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Abstract

Cancer is a heterogeneous group of diseases that poses a major global health problem. Today, a
great deal of resources are allocated to acquire cancer control. The significant progress in cancer
research has, among various advancements, resulted in targeted therapies that represent a ground-
breaking approach to cancer treatment. Targeted drugs are developed to selectively modify mo-
lecules that constitute the cell circuitry for deciding on cancer growth, progression, and metastasis,
in contrast to traditional chemotherapeutics that indiscriminately target the growth machinery of
cells.

Despite the aim of selectivity, it is frequently observed that additional target molecules, referred
to as off-targets, are affected. In silico modelling is a valuable approach to predict how cancer as a
system responds to perturbations. However, off-target effects are rarely considered in simulations
of targeted therapies, which is a bottleneck to achieving accurate predictions of systems responses.

To understand the impact of off-target effects, in silico modelling was conducted to identify how
the predicted drug effect was changed. A relational database was implemented to efficiently handle
such off-targets, storing information on drugs, targets and the prior knowledge available on drug-
target interactions. The database content was made accessible by a tool developed to carry out
customised queries, facilitating automated drug target profiling accounting for off-target effects.
The new module was applied to generate target profiles for 17 drugs. The interpretation of these
presented that several drugs inhibited multiple molecules in addition to their primary targets.
Further investigation of the mechanism of inhibition suggested that low selectivity resulted from
highly conserved target regions. Additionally, it was observed that drugs with high off-target activ-
ity frequently showed low selectivity towards a kinase subfamily. The target profiles were applied
in logical modelling to simulate drug effects. Prediction of cell viability implied that off-targets
tend to enhance the drug responses when the modified entities were members of distinct signalling
pathways. Simulations with a more robust network implied that modification of multiple random
targets has a low impact, suggesting that the topology of a target node should be emphasised in
drug selection to promote the effect. Through simulations with the DrugLogics pipeline, it was
illustrated that accounting for off-target effects in the perturbation data improved the software’s
capability to predict drug synergies. Enhanced prediction performance was confirmed from raised
values for the area under the curve (AUC) obtained from the plotted receiver operating character-
istic (ROC) and precision-recall (PR) curves. The applicability of enhanced drug target profiling
was again demonstrated by applying the tool to characterise the target profile of the Imatinib
candidate target therapy. The characterisation enabled off-label use based on the overlap between
mutations identified in the patient’s tumour and the off-target profile of the drug.

The results of this project emphasise the importance of including off-target effects when carrying
out in silico simulation of drug response for enhanced prediction performance. This improvement
is enabled by the developed module that performs automated drug target profiling, accounting for
off-target effects.
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Sammendrag

Kreft er en heterogen sykdomsgruppe som utgjor en betydelig global helseutfordring. I dag legges
det inn store ressurser for & oppna kreftkontroll. Betydelig framgang innen kreftforskning har
resultert i flere nye og lovende behandlingsmetoder for kreft, der i blant maéalrettede legemidler.
Malrettede legemidler er utviklet til & selektivt péavirke molekyler som utgjgr det molekylaere be-
slutningsapparatet for cellevekst, progresjon og metastase av kreftsykdommen, i motsetning til
tradisjonell cellegift som angriper cellenes vekstmaskineri.

P4 tross av intensjonen om selektivitet, er det ofte observert at méalmolekyler som ikke var tilsiktet,
kalt "off-targets", pavirkes av malrettede legemidler. In silico modellering er en nyttig metode for
& predikere hvordan kreft, som et system, responderer pa perturbasjoner. "Off-target-effekter"
blir sjeldent tatt i betrakting i simulering av malrettede legemidler, og dette representerer en
begrensning for & oppné presise predikasjoner av systemets respons.

For & forsta innvirkningen av "off-target-effekter", ble det gjennomfgrt in silico modellering med
mal om & identifisere hvordan responsen pé legemidlene endres. For & tilrettelegge for effektiv
handtering av slike "off-target-effekter" ble det utviklet en relasjonsdatabase, som lagrer informas-
jon om medisiner, deres malmolekyler og eksisterende kunnskap om interaksjonen mellom disse.
Databaseinnholdet ble tilgjengeliggjort gjennom et verktgy laget for & gjennomfgre skreddersydde
sporringer for & tilrettelegge for automatisk generering av méalprofiler for medisiner, som inkluderer
"off-target-effekter". Den nye modulen ble anvendt for & finne malprofilene til 17 medisiner, og
analysen av disse viste at en rekke inhiberte flere molekyler i tillegg til primeer malmolekylene.
Videre undersgkelser av inhibisjonsmekanismen antydet at lav selektivitet kan skyldes hgy kon-
servering av malregionen. Det ble og observert at medisiner med hgy "off-target-aktivitet" ofte
viste lav selektivitet mot en enkelt kinasegruppe. Malprofilene ble brukt i logisk modellering for &
simulere effekten av medisinene. Predikering av cellevekst viste at "off-target-effekter" ofte forster-
ker responsen nar de pavirkede molekylene tilhgrer ulike signalspor. Simuleringer utfgrt pa et mer
robust nettverk indikerte at inhibering av mange tilfeldige malmolekyler hadde liten effekt, som
antyder at topologien til malnoden bgr tas i betraktning for & oppné best mulig effekt. Gjennom
simuleringer med DrugLogic pipelinen ble det illustrert at inkludering av "off-target-effekter" i
perturbasjonsdataen fremmer programvarens evne til & predikere medisinsynergier. En forbedret
predikasjonsytelse ble bekreftet fra gkte verdier for areal under kurven (AUC) som ble kalkulert
for plottede receiver operating characteristic (ROC) and precision-recall (PR) kurver. Nytten av
forbedrete malprofiler ble videre demonstrert da verktgyet ble anvendt for & karakterisere malpro-
filen til det malrettede legemiddelet Imatinib, for & muliggjore off-label bruk basert pa hvordan
mutasjonene, identifisert i en pasients svulst, sammenfalt med "off-target-profilen" til medisinen.

o

Resultatene i dette prosjektet understreker viktigheten av & inkludere "off-target-effekter" ved
in silico simuleringer av respons pa medisiner for & oppné bedre predikasjonsytelse. Forbedret
ytelse er lagt til rette for gjennom utvikling av en ny modul som utfgrer automatisk generering av
malprofiler som inkluderer "off-target-effekter".
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1 Introduction

The global cancer burden poses a significant challenge to human well-being, causing one in six
deaths worldwide in 2020 [1]. In 134 of 184 countries in the world, cancer is currently the first
or second most common cause of premature death, and approximately one in five individuals will
develop this disease during their life [2, 1]. The figures continue to increase, and unfortunately,
the burden is predicted to be expanded by 47% from 2020 to 2040 [3]. The root causes of the
expansion are multifaceted, with raised life expectancy and prominent alteration in lifestyle due
to improved economy playing prominent roles [3].

Alongside the growing cancer prevalence, cancer research is currently undergoing substantial pro-
gress. Extensive research is resulting in enhanced knowledge of cancer prevention and treatment.
Primary prevention is facilitated by identifying major risk factors to avoid the onset of cancer—for
instance, use of tobacco, alcohol, dietary risks and air pollution. Furthermore, secondary preven-
tion is improved, mainly through screening programs [4]. Many countries have now introduced
systematic screening programs such as mammographic screening for early detection of breast can-
cer and pap smears for cervical cancer [3]. Screening programs support an early and precise cancer
diagnosis, allowing for timely and effective treatment [4]. Nevertheless, the development of tertiary
prevention is advanced, with new and better therapeutics frequently put on the market [4]. The
treatment strategy is slowly progressing from a "one-size-fits-all" approach to precision medicine
led by new technologies such as immunotherapy and targeted therapy [5].

1.1 The Hallmarks of Cancer

Cancer is a heterogeneous group of diseases that share a set of functional capabilities, ultimately
resulting in uncontrolled tissue growth. The functional capabilities were summarised as the six
hallmarks of cancer by Hanahan et al. in 2000 [6]. These capabilities emerge from an accumulation
of mutations, genomic rearrangements and epigenetic changes that activate oncogenes or inactivate
tumour suppressor genes. As a result, the activity of signal transduction pathways that regulate
cell fate, genome maintenance, and cell survival is modified [7]. The modifications make cancer
cells capable of survival, proliferation and spread, defying normal cell control [6].

The first and second hallmarks are sustaining proliferative signalling and evading growth suppress-
ors, which commonly initiate the process of tumourigenesis. The first capability causes the cells
to induce and sustain growth-promoting signals, thereby disrupting homeostasis. The second hall-
mark lets the cancer cells deregulate programs that prevent cell growth and is often brought about
by inactivation of tumour suppressor genes. Resisting cell death enables the cancer cells to avoid
programmed cell death by apoptosis when exposed to stress and DNA damage, which would nor-
mally eliminate otherwise healthy cells. The next trait, enabling replicative immortality, acquires
the cancer cells to bypass senescence and crisis. Senescence is a nonproliferative yet viable state.
Crisis is a phase where most cells in a population die. These barriers of unlimited proliferation
are usually avoided by the elongation or stabilisation of telomeres, which protect the end of the
chromosomes. Inducing angiogenesis is the capability of stimulating the growth of new blood ves-
sels. These blood vessels provide the tumour with nutrients and oxygen and dispose of metabolic
wastes and carbon dioxide, enhancing tumourigenesis. The final capability, activating invasion and
metastasis, enables the cancer cell to move from local tissue and vessels to new sites, transported

through the circulation, and establish secondary tumours [6].

The six hallmarks were later extended with additional capabilities by Hanahan et al. in 2011 and
2022. The new capabilities include four emerging and four enabling hallmarks [8, 9]. The first
emerging hallmark is deregulating cellular energetics, representing modification or reprogramming




of the cellular metabolism in cancer cells, a capability that enhances continuous cell growth and
proliferation. Awvoiding immune destruction acquires cancer cells to bypass immunological destruc-
tion, specifically by T and B lymphocytes, macrophages and natural killer cells [8]. Furthermore,
unlocking phenotypic plasticity leads to avoidance of the terminal differentiation state to allow for
cancer pathogenesis. The last emerging hallmark is the capability of senescent cells, which usually
undergo proliferative arrest that cannot be reversed, to resume the proliferative state. The result
is promoted tumour progression and malignant development [9].

The first enabling characteristic, genomic instability, results from genetic modifications that sup-
port tumourigenesis. Secondly, avoiding immune destruction, alter the functionality of immune
cells, originally aiming to oppose infections and repair lesions, to enhance several of the other
hallmark capabilities [8]. The hallmarks can also be enabled by nonmutational epigenetic repro-
gramming that cause modified gene expression. The final enabling characteristic is polymorphic
microbiomes, representing the ecosystem of bacteria and fungi that can protect cancer progression
and affect the response to therapy [9].

Altogether, these hallmarks represent the underlying foundation of capabilities, leading to complex
phenotypes and genotypes across cancer diseases.

1.2 Cancer Therapy

Cancer has traditionally been treated by surgery, radiation therapy and cytotoxic chemotherapy.
For disease that cannot be controlled surgically or radiotherapeutically, systemic therapies are
used. Although systemic treatments like chemotherapies are important approaches to reducing
rapid can cell growth, they tend to act unselectively. Consequently, vulnerable healthy growing
cells are damaged. Therefore, the doses are kept restricted to protect the healthy cells, and a
combination of numerous cytotoxic agents is required. The result is severe side effects that are
challenging to endure [7, 10].

1.2.1 Molecular Targeted Therapy

A substantial shift in the development of cancer therapy is now taking place. Cytotoxic chemo-
therapy that directly targets mechanisms of cell growth, such as DNA synthesis, is gradually being
substituted by molecularly targeted therapies. These therapies are designed to act selectively on
molecular targets to counteract cancer cell survival, proliferation, and metastasis [11]. Inhibition
of the hallmarks of cancer is enabled by modifying dysregulated proteins or pathways that are
identified to drive tumourigenesis [12]. By addressing specific alterations of the individual patient,
cancer therapy is enhanced from the "one-size-fits-all" approach applied in cytotoxic chemotherapy
to precision medicine.

The targeted therapy approach is traditionally founded upon the 'one gene, one drug, one disease’
paradigm. The paradigm is established from the agreement between genetic reductionism, which
assumes that knowledge about genes is adequate to understand every feature of human behaviour,
and novel molecular biology methods allowing for precise validation of single ’disease-causing’
genes [13]. Successful drug design of a ligand that selectively modifies the disease-causing gene
would lead to the fulfilment of the concept of 'magic bullets’ originally posed by Ehrlich to combat
infectious diseases. The philosophy is based on the idea of only eliminating the disease source
without harming the body itself [14].

The two main types of targeted therapy are Monoclonal antibodies (mAbs) and small molecule
inhibitors. mAbs target extracellular proteins and prevent interaction between a receptor and




the associated ligand [15]. The agents prevent direct interaction by binding to an antigen, cell
receptor, or membrane-bound protein. Alternatively, or additionally, the mechanism can activate
a subsequent response of the body’s defence mechanism often referred to as 'antibody dependent
cellular cytotoxicity’. The body’s immune system can then, for instance, act by immune system
detection of cancer cell-specific antigens that recruit effector cells and cause cytotoxic or phagocytic
responses [16].

The second group is small molecule inhibitors. These drugs are characterised by low molecular
weight (< 900 Da) and the ability to infiltrate cells to target a protein of interest [15]. Small mo-
lecule inhibitors most often function by inactivating kinases to regulate signalling pathways which
are altered during tumourigenesis [15]. Alternative mechanism of action are targeting proteasomes,
cyclin-dependent kinases (CDKs), or poly ADP-ribose polymerase (PARP) inhibitors that interfere
with DNA damage repair which ultimately triggers apoptosis. Small molecule inhibitors, is proven
successful in many patients [17]. An example of proof of concept in the clinic is using the tyrosine
kinase inhibitor imatinib, an ABL inhibitor, on chronic myeloid leukaemia patients whose driver
mutation is a BCR-ABL translocation [18].

Although molecular target therapy has shown noteworthy clinical success, some crucial drawbacks
must be considered. For the therapy to be successful, a patient’s tumour must express the spe-
cific biomarker that the agent modifies, and tumour growth must be critically dependent on this.
Furthermore, despite the presence of the biomarker, drug resistance is a challenge in numerous
patients. It is commonly observed that the drug initially has a good effect, but only a partial
response is obtained before the development of therapy resistance. Resistance can be developed
due to the complexity of oncogenic pathway crosstalk caused by multiple mutations or a lack of
specificity where the agent cannot target the mutation of interest [15]. Resistance might also arise
from characteristics such as drug efflux, alteration of the drug target, DNA damage repair, inac-
tivation of cell death, epithelial-mesenchymal transition, and the cell heterogeneity in the tumour
microenvironment [19]. Furthermore, a drug can lead to a strong response but simultaneously
show side effects. Side effects are commonly caused by either on- or off-target effects. On-target
effects are caused by an unintended mechanism of action on the target of interest, which can cause
dysregulation of the molecule’s function in normal cells. Off-target effects are caused by a lack of
specificity, causing the drug to inhibit additional unintended targets [20].

1.2.2 Multi-Targeted Drugs

Bioactivity studies such as in vitro biochemical assays, high-throughput screening, and genomics
have, in retrospect, shown that numerous small molecules used in the clinic are indeed multi-
targeted [21]. Polypharmacological properties are acquired when a drug interacts with multiple
macromolecular targets [22].

Off-target effect are often attributed to the binding site the drug is designed to target being a
conserved region across multiple proteins. The most common example is the adenosin triphosphate
(ATP)-binding pocket of kinases. Kinases are signalling biomolecules commonly deregulated in
cancer, which have become an important drug target class. All kinases share the same enzymatic
activity of transmitting the terminal phosphate of ATP to a new protein. The transfer is facilitated
by binding the ATP substrate to the ATP binding pocket, which is functionally and structurally
conserved across the complete set of protein kinases, referred to as the kinome [23]. Numerous
inhibitors are designed to target this binding pocket and block ATP from binding, and cross-
reactivity for additional kinases is often observed [21]. A well-known example of this is the earlier
mentioned drug, Imatinib. Inhibitors are also observed to be conformationally adaptable toward
structurally diverse conformational states of various kinases. This property is seen for both the




drug Dasatinib and Erlotinib [24].

Off-target effects can cause severe side effects, such as dysregulation of kinases which are essential
for critical functions in the heart [25]. On the other hand, such effects can show potential for
drug repurposing. In addition, multiple studies have shown that multi-targeted drugs can give an
enhanced clinical effect and argue for the end of the single targeted therapy approach replaced
with multi-targeted drugs [13, 26, 27]. Cancer phenotypes are often observed to be robust due
to alternative compensatory signalling routes [28]. Moreoved, tumourigenesis is often driven by
the modification of multiple pathways. Consequently, several proteins might be required to be
inhibited to bring about an effect. Targeting multiple proteins could therefore be a promising
strategy in cancer therapy [13].

1.2.3 Drug Synergies

Combining drugs is another example of an upcoming approach to treating cancer, by targeting
multiple essential features or weaknesses. This method aims to identify a combination of drugs
that show synergistic drug actions. A drug synergy is defined by the combination of drugs resulting
in an enhanced effect compared to the sum of the effect of the individual drugs [29, 30]. Several
synergies have already been proven to be successful. For instance, the combination of MEK and
BRAF inhibitors [31], along with cyclin-dependent kinase 4/6 inhibitors and anti-estrogen therapies
[32]. Symergies are often advantageous as the development of drug resistance can be postponed.
In addition, therapeutic effects can be maintained despite a significant cut in the dosage of each
drug, thereby reducing undesired side effects [29, 30].

1.3 Drug-Target Interactions

The ensemble of targets a drug interacts with is referred to as the target profile [33]. Mapping of
drug-target interaction (DTI) is essential to predict the drug effect correctly and to acquire insight
into a drug’s mechanism of action and level of selectivity. This knowledge enables successful drug
development, prediction of drug effect and cancer therapy selection.

Most drug targets are enzymes and small molecule drugs are typically developed to inhibit the
enzyme activity. Inhibitors interact with their targets in three different manners. The most
common mechanism is competitive inhibition, where the drug competes with the enzyme’s substrate
for the active site. The inhibitor then blocks the active site and stops the substrate from binding.
As mentioned earlier, this is a common mechanism of action for kinase inhibitors, which occupy the
ATP binding pocket. The second mechanism, uncompetitive inhibition, occurs through binding to
a distinct site on the enzyme. Molecules that express this type of inhibition bind exclusively to
the enzyme-substrate complex. The binding leads to the alteration of the enzyme conformation,
reducing the binding affinity between the substrate and the active site. As a result, the catalysation
rate is reduced. The final mechanism is noncompetitive inhibition. Equal to the uncompetitive
mechanism, binding occurs in a region distinct from the active site and causes a change in enzyme
conformation. However, the interaction occurs independent of substrate binding [34].

1.3.1 Binding Affinity

Drug target profiling is typically carried out using binding assays which measure the drug’s binding
affinity across a panel of numerous of potential targets. A binding affinity value report the strength
of a DTI. Estimating to which degree an inhibitor binds to possible target enzymes is valuable for




evaluating if an interaction is adequate to obtain a therapeutic effect or for predicting if interactions
with off-targets will cause undesired side effects [35].

The binding affinity strength between a drug-target (DT)-pair is generally expressed by the dis-
sociation constant (K 4), the inhibition constant (K;), or half maximal inhibitory concentration
(IC50) [36]. IC5p states the total concentration that decrease enzymatic activity by 50% [37]. K4
and K; are dissociation constants and state the free concentration of the drug necessary for 50%
enzyme saturation. While K 4 is a general measurement of the binding affinity between a molecule
and an enzyme, K; is specified for an inhibitor and an enzyme. Targeted therapies are typically
small molecules designed to inhibit altered molecules causing uncontrolled growth and survival
[10]. K, is therefore often used. Low values for the lot indicate high binding affinity [36].

The K, is equivalent to the K; and only depends upon the ligand (drug) and enzyme (target)
concentration. In contrast, /C5g also depends on the substrate concentration and the experimental
conditions [35]. Assay conditions should therefore be as similar as possible for IC5y values from
different laboratories to agree. The relationship between measurements depends on the reaction
mechanism and the type of inhibition. In the case of non-competitive inhibitors, IC'5g equals K4
and K ;. In the case of competitive inhibition kinetics, IC'5q is expected to be higher. The drug then
competes with the substrate. Hence, the necessary drug concentration to decrease the enzymatic
activity by 50% depends on the substrate concentration and how strongly it binds the enzyme.
However, the three values become close to equal if the substrate concentration is low [37].

1.4 Systems Biology

Systems biology is founded on the paradigm that a system as a whole is greater than the sum of its
parts and cannot fully be understood by analysing components or even pathways in isolation [38].
The belief is, therefore, that the structure and dynamics of a cell or organism should be studied
rather than the characteristics of the single components alone to comprehend the complexity of
living systems [39]. The holistic paradigm was introduced as an objection to the reductionist
philosophy of René Descartes. Descartes stated that a complex system could be fully understood
by reducing it to manageable elements, analysing them separately, and then assembling the whole
from the characteristics of the individual components. Likewise, Jacques Loeb’s mechanistic biology
philosophy was replaced by systems biology. Mechanistic biology is based on the thought of all
biological behaviour being set, forced, and uniform across all individuals of one species, making
them nothing more than complex machines [38].

