From Department of Medical Biochemistry and Biophysics
Karolinska Institutet, Stockholm, Sweden

COMPUTATIONAL AND CHEMICAL
APPROACHES TO DRUG REPURPOSING

SMIN$)
Karolinska
% g; Institutet

4’\’No \%\Q

Stockholm 2023



All previously published papers were reproduced with permission from the publisher.
Published by Karolinska Institutet.

Printed by Universitetsservice US-AB, 2023.

© Xuexin Li, 2023

ISBN 978-91-8017-060-4

Cover illustration: the yin yang symbol embodies the concept of the wet and dry laboratories
in drug repurposing.



Computational and chemical approaches to drug

repurposing

THESIS FOR DOCTORAL DEGREE (Ph.D.)

By

Xuexin Li

The thesis will be defended in public at the Samuelssonsalen, Tomtebodavégen 6,
Solna, Karolinska Institutet on Friday, September 27th, 2023, at 1:00 p.m. CET.

Principal Supervisor:

Prof. Oscar Fernandez-Capetillo

Karolinska Institutet

Department of Medical Biochemistry and Biophysics

Co-supervisor(s):

Dr. Daniela Hiihn

Karolinska Institutet

Department of Medical Biochemistry and Biophysics

Opponent:

Dr. Brinton Seashore-Ludlow
Karolinska Institutet

Department of Oncology-Pathology

Examination Board:

Prof. Per Svenningsson

Karolinska Institutet

Department of Clinical Neuroscience

Prof. Ernest Arenas

Karolinska Institutet

Department of Medical Biochemistry and
Biophysics

Prof. Patrick Aloy
Institut de Recerca Biomédica de Barcelona
Structural Systems Biology lab



ABSTRACT

Drug repurposing, which entails discovering novel therapeutic applications for already
existing drugs, provides numerous benefits compared to conventional drug discovery
methods. This strategy can be pursued through two primary approaches: computational and
chemical. Computational methods involve the utilization of data mining and bioinformatics
techniques to identify potential drug candidates, while chemical approaches involve
experimental screens oriented to finding new potential treatments based on existing drugs.
Both computational and chemical methods have proven successful in uncovering novel
therapeutic uses for established drugs. During my PhD, I participated in several experimental
drug repurposing screens based on high-throughput phenotypic approaches. Finally, attracted
by the potential of computational drug repurposing pipelines, I decided to contribute and
generate a web platform focused on the use of transcriptional signatures to identify potential
new treatments for human disease. A summary of these studies follows:

In Study I, we utilized the tetracycline repressor (tetR)-regulated mechanism to create a
human osteosarcoma cell line (U20S) with the ability to express TAR DNA-binding protein
43 (TDP-43) upon induction. TDP-43 is a protein known for its association with several
neurodegenerative diseases. We implemented a chemical screening with this system as part
of our efforts to repurpose approved drugs. While the screening was unsuccessful to identify
modulators of TDP-43 toxicity, it revealed compounds capable of inhibiting the doxycycline-
dependent TDP-43 expression. Furthermore, a complementary CRISPR/Cas9 screening
using the same cell system identified additional regulators of doxycycline-dependent TDP-
43 expression. This investigation identifies new chemical and genetic modulators of the tetR
system and highlights potential limitations of using this system for chemical or genetic
screenings in mammalian cells.

In Study II, our objective was to reposition compounds that could potentially reduce the
toxic effects of a fragment of the Huntingtin (HTT) protein containing a 94 amino acid long
glutamine stretch (Htt-Q94), a feature of Huntington's disease (HD). To achieve this, we
carried out a high-throughput chemical screening using a varied collection of 1,214 drugs,
largely sourced from a drug repurposing library. Through our screening process, we singled
out clofazimine, an FDA-approved anti-leprosy drug, as a potential therapeutic candidate. Its
effectiveness was validated across several in vitro models as well as a zebrafish model of
polyglutamine (polyQ) toxicity. Employing a combination of computational analysis of
transcriptional signatures, molecular modeling, and biochemical assays, we deduced that
clofazimine is an agonist for the peroxisome proliferator-activated receptor gamma (PPARy),
a receptor previously suggested to be a viable therapeutic target for HD due to its role in
promoting mitochondrial biogenesis. Notably, clofazimine was successful in alleviating the
mitochondrial dysfunction triggered by the expression of Htt-Q94. These findings lend
substantial support to the potential of clofazimine as a viable candidate for drug repurposing
in the treatment of polyQ diseases.

