Malumbres & Barbacid, 2009).

1.2.7. Apoptotic signalling

Apoptosis is one of the components in programmed cell death together with
autophagy and programmed necrosis (Ouyang et al., 2012). The classical apoptotic
pathway is divided into two parts: the extrinsic pathway and the intrinsic pathway where
both involve a series of energy-dependent cysteine protease enzymes called caspases.
The extrinsic pathway is triggered by the binding of death ligands, e.g. Fas or TNF
ligands, to their corresponding death receptors. The ligand-receptor complex recruits
adaptor proteins, e.g. Fas-associated protein with death domain (FADD) and forms a
death-inducing signalling complex (DISC) which in turn activates caspase 8 and the
executioners of apoptosis, i.e. caspases 3,6,7, successively. In parallel, the intrinsic
pathway senses perturbations from external and internal stimuli and direct signals towards
the Bcl-2 family proteins which are involved in the release of mitochondrial enzymes. Two
distinct members of the Bcl-2 family are classified, the pro-apoptotic members such as
BAD, BAX, BAK, BID, BIM and the anti-apoptotic members, e.g. Bcl-2, Bcl-xL, Mcl-1. The
balancing of the two groups control the permeability of the inner membrane of
mitochondria. The disruption of the mitochondrial membrane results in the release of
cytochrome ¢ which binds to apoptotic protease activating factor-1 (APAF-1). Activated

APAF-1 then leads to the activation of caspase 9 that in turn activates effector caspases
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3, 6, 7. Once the executors of apoptosis are activated, they further activate proteases
which degrade nuclear and cytoskeleton proteins. The most important executioner is
caspase 3 which specifically activates endonuclease caspase-activated DNAse (CAD) by
cleaving inhibitor of CAD (ICAD), leading to chromatins breakage and condensation.
Subsequently, apoptotic cells externalise phosphatidylserine on their cell surfaces as a
marker to be engulfed by phagocytic cells to complete the apoptotic process (Elmore,
2007; Ouyang et al.,, 2012). Another apoptotic pathway mediated by Perforin and

Granzyme stimulated by cytotoxic T-cell is shortly reviewed in (Elmore, 2007).

In the view of cellular functions, the apoptotic pathway is a vital component of
multiple cellular processes including embryonic development, normal cell turnover and
chemical-induced cell death. The deregulation of this pathway therefore contributes to the
pathogenesis of many diseases such as autoimmune diseases, neurodegenerative
diseases, and cancer. In the carcinogenic process, evasion of apoptosis is one of the key
cancer hallmarks that cancer cells need to acquire which can be achieved by perturbing
the regulatory units of this pathway. Apart from the regulation by the Bcl-2 family proteins,
there also exist other regulators in the group of inhibitor of apoptosis (IAP), e.g. X-linked
IAP (XIAP) which binds to Apaf-1 and inhibits its activity in the intrinsic pathway. In
addition, TP53 also plays an important role in sensing cellular threats and controlling the
release of mitochondrial cytochrome c via BAX (Benchimol, 2001). The aberration of
these regulators thus increases the survival chance of cancerous cells. Furthermore, there
are increasing evidences that other signalling cascades also send crosstalk signals to
regulate apoptosis, e.g. the PISBK/AKT/mTOR pathway could inhibit the activities of Bad
via AKT (Vivanco & Sawyers, 2002) or the increased expression of pro-apoptotic genes
can be mediated by NFkB (Karin & Greten, 2005). For that reason, new therapeutic
targets in apoptotic signalling in cancers would not be effective if one simply targets only
an individual gene or protein components (Ouyang et al., 2012). By contrast, one needs to
integrate the interconnected signalling components as a network to unravel the complex
regulations of this pathway and to prevent the activation of alternative pathways that

contribute to the relapse phase of diseases via crosstalk interactions.