A key concept within systems biology is that living systems have a hierarchical organisation, a
philosophy introduced by James Henry Woodger at the beginning of the 20th century. The concept
states that, apart from the most basic level, every level of an organisation has a characteristic
defined by the interactions across the elements in the lower levels. As an illustration, the organised
cellular functions of regulatory proteins lead to a working cell cycle [38]. Ludwig von Bertalanffy
and his general system theory later evolved the systems biology paradigm [38]. His theory describes
how all systems are developed from interlinked components. Systems can therefore be described by
a network where entites are represented as nodes and the interactions between them are represented
by edges. The shared characteristic of interlinked components can result in similarities in the
complex structure and control design of the network. This feature is demonstrated by stable
system structures, which frequently are characterised by highly connected nodes, referred to as
hubs, and edges [38]. Numerous biological systems show this behaviour, having a small set of
proteins that are part of multiple pathways, forming hubs, while the majority only are included in
one or two.




The field of systems biology has advanced significantly over the past decades, and is fuelled in
part by the large data amounts associated with genomic characterisation [40]. The use of high-
throughput sequencing approaches has allowed the development of network models to simulate
complex biological systems, thereby improving the understanding of these systems [40]. These
approaches are shown to be promising in multiple applications, for instance, to enhance the un-
derstanding of normal and perturbed disease conditions.

This area of application is called systems medicine. The approach utilise network models for the
integration of molecular patient data. By interpreting the interactions within these systems, critical
entities in the disease can be identified, facilitating the discovery of diagnostic and prognostic
biomarkers [41].

1.4.1 Cancer as a Systems Biology Disease

Cancer is an excellent example of a disease that can be understood from a systems biology per-
spective. Cancer arises from alterations in genes involved in crucial signal transduction pathways
that regulate the functional state of cells. These signal transduction pathways form a network of
cellular circuits, which are fundamental lines of intracellular communication. Intracellular com-
munication occurs through integrating and transmitting intra- and extracellular signals via these
pathways, which alter gene expression, protein activity and cellular behaviour. Thereby allow-
ing for transition between cellular states, such as cycle progression, apoptosis, angiogenesis, and
infiltration, in response to the signal [7, 42].

The signalling pathways are interconnected at multiple hierarchical layers. Cross-talk can occur
directly by, for example, phosphorylation and indirectly by, for example, regulation of gene expres-
sion. Furthermore, one molecule can be included in multiple pathways. The system can exhibit
even more complex behaviour as a result of regulatory motifs, which highly influence the signal
response [42]. These motifs are frequently repeating patterns that can amplify, dampen, prolong
or shorten the transmitted signals. Negative and positive feedback loops are typical examples of
such motifs, where pathway components positively or negatively influence the activity of upstream
components of the pathway. The result is a complex, self-regulating biological system [43].

Systems biology gives valuable insight into the complex network of molecular interactions which
elucidate the mechanism of cancer. Development of computational models from big data sets
enables researchers to identify genes and pathways that drive cancer, allowing for the discovery of
new drug targets [42]. Moreover, the approach can be applied to predict drug effects.

1.4.2 Biological Networks

Existing knowledge and experimental observations describing a biological system can be incorpor-
ated in a prior knowledge networks (PKN). The structure and organisation of nodes and edges in a
network can capture the pairwise interactions between molecules, including receptor-ligand bind-
ing, enzyme-substrate interactions, or protein-protein interactions, that lead to cellular behaviour.
A network edge, can either be undirected, indicating a two-way and symmetrical relationship, or
directed, where component A regulates component B, but not the other way around. This edge is
said to be outgoing for node A and incoming for node B, and depicts information flow. Regulatory
networks are commonly described by directed graphs, were edges represent either inhibiting or
activating interactions, indicating if communication along the edges leads to down-regulation or
up-regulation, respectively. The graphs allow tracking a path of coupled biochemical reactions
from the input node to the output node [43].




A scale-free network characteristic tends to be observed in regulatory networks [43]. Scale-free
networks display a wide set of mathematically derived characteristics, of which those important
for the project have been the power law degree distribution. A degree distribution (P(k)) represents
the probability that a random node has exactly k edges. The parameter is computed by dividing
the number of nodes (N(k)) of each degree by the total number of nodes. A power law distribution
is characterised by a few nodes having a high degree, i.e. many edges, forming hubs, while most
edges have a low degree [44].

1.5 Boolean Modelling

After developing a prior knowledge network that captures existing knowledge and experimentally
observations of the cell behaviour, the network can be converted to an executable computational
model based on a mathematical framework to perform simulations. The model is then exposed to
different conditions and is enabled to change over time. The simulation results can be analysed to
make qualitative or quantitative predictions about the cell behaviour when the system is perturbed.

The properties of computational models developed for biological systems vary depending on the
mathematical framework used to describe and analyse the system. The status of the system
components can be represented by continuous values, holding any real number within a set interval
or discrete values. Furthermore, the model can allow for randomness or noise in the data leading to
less predictable behaviour. The model is then classified as stochastic. In contrast, a deterministic
model performs prediction based exclusively on the initial conditions and the regulatory rules
defined for each node. Boolean models represent the most straightforward version, being discrete,
deterministic and parameter-free [45].

The Boolean modelling approach is founded on the proposition logic defined by George Boole. The
paradigm applies the principle of bivalence, meaning a statement must be either true or false, and
a third possibility or contradiction is not considered an option [46]. Unlike continuous models,
this approach does not require precise kinetic parameters, which makes it suitable for modelling
large-scale systems with numerous variables and interactions without extensive experimental data.
As a result, Boolean modelling can be used to analyse complex systems and predict how their
behaviour changes over time.

1.5.1 Building a Boolean Model

A regulatory network can be translated into a Boolean model. Boolean models are commonly used
to illustrate regulatory networks due to their ability to accurately depict the network topology.
A Boolean model is implemented by assigning each node in the directed graph with a Boolean
variable indicating the local activity state. The activity state can either be True (1), indicating
that the node is active, or False (0), indicating that the node is inactive. As a result, a network
consisting of N nodes will have a total of 2N potential states. Furthermore, each node is associated
with logical rules. A rule defines how the activity state of a node is determined by the state of
the neighbouring regulators. The formulas use the logical operators NOT, AND, OR to derive
conditions where the activity state is True or False. For instance, node A can be defined to have
the activity state True if either of its activating nodes B OR C is active AND NOT its inhibitor
node D. In short, the activity state of a node will stay the same or be altered according to execution
the of the logical equation. An update of the activity state of a regulating node generally triggers
a corresponding alteration in the state of its connected nodes until a stable state is reached. As
a result, the network undergoes a dynamic trajectory, which illustrates how an input signal can
evolve the network state over time [45].




Increasingly more comprehensive and complex regulatory networks involved in regulating multiple
biological processes are developed as a result of extensive data generation and integration efforts.
To allow for the modelling of such complex networks, multi-valued variables can be introduced
[47]. As a result, the activity state is not restricted to True or False but can take on various values
for intermediate activity levels, resulting in a logical model. A regulatory node can then control
different targets at distinct levels and have multiple effects on a single target [48]. This approach
can be convenient for predicting different levels of pro- or antisurvival represented by the output
nodes, for example.

1.5.2 Simulations with a Logical Model

After implementing the model, simulations can be performed to predict cell behaviour when ex-
posed to a condition of interest. The simulation can be carried out using an asynchronous or
synchronous updating policy. In the case of synchronous update, each process, presented by an
edge, is implicitly assumed to happen at the same rate. Therefore, node states are modified with
regular intervals of a set time step. For each iteration, the activity level of every node is updated
according to their logic formula before a new iteration is carried out. For this reason, the order
of updates does not influence the outcome. All simulations starting with the same initiating con-
ditions will result in the same state after an equal number of steps. Hence, the system is entirely
deterministic. The trajectory of the system will eventually converge toward an attractor. The at-
tractor is either a single state, referred to as a steady state, a repeating pattern of states, referred
to as a cycle or an ensemble of stable states the system randomly oscillates between. Because
synchronous updates cannot account for the variation in rate of signal propagation in a biological
system, asynchronous updating policy is more commonly applied [45].

Asynchronous updating accounts for variation in timescales by introducing distinct time delays for
every update of an activity state and running the updates in a non-synchronous manner. Hence,
the activity state of each node is updated independently, according to the logical rule, without
waiting for the activity state of the other components to be updated. Different attractors are
reached for each simulation, resulting in less predictable behaviour. Asynchronous modelling is
commonly carried out by running numerous replicate simulations with identical initial conditions.
The reachable states and the likelihood for each can then be identified. The approach enables the
prediction of the system behaviour with a high degree of certainty.

A system can be exposed to various conditions to predict how different types of perturbation
influence the system. An example is predicting a drug’s or drug combinations’ effect [29, 30].

1.5.3 The DrugLogics Pipeline

The DrugLogics (NTNU) pipeline is a powerful example, showing the value of logical modelling.
The DruglLogics initiative has developed software for predicting drug synergies in silico, which
may be followed by validation through experimental testing. The result is that lab experiments
can be guided by computer simulations, which can limit the experimental search space that would
otherwise have to be covered. The modelling pipeline comprises several software modules that
function cooperatively to enable a highly automated computational framework for logic model
assembly and simulations [29, 30, 49].

The software optimises a general logical model to represent a specific cell line. The optimisation
process obtains an ensemble of models generated by a genetic algorithm. By iteratively altering
the logical rules, the algorithm produces models that that increasingly fit with the data provided
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in a training file to resemble the cell line of interest. Next, drug perturbations are introduced
systematically to the ensemble of models. A drug perturbation is simulated by fixing the activity
state of a target node to be 0 or 1, representing inhibition and activation respectively. The effect
of the various drug combinations is predicted by evaluating the output nodes’ computed activity
state that indicates cell viability. Finally, the predicted synergies are compared against observed
synergies validated by experimental data to evaluate the prediction performance [49].

A limitation of the software is that no module for adequate drug target profiling is provided.
Studies performed with the pipeline have only introduced perturbations of the primary targets of
each drug. Hence, potential off-target effects are not accounted for, which is a critical bottleneck to
allow for enhanced prediction performance. To allow for improved predictions the software would
benefit from a module with a database of DTI-data and an associate tool for extensive target
profiling.

1.6 Introduction to Database Design and Implementation

A significant amount of data is generated through biological research, and the development of data-
base applications is essential to store this data efficiently. With the help of databases, data can be
organised into a structured format, making it accessible for all researchers through straightforward
queries and analyses.

The database design process begins with a requirement and collection analysis. The data require-
ments of the intended group of end users are then defined. The result is described in a miniworld,
the extract of the real world to be represented in the database. The description includes the rel-
evant objects, the relationship between these and the rules that will apply [50]. An example can
be a database storing information about genes with a unique id, a name and a DNA sequence. A
gene can encode proteins with a unique id, name, and primary structure provided by the amino
acid sequence.

After collecting and analysing the requirements, a conceptual schema is designed for the database.
A high-level conceptual data model is then applied, for example, an Entity-Relationship (ER)
model. The model represents every object with a physical existence by an entity [50]. Furthermore,
sets of entities with shared properties are collected into entity types. In this example, Gene and
Protein. The properties that describe an entity, such as an id and a name, are called attributes.
The attributes derive their possible values from a data domain, such as a string or an integer. An
entity type typically has a unique key attribute for each entity, which can be used for identification.
Each entity type is represented by a rectangle box with the entity type name and a list of attributes
in the ER model. Furthermore, the key attribute is specified by an underline [50].

The association between entity types are described by relationship types — for example, a gene
Encodes a protein. Diamond-shaped boxes with the relationship name represent the relationship
types. A straight line is drawn from this box to each participating entity type. The number of
relationship instances an entity can be part of is restricted by a cardinality ratio [50]. For instance,
a protein is encoded by one gene (1, 1), and a gene can encode for zero to multiple proteins due
to alternative splicing (0, N). Hence, the cardinality ratio for this relationship type is 1:N (one-to-
many). The cardinality ratio is indicated along the lines drawn from the relationship type to the
entity types. Figure 1.1a shows the ER diagram created for this example.

The ER model can be enhanced to include concepts such as specialisation. An entity type is
then a superclass specialised into a set of subclasses. The specialisation distinguishes among
characteristics of the entities in the superclass. For example, instances of a superclass Tissue can
belong to different tissue types. A specialisation is illustrated by a circle notation. The ER model




specifies whether the subclasses must be a disjoint set, indicated by a d, or if they can overlap,
indicated by an o. An additional constraint defines if the specialisation is total. Hence, every
entity must be part of at least one subclass or partial, where an entity does not need to be part
of a subclass. This completeness constraint is indicated by a double or a single line, respectively
[50]. Figure 1.1b illustrates the example of specialisation.

The next step in the database design process is called logical design. The ER schema is then
translated into a relational database schema. The entity types are mapped to a relation (table).
Each relation consists of a schema with the relation name, and a column with a defined data type
for each attribute. In the relation extension, tuples for each entity are provided. A tuple consists
of only valid values. If a value is unknown, it is assigned a NULL value [50]. Figure 1.1c shows the
relation developed for the Protein relation.

An important task in this design step is to ensure entity and reference integrity. Entity integrity
is achieved when each tuple in a relation is unique, which is ensured by a primary key constraint.
The primary key represent a unique identifier for a tuple and cannot be NULL.

The relationship types are indicated by foreign keys that point to the primary key of a tuple in
the referenced relation. When the cardinality ratio is 1:N, the foreign key is typically included in
the relation, which can only be related to one tuple in the related relation. In the case of an M:N
(many-to-many) cardinality ratio, a new relationship relation is created. The relation includes
primary keys from each participating relationship, and the combination of these is the primary key
of the relationship relation. In addition, they are independent foreign keys that reference each of
the related relations. Reference integrity is achieved by only having foreign keys that point to an
existing tuple or consist of NULL values [50].

In the final step, called physical design, a physical database model of a database management
system (DBMS) is created from the database schema. Additional specifications are then defined
for how the data should be stored and accessed. When the database design is completed, the
database is loaded with actual data [50].
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1.7 Project Objectives

The key motivation for this project was to study how model based predictions are changed when
off-target effects are included in simulations of drug response. The project is founded upon the
observation that targeted therapies tend to be multi-targeted. Knowledge of off-target effects
is therefore anticipated to give better insight into how a drug operates, facilitating enhanced
prediction of drug response. A new module of the DrugLogics pipeline is therefore required, to
enable drug target profiling which accounts for off-target effects. Below is a brief description of
the project’s main objectives and the biological questions to be answered.

Part I - Development of a module connected to the DruglLogics pipeline to facilitate drug target
profiling, accounting for off-target effects:

1. Construct a relational database providing data on anti-cancer drugs, their targets and the
interaction between DT-pairs by
(a) designing a relational database framework for efficient data storage
(b) collecting data of interest from multiple freely available data resources
(¢) implementing programs that homogenise and organise the collected data before loading
the data into the designed database

2. Develop a DrugProfiler tool associated with the database, aiming to

(a) make the data accessible to users independent of their programming background

(b) execute database queries according to user-specified conditions to generate customised
drug target profiles

(¢) make the query result applicable for use in the DrugLogics pipeline
(d) implement a Graphical User Interface (GUI) with text and figures allowing for visual-

isation and analysation of the generated target profiles

Part II - Use the new module to generate drug target profiles and apply these in drug effect
prediction:

3. Perform drug target profiling using the DrugProfiler tool to answer

(a) How selective are the studied inhibitors?
(b) Does the molecular mechanism of inhibitor activity impact drug selectivity?
(c) How are the kinase targets within each profile distributed across the human kinome?
4. Perform in silico modelling of drug effect to answer
(a) Does accounting of off-target effects alter simulated cell viability, as predicted by logical
modelling?
(b) Does the prediction performance of drug synergies improve when off-target effects are

considered?

5. Use the DrugProfiler tool to investigate if a cancer patient could benefit from treatment with
a off-label drug by comparing the generated target profile with the mutations identified in
the patient’s tumour.

12
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2 Materials and Methods

2.1 Workflow Overview

As stated in the introduction, the main objective of this master’s project was to investigate how
model based predictions of drug response are altered when including off-target effects. For that, an
efficient handling of such off-target effects is needed. This requirement is realised through a relation
database that provides detailed information and context to drug-target interactions (DTI). The
database development was initiated by a requirement and collection analysis to get an overview
of the data needed to fulfil the needs of the end users. A database was then designed according
to the analysis results. The required data were simultaneously collected from multiple knowledge
databases and the literature. The database was implemented by structuring and homogenising the
data before loading it into the designed framework.

After finalising the database, the DrugProfiler tool was developed to enable the automated gen-
eration and visualisation of drug target profiles. Code was implemented to conduct customised
queries according to user-specified conditions to produce the profiles. Furthermore, a Graphical
User Interface (GUI) providing figures and text were established from the output to allow for
interactive exploration of the retrieved information.

The tool was applied to identify target profiles for 17 drugs for which the DrugLogics already
had produced extensive results. The output was examined through a literature study on drugs’
inhibition mechanisms. Furthermore, phylogenetic trees of the human kinome were annotated with
the profile components to investigate the composition and distribution of drug targets.

The target profiles were used in logical modelling. Firstly, stochastic simulations were performed to
examine how in silico prediction of drug effect was altered when accounting for off-target effects.
Secondly, the DrugLogics pipeline was applied to investigate if the prediction of drug synergies
could be improved by including off-target effects.

Finally, the DrugProfiler tool was applied to evaluate if a patient could benefit from treatment with
a off-label drug. The identified target profile was examined according to the patient’s molecular
profile to see if the drug inhibited one or more of the proteins encoded by the mutated genes.

The project workflow is summarised in Figure 2.1.

2.2 Database Design

A database application was developed with a database and associated programs to perform data-
base updates and queries. The objective was to create a database that stores drug-target interaction
data, including off-target effects, to facilitate extensive drug target profiling. The profiles can, for
instance, be applied in in silico simulations to improve predictions of cell behaviour when perturbed
with single drugs or drug combinations. Furthermore, the data can facilitate cancer treatment se-
lection according to a patient’s molecular profile, allowing for precision medicine. Figure 2.2 shows
an overview of the main steps in the database design.
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allow for straightforward querying of the database to generate customised drug target profiles. The tool
was then applied to identify and analyse target profiles for a set of drugs. The target profiles were used in
logical modelling to predict drug effect, and it was evaluated if taking off-target effects into consideration
improved the prediction performance by comparing the result with gold standards retrieved from drug
synergy assays results. Finally, the tool was applied in the drug selection process for a cancer patient.
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2.2.1 Requirement Collection and Analysis

The initial phase of the database development process was requirement collection and analysis. The
objective of this phase was to define the data requirements to fulfil the needs of the DrugLogics
initiative which is expected to deliver the primary users.

The first step was to examine the results and data used by DrugLogics in previous studies [29, 30].
Then, interviews of the end users, ergo the group members, were carried out to get an overview
of the required data. The literature was reviewed to thoroughly understand the data of interest
and the relationships across the data objects to ensure data integrity. Relevant literature was
found using search words like off-target effects, polypharmacology, and multi-targeting drugs. The
collected information was defined in the description of the miniworld, which was to be represented
in the database.

2.2.2 Conceptual Design

The next phase in the process was conceptual design. The data requirements were then carefully
analysed and described in a conceptual schema. An Entity-Relationship (ER) diagram was used
as the graphical notation. A detailed description of the entity types, relationship types, and
constraints was defined in the diagram. Each object with independent existence, such as a drug,
was represented by an entity. The entity types were then assigned attributes that declared their
properties, such as drug name. Each attribute’s value domain was defined, imposing restrictions
for the data populating process. Finally, one or more key attributes were defined for each entity
type. The key attribute was to be populated with a distinct value that could be used to identify
each entity uniquely.

Furthermore, the relationships between each entity type were specified. For instance, the relation-
ship type Interaction was created between the entity types Drug and Target to indicate DTIs.
Several relationship types were assigned with attributes, for instance, the mechanism of action for
a Interaction relationship. Additionally, each relationship type was given a cardinality ratio. The
constraint defines the maximum number of relationship instances an entity can be part of. For
example, a drug can interact with several targets, and a target can interact with several drugs.
Hence, the cardinality ratio for the binary Interaction relationship type is M:N.

Specialisation was applied to represent binding affinity data. A set of subclasses consisting of
the dissociation constant (K4), the inhibition constant (K;), and the half maximal inhibitory
concentration (IC50) were defined for the entity type BindingAffinity, which is the superclass of
the specialisation. The specialisation distinguishes how enzyme inhibition is reported. A total
constraint was assigned to the specialisation, which means that each entity in the BindingAffinity
superclass must be member of at least one of the subclasses. Furthermore, the set of entities could
be overlapping. To illustrate, one measurement of enzyme inhibition could be reported both as K
and IC'5g of the BindingAffinity specialisation, in contrast to disjointness where each entity of the
specialisation at most can be member of one subclass. In short, the specialisation is overlapping
total.

2.2.3 Logical and Physical Database Design

In the next phase, a relational database schema was designed. The high-level data model created
from the conceptual design was then translated into a logical design. This process is also known
as data model mapping.
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Each entity type was mapped to a relation (table) with an associated schema. In the schema, the
relation name was defined. The name specifies the entity type, for example, Drug. A column was
created for each attribute, and the data type was defined. The key attribute was translated to a
primary key, representing a unique identifier which could not be NULL. The constraint ensures
entity integrity. For example, there is a unique DruglD for each Drug entity. In the relation
extension, tuples were to be established for each entity, and constraints were defined to ensure that
each tuple contained only valid values.

Foreign keys were used to map the relationship across the entity types. If a key did not exist,
it was assigned a NULL value. By guaranteeing that all references were valid, reference integrity
was achieved. The binary 1:N relationship type representing the relation between a cell line and
a disease was mapped by including a foreign key in the CellLine relation. Consequently, a cell
line could only be associated with a single disease. M:N relations were mapped by establishing
relationship relations. These relations consist of the primary keys from the entity types particip-
ating in the relationship. The combination of these represent the primary key of the relationship
relation. In addition, they work as foreign keys.