In Study III, we explored the molecular mechanism of a previously identified repurposing
example, the use of diethyldithiocarbamate-copper complex (CuET), a disulfiram metabolite,
for cancer treatment. We found CuET effectively inhibits cancer cell growth by targeting the
NPL4 adapter of the p97VCP segregase, leading to translational arrest and stress in tumor
cells. CuET also activates ribosomal biogenesis and autophagy in cancer cells, and its
cytotoxicity can be enhanced by inhibiting these pathways. Thus, CuET shows promise as a
cancer treatment, especially in combination therapies.



In Study IV, we capitalized on the Molecular Signatures Database (MSigDB), one of the
largest signature repositories, and drug transcriptomic profiles from the Connectivity Map
(CMap) to construct a comprehensive and interactive drug-repurposing database called the
Drug Repurposing Encyclopedia (DRE). Housing over 39.7 million pre-computed drug-
signature associations across 20 species, the DRE allows users to conduct real-time drug-
repurposing analysis. This can involve comparing user-supplied gene signatures with
existing ones in the DRE, carrying out drug-gene set enrichment analyses (drug-GSEA)
using submitted drug transcriptomic profiles, or conducting similarity analyses across all
database signatures using user-provided gene sets. Overall, the DRE is an exhaustive
database aimed at promoting drug repurposing based on transcriptional signatures, offering
deep-dive comparisons across molecular signatures and species.

Drug repurposing presents a valuable strategy for discovering fresh therapeutic applications
for existing drugs, offering numerous benefits compared to conventional drug discovery
methods. The studies conducted in this thesis underscore the potential of drug repurposing
and highlight the complementary roles of computational and chemical approaches. These
studies enhance our understanding of the mechanistic properties of repurposed drugs, such
as clofazimine and disulfiram, and reveal novel mechanisms for targeting specific disease
pathways. Additionally, the development of the DRE platform provides a comprehensive
tool to support researchers in conducting drug-repositioning analyses, further facilitating the
advancement of drug repurposing studies.
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1 INTRODUCTION
1.1 DRUG REPURPOSING

Despite significant strides in scientific and technological fields, the conventional methods of
new drug development continue to pose substantial challenges, notably in terms of time and
resource investment. The strategy of drug repurposing, often referred to as drug repositioning
or reprofiling, has emerged as an effective approach to these challenges, contributing to 30%
of new drug authorizations in the United States (Plenge et al., 2013). The primary objective
of drug repurposing is to identify alternative therapeutic uses for existing drugs, rather than
developing entirely new drug compounds (Fig. 1).

De novo Drug Discovery and Development

4~8 years 5~7 years 1~2 years

. Experiment Experiment Phase 1 in Phase 2 in Phase 3 in Drug
i ClvicaTrale SR i T f Regeson
&,

De novo Drug Discovery ® Low Success Rate i
Drug Repurposing

and Development ® Huge Cost and Time-consuming Development

® Known Drug Safety
& Reduced Pharmacokinetic Unceriainty

Drug Repurposing
Figure 1. The estimated time and main steps in de novo drug discovery and development and
drug repurposing for cancer therapy. De novo drug discovery and development for cancer
therapy takes 10—17 years and comprises basic discovery, drug design, in vitro and in vivo
experimentation (including identifying safety and efficacy), clinical trials, and finally drug
registration into the market. In contrast, drug repurposing for cancer therapy takes only 3—
9 years as it can bypass several processes that have been completed for the original
indication if the anticancer potential of the candidates is confirmed. Adapted from (Zhang et
al., 2020), Copyright © 2020 by the author(s).

Modern drug discovery has significantly evolved over time. It began with empirical methods
in the 18th to early 20th century, primarily focusing on extracting active compounds from
natural sources (Wang et al., 2022). By the mid-to-late 20th century, the approach shifted
towards rational drug design, utilizing an understanding of biochemical processes and
molecular structures. High-throughput screening, which enables rapid testing of numerous
compounds, further advanced the process by the late 20th and early 21st century. In the 21st
century, genomics and bioinformatics revolutionized drug discovery by offering deeper
genetic insights into diseases. Recently, the focus has shifted towards drug repurposing,
which is a cost-effective method that leverages existing drugs for new uses. The latest
advancements involve the use of artificial intelligence and machine learning to predict drug
behavior, identify side effects, and suggest new drug targets, paving the way towards more
efficient and personalized treatments (Fig. 2).