Apart from the short reviews of intracellular signalling pathways as demonstrated,
short reviews for other signalling pathways, e.g. Integrin, Wnt/3-catenin, and Src signalling
can be found in (Harburger & Calderwood, 2009), (Clevers & Nusse, 2012), and (Parsons
& Parsons, 2004), respectively. To further illustrate the connections between aberrant
carcinogenic signals and the deregulation of intracellular signalling cascades, we

introduce two examples of aberrant signal transduction networks arising from mutated
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receptor tyrosine kinases which in turn contribute to the pathogeneses of cancers focused

within this dissertation as follows:

1.2.8. Deregulated PDGF signalling in gastrointestinal stromal tumours
(GISTs)

Gastrointestinal stromal tumours (GISTs) are the most common primary
mesenchymal neoplasia of gastrointestinal tract. These tumours commonly arise from the
mutations of either KIT (85-95%) or PDGFRa (5-7%) where the respective mutation sites
can be located in extracellular domain, juxtamembrane domain, split kinase domain, or
activation loop domain (Tan, Zhi, Shahzad, & Mustacchia, 2012). The first-line therapy for
GISTs is surgical resection combined with the administration of Imatinib mesylate
(Gleevec®), a tyrosine kinase inhibitor with activities against ABL, BCR-ABL, KIT, and
PDGFRa/B. The clinical outcome of the first-line therapy is mostly satisfactory with 35%-
49% 9-year survival (Rammohan et al., 2013). However, certain point mutations, e.g.
aspartate (D) to valine (V) mutation at amino acid 842 in the PDGFRA gene in exon 18
(activation loop domain) are usually associated with drug resistance (Markku & Jerzy,
2006) while the other similar mutations such as aspartate (D) to tyrosine (Y) at the same
amino acid or valine (V) to aspartate (D) at amino acid 561 on the PDGFRA gene still
have good therapeutic outcomes. Such observation requires further investigation at the

molecular level to understand how the signals are processed mechanistically.

Once amino acids at the regulatory sites of PDGFRa are mutated in GISTs, these
mutations render constitutively active signalling towards downstream intracellular
signalling pathways including Ras/Raf/MAPK and PI3K/AKT/mTOR pathways (Gramza,
Corless, & Heinrich, 2009). These two main signalling pathways largely contribute to the
acquisition of multiple hallmarks of cancers, notably on cell proliferation and cell survival
circuits. In addition, PDGFRa was also reported to activate other signalling pathways such
as the PLCy-PKC pathway as well as the tyrosine kinases of the Src family (Heldin, 2014).
Both of these pathways have numerous interaction partners within the intracellular
signalling circuits, leading to the increase in complexity for further analysis. To add up the
challenge, a number of crosstalk interactions between intracellular signalling pathways
were proposed to be involved in the regulations within the generic mammalian signal
transduction network (Grammer & Blenis, 1997; Lynch & Daly, 2002) as well as within the
PDGF-signalling-specific context (C.-C. Wang, Cirit, & Haugh, 2009). At this level of

complexity, it seems that only the analyses performed by computational means in the field
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of bioinformatics or systems biology sound plausible to derive a global conclusion on the

properties of deregulated PDGF signalling pathway at steady-state.

Recently, (Bahlawane et al., 2015) applied a bioinformatics approach to study the
deregulated PDGF signalling in GISTs. In their study, they discovered that constitutive
signalling via the oncogenic PDGFRa mutants in GISTs leads to the mislocalisation of the
receptors which in turn modifies the signalling characteristics via STAT factors in the
endoplasmic reticulum. Apart from this work, the importance of crosstalk interactions
within the deregulated PDGF signalling in GISTs was investigated and analysed with a

systems biology approach in parallel as presented in this dissertation.

1.2.9. Deregulated EGFR and L-plastin signalling in breast cancers

Breast cancer is one of most common forms of malignancy in female worldwide
(Tinoco, Warsch, Glick, Avancha, & Montero, 2013) where complex interactions between
multiple signalling pathways predominantly contribute to the course of pathogenesis. The
three most common signalling receptors which have been characterised to be involved in
breast cancer are oestrogen receptor alpha, progesterone receptor, and ErbB2 receptor,
while EGFR was thought to be minimally associated. However, recent evidence in
literature report that EGFR signalling might play a major role in triple-negative breast
tumours as 50%-70% of them exhibit EGFR expression without the presence of the three
most common receptors (Burness, Grushko, & Olopade, 2010). Hence, the molecular
mechanisms of deregulated EGFR signalling was gaining interests to be further
investigated and developed into therapeutic targets in pharmaceutical industry (Foley et
al., 2010).

Generally, the deregulation of EGFR signalling is well-characterised as the
etiology of epithelial tumours such as colorectal, lung, and skin tumours (Scaltriti, 2006).
Besides, the pathological regulations of this signalling pathway in breast cancer were also
increasingly reported over years (Foley et al., 2010). Apart from the induction of classical
downstream intracellular signalling pathways such as R