A normalisation process was executed to ensure effective data storage in the relational database.
This process was essential to prevent redundancy and insertion, deletion, and modification anom-
alies. Every relation was analysed top-down by reviewing the functional dependencies to evaluate if
decomposition was required to avoid storing the same information in several places. The functional
dependencies define the semantic constraints across the attributes within a relation schema.

Finally, the database was implemented using the database management system (DBMS), Struc-
tured Query Language (SQL). An SQL script was established to construct the database comprised
of the relations defined during the logical design, which is provided in the GitHub repository cre-
ated for this project (https://github.com/KristineLippestad/DrugProfiler). The script specified
data types for each attribute in a relation. Furthermore, constraints were included to set the
primary keys and foreign keys. To ensure that the foreign key was either updated or deleted if the
value was altered in the reference table, ON UPDATE CASCADE and ON DELETE CASCADE
were used as foreign key constraints.

2.3 Data Collection

When the database schema was implemented, the database was to be populated with data. Data
was collected from multiple acknowledged databases or manually retrieved from the literature to
provide comprehensive information on drugs and their targets.

Target Data

Data on potential target genes was collected from the freely accessible resource, Universal Protein
Resources KnowledgeBase (UniProtKB). UniProtKB is a comprehensive protein sequence know-
ledge base that provides data on protein sequences and functional information. The information is
integrated from multiple authoritative resources, and the experimental and predicted data is highly
curated by experts [51]. The protein data was filtered by taxonomy using taxonomy id:9606, cor-
responding to Homo Sapiens. Only reviewed entities were considered, meaning biologists have
curated the information provided in each entry. The data was downloaded in a TSV format. The
columns were customised to include Entry, Entry Name, Gene Names (primary), and Organism.
The first column corresponds to unique UniProt IDs and the second column gives the unique
The HUGO Gene Nomenclature Committee (HGNC) symbol. The HUGO committee provides a
standardised gene name and symbol for every known human gene [52].
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Drug Data

Data on cancer drugs were collected from the Open Target Platform and ChEMBL. The Open
Target Platform is a publicly available data knowledge base produced to provide information on
drug data identification and prioritisation [53]. Because this project is focused around cancer, a
search with the term "Cancer" was conducted on the Open Target Platform to collect data on drugs
annotated for this group of diseases. The option "cancer" with the Experimental Factor Ontology
(EFO) "MONDO _0004992" was selected. A table representing "Known drugs" is provided on the
disease’s profile, and this was downloaded as a TSV file. The TSV file includes information about
clinical precedence for drugs that are under investigation or approved for cancer treatment. Data
on ChEMBL ID, drug name and type was retrieved from this file.

Information about the drugs’ chemical structure, indicated by the canonical Simplified Molecular
Input Line Entry Specification (SMILES) and The International Chemical Identifier (InChi Key),
was collected from ChEMBL. ChEMBL is an open large-scale drug discovery database of small
bioactive molecules with drug-like properties [54]. The information was retrieved by executing an
advanced search by IDs for drugs collected from the Open Target Platform. The search result was
downloaded as a TSV file.

In addition, data harvested from the Open Target Platform was used to establish DTIs with the
associated mechanism of action and the action type. Along with the diseases a drug is indicated
for, with the reached phase, and how a target and a disease are related.

Drug Sensitivity Data

To provide information on drug sensitivity, data was harvested from Genomics of Drug Sensitivity
in Cancer (GDSC). GDSC is a public database providing anticancer drug sensitivity data across
cancer cell lines and molecular markers of drug responses. The sensitivity data is generated from
high-throughput screening by the Cancer Genome Project at the Wellcome Trust Sanger Institute
(WTSI) and the Center of Molecular Therapeutics at Massachusetts General Hospital [55]. From
the screening entries, maximal inhibitory concentration (IC50) (uM) and the area under the curve
(AUC) were collected. In addition, data on the screened cell line was retrieved, namely: name,
tissue type, tissue subtype and the related disease.

Cell Line Ontology (CLO) symbols were identified for every cell line to include unique identifiers.
The CLO is created to provide cell line data from numerous resources in a standardised, logically
defined format. CLO identifiers were fetched from BioPortal as a CSV file.

Binding Affinity Data

Drug affinity data across human proteins was collected to provide quantitative measurement for
DTIs. The data was retrieved from BindingDB, an experimental protein-small molecule interaction
database. The database is publicly accessible and holds data collected from scientific articles, US
patents, and other databases such as ChEMBL and PubChem. Each entry includes data on one
or more protein targets, a drug, associated compound-protein affinity measurements and the data
source. In addition, data on key experimental conditions are included for many entries [56].

All data from the resource was downloaded as a TSV file with SMILES strings. Of interest was
the quantitative measure of affinity between a drug-target (DT)-pair. Furthermore, experimental
conditions, including pH and temperature, when provided. The organism associated with the
protein target and curation or data source were also included.

If binding affinity data for an inhibitor of interest was not included in the database, the data was
retrieved by searching the literature.
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2.4 Application Programs

Application programs were developed to populate the database with data from the used resources.
The aim was to create code that enabled the insertion of the collected data and the updation of the
database when new data became available. The programs were used to structure and homogenise
the data from the various resources before being inserted into the designed framework. Access
dates for each resource are shared in Table A.4, in Appendix A.1 - Tools and Data Resources at
page 72.

In total, five application programs were developed, and these are listed below:

e An application program to insert data collected from UniProtKB into the Target relation.

e An application program to insert data from the Open Target Platform into the Drug and
Disease relations. In addition, it is used to relate Gene and Disease entries in the GeneAs-
soctation relation, to relate Drug and Disease entries in the IndicatedFor relation, and to
relate Target and Drug entries in the Interaction relation.

e An application program to update the Drug relation with attribute values for Smiles and
InChi Key collected from ChEMBL.

e An application program to insert binding affinity data collected from BindingDB and the
literature into the BindingAffinity relation and associate each measurement with the correct
Drug and Target entries.

e An application program to insert cell line data into the CellLine relation, and relate CellLine
and Disease entries. In addition, insert sensitivity data measured across the cell lines into
the Sensitivity relation.

Figure 2.3 shows the data attributes retrieved from UniProtKB, the Open Target Platform,
ChEMBL, GDSC, and BindingDB, and how they are implemented in the database relations. The
programs are provided in the GitHub Repository. Python was the applied host language, and
sqlite3 the data sub-language. The version number for the utilised programs are shared in Table
A.1 and the version of the applied Python packages are given in Table A.2, in Appendix A.1 -
Tools and Data Resources on page 72. All developed functions are documented with purpose,
their parameters and what they return.

The application programs had to be run in a specific order for the data to be inserted correctly.
First, the application program to insert data from UniProtKB was run, and then the application
program for the Open Target Platform. They were followed by the application program for GDSC.
Finally, the application programs for ChEMBL and the BindingDB were run.

2.4.1 Code Implementation

Functions were created to populate each relation in the database. The general framework for these
functions was to first connect to the implemented database file. Secondly, the collected TSV or
CSV file with data values was opened for reading before being converted to a pandas data frame.
A for-loop fetched data from each entry by iterating over the lines in the data frame. The attribute
values were fetched using indexing on the row index and column name. The latter is provided as
argument in each function. If needed, the data type was corrected to the format specified in the
database design. Some values were also modified to homogenise the data. An Insert operation was
executed to create a new tuple in the relation using the identified attribute values. To allow for
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future database updates to include new information provided by the data resources, "INSERT OR
UPDATE" was used rather than only "INSERT". After executing the insert operation, the change
was committed. When the for loop was completed, the database was closed. The framework used
in each function developed for insert operations is shown in code example 1.

Listing 1: Example function for insert operations to create new tuples with attribute values for a, b, and
¢, into relation R using data from a TSV file.

import sqlite3

import pandas as pd

def insertTuplelntoRelationR (db _file, data file, a, b, c):
" Insert tuples with attribute values for a, b, and c, retrieved
from a TSV file , into a relation R.
:param db_ file: database db_ file, data_file: tsv file from resource,
a: column name for a in data_file, b: column name for b in data_file

c: column name for c in data_ file"""

create connection (db_file)

with open(data file, "r") as data file:
df = pd.read csv(data file, delimiter="\t")
for ind in df.index:

A = df[a][ind]
B = df[b]|ind]|
C = df[c][ind]

cursor . execute ("INSERT OR REPLACE INTO R VALUES (?7,?,7)",
(A, B, C))

con . commit ()
con. close ()

In some application programs, additional functionality was required to enable data insertion. In
the program developed to insert data from ChEMBL, the attribute values on Smiles and InChi Key
were to be inserted into the Drug relation, where tuples for each drug already exist. Therefore,
an update operation was used to change only these attribute values in each tuple. The data was
fetched from the ChEMBL file, and a WHERE clause using the DruglD was used in the query to
find the correct drug entry.

Additional functionality was also implemented in the application program developed to fetch data
from GDSC. In the CellLine relation, CLO was selected as the unique key attribute. Because this
data value was not included in the TSV file collected from GDSC, a dictionary was created to
identify the CLO for each entry. The dictionary was produced from a CSV file downloaded from
BioPortal, representing all CLO and the corresponding synonyms. The ontology ID was used as
the key, and the synonyms for the cell line name as values. When inserting data from the GDSC
file, the code looked up the correct CLO by searching for the cell line synonym in the dictionary.

Additional drugs were inserted into the database from GDSC. Drug ID and drug type were not
defined in the collected data file. To retrieve this information, a dictionary was created, including all
the drugs, in addition to separate dictionaries for each drug type. The dictionaries were established
from TSV files downloaded from ChEMBL. The ChEMBL IDs were set as keys, and the drug
synonyms were set as values. The drug ID for each drug was identified by looking up the drug
name from GDSC in the dictionary of all the drugs. Furthermore, the correct drug type was found,
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using an if statement to determine which drug type dictionary the drug was included in.

The identifier used in the Disease relation was EFO. Therefore, The Cancer Genome Atlas (TCGA)
classification used by GDSC had to be translated to EFO to identify the relationship between a
cell line entity and a disease entity. The translation was executed utilising a dictionary where the
TCGA classifications were used as keys, and their associated EFO were used as values. The TCGA
classification from GDSC could then be searched to fetch the correct disease ID.

The application program for binding affinity inserts data harvested from a TSV file from Bind-
ingDB. In the file, the target in a DTI is given by a UniProt ID. A dictionary was created from
the Target relation to fetch the corresponding HGNC value for each target, used as the primary
and foreign key. In the dictionary, the UniProt ID was implemented as the key and the HGNC
symbol as the value. Moreover, some binding affinity values were reported with less than (<) and
more than (>) symbols. The values were translated to numbers to make future queries easier by
implementing minimum and a maximum attributes for K4, K;, and IC59. An if statement was
used to set the min value to be 0 if a less than symbol was used. When a greater than symbol
was used, inf was set as the max value attribute. Furthermore, if the binding affinity value was
reported as "nan", it was translated to None. When the binding affinity was reported as a regular
number this was used both as the min and max value.

Multiple entries in the BindingDB TSV file did not report the drug with ChEMBL ID but with the
Smiles or the InChi Key. All three values were therefore used to identify if a drug was included in
the Drug relation and to find the correct DruglD. If the drug and the target in a binding affinity
measurement were stored in the database, a new tuple was inserted in the MeasuredFor and the
BindingAffinity relation.

Unique IDs were created for each entry when inserting binding affinity data into the database
because no official identifier for DTIs exists. The IDs were created using the following format
HGNC_ChEMBLID number. A dictionary was made to provide the correct number in the id
when a new measurement was registered for a DTI. If a DTT did not exist in the dictionary, the id
got the number 1. Then, a new key-value pair was created for the DTI. The key corresponded to
the DTI, and the number corresponded to the number of measurements stored for the pair. When
additional measurements for a DTI was inserted in the database, the number of existing records
could be fetched from the dictionary. The number was increased by one and added to the ID for
the new measurement. Furthermore, the value for the DTI key in the dictionary was increased
with one.

A function to insert binding affinity data from the literature was also created. Similar to the
functionality to insert binding affinity data from BindingDB, it was confirmed that the drug and
the target existed in the database. To create correct IDs for new binding affinity measurements,
the functionality verified if a measurement was already registered on the DTI. If no measurements
existed, the ID was assigned the number 1. Otherwise, the highest existing number was fetched
and increased with one in the created binding affinity ID.

When the database was finalised, it was browsed using DB Browser for SQLite. It was manually
verified that the data was inserted correctly by checking multiple random entries in each relation.
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Figure 2.3: Overview of the restructuring process to populate the designed Drug-Target Interaction
database with data from a) UniProtKB, b) the Open Target Platform, ¢) Genomics of Drug Sensitivity
in Cancer (GDSC), d) ChEMBL, and e) BindingDB.

2.5 Implementation of DrugProfiler Tool

The DrugProfiler tool was created to make the database content accessible for users that lack
extensive programming skills. The GUI allows users to perform queries using menus and forms.
The aim was to let the user retrieve customised target profiles for drugs of interest with selected
specifications of binding affinity cut-offs and experimental conditions.
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The web-based tool is developed using the Dash library based on the Python programming lan-
guage. The library allows for interactive visualisation of the data of interest. The implemented
Python file can be accessed from the GitHub repository. For each function, detailed documentation
is provided, stating the purpose, the input parameters, and what is returned. The repository is
open to the public, allowing for the download of the file to apply and update the tool.

The tool consists of seven components. A dropdown component was created at the top of the
interface to select drugs of interest. The given alternatives were restricted to drugs with associated
binding affinity measurements. On the left-hand side of the interface components to select the
conditions for the queries were implemented. Including sliders to specify the binding affinity cut-
offs for K4, K;, and IC5y. Below, input containers for experimental conditions for the binding
affinity measurements, including temperature and pH, were created.

On the right-hand side of the webpage, containers to present the query results were made. A
text box was created in the first container to show the generated target profiles. The profiles are
produced with queries, defined to fetch targets where binding affinity was measured below the set
cut-offs. Furthermore, if pH and temperature were specified, the records were filtered according
to these conditions. Functionality was created to translate the query result to text, represented in
this container.

In addition, code was developed to make a .txt file with a format corresponding to the drug panel
input file used in the DrugLogics Pipeline. The .txt file is downloaded when a button named
"download-drug-panel" is pushed. Next to the button, an input component is provided, where the
downloaded file name can be specified.

A network figure illustrating the generated target profiles was implemented in the container below
using the Dash Cytoscape package. Radio items were created to enable the selection of the drug
for visualisation. Nodes were established for the selected drug and its targets, and edges were
made to represent the interaction between them. A query was defined to determine the interval
between the stored binding affinity values for each DTI, below the set cut-offs. Node size was
defined according to the lowest binding affinity value stored for the interaction. To decrease the
probability for False Positive (FP) and False Negative (FN) DTIs, it is recommended to integrate
bioactivity data from numerous studies [57]. For this reason, code was created to colour the target
nodes light or dark grey to indicate if one or multiple binding affinity values were measured for the
DT-pair, respectively.

Furthermore, functionality was defined so the user could press a node for additional information
about the DT-pair. The information includes the interval for the measured binding affinity values
and the standard error of the mean. The latter is included to estimate the variability across the
binding affinity measurements for the selected DT-pair.

Functionality was implemented to allow users to compare target profiles identified for various drugs.
A checklist of the selected drugs was made. A function was then defined to identify mutual targets
between drugs checked off to be compared. The output result is converted to text. Furthermore,
it is used as input in a function that creates a network figure where nodes for the shared targets
and the drugs are generated, along with connecting edges.

Finally, a container providing sensitivity data was created. Radio items were implemented for the
selected drugs if sensitivity data existed. Furthermore, a drop-down with cell lines was made. The
alternatives were filtered only to include cell lines with sensitivity data for the selected drug. A
query was then performed to fetch the drug sensitivity data across the selected cell lines. The
result is translated into descriptive text.
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2.6 Drug Target Profiling

In this project, a panel of 19 drugs were chosen for analysis, which earlier have been studied by the
DrugLogics initiative [29, 58, 30]. The selected drugs inhibit signalling proteins that participate
in established signalling pathways, such as PI3K/AKT, NFkB, JAK/STAT, CTNNB1/TCF, and
MAPK pathways. Two drugs, SF1670 and GSK 429286, were excluded from the analysis as
adequate binding affinity data could not be identified the applied database or in the literature.
The key information for each drug is provided in Table A.5, in Appendix A.2 - Chemical Inhibitores
on page 74.

Target profiles for the remaining 17 small-molecule inhibitors were successfully identified and char-
acterised using the DrugProfiler tool. The profiles were generated using four different cut-offs, to
enable evaluation of the interaction strength for the identified DT-pairs. The applied cut-offs for
K4, K;, and IC5q were 10 nM, 100 nM, 1 pM, and 10 pM. The generated profiles are accounting
for strong and moderate interactions. The highest cut-off was set to < 10 pM, as affinity above
this cut-off is considered weak [59]. The query result was downloaded as text files.

The generated target profiles made the foundation for the further study of how off-target effects
alter predicted drug response. Prior to conducting the modelling, a thorough analysis of the target
profiles was performed to evaluate selectivity.

2.6.1 Literature of Mechanism of Inhibition

Drugs that showed binding affinity toward numerous off-targets were evaluated through a literature
study. The objective was to investigate the potential impact the mechanism of action had on
selectivity. For each drug, it was identified how the DTI occurred, including if the inhibitor
competed with the enzyme’s substrate and the specific region of the enzyme the inhibitor bounds.

2.6.2 Analysis of Target Composition with KinMap

The next objective was to investigate the distribution of drug binding evidence across protein
targets of the human kinome. The study was accomplished by creation of a phylogenetic trees
of the human kinome for each drug, annotated with the identified targets. The kinome tree was
provided by the web-based tool KinMap, which allows for an interactive study of the human kinome
[60].

The annotation was conducted according to the generated target profiles. Only kinase inhibitors
and kinase targets were considered. Each annotation was labelled with the kinase name and a
circle. The size of the circle was scaled based on the binding affinity data. Hence, four different
dimensions were used according to the applied cut-offs. If a target name was ambiguous, the
correct name was specified among the kinase name suggestions or excluded if not present in the
map.

2.7 Drug Response Analyses to Evaluate the Impact of Off-Target Ef-
fects

The overarching objective of this project was to use logical modelling to evaluate how off-target
effects influence the prediction of drug response. Stochastic modelling was conducted to simulate
how cell growth was inhibited when off-target effects were included compared to only accounting for
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the primary targets. Subsequently, the Druglogics pipeline was utilised to predict drug synergies
with and without including off-target effects in the perturbation data, aiming to assess the potential
improvement in prediction performance.

2.7.1 The CASCADE Models

Two logical models were used in the drug response analyses - namely, CAncer Signaling CAusality
DatabasE (CASCADE) 1.0 and 2.0. The prior knowledge networks (PKN) are developed by the
DrugLogics Initiative and illustrate cancer signalling events. The first topology, CASCADE 1.0,
describes the cell fate decision network in the adenocarcinoma cancer cell line (AGS) gastric cancer
cell line. The logical model is developed from a complex signalling and regulatory network built
from general signal transduction knowledge. The network is extended with nodes targeted by small
molecule inhibitors, studied in drug synergy predictions, and components of general oncogenic
processes. The final model includes 75 signalling and regulatory network nodes connected by 149
directed interactions [29]. CASCADE 1.0 is presented in Figure 2.4a.

CASCADE 2.0 is an extension of the first model representing a more generic cancer model which
includes new network components relevant to generic signalling pathways and target nodes of
additional inhibitors. The extension was carried out by manual curation using the knowledge
databases Signor [61], KEGG [62], and by recent scientific literature. CASCADE 2.0 comprises
144 nodes and 367 interactions [30]. CASCADE 2.0 is presented in Figure 2.4b.

In both models, the activity state of each node is expressed by a Boolean value, 0 if inactive and 1
if active. A selection of nodes are multi-valued, which allows for the modelling of graded growth or
inhibitory effects. Among the multi-level nodes are the output nodes that state cell fate phenotype.
These are named Prosurvival and Antisurvival, and each can possess four levels (0, 1, 2, 3). In
addition to the immediate upstream nodes - namely, Caspase 3/7 and CCDNI1 (0, 1, 2). Logical
rules are defined for each network node translated from baseline activity data from a proliferative
state. The associated rule determines how the activity level is altered by the rules defined for its
regulator [29]. The logical models are provided as GINsim files in the GitHub repository.

2.7.2 Filtering of Target Profiles

Before performing drug response simulations, the generated target profiles were adapted to only
include targets present in the CASCADE models. In addition, the target names were translated
from the HGNC symbol to the node name used in the logical models.

A Python script was developed to perform the filtration and translation automatically, which is
provided in the GitHub Repository. The drug panel text files downloaded from the DrugProfiler
tool were updated utilising the script. The file content was adapted according to dictionaries
created for each of the logical models. The node names were used as keys, and the corresponding
HGNC symbols were used as values. The script iterated through each line in the text file and
edited the target name. The correct name was fetched by looking up the value (HGNC symbol)
and then getting the associated key (node name). Targets that are not included in the model were
excluded. The function then called a helper function that writes the updated target profiles to a
new text file.
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Figure 2.4: Directed graphs showing the logical models a) CAncer Signaling CAusality DatabasE
(CASCADE) 1.0 and b) CASCADE 2.0. The model includes two output nodes, namely Antisurvival,
coloured red, and Prosurvival, coloured green. The red blunted arrows indicate inhibiting edges and the
green pointed arrows indicate activating regulations. Each network component is assigned by a Boolean
variable (0 or 1) or a multilevel variable, denoted by a ellipse or rectangle, respectively. Primary targets
of the analysed drugs are marked yellow.
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2.7.3 Prediction of Cell Fate Phenotype

Alterations in cell viability were predicted using the Markovian Boolean Stochastic Simulator
(MaBoSS) to investigate how off-target effects influence drug response. MaBoSS is a software en-
vironment that performs stochastic simulations on a Boolean network, which enables the modelling
of signalling pathways behaviour in response to a drug treatment [63]. The simulations were car-
ried out in the CoLoMoTo interactive notebook. An environment unifies multiple software tools to
edit, conduct, share, and reproduce analyses of qualitative models of biological networks, including
MaBoSS [64].