A wide range of experimental and computational approaches have gained traction in the drug
repurposing field. Experimental techniques encompass various methods that address multiple
aspects of drug discovery, including phenotypic screening, target-based screening, and drug
combination screening (Menden et al., 2019; Moffat et al., 2014; Park, 2019; Plenge et al.,
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2013; Singh et al., 2019; F. Vincent et al., 2022). These methods can offer valuable insights
into potential new therapeutic applications by examining drug interactions with biological
targets, observing drug effects on specific disease phenotypes, and evaluating drug synergy.

On the other hand, computational approaches take advantage of advanced technologies and
algorithms to enable researchers to analyze large datasets and complex biological networks,
predict drug-target interactions, and estimate the binding affinity of a drug to a specific target
(Cui et al., 2020; Jarada et al., 2020; Tiwari & Singh, 2022). Such as network-based methods
and molecular docking (Lin et al., 2020; Tiwari & Singh, 2022; Wu et al., 2020). By doing
so, computational approaches can help to identify promising drug candidates for repurposing
and provide a deeper understanding of the underlying mechanisms of action.

Discovery of Recombinant Combinatorial chemistry and high
penicillin DNA technology throughpul screening
Medicinal chemistry Receptor biology In vitro phenotypic Artificial
and pharmacology and binding assays soreening intelligence

1900 1930 1950 1960 1970 1980 1990 2000 2010 2020

In vivo phenotypic screening Enzymology& Tissuc/organ-based Target-based screening 3D culture and
Enzyme Kinetics phenotypic screening organoid technology

Figure 2. The evolution of modern drug discovery. Adapted from (Wang et al., 2022),
Copyright © 2022 Shou-bao Wang, Zihan Wang, Lianhua Fang, Yang Lv, Guanhua Du.

The synergy between experimental and computational approaches has the potential to
revolutionize the drug repurposing field, offering a more efficient and cost-effective pathway
to discovering new therapeutic applications for existing drugs. By leveraging these
complementary techniques, researchers can streamline the drug discovery process, accelerate
the translation of scientific findings into clinical practice, and ultimately improve patient
outcomes.

1.1.1 Experimental approaches for drug repurposing

Experimental approaches for drug repurposing involve using laboratory and clinical
techniques to identify new therapeutic applications for existing drugs. These approaches can
save time and resources compared to de novo drug discovery and often have a higher
probability of success due to the already-established safety profiles of the drugs being tested.
Some of the key experimental approaches for drug repurposing include phenotypic screening
and knowledge and data-based screening.



Drug Repurposing

!

Phenotype-based (blinded) Knowledge- and data-based methods
screening method
laigothasad Pathway- or network-based

Signature-based

Figure 3. Different approaches for drug repurposing. Adapted and modified from
(Sarvagalla et al., 2019), Copyright © 2019 Elsevier Inc. All rights reserved. Reprinted and
modifications with permission.

1.1.1.1 Phenotypic screening

Phenotypic screening is a powerful approach for drug repurposing that examines the
biochemical or physical characteristics of individual cells or organisms in response to
compounds (Aulner et al., 2019; Blay et al., 2020; Mithun et al., 2020). This screening
method allows researchers to observe the effects of a compound on a complex whole-cell
system rather than just an isolated component, providing a more holistic understanding of the
drug's impact. It is particularly beneficial for identifying new therapeutic compounds in areas
with intricate disease pathways or when the disease target is not yet known (Moffat et al.,
2014; Swinney, 2013; Zheng et al., 2013). It is noteworthy that, as highlighted in the Moffat
et al. 2014 report, a substantial portion (32%) of first-in-class drugs approved by the FDA
between 1999 and 2008 were discovered via phenotypic screening (Moffat et al., 2014).
Essentially, phenotypic screening has multiple benefits. It facilitates the detection of
bioactive compounds that have a direct impact on disease-specific parameters and is
streamlining the drug repurposing process (Mithun et al., 2020; Moffat et al., 2014; Zheng et
al., 2013). Researchers can also discover novel biomarkers through phenotypic screening,
aiding in disease diagnosis, progression monitoring, and treatment response (Kang et al.,
2016; Warchal et al., 2020; Williams & McDermott, 2017). Moreover, it allows for the
discovery of unknown drug targets and action mechanisms, which could pave the way for the
development of innovative therapeutic methods (Ege et al., 2021; Moffat et al., 2017;
Sandercock et al., 2015; Williams et al., 2016). Phenotypic screening is a precious resource
in drug discovery that emphasizes the effects of drugs on cells, tissues, or organisms over
specific molecular targets. This approach can facilitate the identification of drugs with
beneficial impact on a specific disease phenotype, even if the exact action mechanism
remains elusive.

Phenotypic screening has made significant contributions to the field of drug discovery. As
stated by Berg in 2021, this methodology has led to the creation of numerous first-in-class
drugs, which are those that represent a completely new unique mechanism of action or novel
chemical structure. Such drugs often provide unique treatment options for various diseases,
potentially offering therapeutic benefits over existing treatments. (Table 1).
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Table 1. Phenotypic origins of approved drugs and clinical-phase compounds. CFTR, cystic
fibrosis transmembrane conductance regulator; GPCR, G-protein-coupled receptor; HCV,
hepatitis C virus, MoA, mechanism of action;, SMA, spinal muscular atrophy; SMN, survival
of motor neuron; snRNP, small nuclear ribonucleoprotein particle. Adapted from (Fabien
Vincentet al., 2022), Copyright © 2022, Springer Nature Limited. Reprinted with permission.
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1.1.1.2 Target-based screening

Target-based screening is a drug
discovery approach that employs
high-throughput methods to focus
on well-defined molecular targets Target identification Assay Development
(Gilbert, 2013; M. Isgut et al., 2018;
Paul, 2019). The goal is to find
drugs that can effectively influence
these targets. This method is also Target Validation
referred to as reverse pharmacology,
as it proceeds in the opposite
direction from traditional
approaches, which typically involve Assay Development Target Identification
identifying a genomic component
after understanding its function
(Moffat et al., 2014; Patwardhan et

al., 2008; Zheng et al., 2013). Higggggf‘;ﬁg"“t Target Validation

Target Based Screening Phenotypic Screening

High Throughput
Phenotypic Screening

In target-based screening, pre-
existing knowledge of the drug is
taken into account, with studies and Lead Optimization Lead Optimization
screening methods designed
accordingly. This approach relies on
a specific molecular hypothesis,

often derived from previous Selection of Selection of
knowledge or phenotypic screening. Candidate Molecule Candidate Molecule
Target-based screening is

extensively  utilized in drug Figure 4. Target-based screening  versus
repurposing when the disease- Pphenotypic screening. Adapted from (Monica Isgut
causing molecule has been efal,2018), © 2017 Wiley Periodicals, Inc.
identified, and its mode of action is

under examination (Brown, 2007; Croston, 2017). This technique is commonly used to
pinpoint potential targets for new drugs aimed at addressing untreated diseases.

Approximately 70% of successful drug outcomes stem from target-based screening
(Takenaka, 2001). One advantage of this method is its simplicity in comparison to phenotypic
approaches, as the molecular mechanisms of the drug are usually known at an earlier stage.
Once a molecular target has been identified, drug discovery can utilize techniques like
mutational analysis, crystallography, and computational modeling to comprehend how a drug
interacts with the target (Croston, 2017; Katsila et al., 2016; Lindh, 2017; Zheng et al., 2014).
This understanding allows for the efficient development of structure-activity relationships,
biomarker development, and the generation of future drugs that act on the same target (Fig.
4).

1.1.1.3 Drug combination screening

Drug combination screening is a common strategy used in drug repurposing to find
synergistic effects between existing drugs (He et al., 2018). The aim is to discover drug
combinations that offer enhanced therapeutic outcomes than individual drugs, particularly
for complex diseases with multiple underlying mechanisms (Gu et al., 2022; Tseng, 2022).
There are several advantages to this approach, including enhanced efficacy by targeting



multiple pathways or mechanisms simultaneously, reduced toxicity and side effects by
combining drugs at lower doses, the ability to identify tailored treatments for individual
patients through personalized medicine, cost and time efficiency by leveraging existing drugs
with known safety profiles, and the ability to overcome drug resistance by targeting multiple
pathways or mechanisms (Cokol-Cakmak et al., 2020; Lin et al., 2019; Nafshi & Lezon, 2021,
Pemovska et al., 2018).