In the stochastic simulations, the Boolean networks are first converted into continuous time Markow
processes. The activation and inactivation of every network component are linked to an up and a
down rate, which indicates the propensity of the corresponding transition. Starting from the defined
initial states, the simulation evaluates all potential node updates, and calculates the likelihood and
duration of each change. Time trajectories and the probability of a model state for the defined set
of initial conditions are generated for the entire simulation time. Consequently, the distribution of
steady states and the probability for each can be estimated [65].

The Boolean networks, CASCADE 1.0 and CASCADE 2.0, were simulated. The models were down-
loaded as GINsim files from the GINsim model repository and from the supplementary material
by Niederdorfer et al. named "AGS _literature-informed.zginml", respectively [29, 30]. Before
running the simulations, the models were exported from a GINsim format to a MaBoSS format.
The initial states were defined by setting the three prosurvival nodes representing the levels of
prosurvival to be active (state = 1) to reflect proliferating cancer cells. To predict the cell fate
phenotype, the node state of the six output nodes representing the levels of prosurvival and antis-
urvival had to be determined. Therefore, these nodes were selected as the output nodes, while the

remaining nodes were ignored.

The first simulation was conducted without any perturbations to determine the cell fate pheno-
type of the wild-type model. Subsequently, simulations of the response to seven small molecule
inhibitors studied by Flobak et al. (2015) were conducted using CASCADE 1.0 [29]. Followed by
simulations with CASCADE 2.0 using 17 small molecule inhibitors studied by Niederdorfer et al.
[30]. Perturbations were introduced according to the filtered target profiles. The inhibition of each
target was modelled by fixing the activity of the target nodes to 0. Only the primary targets were
inhibited in the first simulation to enable the identification of alterations when off-target effects
were considered. Subsequently, the model was perturbed using the four target profiles generated
for each drug using different cut-offs.

After each simulation, the output was visualised with a pie chart representing the asymptotic
distribution of probabilities of reaching each stable state at the last time point. The predicted
stable states comprise the output nodes representing the prosurvival and antisurvival levels. These
were applied to calculate a growth sum on a scale from -3 to +3 using the formula 1, to define the
cell fate phenotype.

Cell growth = # active prosurvial nodes — # active antisurvival nodes (1)

The implemented notebook is provided in the GitHub repository.

2.7.4 Prediction of Drug Synergies with the DrugLogics Modelling Pipeline

To evaluate if consideration of off-target effects could improve the prediction performance of syn-
ergistic drug combinations, simulations using the DrugLogics software pipeline were executed.
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The software module was installed using the Docker image "bblodfon/druglogics-synergy:1.0" (1.0
version, druglogics-synergy at 1.2.1 version), which includes all dependencies and external libraries.
The druglogics-synergy repository was then cloned from git, fetching the input directories.

The simulations were executed using the ags cascade 1.0 and the ags cascade 2.0 directory.
Each directory consists of multiple input files. The first file is a single-interaction network file,
network. sif, that describes the CASCADE 1.0 and CASCADE 2.0 topologies, respectively.

Secondly, training files were used to calibrate the general models. All simulations were first conduc-
ted using a file with baseline activity data collected from the literature by Flobak et al. 2015, where
the model was trained to become AGS specific [29]. Thereafter, the simulations were repeated us-
ing a file with data matching a proliferation profile where the system is left unperturbed, which
correspond to a direct reflection of a cancer cell network system, to determine if the predictions
could be improved by normalisation.

A modeloutputs file, is applied to define the network nodes that signal cell proliferation and apop-
tosis when active. These nodes are used to identify the model’s attractors to compute the output
growth response. For simulations with CASCADE 1.0, cell proliferation was signalled when the
three nodes RSK_f, MYC and TCF7_f were active, and apoptosis was signaled by CASP8, CASP9
and FOXO _f. The file was identical for CASCADE 2.0, except from TCF _f that was replaced by
CCNDL1.

For each of the network models, simulations were carried using five distinct drugpanel files. The
input file provides the drugs to be analysed and their associated target profile. The first simulation
was carried out using the primary targets exclusively. Then adapted drug panels generated for the
cut-offs 10 nM, 100 nM, 1 pM and 10 pM were used as input. Despite the lack of identified targets
below a set cut-off, the primary targets were included in all target profiles. The primary targets
were included to cover all the drugs in every simulation.

The final input file, config, states the parameter applied by software modules. Highest Single Agent
model (HSA) was selected as the model used to calculate drug synergies. According to the model,
a drug combination is classified as synergistic if a combination’s effect is higher than that observed
from any of the single drugs alone [66]. The HSA was calculated according to the formula 2.

Viability(Drug A + Drug B) — min[Viability(Drug A, Drug B)] (2)

Complete documentation of each file is provided in the DrugLogics Software Documentation.

For each simulation, a new directory was generated inside the respective folder where the produced
output files were saved. The output files include the Boolean models produced by the genetic
algorithm and the synergy predictions. The output results were analysed using the emba library
in R [67]. The R script used to analyse the synergy predictions was fetched from "Tutorial for
synergy prediction using the DrugLogics software pipeline". The script was adapted to analyse
and download the synergy predictions and plots indicating the prediction performance generated
from various drug panel, simultaneously. The updated script is provided in the GitHub repository.

The predicted synergies were structured in a table with the calculated synergy score and an associ-
ated 1 or 0, indicating whether the synergy was observed experimentally in drug screens performed
by the DrugLogics initiative [29, 58]. The model performance was evaluated to determine whether
accounting for off-target effects improves or weakens the predictions. The output predictions were
characterised as True Positive (TP), False Positive (FP), True Negative (TN), and False Negat-
ive (FN) based on the observed synergies to analyse the performance. Next, the characterisation
results were used to compute the True Positive Rate (TPR), also known as sensitivity or recall,
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to determine the probability of an observed synergy being predicted by the software, using equa-
tion 3. Then, the False Positive Rate (FPR) was computed to determine the probability of a
non-synergistic combination to be predicted as positive by equation 4. Finally, the precision was
calculated to determine how many predicted synergies were observed by equation 5.

True Positive Rate = TP/(TP + FN) (3)
False Positive Rate = FP/(TN + FP) (4)
Precision =TP/(TP + FP) (5)

The calculated values were used to plot receiver operating characteristic (ROC) curves, by plotting
the True Positive Rate (TPR) against False Positive Rate (FPR). In addition, precision-recall (PR)
curves were generated by plotting the precision against the recall. The AUC value was calculated
for each plot, which was used to rate the prediction performance.

Finally, the synergies scores obtained from the steady state calibration were normalised by sub-
tracting the random model predictions. The normalised prediction scores were used to calculate
updated ROC and PR AUCs.

2.8 Use of the DrugProfiler Tool in the Selection Process of Cancer
Treatment

The final challenge taken up in this project was to perform analysis with the DrugProfiler tool in
the process of selecting an effective drug for a patient enrolled in the IMPRESS-Norway study.
This is a precision medicine study focusing on cancer. Patients with a complex cancer diseases
that no longer benefit from standard treatment can take part in the study. A gene panel analysis
of the patient’s tumour is performed to characterise 523 genes. The obtained molecular profile
is used to select the cancer treatment. The study offers off-label treatment, using drugs that are
approved for particular cancer diseases on new types [68].

The DrugProfiler tool was used to evaluate if a patient could benefit from treatment with off-label
use of Imatinib. A target profile was generated for the drug, and the overlap between the identified
targets and the mutations found in the molecular profile was analysed. Furthermore, the binding
affinity strength towards the targets of interest was assessed.
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3 Results and Discussion

3.1 The Drug-Target Interaction Database

The overarching objective of this project was to be able to study how off-target effects of so-
called targeted drugs may affect model-based predictions of drug responses. For this, a database
application was developed to enable efficient handling of such off-target effects. The application
was named the Drug-Target Interaction database, and it consists of a relational database and
associated programs developed to execute database updates and queries. The database contains
cancer drugs, targets, and the prior knowledge available on drug-target interactions. In addition,
supplemental information is stored to allow for a thorough investigation of a drug’s target profile.

3.1.1 Defined Data Requirements

The database design process was initiated by a requirement collection and analysis to pinpoint the
data requirements of the prospective end users of the Drug-Target Interaction database. The main
focus was on the Druglogics participants, in addition to systems biologists, bioinformaticians
and other scientists working with polypharmacology. After completing this step, the following
miniworld, describing the components provided in the database, was defined.

A drug-target interaction (DTI) comprises a drug and a target. Each drug has a unique
identifier retrieved from ChEMBL, a name, a type, and a molecular structure described
by Simplified Molecular Input Line Entry Specification (SMILES) and The International
Chemical Identifier (InChi Key).

e A drug interacts with one or more targets, each described by a unique HGNC gene symbol
from the HUGO Gene Nomenclature Committee, a unique identifier from UniProtKB, a

complete name, and the source organism.

e The database keeps track of a DTI’s mechanism of action, the action type and the source of
the interaction.

e A drug’s target space may be analysed quantitatively by binding affinity measurements.
Every measurement has a unique identifier. The binding affinity is expressed by the disso-
ciation constant (K 4), inhibition constant (K;), or half maximal inhibitory concentration
(IC50). If accessible for a measurement, the experimental details for pH and temperature
are provided.

e A drug can be indicated for one or more diseases, and the database stores each disease’s
Experimental Factor Ontology (EFO) identifier and the name. Furthermore, each indication
is provided with the phase reached in clinical trials. A disease can also be associated with
multiple targets.

e Sensitivity data may be stored for a drug, screened across cell lines. A cell line can be derived
from a patient with a specific disease. Each cell lines have a unique Cell Line Ontology (CLO),
a name, tissue type, and tissue subtype. The sensitivity is reported by the half maximal
inhibitory concentration IC'5g and the area under the curve (AUC) for each experiment.

The first entity type that keeps track of DTIs consists of qualitative data curated from the scientific
literature and post-marketing package inserts. The data allow for straightforward interpretation,
considering only confirmed targets. However, quantitative data was required to enable a more
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extensive exploration of a drug’s target space and to prioritise the components. Binding affinity
measurements were therefore included as a new entity type, capturing potential interactions across
numerous proteins.

Although binding affinity is of high value when examining the target space, some sources of un-
certainty in affinity measurements should be considered when operating with this data. When a
binding affinity value is defined experimentally, a "signal" is measured as a function of the con-
centration of the ligand (drug) and/or protein. This signal can, for example, be a temperature
change when isothermal titration calorimetry is applied or altered substrate or product concentra-
tion when using enzyme inhibition assays. Wrong or inconsistent signal measurements can arise
from instrumentation issues, leading to the incorrect concentration of free ligands. Furthermore,
inaccuracy in the actual or effective concentration of free protein or ligand (drug) can appear.
Errors can appear if the ligand has a chiral center because the binding constants can differ con-
siderably between the enantiomers. A protein can also have more than one binding site for the
ligand, and using one-to-one binding math will result in incorrect calculations [69].

Nevertheless, data provided in the database is detected under various experimental settings, enzyme
substrate when using an enzyme IC5o assays, and cosolutes [69]. All these factors can cause
variation in the data. Despite these possible sources of uncertainty, the probability for False
Positive (FP) and False Negative (FN) DTTs is decreased when bioactivity data is integrated from
multiple studies [57].

Next, a relationship between the entities for drug and disease was created, with an associated
attribute stating the phase reached in clinical trials. This information might not be relevant if
an agent is used in research, for instance, to analyse protein function. On the other hand, when
the data is applied to select cancer treatment, this is a valuable attribute to identify possible drug
candidates.

Finally, in vitro drug sensitivity data were included. The sensitivity data show a drug candidate’s
efficiency in inhibiting a cell line’s growth. This quantitative data facilitates the prioritisation and
selection of efficient drug candidates and the required drug dosage when performing analysis on
a specific cell line. Even more valuable regarding the context of target profiling, the quantitative
data can be used to select the cut-off for binding affinity data to retrieve targets interacting with
the drug at the applied drug concentration.

3.1.2 Conceptual Database Design

To accurately describe the defined data requirements a conceptual schema was designed based on
the miniworld. The Entity-Relationship (ER) model was applied for conceptual schema design.
The ER model is shown in Figure 3.1.

Basic modelling concepts were mainly sufficient to illustrate the database schema for the Drug-
Target Interaction database. Entity types, indicated by rectangles, describe the five objects stored
in the database. Each entity type has associated attributes with describing properties and a unique
key attribute indicated by an underline. The relationship across the entity types is described by
relationship types, indicated by a diamond with lines to the participants. A cardinality ratio is
defined for each relationship type, defining the maximum amount of related entities. Most relation-
ship types are binary relations where the cardinality ratio is M:N. Hence, an entity can participate
in zero or more relationship instances. The exceptions are the DerivedFrom relationship, where a
CellLine maximum can be related to one disease. In addition, the MeasuredFor relationship, where
a binding affinity measurement must be related to both a drug and a target entity. Furthermore,
the MeasuredFor relationship type relates three entity types and is therefore ternary.
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Finally, a specialisation was used to distinguish the various methods of expressing binding af-
finity indicated by a circle. Three subclasses were created as specialisations of the superclass
BindingAffinity. The set of subclasses was {K 4, K;, and IC5p}. An entity must be a member of
at least one subclass but may be a member of multiple. Consequently, the specialisation is total
and overlapping, indicated by a double line to the superclass and an o implemented in the circle,

respectively.
GeneAssociation
= 0,n) Drug on) Interaction ©n) = (0,:)
Isease arge
o IndicatedFor DrugID MOA 9
DiseaselD ©n) ©.n) | DrugName ActionType HGNC
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. CellLine BindingReactionID Ki
DerivedFrom ©1) CcLO pH Ki_min
Name Temperature Ki max
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IC50_min
IC50_max

Figure 3.1: Entity-Relationship (ER) schema diagram of the Drug-Target Interaction database. Rect-
angles represent entity types, each having an entity name and attributes. The key attribute is marked
with an underline. Relationship types are presented with diamonds with lines to the participating entity
types. The specialisation is represented by a circle with an o, indicating that an entity may be a member
of more than one subclass. A double line is drawn to the superclass, symbolising the total constraint,
which indicates that a BindingAffinity entity must be a member of at least one subclass. A line is drawn
to each subclass, with a subset symbol stating the direction of the specialisation.

3.1.3 Logical Database Design

The following step in the database design was the actual implementation of the database. This
step starts with logical design and results in a database schema comprised of a set of relations
mapped from the ER schema (Figure 3.1).

The five entity types are mapped to relations in the database schema. FEach relation includes
a primary key, indicated by an underline, and the associated attributes. The specialisation for
BindingAffinity is mapped to one superclass, including the set of subclasses.

The DevelopedIn relationship type, with a 1:N cardinality type, is represented by the foreign key
DiseaselD in the CellLine relation that references the Disease relation. The remaining relationship
types had N:M cardinality types. These are mapped to relationship relations that cross-reference
the primary keys from the related entity types. In these relationship relations, the two referencing
attributes are primary and foreign keys.

The resulting database schema is provided below. The primary key, the referencing and the unit
of measurement is specified below each relation.

33



The designed database schema was used to implement the database applying SQL. The SQL script
is provided in the GitHub repository. In the script, each attribute is associated with a value set and
constraints defining if a value has to be unique and if it can be NULL. Furthermore, constraints
specify the primary keys in each relation and the relation a foreign key reference. The Target
relation is named Gene in the provided script and database file. However, it is renamed in the
report to describe the relation content better.

Drug (DruglD, DrugName, Type, Smiles, InChiKey)
e DruglD is the primary key of the Drug relation.
Target (HGNC, UniProtID, Name, Organism)
e HGNC is the primary key of the Target relation.
Disease (DiseaseID, DiseaseName)
e DiseaselD is the primary key of Disease.
CellLine (CLO, Name, TissueType, TissueSubType, DiseaselD)

e CLO is the primary key of the CellLine relation.

e DiseaselD is a foreign key, referencing the Disease relation.

BindingAffinity (BindingReactionID, Kd min, Kd max, Ki min, Ki max, IC50 min, IC50 max,
pH, temperature, Organism, Source)

e BindingReactionID is the primary key of the BindingA ffinity relation.

e The unit of measurement for Kd min, Kd max, Ki min, Ki max, IC50 min, IC50 max
is nanomolar.

e The unit of measurement for temperature is celsius.
Interaction (HGNC, DrugID, MOA, ActionType, Source)

e The combination of HGNC and DruglID is the primary key of Interaction.
e HGNC is a foreign key, referencing the Target relation.

e DruglD is a foreign key, referencing the Drug relation.

MeasuredFor (HGNC, DruglID, BindingReactionID)

e The combination of HGNC, DruglID, and BindingReactionID is the primary key of Meas-
uredFor.

e HGNC is a foreign key, referencing Target.

DruglD is a foreign key, referencing the Drug relation.

BindingReactionlID is a foreign key, referencing the BindingAffinity relation.
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GeneAssociation (HGNC, DiseaselD)

e The combination of HGNC and DiseaselD is the primary key of GeneAssociation.
e HGNC is a foreign key, referencing the Target relation.

e DiseaselD is a foreign key, referencing the Disease relation.

Sensitivity (CLO, DrugID, IC50, AUC, Source)

The combination of CLO and DrugID is the primary key of Sensitivity.

CLO is a foreign key, referencing the CellLine relation.

DruglD is a foreign key, referencing the Drug relation.

IC50 is the natural log of the fitted IC50, and the unit of measurement is micromolar.

The database schema design ensures minimum redundancy and information preservation, resulting
in efficient data storage. The information is divided into smaller tables with fewer attributes
and higher normal form. As a result, all information is only stored once, which reduces data
redundancy. The alternative is larger tables with numerous attributes which store the same data
multiple times. An illustration is a drug-target interaction relation where every drug and target
attribute is provided each time they are included in an interaction tuple. This storage strategy
would lead to less complicated queries because fewer JOIN operations would be required to retrieve
the data of interest. However, the same information would be stored in multiple places resulting
in redundancy. Consequently, database inconsistency would quickly arise. Database inconsistency
is when the same data appear in various formats in multiple tables [50]. For instance, if the InChi
Key value of a Drug was to be changed, and the drug was included in 20 DTIs, a mistake could
easily appear when the same value had to be updated in 20 different tuples. In comparison, the
value would only need to be updated in one place with the applied database design where the DTI
data is split between relations. Under those circumstances, data consistency is easier to maintain
and significant storage space is saved.

In addition, the applied design prevents undesired update anomalies. Update anomalies are defined
as inconsistency in the data caused by insertion, modification and deletion anomalies [50]. To
demonstrate, the alternative DTI storage strategy presented in the preceding paragraph can not
accommodate the storage of a target that does not interact with a registered drug. One solution
is to use NULL as the attribute values for the drug. However, this approach would violate the
entity integrity because the primary key, DrugID, cannot be NULL. Hence, insert anomalies arise.
Secondly, modification anomalies arise from the requirement of updating one attribute value in
multiple tuples, as illustrated in the InChi Key example. Finally, deletion anomalies could occur.
To exemplify, if a target is included in one interaction only and this tuple is deleted, information
about this target would be lost.

To conclude, the applied design, with few attributes and lower normal form, mitigates anomaly
and redundancy problems, ensuring effective data storage.

3.1.4 Database Content

When the design process was finalised, the database was populated with DTI data collected from
multiple resources. Data from each resource was inserted into the database using the five applic-
ation programs developed for data insert and update. The implemented database file is named
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DrugTargetInteractionDB.db and can be downloaded from the GitHub repository. To examine the
content in the database file the data was browsed using DB Browser for SQLite. The content can
also be viewed using online tools, such as the SQLite Viewer.

Because binding affinity for one measurement most often is expressed by either K4, K;, or IC5g,
and not all three, mapping the specialisation of BindingAffinity to one superclass relation resulted
in multiple NULL values for the specific attributes in the subclasses. However, managing the
NULL values in the queries was more straightforward than using numerous JOIN operations to
fetch the data of interest. Furthermore, it was observed that multiple tuples in this relation
missed attribute values for pH and temperature. These values were not provided in the data
file from BindingDB. Missing information about the experimental conditions contributes to more
uncertainty when comparing measures performed for the same DT-pair.

The relations with the highest number of tuples store experimental data, namely BindingAffinity
and Sensitivity. Multiple binding affinity measurements are often given for one DT-pair. Further-
more, in the Sensitivity relation, a drug is screened for numerous cell lines. An overview of the
number of tuples in each relation is given in Table 3.1.

Currently, the drugs included in the database are annotated for cancer, the disease under study
in this project. However, the designed framework supports including drugs annotated for other
diseases. Insertion of new records can easily be carried out with the developed application programs
for inserting and updating data, following the procedure described for cancer drugs in Materials
and Methods on page 18. Currently, the available data allows for the repurposing of cancer drugs
to treat other diseases. However, it is with this version of the Drug-Target Interaction database
not yet possible to identify drugs annotated for other diseases than cancer for suggesting its use in
cancer. Incorporating additional drugs would enhance the database’s applicability for studying a
broader range of illnesses. Supplementary agents would provide new efficacious candidates for non-
therapeutic research settings where the therapeutic objective of a drug is negligible. Additionally,
it would enable the exploration of repurposing drugs annotated for diseases other than cancer.

To maintain the content up to date, new data should be retrieved and loaded into the database
when new information is provided by the applied data resources. Updating the database is an easy
process with the help of the application programs. The only requirement is to download the data
files with new information and provide these as input in the implemented functions.

Moreover, additional data resources can be explored to investigate the possibilities for extending the
database content. For instance, identifying resources that offer binding affinity data for additional
DTIs could prove beneficial in covering new potential targets. Covering more of a drug’s target
space could enable enhanced predictions of drug effects.

Finally, the database’s range of applications can be expanded by introducing new entity types,
relationship types, and attributes. For instance, it is possible to include distinct approaches to
scale DTIs. An option is to include data from gene expression profiles where measurements are
performed before and after drug treatment to provide information on transcriptional responses
of drugs. Such data could be retrieved from The Library of Integrated Network-Based Cellular
Signatures (LINCS). The LINCS program aims to establish a network-based understanding of
human biology by recording alterations in, for instance, gene and protein expression when cells are
exposed to a wide range of perturbing agents [70].

To summarise, the final database comprises extensive information that allow for a thorough study
of drug, targets, and the interactions between DT-pairs. It is possible to extend the content
with new tuples in the existing entity and relationship entries, as well as expand the miniworld
represented in the database.
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Table 3.1: The number of tuples in each relation in the Drug-Target Interaction database.

Relation # of tuples
Drug 1567
Target 20159
Disease 405
CellLine 836
BindingAffinity 54491
Interaction 4152
MeasuredFor 54491
GeneAssociation 20790
Sensitivity 87431

3.2 The DrugProfiler Tool

The following task was to develop the DrugProfiler tool linked to the Drug-Target Interaction
database for generating and examining drug target profiles. The tool facilitates exploration of
the database content, and utilisation does not require a substantial computational background.
Multiple inputs can be specified to fetch DTI data of interest. Furthermore, the tool includes a
Graphical User Interface (GUI) to represent the retrieved data with text and figures, allowing for a
comprehensive interpretation of the result. The overview of the main features of the DrugProfiler
tool is shown in Figure 3.2.

Output
Input - Target profiles

- Drugs - Text file with target profiles
- Binding affinity cut-offs - Drug target profile network

- Drug-target interaction data
- Network and text, identifying
targets shared between drugs

- Drug sensitivity data

- Temperature
- pH

Figure 3.2: Summery of key features of the DrugProfiler tool.

3.2.1 Data Input

The DrugProfiler tool allows users to perform customised queries by adapting the various input
values. Figure 3.3 shows the input alternatives provided in the interface. A drop-down box is
implemented to select one or more drugs by searching for the drug name or ChEMBL ID (Figure
3.3a), which enables bulk queries for efficient data retrieval. The drug targets are generated
according to binding affinity. If binding affinity for a DTI is measured below a set cut-off, the
molecule will be defined as a target. The affinity limit values are defined using sliders presented
in the binding affinity cut-off container. There are, in total, three sliders, representing K4, K;,
and IC5g, allowing the user to determine the method for binding affinity measurements. The text
below each slider states the selected cut-off (Figure 3.3b). The experimental conditions container
includes boxes to specify pH and temperature (Figure 3.3¢) for the affinity measurements. Finally,
the Drug Sensitivity Container includes radio items and a drop-down menu to select a drug and
the cell lines for which the user would like to retrieve sensitivity data (Figure 3.3d).

The application offers the flexibility to customise experimental conditions and define binding affin-
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ity values to meet the specific query objectives. For instance, if the aim is to achieve the highest
possible agreement across measurements, the query can be limited to only include measurements
where the affinity values are computed by IC59. The pH and temperature can also be specified to
ensure consistent experimental conditions. Another approach is to include all expression options
for binding affinity but adjust the ICs5q cut-off to be slightly lower since IC'5y values are generally
higher than K4 and K. If the objective is to decrease the probability of FP and FN, all cut-offs
can be set to the same value to include as many measurements as possible.

Select drug IDs
X | IMATINIB: CHEMBL941 | x VATALANIB: CHEMBL101253 159| X -

TOLVAPTAN: CHEMBL344159

VINBLASTINE: CHEMBL159

CLOBETASOL PROPIONATE: CHEMBL 1159650
RELUGOLIX: CHEMBL1800159

LMP744: CHEMBL126159
(2)

Binding Affinity Cut-Offs
K slider

1
Cut-off selected for Kd: 0 nM
K; slider

1 10 100 . e
Experimental conditions
Cut-off selected for Ki: 100 nM

ICs slider Temperature: 25 3

1 10

pH: 74 S

Cut-off selected for ICsq: 10 nM

(b) (©)

Drug Sensitivity

Sensitivity data is shown for the selected drug and cell lines. Sensitivity data is not
available if the drug doesn't show up as an option.

©OCHEMBL159
Select cell lines
X 22RV1 A X a

A704
=0012

ACHN
AGS
ALL-PO
(d)
Figure 3.3: Input options of DrugProfiler tool a) Drop down menu for selection of drugs. b) Sliders for
adjusting the binding affinity cut-offs and select measurement method (K4, K;, and IC50). ¢) Input

boxes to specify experimental conditions for binding affinity measurements. d) Radio items and
dropdown menu to select drug and cell line, respectively, for sensitivity data.
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3.2.2 Output Generated by the DrugProfiler Tool

The query results are presented as text and figures to facilitate the exploration of the identified
target profiles. The different elements are shown in Figure 3.4.

Each profile is given in text format in the Drug Panel container (Figure 3.4a). Moreover, the profiles
can be downloaded as a .txt file by clicking the "download-drug-panel". The user specifies the name
of the file. The format corresponds to the drug panel input file used in the DrugLogics pipeline
(3.4b). As aresult, automated drug target profile annotation is facilitated, and the downloaded file
can be used directly as input in the pipeline. However, direct utilisation requires that an HGNC
annotation is applied when naming the target nodes.

As mentioned, target profiles are generated by identifying instances where the binding affinity
value of a DTT falls below a certain threshold. Even if multiple binding affinity values are recorded
for a DTI, only one value below the threshold is required to classify the molecule as a target. An
alternative approach to classification could be using the median, which considers the distribution
of binding affinity values for a given target. This approach could potentially improve the precision
of the classification method, as it reduces the probability of misclassifying targets due to outlier
values falling below a single cut-off threshold. In other words, fewer FP will probably be predicted.
However, using the median may come at the expense of sensitivity, as some binding affinity values
would be discarded, potentially leading to more FN. Additionally, using a single cut-off threshold
offers more flexibility to adjust the threshold according to specific criteria. For instance, if the
drug sensitivity for a cell line is measured at 1 uM, the cut-off could be set just above this limit
to capture all potential targets. Finally, using the median could introduce bias if the distribution
of binding affinity values is asymmetrical or if only a few values are recorded for the DT-pair.
For example, if only two binding affinity values equal to 1 nM and 100 nM are stored for the
pair, the median would be 50.5 nM, which may not accurately reflect the most frequent binding
affinity strength of the target. To summarise, the minimum value was selected as the threshold to
generate profiles that capture all potential targets. However, the distribution of binding affinity
values should be studied to evaluate the confidence of target classification.

The figure and text in the Drug Target Network container facilitate a detailed analysis of each target
profile. The inhibition profile is illustrated as a network with an edge between the drug node and
each target node, representing the interactions. The figure has a zoom and drags view, making
it easier to explore the profiles of numerous targets. The size of the target nodes is customised
according to affinity strength. Larger nodes indicate stronger affinity (i.e. lower binding affinity
value). The node colour indicates if one or multiple binding affinity measurements are provided
below the set threshold, illustrated by light and dark grey, respectively. The target nodes can be
clicked for detailed information about the DTI. The annotation defines the min and max value for
binding affinity below the set cut-off and the standard error of the mean (Figure 3.4c). Hence, the
variability across the recorded values can be examined to evaluate the confidence in the classification
of each target.

Identifying DTI with considerable binding affinity is valuable when prioritising which target effects
should be included when predicting the drug response. Furthermore, the information is vital to
know which components should be present when selecting a model, modifying an existing model
or building a model from scratch to capture the drug response better.

The Shared Target container facilitates the comparison of inhibition profiles generated for different
drugs. The drugs selected for comparison are illustrated as nodes in a network with edges to the
shared targets. The mutual targets are also listed in the text below the figure (Figure 3.4d). Ana-
lysing the similarity between target profiles when prioritising candidate drugs is beneficial. For
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example, shared targets could indicate potential overlap in the drugs’ target binding site. Con-
sequently, the targets are likely to be functionally and structurally alike, increasing the probability
of them being included in the same signalling pathway [71]. If the objective is to select drugs that
target multiple components within one signalling pathway, shared targets are considered positive.
On the contrary, shared targets might not be desired if the objective is to target distinct pathways.

Finally, the tool includes functionality to explore drug sensitivity data across cell lines. If sensitivity
data is available for the selected drugs, they will show up as radio items. After specifying a drug,
the cell lines of interest can be selected from a drop-down menu. The half maximum inhibitory
concentration (I/C50) measured for the drug and the cell lines is described in the text (Figure
3.4e). As discussed earlier, this quantitative data is helpful when prioritising drugs to be applied
in research performed on a specific cell line, for instance, to select drugs that require low dosages.
Nevertheless, the parameter can be applied when defining the binding affinity cut-off. The cut-offs
can be adjusted to match the given concentration to identify targets interacting with the drug
below this threshold.

3.3 Drug Target Profiling

After finalising the Drug-Target Interaction database and the associated DrugProfiler tool, the
new module was applied to generate target profiles for drugs of interest. The objective was to
use the profiles to investigate how off-target effects influence drug response prediction by logical
modelling. The 17 drugs selected for analysis have been studied by the Druglogics initiative in
silico and experimentally [29, 58, 72, 30|. The produced target profiles are presented in Table 3.2.

3.3.1 Definition of Query Conditions

Different cut-off values were applied to generate the target profiles because a dichotomy between
high and low binding affinity is not universally defined, as multiple factors can influence affinity
strength. However, binding affinity below 100 nM is often characterised as high affinity, between
100 nM to 10 pM as moderate, while binding affinity above 10 nM is considered weak [73, 59].
Cut-off values were increased progressively across the range of moderate to strong interactions to
prioritise DTI with binding affinity in this range. Additionally, it was of interest to investigate
whether considering more potential off-target effects improved prediction performance compared
to only accounting for stronger interactions. The upper cut-off was set to 10 pM to exclude weaker
binders, as these most likely do not bring about an effect. Finally, all three methods for measuring
binding affinity (K4, K;, and IC5q) were included, and the same cut-off values were used for all
to account for every potential off-target effect.

The experimental conditions for the binding affinity measurements were not specified when gen-
erating the target profiles. If pH and temperature are accounted for, all measurements must be
conducted under the specified conditions, and NULL values are not permissible. Specifying these
values would considerably restrict the scope of the analysis due to limited data availability for these
attributes and variations in conditions across measurements. However, this is a weak point with
the analysis because IC'5y values depend on pH and temperature. Hence, a lack of specification
may compromise the agreement across the affinity measurements.
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Filename: drugPanel_100nM| download-drug-panel

Drug Panel

CHEMBLY41 inhibits ABL1, ABL2, CAl, CA2, CA9, CSFIR, DDR1, DDR2, KIT, LCK,
NQO2, PDGFRA, PDGFRB, SLC47A1
CHEMBL 101253 inhibits CSFIR, FLT1, KDR, KIT, PDGFRA, PDGFRB

#Name Target:
CHI

EMBL941 inhibits ABL1 ABL2 CA1 CA2 CA9 CSF1IR
DDR1 DDR2 KIT LCK NQO02 PDGFRA PDGFRB SLC47A1
CHEMBL101253 inhibits CSFIR  FLT1 KDR KIT PDGFRA PDGFRB

(a) (b)
Drug Target Network

The figure displays the selected drug and its associated targets. Node size is determined by
the lowest binding affinity value measured between the drug target pair. The dark grey node
colour indicates that multiple binding affinity measurements are stored for the drug target
=t Shared Targets
CHEMBL941 CHEMBL101253
© The figure display the targets that are shared between the selected drugs.

©CHEMBLY41 CHEMBL101253

Binding affinity measured between CHEMBL941 and ABL1: 1.0 nM to
98.0 nM. Standard error of the mean is calculated to + 4.228 nM.

Mutual targets: KIT, CSFIR, PDGFRB, PDGFRA
(c) (d)
Drug Sensitivity

Sensitivity data is shown for the selected drug and cell lines. Sensitivity data is not
available if the drug doesn't show up as an option.

©OCHEMBLI159
Select cell lines

X 22RV1 X AGS X v

Drug senitivity data generated for VINBLASTINE screened for 22RV1: ICsq = 0.012
uM

Drug senitivity data generated for VINBLASTINE screened for AGS: ICsq = 0.005
uM

(e)

Figure 3.4: Output generated from queries carried out by the DrugProfiler tool. a) Drug panel
representing the identified target profiles. b) Downloaded text file, where the set-up corresponds to the
drug panel input file used in the DrugLogics pipeline. ¢) Network figure visualising a selected target
profile. The size of each target node indicate the binding affinity strength. A low binding affinity value,
indicating strong binding, is illustrated by a larger node. A darker node colour indicate that multiple
measurements are stored for the drug-target interaction. Text stating the interval for binding affinity
values and the standard error of the mean is generated when clicking a target node. d) Network figure
and text allowing for comparison of target profiles by identifying the shared targets. e) Drug sensitivity
data for a drug and selected cell lines stated by the half maximum inhibitory concentration (IC'sg).
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3.3.2 Evaluation of Drug Selectivity

Before the generated target profiles were used to predict drug effects, an exhaustive analysis of the
profiles was conducted. The appearance of off-target effects, drug selectivity, and composition of
targets were examined.

When evaluating the selectivity and appearance of off-targets across the drugs, a great span in the
number of identified targets was observed. The target profiles generated with a 100 nM cut-off
show that most of the analysed drugs show high affinity for one to three proteins, which tend to
be primary targets. However, five drugs have five or more targets - namely: BIRB0796, PI103,
BI-D1870, Ruxolitinib, and PRT 062607. When interpreting their profiles generated using the
higher cut-offs, it is observed that the number of targets increases considerably. In comparison,
the number of targets for the remaining drugs increases with a maximum of three. The only
exception is PKF118-310. High affinity towards numerous additional targets indicates that these
drugs have low selectivity and high off-target activity.

For example, CT99021 shows high specificity towards its primary targets, GSK3A and GSK3B.
Only one off-target, CDK1, was identified, and the highest threshold was then applied. When
comparing the results with the RSK inhibitor BI-D1870, similar results are observed at the lowest
cut-off, which exclusively consists of the two primary targets, RSP6KA1 and RSP6KA3. When
the cut-off is raised to 100 nM, the two remaining primary targets, RPS6KA2 and RSP6KAG,
are included. However, strong affinity is also observed towards the off-targets PLK1 and VRKI.
The number of off-target effects increases rapidly when the threshold is raised further, and nine
additional entities are identified at the highest threshold. The large number of off-targets indicates
that this inhibitor has much lower selectivity.

Molecular targeted therapies are designed to selectively modulate a single disease-causing target
[74]. However, this approach to drug design has turned out to be challenging. The results show
that most of the analysed drugs exhibit affinity towards additional targets to some extent. These
findings agree with the significant obstacle of selectivity among small-molecule inhibitors, which is
highly addressed [73, 75, 76]. The challenge is pointed out to be particularly widespread among
kinase inhibitors. All five drugs, observed to show affinity towards numerous targets, are indeed
kinase inhibitors.

Table 3.2: Drug name, ChEMBL ID, the primary target and target profiles for 17 chemical inhibitors.
The target profiles were generated by the DrugProfiler tool, where the thresholds for K4, K;, and IC5o
were set equal to 10 nM, 100 nM, 1 pM, and 10 pM.

Chemical Inhibitor 10 nM 100 nM 1 pM 10 pM

MAP2K1, MAP2K?7,
MAP3K7, MAPKI,
PLAA

MAP2K1, MAP3K7, MAP2K1, MAP3K7,

(5Z)-7-oxozeaenol MAP2K1, MAP3KT7 PLAA MAPK1, PLAA

AKTi-1,2 AKT2 AKT1, AKT2 AKT1, AKT2 AKTI1, AKT2, AKT3
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Table 3.2 — continued from previous page

Chemical Inhibitor 10 nM 100 nM 1 pM 10 pM
ABL1, ABL2, ANKKI1,
BLK, BRAF, CDC42BPA,
CDC42BPB, CDC42BPG,
ABL1, ANKK1, BLK, CDK13, CDK19, CDK5,
CDK7, CDKS, CIT,
BRAF, CDC42BPB,
CSF1R, DDR1, DDR2,
CDK19, CDK5, CDKS, ‘
EGFR, EPHA1, EPHA2,
DDR1, DDR2, EPHAL,
EPHA3, EPHA4, EPHAS,
EPHA2, EPHA3,
EPHA4 EPHAS EPHAG6, EPHA7, EPHAS,
ABL1, BRAF, EPHAG’ EPHA7’ EPHBI1, EPHB2, EPHB3,
DDR1, DDR2, ’ ’ EPHB4, FGFR1, FGFR4,

BIRBO0796

CT99021

PD0325901

PI103

PKF118-310

JNK-IN-8

DDR1, DDR2,
HTR2A, MAPKI1,
MAPK12, MAPK14,
MAPKY, STK10,
TIE1, TNIK

GSK3A, GSK3B

BRAF, MAP2K1

MTOR, PIK3C2B,
PIK3CA, PIK3CB,
PIK3CD, PIK3CG,
PIK3R1, PRKDC

MAPKS, MAPKO,
MAPK10

EPHA4, EPHAS,
HSPB1, HTR2A,
MAP4K4, MAPK10,
MAPK11, MAPK12,
MAPK13, MAPK14,
MAPK9, MINK1,
NTRK2, RET, SLK,
STK10, TEK, TIE1,
TNIK

GSK3A, GSK3B

BRAF, MAP2K1,
MAPK1

MAPKAP1, MLSTS,
MTOR, PIK3C2B,
PIK3C2G, PIK3CA,
PIK3CB, PIK3CD,
PIK3CG, PIK3R1,
PRKDC

CTSB

MAPKS, MAPKO,
MAPK10

EPHAS, EPHB1,
EPHB2, EPHB4,
FLT1, FLT3, FLT4,
FRK, HSPB1, HTR2A,
KDR, KIT, LYN,
MAP3K20, MAP3K?,
MAP4K4, MAPK10,
MAPKI11, MAPK12,
MAPK13, MAPK14,
MAPKS, MAPKY,
MINK1, NLK, NTRK1,
NTRK2, NTRK3,
PDGFRB, PTK2B,
RET, SLK, STKI10,
TEK, TIE1, TNIK

GSK3A, GSK3B

BRAF, MAP2K1,
MAP2K2, MAPK1

DAPKS3, HIPK2,
HIPK3, MAP3K19,
MAPKAP1, MLSTS,
MTOR, PIK3C2A,
PIK3C2B, PIK3C2G,
PIK3CA, PIK3CB,
PIK3CD, PIK3CG,
PIK3R1, PIP4K2C,
PRKDC, RIOK2

ABL1, CDC25B,
CTSB, CTSL, CTSS,
DUSP1, DUSP3,
HSP90AA1, KDMAC,
NR5A1, SIRT1, TCF4

MAPKS, MAPKY,
MAPK10

FGR, FLT1, FLT3, FLT4,
FRK, HCK, HSPB1,
HTR2A, KDR, KIT, LCK,
LTK, LYN, MAP3K20,
MAP3K7, MAP4K4,
MAPK1, MAPK10,
MAPK11, MAPK12,
MAPK13, MAPK14,
MAPK15, MAPKS,
MAPK9, MERTK,

MINK1, MKNK1, MKNK2,
MUSK, NLK, NTRK1,
NTRK2, NTRK3,
PDGFRA, PDGFRB,
PRKCB, PRKCD, PTK2,
PTK2B, RAF1, RET,
RIPK2, SLK, STK10, TEK,
TIE1, TNIK, TTK, YES1

CDK1, GSK3A, GSK3B

BRAF, MAP2K1,
MAP2K2, MAPK1

BRAF, CDC42BPA,
CDK7, CHUK, CLK1,
CLK2, CLK3, CSNK2A1,
CSNK2A2, DAPKI,
DAPK2, DAPKS,
DYRKI1B, DYRK2,
FLT3, HIPK1, HIPK2,
HIPK3, JAK1, LIMK2,
MAP3K19, MAPKAPI,
MLST8, MTOR, MYLK,
PI4KB, PIK3C2A,
PIK3C2B, PIK3C2G,
PIK3CA, PIK3CB,
PIK3CD, PIK3CG,
PIK3R1, PIP4K2C,
PRKDC, RAF1,

RIOK2, TYK2

ABL1, CDC25B,
CTNNB1, CTSB, CTSL,
CTSS, DUSP1, DUSP3,
HSP90AA1, KDM4A,
KDM4C, NR5A1,
PTPN22, PTPN7,
SIRT1, TCF4, TCF7L2

MAPKS, MAPK,
MAPK10
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Table 3.2 — continued from previous page

Chemical Inhibitor 10 nM

100 nM

1 pM

10 pM

BI-D1870

BI605906

SB-505124

Ruxolitinib

D4476

10058-F4

PLK1, RPS6KAL,

RPS6KA1, RPS6KA3 RPS6KA2, RPS6KA3,

JAK1, JAK2,
JAK3, TYK2

RPS6KA6, VRK1

ACVRIB, MAPK14,
TGFBR1

CAMK2A, CAMK2D,
CAMK2G, DAPKI,
DAPK2, DAPKS3,
DCLK1, GAK, HDACS,
JAK1, JAK2, JAKS,
LRRK?2, MAP3K2,
ROCK1, ROCK2, TYK2

CSNK1D, CSNK1E CSNKI1D, CSNKIE

AURKB, CSNK1A1,
JAK?2, PLK1,
RPS6KA1, RPS6KA2,
RPS6KA3, RPS6KAS,
STK3, VRK1

IKBKB

ACVRI1B, MAPK14,
RIPK2, TGFBR1

AAK1, ANKKI,
BMP2K, BMPR2,
CAMK1, CAMKI1D,
CAMK2A, CAMK2B,
CAMK2D, CAMK2G,
CLK2, DAPKI,
DAPK2, DAPK3,
DCLK1, DCLK2,
DCLK3, DYRKIA,
GAK, GRK1, GRK?7,
HDACS, HIPK2,
IRAKI, JAK1, JAK2,
JAK3, LRRK2, LTK,
MAP2K3, MAP3K19,
MAP3K2, MAP3K3,
MAP3K7, MARK2,
MAST1, MKNK2,
MYLK, NTRK2,
NTRKS3, NUAK2,
PHKG2, PLK1, PLK3,
PLK4, PRKCE,
PRKG2, RET,
ROCK1, ROCK2,
RPS6KA1, RPS6KA2,
RPS6KA4, RPS6KAS,
RPS6KA6, STK16,
TAOK2, TAOK3, TTK,
TYK2, ULK1, ULK2

CSNK1A1, CSNK1D,
CSNK1E, MAPK14

AURKB, BRDY,
CSNK1A1, GSK3B,
JAK2, MARK3, PLK1,
RPS6KA1, RPS6KA2,
RPS6KA3, RPS6KAS,
STK3, VRK1

IGF1, IKBKB

ACVRIB, MAPK14,
RIPK2, TGFBR1

AAK1, ABL1, ALK,
ANKK1, AURKC,
BMP2K, BMPRI1B,
BMPR2, BRAF,

CAMK1, CAMKID,
CAMKI1G, CAMK2A,
CAMK2B, CAMK2D,
CAMK2G, CASK, CDK?7,
CLK2, CLK4, CSNKI1A1,
CSNK2A1, CSNK2A2,
DAPK1, DAPK2, DAPKS,
DCLK1, DCLK2, DCLK3,
DMPK, DYRK1A, DYRK2,
EPHA3, EPHB6, ERNI1,
GAK, GRK1, GRKY,
GRK?7, HDAC6, HIPK1,
HIPK2, HIPK3, IKBKB,
IKBKE, IRAK1, JAK1,
JAK2, JAK3, KIT, LRRK2,
LTK, MAP2K1, MAP2K2,
MAP2K3, MAP2K4,
MAP3K1, MAP3K15,
MAP3K19, MAP3K2,
MAP3K3, MAP3K?7,
MAP4K2, MAPKS, MARK2,
MAST1, MELK, MKNK2,
MYLK, NEK3, NEK7,
NTRK1, NTRK2, NTRK3,
NUAK2, OXSR1, PAK4,
PAKS5, PAK6, PHKGI,
PHKG2, PI4KB, PLK1,
PLK?2, PLK3, PLK4,
PRKCE, PRKG2, RET,
RIOK1, RIOK2, RIOKS3,
RIPK4, ROCK1, ROCK2,
RPS6KA1, RPS6KA2,
RPS6KA4, RPS6KAS,
RPS6KA6, SBK1,

SBK3, SRPK1, SRPK3,
STK16, STK17A,
STK17B, STK25, STK26,
STK39, TAOK1, TAOK2,
TAOKS3, TBK1, TNK2,
TTK, TYK2, ULK1,
ULK2, ULK3, VRK2

CSNK1A1, CSNK1D,
CSNKI1E, MAPK14, PRKD1

MYC
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Table 3.2 — continued from previous page

Chemical Inhibitor 10 nM 100 nM 1 pM 10 pM

Stattic - HIF1A HIF1A HIF1A, STAT3

GSK2334470 PDPK1 PDPK1 PDPK1 AURKB, PDPK1,

ROCK1
FGR, FLT3, LCK, FGR, FLT3, JAK2,
PRT062607 - FGR, MAP3KO9, LYN, MAP3KO9, KCNH2, LCK, LYN,

PRKCA, SYK, ZAP70 PAKS5, PRKCA, SRC, MAP3K9, PAK5, PRKCA,
SYK, YES1, ZAP70 SRC, SYK, YES1, ZAP70

End of Table

3.3.3 Study of the Mechanism of Inhibition

After observing that several of the analysed drugs displayed affinity toward numerous targets, it
was of interest to explore if the mechanism of inhibition influences the selectivity. It was, therefore,
investigated how the DT binding occurs for the inhibitors that were observed to show a low degree
of selectivity. The analysis was carried out by a literature study. When studying the mechanism
of inhibition for the drugs that appeared to be less selective, all of them were found to be ATP-
competitive inhibitors, except for BIRB0796.

PI103 is designed to be selective against the lipid kinase family of phosphatidylinositol 3-kinases
(PI3K) and the mammalian target of rapamycin (mTOR). The drug has shown antitumour activity
in cancers where the PI3K pathway is deregulated. PI103 binds to and forms H-bonds with the
hydrophobic region I and the adenine pocket in the active ATP-binding pocket [77, 78]. BI-D1870
is an inhibitor of the p90 ribosomal S6 kinases (RSK). The RSK isoforms regulate the Ras-ERK1,/2
signalling pathway. A pathway that often is altered in cancer. BI-D1870 inhibits its targets by
binding to the N-terminal of the ATP-binding pocket [79]. Furthermore, Ruxolitinib is developed
to inhibit Janus kinases 1 and 2 (JAK1/2). The drug works by disrupting the JAK / STAT
signalling pathway. This compound binds to the ATP-binding pocket by hydrogen bonds to the
hinge region and the catalytic site [80]. The last ATP-competitive inhibitor, PRT062607, targets
the spleen tyrosine kinase (SYK) and alters the SYK/BCR signalling pathway. However, details
about how the compound binds to the ATP binding pocket was unattainable.

BIRBO0796 inhibits the stress-activated protein kinase p38 isoforms from the mitogen-activated
protein kinase (MAPK) family. Unlike the other multi-targeted inhibitors, BIRB0796 interacts
with an allosteric binding pocket and indirectly inhibits the binding of ATP [81]. The drug’s
inhibitory activity is achieved by interacting with the conserved Asp-Phe-Gly (DFG) motif at the
beginning of the activation loop. The activation loop undergoes conformational reorganisations
before binding ATP, transforming the kinase from inactive to active. This reorganisation makes
the DFG motif accessible for substrate binding [82]. As the ATP binding pocket, the DFG motif
is highly conserved across the kinome [83], which could contribute to the weakened selectivity of
this inhibitor.

Characterisation of protein kinases has shown an extensive conservation in sequence and structure
across the kinome. The highest degree of conservation occurs at the ATP binding pocket and the
nearby regions [23]. As a result, it is incredibly challenging to design selective inhibitors that target
this region. With this in mind, a competitive mechanism of inhibition was considered a highly
possible reason for the reduced selectivity observed among these five drugs. Along with reduced
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selectivity, additional challenges arise from this drug design. Firstly, the intercellular concentration
of ATP can be raised by 5 mM, which is frequently observed in tumour cells. The concentration
of ATP for most kinases to achieve half V4., (K,,) is in the nM range, and the raised ATP
concentration would therefore lead to full-time saturation by ATP. Consequently, affinity in the
nanomolar range is acquired to compete under these conditions. Secondly, numerous other ATP-
dependent enzymes exist that are not kinases, which are essential to normal physiology. Drugs
that mimic the ATP molecule to exhibit competitive inhibition could therefore lead to toxicity [76].

Despite these challenges, successful inhibitor design can be achieved using this ATP competitive
mechanism of inhibition by binding to a more variable region [23]. Successful design is demonstrated
by the results obtained from (5Z)-7-oxozeanol, which appears to be more selective than the drugs
described above. The drug is a fungal resorcyclic acid lactone, which effectively inhibits mitogen-
activated protein kinases. The aromatic ring of the resorcyclic lactone resembles the adenine
ring of ATP, making the compound able to bind the ATP pocket as a competitive, irreversible
inhibitor. However, this inhibitor requires the Z5 ¢ keto-7enone functional group that functions
as a Michael acceptor for a conserved cysteine residue found in the ATP-binding pocket in only a
small group of the kinome [84]. This requirement is likely the cause of higher specificity towards a
smaller subgroup, including TAK1, the MEK family and the ERK family [85]. MAP3K7 (TAK1),
MAP2K1 (MEK1), MAP2K7, and MAPK1 (ERK2) are all observed in the generated target profile.

An alternative drug design is allosteric inhibition, where the agent does not compete with ATP.
Development of such inhibitors is considered more difficult due to the challenge of identifying lig-
ands for distinct regions of the protein kinases. However, they pose highly advantageous properties
compared to ATP competitive inhibitors as regions outside the ATP binding pocket tend to be less
conserved, facilitating a higher selectivity. Furthermore, because these inhibitors do not compete
with ATP, concentrations closer to their biochemical K; can be applied [86]. The result shows that
AKTi-1,2 (AKT inhibitor VIII) appears highly selective. This drug is an allosteric and non-ATP
competitive inhibitor which suppresses the phosphatidylinositol 3 (PI3) kinase/Akt pathway. The
inhibitor binds to the N-terminal pleckstrin homology (PH) domain found in all three isoforms of
human AKT. While strong affinity is observed towards AKT1 and AKT2, AKT3 is only included
when the highest cut-off is applied. When comparing the proteins, AKT3 shows 83.6% and 78%
identity with AKT1 and AKT2, respectively. However, the targeted PH domains show approxim-
ately 60% identity [87]. The results indicate that the inhibitor is rather selective towards isoforms
of this domain.

3.3.4 Kinase Mapping

The final question to be investigated through profile analysis was whether the kinase targets within
a profile belonged to the same kinase subfamily or if they were spread across the kinome. To
examine how the drugs interact across the kinome, a phylogenetic tree of the human kinome was
generated for each kinase inhibitor and annotated with the target profile. Each target was marked
with the kinase name, and the annotation size was scaled according to the measured binding
affinity. Kinase maps for all of the studied kinase inhibitors are shown in Figure A.1, in Appendix
A.3 - Kinase Maps on page 76.

The figure shows that the specificity towards kinase subfamilies differs considerably among the ana-
lysed inhibitors. When examining the kinome trees generated for the drugs identified to be multi-
targeted, binding affinity in the nanomolar range was observed towards targets spread across nu-
merous groups. For instance, binding affinity is measured below 10 nM not only between BIRB0796
and the primary target MAPK14 (p38a) but also TIE1 and TNIK (Figure 3.5a). The three tar-
gets are members of three distinct kinase subfamilies, namely: CMGC, TK and STE. Such results
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indicate a requirement for optimisation of this inhibitor’s potency towards the primary target to
enable the inhibitor to distinguish between the target of interest and off-targets.

Affinity towards multiple unrelated kinases is expected for ATP competitive kinases due to the
evolutionary conservation of the substrate binding pocket across the kinome, discussed in the
previous section. However, the selectivity of new kinase inhibitors is often evaluated through
screening against a panel restricted to closely related kinases of the intended target. The idea is
that interactions towards off-targets are more likely to occur within the subfamily with a more
similar amino acid sequence [88]. The obtained results are proof of the contrary, where targets of
the same inhibitor are members of multiple different kinase subfamilies, indicating that off-target
effects are not exclusively revealed from the protein sequence. Consequently, it is insufficient to only
screen for DT within the subfamily of the intended target. The result highlights the requirement
of extensive binding assays, including all kinase subfamilies, for adequate evaluation of selectivity
and complete target profiling. The importance of this analysis should be emphasised to achieve
successful development of new drugs and to achieve accurate predictions of drug effect.

More promising results were achieved for the drugs appearing to be more selective. Most of the
targets identified for these agents were members of the same subfamily as the intended target.
When targets were members of other subfamilies, the binding affinity for the interaction tended
to be weaker. For instance, the complete set of targets identified for CT99021 is included in the
CMGC family (Figure 3.5b). The second observation is illustrated by D4476 (Figure 3.5¢). Most of
this drug’s targets are included in the CK1 family, and weak binding affinity is measured towards
the two off-targets, MAPK14 (p38a) and PRKD1 (PKD1), which are members of the CMGC and
CAMK families, respectively.

Such inhibitors, targeting a small number of kinases with high selectivity towards one subfamily, are
promising research tools. Selective reagents are valuable aids allowing for analysis of the function
of the targeted protein kinase. An acute need for such inhibitors is emerging from cell-signalling
research, addressed by the number of citations on articles that introduce selective reagents [89].

3.4 In Silico Prediction of Drug Effect

Using in silico simulations to predict drug effect is an important step forward in drug development
and precision medicine. In silico simulations can be time and cost-effective. Even more important,
the simulations can give insight into the mechanism of action and uncover potential side effects. A
primary objective of this thesis was to investigate if accounting for off-target effects could improve
predictions of drug effects and provide a more comprehensive understanding of the mechanism of
action.

The in silico simulations were executed using two logical models, namely CAncer Signaling CAus-
ality DatabasE (CASCADE) 1.0 and CASCADE 2.0. The models were perturbed according to
the target profiles generated by the DrugProfiler tool and analysed in the previous section, which
include off-target effects. Simulations were conducted by stochastic modelling with MaBoSS and
with the DrugLogics software pipeline to investigate how off-target effects alter the predicted drug
repsonse. Finally, the prediction performance of the DruglLogic software was evaluated by com-
paring the predicted synergies with gold standard synergies identified by experimental testing.

3.4.1 Filtrated Target Profiles

The applied logical models are focused toward specific signalling pathways. The target profiles
were therefore required to be modified to exclude targets not present in the model. A script was
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“lllustration reproduced courtesy of Cell Signaling Technology, Inc. (www.cellsignal.com)” “lllustration reproduced courtesy of Cell Signaling Technology, Inc. (www.cellsignal.com)”

(a) BIRB0796 (b) CT99021

CAMK

(c) D4476
. (@} @] o

Binding affinity (K, K;, or ICs,) (nM): >10 10-100 100-1000 1000 - 10 000

Figure 3.5: Phylogenetic trees of the human kinome annotated with the kinases name of the target
profile components for the kinase inhibitors a) BIRB0796, b) CT99021, and ¢) D4476. The figures are
generated using KinMap, and the circle size indicates if binding affinity strength between the drug target
pair is measured < 10 nM, 10 nM to 100 nM, 100 nM to 1 uM, or 1 pM to 10 pM.
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developed to carry out the filtration automatically and translate the target names from HGNC
symbols to node names used in the model. The filtrated profiles used in simulations of CASCADE
1.0 and CASCADE 2.0 are given in Table A.6 and A.7, respectively, provided in Appendix A.4
- Filtrated Target Profiles, on page 80. The percentage of drug targets in each profile that are
present in CASCADE 1.0 and 2.0 are given in Table 3.3 and 3.4, respectively.

The calculations show that numerous off-targets are not present in the applied models. Further-
more, the percentage of a target profile included in the model varies considerably across the drugs,
from zero to one hundred per cent. For 43% of the drugs, the maximum proportion of targets
included in CASCADE 1.0 is limited to one-quarter. Consequently, only a subset of the targets
is considered in the modelling. In CASCADE 2.0, the number of drugs with only one quarter of
targets present is reduced to 24%. A reduction is expected as CASCADE 2.0 is a more compre-
hensive model, which includes additional signalling pathways. The highest percentage is obtained
< 10 nM for both models. High coverage is expected at low cut-offs because most drugs exhibit
strong affinity toward their intended target, and all primary targets are included in the model.

The consequence of missing target nodes is that the model will not reflect the influence of inhibiting
such a protein that may have critical functionality both in the targeted cell and in the whole
organism. To demonstrate, less than 25% of BIRB0796’s targets are presented in the two models.
Affinity on the nanomolar range is measured towards the receptor tyrosine kinases TEK, which is
not included in either of the two models. The protein is an angiopoietin receptor and plays a central
role in the signalling pathways that regulate endothelial cell proliferation, migration and survival
during angiogenesis, a capability included among the hallmarks of cancer [90, 6]. Modulating this
DTT could potentially disrupt pathological angiogenesis and consequently have a therapeutic effect,
which the applied models will not capture [91].

The high frequency of missing target nodes represents an important limitation of this study. When
few targets are present in the model, predicting the drug effect becomes challenging. Moreover, the
quality of the predictions will likely fluctuate due to varying percentages of included target nodes
across the drugs. Missing targets are to be expected because these models are simplifications of
reality. Selecting a larger model or performing model improvement should be considered to improve
the capability of predicting drug effects. Introducing target nodes strongly inhibited by a drug or
with critical functionality in the analysed disease should be emphasised in such a process.

The challenge of reflecting the complexity of a biological system represents one of the main bot-
tlenecks of mathematical modelling in biology. A model is, by nature, a simplified representation
of reality, only illustrating parts of the original. Although a model can be expanded, it is essential
to realise that not even an individual patient can represent a flawless model system for an entire
disease as no patients are truly identical [92].

With this in mind, the statement "essentially, all models are wrong, but some are useful" by the
statistician George Box should be considered [46]. Although all models represent only specific
aspects of reality and always will be imperfect, they can still contribute valuable insight. A cut-off
is often sufficient since the objective of the modelling is to answer a specific question. To conclude,
the model must be correctly utilised, and the limitations must be recognised in the context of the
problem to be solved [46].
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Table 3.3: Drug name and percentage of components in the utilised target profiles included in the
CASCADE 1.0 network model. The target profiles were generated by the DrugProfiler tool, using cut-offs
for K4, K;, and IC50 equal to 10 nM, 100 nM, 1 pM, and 10 pM.

g}‘l‘fﬁ‘il 10nM 100 nM 1 pM 10 pM
(5Z)-7-oxozeaenol  100% 67% 5%  80%
AKTi-1,2 100% 100% 100%  75%
BIRB0796 20% 13% 23% 23%
CT99021 100% 100% 100%  67%
PD0325901 100% 100% 100%  100%
PI103 25% 27% 17% 18%
PKF118-310 - 0% 8% 18%

Table 3.4: Drug name and percentage of components in the utilised target profiles included in the
CASCADE 2.0 network model. The target profiles were generated by the DrugProfiler tool, using cut-offs
for K4, K;, and IC5¢ equal to 10 nM, 100 nM, 1 pM, and 10 nM.

Chemical inhibitor 10 nM 100 nM 1 pM 10 pM

(5Z)-T-oxozeaenol 100% 67% 75% 80%
AKTi-1,2 100% 100% 100%  75%
BIRBO0796 20% 13% 23% 24%
CT99021 100% 100% 100%  67%
PD0325901 100% 100% 100%  100%
PI103 25% 27% 17% 23%
PKF118-310 - 0% 8% 18%
JNK-IN-8 67% 67% 67% 67%
BI-D1870 100% 67% 60% 54%
BI605906 - - 100%  50%
Ruxolitinib 50% 18% 19% 17%
SB-505124 - 100% 75% 75%
D4476 100% 100% 100%  80%
10058-F4 - - - 100%
Stattic - 0% 0% 50%
GSK2334470 100% 100% 100%  67%
PRT062607 100% 40% 36% 38%

50



3.4.2 Predicted Cell Fate Phenotypes

To investigate how off-target effects may influence drug response, stochastic simulations with
MaBoSS were performed. The influence was examined from alterations in the computed cell
viability. Viability was calculated by subtracting the value of active Antisurvival output nodes
from the value of Prosurvival output nodes. The degree of cell growth is ranged from -3 to +3,
indicating total antisurvival and strong proliferation, respectively.

Modelling was first conducted using CASCADE 1.0, initiated by a simulation without any model
perturbations. The results showed a 100% probability for prosurvival, indicating strong prolifer-
ation. Strong proliferation was expected because the unperturbed model is tailored to represent
actively growing cancer cells.

Next, perturbations were introduced according to the target profiles in Table A.6 (Page 80). The
results showed that the cell growth was predicted to be strongly proliferative when the model
was perturbed by (5Z)-7-oxozeaenol, BIRB0796 or CT99021 when only the primary targets were
considered. In contrast, decreased cell growth was predicted for the two first compounds when
accounting for off-target effects. Altered cell growth is also predicted for PKF118-310 when off-
target effects are considered. These results indicate that off-target effects tend to enhance the drug
response. The predicted probabilities for the level of cell growth, obtained through modelling with
CASCADE 1.0, are provided in Table 3.5.

(5Z)-T-oxozeaenol inhibits TAK1 (MAP3KY7) and the off-target MEK1 (MAP2K1), with strong
binding affinity (< 10 nM). The target proteins are included in the NF-kappa B and MAPK sig-
nalling pathways, respectively. The cell growth is predicted to be reduced from a 100% probability
for level 3, when only accounting for the primary target, to level 2 or 1, with approximately 58%
and 42% probability, respectively, when off-targets are included. The same result is observed for
all four cut-offs. MEK/TAK1 was one of the drug synergies predicted and verified by Flobak et al.
(2015) [29]. The combination of inhibition is also shown to facilitate apoptosis in KRAS-dependent
cells, a dependency found in adenocarcinoma cancer cell line (AGS) [93, 94].

When predicting the effect of BIRB0796, cell growth was not observed to be reduced before off-
target effects identified > 100 nM were considered. The target profile below the 100 nM cut-off
includes p38alpha, JNK and Raf. All of these proteins are included in the MAPK signalling
pathway. Reduced cell growth was predicted when the activity of NLK, TAK1, and RTPK was
turned off. These proteins are included in other central pathways, namely: the WNT signalling
pathway (NLK), signalling by RTK (RTPK) and the NF-kappa B signalling pathway (TAK1). All
of these pathways are known to be deregulated in gastric adenocarcinoma.

Similar results are obtained from the predictions performed for PKF118-310. The calculated cell
growth is reduced considerably, from 2 to -2, when TCF and beta-catenin from the WNT signalling
pathway and DUSP1 from the MAPK signalling pathway are inhibited. This trend could imply that
inhibiting multiple components in various pathways has a more significant effect than inhibiting
one or more components in a single pathway.

The limited effect obtained when only one target or pathway is modulated is expected due to the
complex, networked system of the cancer tumour. The disease arises from an accumulation of
molecular alterations causing the deregulation of several signalling pathways. Moreover, crosstalk
between signalling pathways makes the system redundant and adaptable. Crosstalk appears when
entities from one signalling pathway bind, activate or inhibit entities that are members of distinct
pathways [46]. Crosstalk results in alternative pathways that enable the tumour to cope with the
loss of one or more components causing modifications of only one pathway [11]. In conclusion, the
results suggest that successful drug effects may require modification of multiple pathways.
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Multiple large-scale functional genomic projects performed in different model organisms demon-
strate the challenge of accomplishing successful targeted therapy by modulating only one compon-
ent [11]. The studies show that most independent single-gene knock-outs show little or no effect
on the phenotype under laboratory conditions. In fact, no more than approximately 19% of genes
are proven to be essential among a number of model organisms [95, 96, 97]. Furthermore, a study
where each druggable gene in the mouse genome was knocked out, and each deletion was analysed
across a panel of phenotypic assays revealed that only 10% of the deletions resulted in phenotypes
showing potential for drug target validation [98].

The frequent observation of reduced cell growth, seen when off-target effects are regarded, shows the
advantage of multi-targeted drugs in cancer therapy. The results indicate the need for a paradigm
shift from the earlier dominating ’one-target-one-drug-one-disease’ philosophy to polypharmacology
or drug synergies. This requirement is highlighted in multiple articles [26, 99, 100].

The benefit of multi-targeted drugs is not as apparent from the results obtained through simula-
tions with CASCADE 2.0. Ten additional drugs were analysed, and perturbations were introduced
according to the target profiles in Table A.7 (Page 81). When interpreting the calculated probab-
ilities for cell growth, shown in Table 3.6, an alteration is observed for a lower percentage of drugs,
compared to the results obtained from simulations with CASCADE 1.0. Only five of the seventeen
drugs showed reduced cell growth when including off-target effects. Moreover, when comparing
the seven drugs simulated with the first model, the level of cell growth for (5Z)-7-oxozeaenol is no
longer predicted to be altered while PI1103 now show reduced cell growth.

When analysing the cell growth computed at the highest cut-off, almost half of the drugs show
strong proliferation (Prosurvival = 3 and Antisurvial = 0). Hence, the network model appears
less influenced by perturbations. Lack of altered cell growth indicates that CASCADE 2.0 is
more robust, compared to CASCADE 1.0. This characteristic is anticipated due to the additional
nodes and signalling pathways introduced in this model. Consequently, the complex network with
alternative and compensatory signalling routes observed in cancer tumours is better captured.

Robustness is one of the key features of biological systems. The feature is defined as a system’s cap-
ability to maintain biological function when exposed to perturbations. Robustness can be attained
by transitioning from one steady state to another to tolerate perturbations and maintain biological
function. This phenotypic switch is shown to be influential in, for instance, the development of
drug resistance [28].

Network analysis indicates that the robustness observed in biological systems is rooted in the
structure of biological pathways and interactions. Biological networks tend to be scale-free, where
the node degree distribution follows a power-law, with a majority of nodes having a low node degree
and a few hub nodes having a high degree. This characteristic makes biological systems resilient
against the failure of random components because the probability of selecting a node with a large
number of connectors is low. Eliminating such nodes will not change the path structure of the
remaining nodes and will, therefore, not affect the overall topology of the network. On the other
hand, a small set of nodes are highly connected hubs. Scale-free networks significantly depend on
these components as they are essential to retaining the network’s connectivity. When eliminating
hubs, the network’s diameter will increase considerably. The resulting topology will be significantly
altered with a reduced communication capability between the nodes. This dependency makes the
network extremely vulnerable to attacks on hubs [101].

When interpreting the obtained results in light of the scale-free network characteristic exhibited by
the cancer system, it can be concluded that targeting multiple random nodes is ineffective. Even
an attack on the disease-causing genes will not necessarily be a successful approach. Conversely,
the topology of the network nodes should be emphasised to attack highly influential nodes.
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Table 3.5: The predicted probability of cell growth, scaled from -3 (maximum antisurvival) to +3 (max-
imum prosurvival). The growth sum was calculated from network states identified by stochastic modelling
on the logical model CASCADE 1.0 using the simulation software MaBoSS. Simulations were performed
after perturbing the model according to target profiles generated for seven inhibitors, including the primary
target, and off-target effects measured below the thresholds 10 nM, 100 nM, 1uM, and 10 pM

Chemical inhibitor Primary 10 nM 100 nM 1 pM 10 pM
target
: 57.5%: 2 58.3%: 2 57.7%: 2 58.0%: 2
=7 7 07, .
(52)-T-oxozeacnol 100%: 3 4050 1 417%: 1 42.3%: 1 42.0%: 1
AKTi-1,2 100%: 2 100%: 2 100%: 2 100%: 2 100%: 2
07..
BIRB0796 100%: 3 100%: 3 100%: 3 50'6@ 3 100%: 2
49.4%: 2
CT99021 100%: 3 100%: 3 100%: 3 100%: 3  100%: 3
58.1%: 2 57.5%: 2 58.3%: 2 58.3%: 2 58.3%: 2
PDO325901 41.9%: 1 425%: 1 41.7%: 1 41.7%: 1 41.7%: 1
PI103 100%: 1 100%: 1 100%: 1 100%: 1 100%: 1
PKF118-310 100%: -1 - - 100%: 2 100%: -2

Table 3.6: The predicted probability of cell growth, scaled from -3 (maximal antisurvival) to +3 (maximal
prosurvival). The growth sum was calculated from network states identified by stochastic modelling on
the logical model CASCADE 2.0 using the simulation software MaBoSS. Simulations are performed after
perturbing the model according to target profiles generated for 17 inhibitors, including the primary target,
and off-target effects measured below the thresholds 10 nM, 100 nM, 1pM, and 10 pM.

Primary 10 oM

Chemical inhibitor target 100 nM 1 pM 10 pM
(5Z)-T-oxozeaenol 100%: 3 100%: 3 100%: 3  100%: 3 100%: 3
AKTi-1,2 100%: 2 100%: 2 100%: 2 100%: 2 100%: 2
BIRB0796 100%: 3 100%: 3 100%: 3 zg;gg f Zg;;‘c’ é
CT99021 100%: 3 100%: 3 100%: 3 100%: 3 100%: 3
PD0325901 100%: 3 100%: 3 100%: 3 100%: 3 100%: 3
59.2%: 2

PI103 100%: 2 100%: 2 100%: 2 100%: 2 40.1%: 1

0.7%: Others

PKF118-310 100%: 3 - - 100%: 2 100%: 2
JNK-IN-8 100%: 3 100%: 3 100%: 3 100%: 3 100%: 3
BI-D1870 100%: 2 100%: 2 100%: 2 100%: 2 100%: 2
BI605906 100%: 3 - - 100%: 3 100%: 3
Ruxolitinib 100%: 3 100%: 3 100%: 3 100%: 2 100%: 2
SB-505124 100%: 3 - 100%: 3 100%: 3 100%: 3
D4476 100%: 3 100%: 3 100%: 3  100%: 3 100%: 3
10058-F4 100%: 2 - - - 100%: 2
Stattic 100%: 3 - - - 100%: 3
GSK2334470 100%: 2 100%: 2 100%: 2 100%: 2 100%: 2
71.3%: 2 71.7%: 2

PRT062607 100%: 3 100%: 3 100%: 3  28.1%: 1 27.4%: 1

0.64%: Others 0.48%: Others
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3.4.3 Drug Synergies Prediction

Drug combinations that modify components included in different signalling pathways or cellular
processes have been shown to enhance drug effect, similar to multi-targeted drugs. As a result,
drug resistance development can be postponed, and drug dosage decreased to prevent drug-induced
toxic effects. The DrugLogics pipeline is developed to run in silico simulations to identify such
drug synergies. However, off-target effects have not been accounted for in their previous studies
[29, 30]. As demonstrated, additional targets are frequently observed and tend to influence the
drug effect. Including off-target effects is, therefore, hypothesised to enhance the software’s ability
to predict synergies. The objective of this section is to test this hypothesis.

Simulations with the pipeline were executed using CASCADE 1.0 and CASCADE 2.0, and the
models were perturbed according to the target profiles in Table A.6 and A.7 (Page 80 and 81),
respectively. The analysed combinations were prioritised according to the predicted synergy scores.
Furthermore, each combination was classified as TP, FP, TN, or FN, using gold standard synergies
found by experimental testing [29] [58]. The True Positive Rate (TPR) (sensitivity, recall), the
False Positive Rate (FPR) and the precision were calculated from the classifications and used to plot
receiver operating characteristic (ROC) and precision-recall (PR) curves. Prediction performance
was interpreted from the AUC values obtained from these curves to evaluate if accounting for off-
target effects leads to an improvement. Figure 3.6 shows an overview of the AUC values obtained
from the various simulations. All ROC and PR curves generated for prediction performance are
provided in Appendix A.5, on page 83.

When interpreting the synergy scores calculated for the TP combinations predicted through sim-
ulations with CASCADE 1.0, it is observed that nearly all are calculated to be more negative
when off-target effects are considered compared to only the primary target. Table 3.7 shows the
predicted synergy scores. A more negative score indicates that the predicted combinations show a
stronger synergistic effect when off-targets are included.

The predicted ROC AUC values, presented in Figure 3.6a, suggest that accounting for off-target
effects improves prediction performance when the models are trained to a steady state. The top
four predictions include all the observed synergies when perturbing the model according to the
target profiles generated using the 10 nM, 100 nM, and 10 pM cut-offs. Consequently, a ROC
AUC value equal to one is obtained, meaning that the pipeline in these cases can accurately
discriminate between TP and FP. A slight decrease is observed for the ROC AUC calculated for
the 1 pM cut-off. The weakened result is caused by the FP combination consisting of AKTi-1,2 -
PKF118-310, which was predicted to be the most synergistic combination in this simulation.

The three corresponding PR AUC values support the hypothesis that including off-target effects
enhance prediction performance. The AUC value is once more calculated to be one. Hence, the
pipeline achieves high precision suggesting a low FPR and a high recall suggesting a low false
negative rate. To summarise, the output simulation results were highly accurate, indicating that
the software’s ability to predict synergistic combinations is enhanced when off-target effects are
included. In theory, the accurate predictions decrease the experimental search space down to only
true synergies, leading to more efficient and economical testing.

The ROC AUC and PR AUC calculated for the ensemble of models calibrated to a random pro-
liferative phenotype are all lower or equal compared to the ensemble of models calibrated to AGS
steady state. These results show the opposite of what is observed when only the primary tar-
get is considered, where normalisation of topology-intrinsic prediction propensities was necessary
for improved prediction performance. Hence, the models trained to steady-state data perform
considerably better than random model predictions.
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The prediction performance is also observed to be improved when accounting for off-targets in
simulations with the CASCADE 2.0 model. When interpreting synergy scores predicted for TP
combinations, they are observed to be reduced when off-target effects are considered compared to
only the primary target, corresponding to the result obtained from CASCADE 1.0. However, the
ROC AUC values, presented in Figure 3.6c, show that there is an overlap between the TPs and
the FPs. Additionally, when interpreting the synergy scores, shown in Table 3.8, it is seen that the
simulation output for the three lowest cut-offs includes either two or three FN. Hence, the software
is not able to perfectly distinguish between synergistic combinations and those that are not.

A better ROC AUC is obtained when off-target effects measured above 100 nM are taken into
account, compared to only the primary target. Moreover, all of the observed synergies are predicted
at the highest cut-off. The improved result obtained for the highest cut-off, for both CASCADE
1.0 and 2.0, implies that DTIs with moderate binding affinity influence the drug effect. The
results suggest that such off-targets should be included when constructing the model to increase
the probability of capturing all true synergies and improve the software’s capability to distinguish
between TP and FP.

The cut-offs for binding affinity were selected to allow for scaling the DTI strength and to evaluate
if interactions with lower affinity are of value to improve prediction performance. However, simula-
tions are not conducted with a model perturbed according to target profiles generated by applying
the concentrations used during experimental testing of the synergies as binding affinity cut-offs,
which is considered a limitation of this study. Such simulation can be executed to better model
the actual experimental conditions, and it could be anticipated that these modifications would to
lead to improved prediction performance.

The PR AUC values achieved when performing simulations with CASCADE 2.0 were considerably
lower compared to simulations with CASCADE 1.0 (Figure 3.6d). Simulations in which the model
is perturbed according to the primary target and target profiles generated for the three lower cut-
offs did not capture all of the observed synergies (see Table 3.8). The produced FN leads to lower
recall. Consequently, the experimental space could not be reduced without missing out on true
synergies. Three drug combinations were predicted as FN, namely: BIRB0796 - BI-D1870, PI103
- GSK2334470, and AKTi-1,2 - BIRB0796. When interpreting the combinations, it is found that
BIRB0796 and PI103 have notably low coverage of targets in the applied model (see Table 3.4).
Hence, multiple off-target effects are not included in the simulations because nodes representing
these targets are missing. The excluded effects cause a restricted reflection of reality and are a
possible explanation for the weakened recall. The model should be considered modified to include
additional drug targets to examine if accounting for more off-target effects could improve the

performance.

Furthermore, numerous combinations predicted as synergies were not observed experimentally,
resulting in a low precision (Figure A.5). Low coverage does not appear as the vital reason for
predicting FP when evaluating the percentage of targets present for drugs included in the com-
binations with the lowest synergy score. A potential explanation for low precision can be errors
in the prior knowledge networks (PKN). Flobak et al. (2021) introduced random modifications to
the regulatory edges in this model, and their results indicated that even minor levels of random-
isation in the network topology lead to notable errors in the predictive power. The PKN could be
reevaluated to investigate if correcting prior knowledge could enhance the performance [72].

Although the PR AUC values obtained for CASCADE 2.0, in general, are relatively weak, a slight
increase is observed when the model is perturbed according to target profiles generated at all four
cut-offs.

To summarise, the results suggest that accounting for off-target effects is valuable in enhancing
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prediction performance. In addition, the importance of including important off-targets when se-
lecting target nodes during model construction is emphasised. It is expected, that modifying the
applied models to incorporate knowledge of additional targets could enhance their adequacy for
predicting drug synergies. Improved models would provide a more reliable basis for drawing a

definitive conclusion.

Table 3.7: Drug combination and predicted synergy scores for experimentally validated drug combin-
ations, obtained through simulations with CASCADE 1.0 using the DruglLogics pipeline (HSA synergy
method, 150 models calibrated to the adenocarcinoma cancer cell line (AGS) steady state). The model
was trained to steady state and perturbed with the primary target and according to target profiles gener-
ated by the DrugProfiler tool. The applied cut-offs for K4, K;, and IC59 were 10 nM, 100 nM, 1 pM, and
10 uM, respectively.

Perturbation Primary Target 10 nM 100 nM 1 pM 10 pM
PD0325901 - AKTi-1,2 -0.94282 -0.94282 -1.23136  -1.23136 -1.23136
PI103 - PD0325901 -0.63369 -1.15821 -1.11820  -1.11820 -1.44836
AKTi-1,2 - (5Z)-T-oxozeaenol  -0.46254 -0.94282  -0.94282  -1.23136 -1.23136
PI103 - (5Z)-7-oxozeaenol -0.31361 -1.15821 -1.15821  -1.11820 -1.44836

Table 3.8: Drug combination and predicted synergy scores for experimentally validated drug combin-
ations, obtained through simulations with CASCADE 2.0 using the DrugLogics pipeline (HSA synergy
method, 150 models calibrated to the adenocarcinoma cancer cell line (AGS) steady state). The model
was trained to steady state and perturbed with the primary target and according to target profiles gener-
ated by the DrugProfiler tool. The applied cut-offs for K4, K;, and IC59 were 10 nM, 100 nM, 1 pM, and
10 pM, respectively.

Perturbation Primary Target 10 nM 100 nM 1 pM 10 pM
PI103 - PD0325901 -0.25111 -0.47773  -0.44555  -0.44555 -0.68048
PI103 - (5Z)-7-oxozeaenol  -0.01834 -0.47773  -0.47773  -0.44555 -0.30243
BIRB0796 - BI-D1870 -0.02758 0 -0.01785 0 -0.91103
PI103 - GSK2334470 -0.02013 0 0 0 -0.10422
PI103 - BI-D1870 -0.02000 -0.03000 -0.03260 -0.03260 -1.00563
AKTi-1,2 - BIRB0796 0 0 0 -0.51515  -0.51929

3.5 Use of Drug Target Profiling in Selection of Cancer Treatment

The final objective in this thesis was to apply the DrugProfiler tool to investigate if a cancer patient
could benefit from treatment with an off-label drug. The patient participates in the IMPRESS-
Norway study, where off-label treatment is offered based on the patient’s molecular profile [68]. The
treatment was evaluated based on the target profile’s overlap with the mutations identified from
the gene panel analysis of the patient’s tumour. The molecular profile showed gene amplification
of KIT, KDR, and PDGFRA. The off-label drug of interest was Imatinib, and the target profile
was generated using the DrugProfiler tool. KIT and PDFGRA were identified as drug targets,
and the lowest binding affinity values recorded for the DTIs were 13 nM and 2 nM, respectively.
For this reason, strong inhibition of the protein activity is expected at low dosages. Furthermore,
multiple records were stored for each interaction, indicated by the dark grey node colour, increasing
the confidence that these are TP targets. The findings imply that the patient could benefit from
treatment with Imatinib. Figure 3.7 shows the target profile produced for the drug.
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Figure 3.6: Plots showing area under the curve (AUC) values calculated for receiver operating
characteristic (ROC) curves in the left panels and precision-recall (PR) curves in the right panels. The
curves were created from the output obtained from simulations with (a) (b) the CASCADE 1.0 and (c)

(d) the CASCADE 2.0 model (HSA synergy method, 150 models calibrated to the adenocarcinoma
cancer cell line (AGS) steady state, represented by red dots, and normalised to a random proliferative
phenotype, represented by blue dots). The models were perturbed using a) the primary target and target
profiles generated 7 and 17 drugs, respectively. The profiles were generated with the DrugProfiler tool,
using binding affinity cut-offs equal to b) 10 nM, ¢) 100 nM, d) 1 pM, and e) 10 M.
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The example shows how target profiling can facilitate precision medicine. The approach makes
it possible to identify drugs with a high affinity toward one or several proteins. Moreover, the
identified targets can be matched against the patient’s molecular profile. A good fit can lead
to greater effectiveness at lower dosages, hopefully resulting in reduced toxicity and postponed
development of resistance. In addition, affinity towards targets that can cause side effects can be
discovered.

Furthermore, the example demonstrates how target profiling can uncover potential for drug off-
label use. High affinity towards additional targets can uncover new areas of application. Imatinib
is an excellent example of this. The drug is a competitive ATP inhibitor, developed initially to
treat patients with chronic myeloid leukaemia positive for the Philadelphia chromosome. The
Philadelphia chromosome is a genetic abnormality caused by the translocation of chromosomes 9
and 22, and the result is an oncogene BCR-ABLI gene fusion [102]. ABL1 is the primary target
of Imatinib, bound with high affinity (Figure 3.7). However, the drug exhibits additional target
effects, including inhibition of the two proteins KIT and PDGFRA. The multi-targeted property
shows high potential for off-label use. Successful off-label use of Imatinib is demonstrated in, for
instance, gastrointestinal stromal tumours frequently caused by a KIT or a PDGFRA mutation
and in metastatic melanomas with KIT amplifications [103, 104].

CHEMBLS4 )

Figure 3.7: Network illustrating the target profile generated for Imatinib (CHEMBL941) using the
DrugProfiler tool. The cut-off was set equal to 100 nM. The node size illustrates the strength of the
binding affinity. The dark grey node colour indicates that multiple measurements are performed for the
drug-target interaction (DTI) below the set cut-off.
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4 Conclusion

The objective for this project was to investigate how model based predictions are altered when
off-target effects are included in simulations. The first main aim was to develop a new module
connected to the Druglogics pipeline that facilitates automated drug target profiling, accounting
for off-target effects. The second main aim was to use the new module to generate target profiles
and apply these to study how prediction of drug reponse were changed when accounting for off-
target effects. In this section, an evaluation was conducted to determine to what extent these
purposes have been fulfilled, taking into consideration the key findings, limitations, and potential
future prospects.

For the first objective, a database application was successfully designed and implemented, consist-
ing of a relational database and associated programs implemented for updates and queries. The
database design supports efficient storage of data on drugs, their targets and the prior knowledge
available on drug-target interaction (DTT). Data from multiple data resources was homogenised
and structured using the implemented programs before loaded into the application. The finalised
database provides extensive information about drugs and their target space, allowing for com-
prehensive analysis of drug target profiles. However, data retrieval is required when new data is
provided by the applied resources, to maintain an updated database.

The DrugProfiler tool makes the database accessible for the end user independent of programming
background. The tool facilitates automated target profiling, where the output is customised ac-
cording to user-specified conditions. Furthermore, analyses of the generated profiles are enabled
by a Graphical User Interface (GUI) consisting of figures and text for exploration and assessment
of the query outputs. A key functionality is the possibility to download drug panels that can be
applied as input in the DruglLogics software.

For the second objective, target profiles were generated for 17 drugs using the new module, and
these were thoroughly analysed. Off-target effects were identified for several drugs, indicating
that they are multi-targeting. Investigation of the molecular mechanisms of inhibition implied
that low selectivity could be a result of the target regions being highly conserved among kinase.
Additionally, further analyses showed that drugs with high off-target activity showed low selectivity
towards a single kinase subfamily.

The generated target profiles were used in in silico modelling to investigate how off-target effects
altered the predicted drug response. Accounting for off-target effect was frequently predicted
to enhance drug response, indicated by reduced cell viability. The most significant change was
identified when targets were included in distinct signalling pathways. Furthermore, the analysis
implied that more robust networks were less affected by random off-target effects.

Subsequently, the target profiles were applied in simulations with the Druglogics pipeline. The
obtained results indicated that accounting for off-target effects could lead to improved prediction
performance. Best performance was achieved when targets bound with both moderate and high
affinity were included in the simulation. Interpretation of combinations predicted to be FN sug-
gested that low coverage of the target space could weaken the results. Modification of the applied
logical models should therefore be considered. Inclusion of knowledge of a higher percentage of the
additional targets would lead to an improved reflection of reality and provide a more reliable basis
to conclude if off-target effects enhance the prediction performance.

The final aim was to utilise the DrugProfiler tool to characterise the target profile of the drug
Imatinib to substantiate the drug for off-label use in a cancer patient enrolled in the IMPRESS-
Norway trial [68]. Analysis of the patient’s molecular profile in comparison to the Imatinib’s
target profile implied that it could be an effective treatment option. The analysis demonstrates an
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additional use case for the implemented module.

4.1 The Value of the Research

To properly understand how a drug effect is brought about, it is essential to posses knowledge of
the molecules modified by the agent. The implemented module, accounting for off-target effects,
enables exhaustive exploration of a drug’s target space. Extensive drug target profiling is valuable
when evaluating if a drug requires modifications to improve the selectively towards the target
molecule of interest. The analysis can also show whether an agent is a candidate for repurposing.
Furthermore, drug target profiling allows for enhanced in silico prediction of drug effects, providing
a more accurate reflection of reality. Lastly, the knowledge is useful in precision medicine to identify
if a drug has the potential to modify the gene products or signalling pathways found to be altered
in a patient.

4.2 Limitations

Although valuable resources are implemented, and interesting results are obtained in this project,
some limitations should be acknowledged. First, drugs are often screened towards a restricted
number of possible targets, and as a result, the entire target space is not accounted for in the
databases. Furthermore, binding affinity measurements are collected from multiple resources.
Therefore, it is natural to expect variability in target predictions, which could lead to a weaker
agreement between values measured between the same drug-target interaction (DTI). Finally, many
of the identified drug targets were not included in the topology of the applied logical models, which
hinders the accurate simulation of the drug effect.

4.3 Future Actions

Future actions could be pursued in regards to both the module and to improve the in silico simula-
tion of drug effects. The drugs included in the database are now restricted to agents annotated for
cancer. To increase the module’s relevance across multiple diseases, drugs annotated for various
conditions could be included. Furthermore, new entity and relationship types can be included to
extend the database’s application area.

The tool can also be developed to support additional queries. For instance, functionality can be
implemented to retrieve drugs that modify one or multiple targets of interest. The identified drugs
can be prioritised according to the number of targets of interest which they interact with and how
strongly they bind to each target. The functionality will aid selection of drug treatment depending
on a patients molecular profile. Additionally, it can facilitate drug repurposing and suggest off-label
use.

For simulation of drug effects and prediction of drug synergies, it would be beneficial to modify the
applied models to account for the identified off-targets bound with high affinity and with important
functionality in the biological system of study. Improved models will likely give improved insight
to how drug effects arise. Furthermore, it will enable improved reflection of reality, and as a result,
raise the prediction performance of the Druglogic pipeline. It would also be valuable to conduct
analyses on additional logical models and using distinct drugs to confirm improved performance
when off-targets are accounted for.
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4.4 Concluding Summary

This study verifies the hypothesis that accounting for all known off-targeted effects of targeted
therapies influences in silico drug response simulation. The findings emphasise the requirement
for proper drug target profiling, accounting for off-targets. Such analysis is enabled through im-
plementation of a module consisting of a database storing data on drug, targets and the prior
knowledge available on drug-target interaction (DTI), and an associated tool facilitating auto-
mated drug target profiling. The use of target profiles, generated with the new module, is shown
to provide improved insight of the drug effect through in silico simulation and enhanced prediction
performance of drug synergies with the DrugLogic pipeline.
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Appendix A.1 - Tools and Data Resources

To enable reproducibility of the work conducted in this project, the versions of the applied programs
and tools are listed in Table A.1. Additionally, the versions of the Python and R packages used in
the programs are listed in Table A.2 and Table A.3, respectively. Finally, Table A.4 provides the
date for the latest download of the used data resources.

Table A.1: Applied version of programs and tools used in current project.

Programs and Tools Version

Python 3.8.5

R 1.3.1073

DB Browser for SQLite 3.12.2

Docker 4.4.2 (73305)
CoLoMoTo Interactive Notebook  2022-07-01

DrugLogics software 1.2.1 (Docker image 1.0)
gitsbe 1.3.1

drabme 1.2.1

Table A.2: Applied version of Python packages used in current project.

Library Version
pandas 1.1.3
sqlite3 2.6.0
dash 2.7.0
dash-cytoscape 0.2.0
maboss 0.7.19
matplotlib 3.3.2
scipy 1.5.2
maboss ?

Table A.3: Applied version of R packages used in current project.

Library Version

dplyr 1.1.0
tibble 3.1.7
emba, 0.1.8
usefun 0.4.8
PRROC 1.3.1
DT 0.23

Table A.4: Date for latest download of data from applied resources.

Data resource Version
UniProtKB 24.11.22
ChEMBL 03.02.23
OpenTargets 21.09.22
BindingDB 19.10.22

Genomics of Drug Sensitivity in Cancer 12.10.22
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Appendix A.2 - Chemical Inhibitores

The chemical inhibitors applied in the study are listed in Table A.5 along with the unique identifier,

primary targets, formula and InChiKey.

Table A.5: Inhibitor name, ChEMBL ID, primary target, formula and InChiKey for the chemical inhib-

itors.
Chemical inhibitor ChEMBL ID Primary target Formula InChiKey
Eizﬁglgzg‘;?c“d CHEMBL1077979  MAP3K7 C19H2207 NEQZWEXWOFPKOT-BYRRXHGESA-N
AKT-1,2 CHEMBL258844  AKT1, AKT2, AKT3  C34H20N70 IWCQHVUQEFDRIW-UHFFFAOYSA-N
(AKT inhibitor VIII) ’ ’ O - )
BIRB0796 i , - ) g
. CHEMBL103667 MAPKI14 C31H37N503 MVCOAUNKQVWQHZ-UHFFFAOYSA-N
(Dormapimod)
CT99021 e . .
) CHEMBL412142  GSK3A, GSK3B C22H18CI2NS AQGNHMOJWBZFQQ-UHFFFAOYSA-N
(CHIR 99021)
PD0325901 CHEMBL507361 ~ MAP2K1, MAP2K2  CI6HI4F3IN204 SUDAHWBOROXANE-SECBINFHSA-N
PI103 CHEMBL573339  PIK3CA, PIK3CB C19H16N403 TUVCWJIQQGGETHL-UHFFFAOYSA-N
PKILI8-310 CHEMBL578512  CTNNB1 CTHTN502 SLGRAIAQIAUZAQ-UHFFFAOYSA-N
(Toxoflavin)
JNK-IN-8 MAPKS, MAPK9,
oy 9291682 ’ q ISF- SA-
(NK Inibitor Xyr) CHEMBL2216824  \riop C29H29N702 GJFCSAPFHAXMSF-UXBLZVDNSA-N
, RPSGKA1, RPS6KA3,
BI-D1870 CHEMBLST310T  ppoccny’ ppggrag  Cl1OHZF2N502 DTEKTGDVSARYDS-UHFFFAOYSA-N
BI605906
(BIX02514) CHEMBL4522930 IKBKB C17H22F2N403S2 IYHHRZBKXXKDDY-UHFFFAOYSA-N
Ruxolitinib CHEMBLI1789941 JAK1, JAK2 C17H18NG HFNKQEVNSGCOJV-OAHLLOKOSA-N
(INCB18424) ) ’ g . :
SB-505124 CHEMBL1824446 ES\F/E% ACVRIB,  o0H21N302 - xHCI - yH20  DIDCCMVWCVRTNB-UHFFFAOYSA-N
D4476 CHEMBL410456 ~ CSNK1D, TGFBR1  C23H18N403 DPDZHVCKYBCJHW-UHFFFAOYSA-N
10058-F4 CHEMBL1568415 MYC C12H11NOS2 SVXDHPADAXBMFB-JXMROGBWSA-N
Stattic CHEMBLI1337170  STAT3 CSH5NOA4S ZRRGOUHITGRLBA-UHFFFAOYSA-N
GSK2334470 CHEMBL1765740 PDPKI1 C25H34NSO QLPHOXTXAKOFMU-WBVHZDCISA-N
(Pg;tg?fgw CHEMBL2177736  SYK C19H23N90 TXGKRVFSSHPBAJ-JKSUJKDBSA-N
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Appendix A.3 - Kinase Maps

Phylogenetic trees of the human kinome were generated for the kinase inhibitors of study and
annotated with their target profile. The annotation size was scaled according to the lowest binding
affinity value measured between the drug-target interaction. The result is presented in Figure A.1.

(c) BIRB0796 (d) CT99021

76



(F) PI1103

(h) BI-D1870

(i) BI605906 (j) Ruxolitinib

7



CAMK CAMK

Signaling Technology, I

(1) D4476

CAMK

“Mustration

(m) GSK2334470 (n) PRT062607
. @ o °

Binding affinity (K, K;, or ICs;) (nM): >10 10-100 100-1000 1000 - 10 000

Figure A.1: Phylogenetic trees of the human kinome generated by KinMap, and annotated with
inhibition profiles of the kinase inhibitors a) (5Z)-7-oxozeaneol, b) AKTil,2, ¢) BIRB0796, d) CT99021,
e) PD0325901, f) PI103, g) JNK-IN-8, h) BI-D1870, i) BI605906, j) Ruxolitinib, k) SB-505124, 1) D4476,
m) GSK2334470, and n) PRT062607. The circle size indicates the binding affinity strength of the drug

target pair, measured <10 nM, 10 nM to 100 nM, 100 nM to 1 uM, or 1 pM to 10 pM.
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Appendix A.4 - Filtrated Target Profiles

The DrugProfiler was applied to generate target profiles for 17 chemical inhibitors, using four

different cut-offs for binding affinity. The target profiles were modified for simulations of CAncer
Signaling CAusality DatabasE (CASCADE) 1.0 and CASCADE 2.0 by excluding the components
not accounted for in these logical models. The name of the chemical inhibitors, their primary
target and profiles updated according to CASCADE 1.0 and CASCADE 2.0 are presented in Tabel
A.6 and Table A.7, respectively.

Table A.6: Name of chemical inhibitor, primary target and target profiles generated by the DrugProfiler
tool. The applied thresholds for dissociation constant (K 4), inhibition constant (K;), and half maximal
inhibitory concentration (IC's0) were 10 nM, 100 nM, 1 pM, and 10 pM. The profiles are modified to only
include proteins in the CASCADE 1.0 network model.

Chemical
inhibitor

Primary target

10 nM

100 nM

1 pM

10 pM

(5Z)-T-oxozeaenol

AKTi-1,2

BIRB0796

CT99021

PD0325901

PI103

PKF118-310

MAP3KT7

AKT1, AKT2

MAPK14

GSK3A, GSK3B

MAP2K1, MAP2K2

PIK3CA

CTNNB1

MAP2K1, MAP3K7 MAP2KI1, MAP3K7

AKT2

MAPK14, MAPK9

GSK3A, GSK3B

BRAF, MAP2K1

PIK3CA, MTOR

AKT1, AKT2

BRAF, MAPK14,

MAPK9

GSK3A, GSK3B

BRAF, MAP2K1,

MAPK1

PIK3CA, MTOR,

MLSTS8

MAP2K1, MAP3K?7,
MAPK1

AKT1, AKT2

BRAF, FLT1
FLT3, FLT4

KDR, KIT,
MAP3K7, MAPK14
MAPKS, MAPK9
NLK, PDGFRB

GSK3A, GSK3B

BRAF, MAP2K1,
MAP2K2, MAPK1

PIK3CA, MTOR,
MLSTS

DUSP1

MAP2K1, MAP2K?,
MAP3K7, MAPK1

AKT1, AKT2, AKT3

BRAF, CSFIR,
EGFR, FGFRI,
FGFR4, FLT1,
FLT3, FLT4,

KDR, KIT,
MAP3K7, MAPKI,
MAPK14, MAPKS,
MAPKY, NLK,
PDGFRA, PDGFRB,
RAF1

GSK3A, GSK3B

BRAF, MAP2K1,
MAP2K2, MAPK1

BRAF, CHUK,
FLT3, MLSTS,
MTOR, PIK3CA,
RAF1

CTNNB1, DUSPI,
TCF7L2
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Table A.7: Name, primary target and target profiles for analysed chemical inhibitors. The target profiles
were generated by the DrugProfiler tool. The applied thresholds for dissociation constant (K 4), inhibition
constant (K;), and half maximal inhibitory concentration (I1C50) were 10 nM, 100 nM, 1 pM, and 10 pM.

Each target profile is modified to only consist of components included in the CASCADE 2.0 model

Chemical inhibitor

Primary target

10 nM

100 nM

1 pM

10 pM

MAP2K1, MAP3K?,

MAP2K1, MAP2K7,

(5Z)-T-oxozeaenol  MAP3KT MAP2KI, MAP3K7 — MAP2KL MAPSKT — \ATZH NADaRT VA
AKTi-1,2 AKT1, AKT2 AKT?2 AKT1, AKT2 AKT1, AKT? AKT1, AKT2, AKT3
BRAF, CSFIR,
EGFR, FGFRI,
BRAF, FLT1, FGFR4, FLT1,
FLT3, FLT4, FLT3, FLT4,
, BRAF, MAPK14, KDR, KIT, KDR, KIT,
BIRBO796 MAPK14 MAPK14, MAPKY 14 pgy MAP3K7, MAPK14,  MAP3K7, MAPKI,
MAPKS, MAPKS, MAPK14, MAPKS,
NLK, PDGFRB MAPK9, NLK,
PDGFRA, PDGFRB,
PRKCD, RAF1
CT99021 GSK3A, GSK3B GSK3A, GSK3B GSK3A, GSK3B GSK3A, GSK3B GSK3A, GSK3B
T, , BRAF, MAP2K1, BRAF, MAP2KI, BRAF, MAP2KI,
PD0325901 MAP2K1, MAP2K2  BRAF, MAP2KI A VAPIKR MAPKI  MAPIKE MAPKI
BRAF, CHUK,
FLT3, JAK1
PI103 ggggg’ PIKSCB,  prgsca, MTOR 511553%*’ MTOR, II\DIIESTCQA MTOR, LIMK?2, MLSTS,
MTOR, PIK3CA,
RAF1
) ] CTNNBI, DUSPI,
PKF118-310 CTNNBI - ; DUSP1 Pl
JNK-IN-8 iiggfbMAPm’ MAPKS, MAPK9 MAPKS, MAPK9 MAPKS, MAPK9 MAPKS, MAPK9
CSNK1A1, GSK3B,
CSNKIAL, JAK2, ) ;
RPS6KA1, RPSGKAS, PLK1, RPS6KAL, : JAK, JAK2, PLKI,
BI-D1870 RPSGKA2, RPSGKAG  IUSOKAL RPS6KAS  pogervo ppgiag L LKL RPSGKAL RPS6KAT, RPS6KA2,
RPS6KA2, RPS6KA3
RPS6KA3
BI605906 IKBKB - ; IKBKB IKBKB
BMPR2, BRAF,
CSNKIA1, IKBKB,
BMPR2, TRAKI, TRAKI, JAKI,
JAKI, JAK2, JAK2, KIT,
. JAKL, JAK2, MAP2K3, MAP3K7,  MAP2K1, MAP2K2,
Ruxolitinib JAK1, JAK2 JAK1, JAK2 ROCK1 PLK1, ROCK], MAP2K3, MAP2KA,

SB-505124

TGFBR1, ACVRIB,
ACVRIC

ACVRIB, MAPK14,
TGFBR1

RPS6KA1, RPS6KA2,
RPS6KA4, RPS6KAS5

ACVRIB, MAPK14,
TGFBR1

CSNK1A1, CSNKI1D,

MAP3K?7, MAPKS,
PLK1, ROCKI,

RPS6KA1, RPS6KA2,
RPS6KA4, RPS6KAS

ACVRIB, MAPK14,
TGFBR1

CSNK1A1, CSNK1D,

D4476 CSNK1D, TGFBR1 CSNKI1D, CSNK1E CSNK1D, CSNK1E CSNKIE, MAPK14 CSNKIE, MAPK14

10058-F4 MYC - - - MYC

Stattic STAT3 - - - STAT3

GSK2334470 PDPK1 PDPK1 PDPK1 PDPK1 PDPK1, ROCK1

PRT062607 SYK SYK PRKCA, SYK FLT3, PRKCA, g;%;éiAggC
SRC, SYK SYK
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Appendix A.5 - Prediction Performance

The quality of the synergy predictions obtained through simulations with the DrugLogics pipeline
was assessed by plotting receiver operating characteristic (ROC) and precision-recall (PR) curves.
Simulations were performed using CASCADE 1.0 and CASCADE 2.0, and the models were per-
turbed according to the target profiles shown in Tabel A.6 and Table A.7, respectively. The ROC
and PR curves plotted for simulations with CASCADE 1.0 are shown in Figure A.2 and Figure
A.3, respectively. Similarly, the curves plotted for simulations with CASCADE 1.0 are shown in

Figure A.4 and Figure A.5, respectively.
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Figure A.2: Receiver operating characteristic (ROC) curves illustrating prediction performance
achieved through modelling with CASCADE 1.0 model (HSA synergy method, 150 models calibrated to
the adenocarcinoma cancer cell line (AGS) steady state represented by a red line, and normalised to a
random proliferative phenotype, represented by a blue line). The models were perturbed according to a)
primary target, and target profiles generated with DrugProfiler tool using binding affinity cut-offs equal

to b) 10 nM, c) 100 nM, d) 1 uM, and e) 10 pM.
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Figure A.3: Precision-recall (PR) curves illustrating prediction performance achieved through
modelling with CASCADE 1.0 model (HSA synergy method, 150 models calibrated to the
adenocarcinoma cancer cell line (AGS) steady state represented by a red line, and normalised to a
random proliferative phenotype, represented by a blue line). The models were perturbed according to a)
primary target, and target profiles generated with DrugProfiler tool using binding affinity cut-offs equal
to b) 10 nM, ¢) 100 nM, d) 1 pM, and e) 10 uM.

84



ROC curve, Ensemble-wise synergies (HSA) ROC curve, Ensemble-wise synergies (HSA)

o o
—~ @ —~ @ —
o o o = o
o o o
E E E
2 o | 2 o | e
s o g ©° &
2 2 2
Z < Z < =
8 oS 8 o7 8
& & &
) ) °
2 . AUC 2 5 AUC 2
© 0.5 Calibrated Normalized ® 0.56 Calibrated Normalized
o | ® (.72 Calibrated o | ® 0.63 Calibrated
© T T T T T T © T T T T T T
0.0 0.2 0.4 06 0.8 1.0 0.0 02 0.4 06 08 1.0
False Positive Rate (FPR) False Positive Rate (FPR)
(a) Primary target (b) 10 nM
ROC curve, Ensemble-wise synergies (HSA)
o o
—~ @ ~ @
o o o o
[ o
E E
£ 8- 2 @
g o E oS
2 2
Z < Z <
2 S 2 o
& &
2 o AUC 2 o
® 0.62 Calibrated Normalized
o | e 0.75 Calibrated o
5 S

T T T T T T
0.0 0.2 04 0.6 0.8 1.0

False Positive Rate (FPR)

(d) 1 M

ROC curve, Ensemble-wise synergies (HSA)

o ]

@

2

© |

s

<

g

« AUC
° ® 0.55 Calibrated Normalized
o | e (.67 Calibrated
S

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate (FPR)

(c) 100 nM

ROC curve, Ensemble-wise synergies (HSA)

AUC
© 0.83 Calibrated Normalized
® 0.87 Calibrated
T T T T T T
0.0 02 0.4 06 08 1.0

False Positive Rate (FPR)

(e) 10 pM

Figure A.4: Receiver operating characteristic (ROC) curves illustrating prediction performance
achieved through modelling with CASCADE 2.0 model (HSA synergy method, 150 models calibrated to

the adenocarcinoma cancer cell line (AGS) steady state represented by a re

d line, and normalised to a

random proliferative phenotype, represented by a blue line). The models were perturbed according to a)
primary target, and target profiles generated with DrugProfiler tool using binding affinity cut-offs equal

to b) 10 nM, ¢) 100 nM, d) 1 pM, and e) 10 uM.
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Figure A.5: Precision-recall (PR) curves illustrating prediction performance achieved through
modelling with CASCADE 2.0 (HSA synergy method, 150 models calibrated to the adenocarcinoma
cancer cell line (AGS) steady state represented by a red line, and normalised to a random proliferative
phenotype, represented by a blue line). The models were perturbed according to a) primary target, and
target profiles generated with DrugProfiler tool using binding affinity cut-offs equal to b) 10 nM, c) 100
nM, d) 1 pM, and e) 10 pM.
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