1.1.1.4 In vivo animal screening

Animal models are used to test the efficacy of repurposed drugs in a physiologically relevant
context, providing valuable insights into safety, efficacy, and pharmacokinetics before
advancing to clinical trials in humans (Romero & Vela, 2014; Salonee, 2020). Various animal
models, such as mice, rats, zebrafish, fruit flies, nematodes, guinea pigs, rabbits, and non-
human primates, are used in drug discovery, each with unique advantages and limitations
(Bailey, 2005; Bryda, 2013; Elfawal et al., 2019; Kim et al., 2021; Lee, 2014; MacRae &
Peterson, 2015; Mage et al., 2019; Nainu et al., 2023). The choice of animal model depends
on the research question, the disease being studied, and desired outcome of the drug discovery
process.

In vivo animal models are essential in the drug discovery process, as they provide insights
into the safety and efficacy of potential therapeutic candidates in a physiologically relevant
context. These models are especially useful in evaluating the effectiveness of repurposed
drugs, which leverage existing drugs with known safety profiles. By testing these drugs in
animal models, researchers can reduce drug development costs and accelerate the translation
of novel therapies from the bench to the bedside (Ben-Yakar, 2019; Giacomotto & Ségalat,
2010). The combination of animal models and other methods can greatly enhance the
efficiency and success rate of drug repurposing efforts, ultimately leading to better treatments
and improved patient outcomes.

1.2 COMPUTATIONAL APPROACHES

Computational approaches for drug repurposing involve the use of a variety of computational
techniques and tools to identify potential new uses for existing drugs (Baldi, 2010; Katsila et
al., 2016; Ko, 2020). Various network methods and molecular docking techniques are
employed in contemporary computational drug repurposing methodologies.

1.2.1 Network-based methods

Network methodologies are frequently utilized in the field of drug repurposing because of
their remarkable capability to predict and illustrate interactions between proteins and
compounds (Fig. 5). Such networks can further be enhanced by integrating quantitative data
gathered from high-throughput experiments (Badkas et al., 2021; Xue et al., 2018).
Interaction networks are fundamental in the field of biology, consisting of nodes representing
genes, proteins, or complexes, and edges representing their interactions. These networks can
incorporate various types of relationships and quantitative information obtained from high-
throughput experiments (Charitou et al., 2016; Milano et al., 2022). DNA-Protein Interaction
Networks are particularly valuable in network-based medicine, as disease conditions can
systematically affect gene expression patterns (Radaeva et al., 2021). Differential gene
expression analysis reveals significant variations in messenger RNA transcripts between
healthy and disease samples, providing insights into potential drug targets, especially those
functioning as transcription factors (Arndt, 2006; Koehler, 2010; Majmudar & Mapp, 2005).
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In addition to this, Protein-Protein Interaction Networks (PPINs) are being extensively
researched for their crucial role in drug repurposing (Adhami et al., 2021; Khojasteh et al.,
2022; Safari-Alighiarloo et al., 2014; Xu et al., 2022). PPINs illustrate the connections
between known drug targets and other proteins, as well as proteins that have indirect
interactions with these targets. A central tenet underlying the use of PPINs to predict drug-
target interactions is that proteins influenced by similar drugs are functionally interconnected
and are 'meighboring' within the PPIN (Ozdemir et al., 2019; Park, 2019). Investigating the
structure of PPINs provides an in-depth view of functional interactions within a cell,
significantly enhancing the prediction of drug-target connections.

1.2.2 Molecular docking

Drug repurposing relies heavily on drug-target interactions (DTIs) (Amiri Souri et al., 2023;
Middha et al.,, 2022). DTIs signify the interplay between drug molecules and their
corresponding protein targets in the body. The 'target' generally refers to a critical molecule
in a biological pathway or function associated with a disease. When the drug interacts or
binds with its target, it can modulate the target's behavior, leading to potential therapeutic
impacts. It is important to note that many drugs interact with targets beyond their primary
ones, leading to off-target effects (Alberca & Talevi, 2020; Benek et al., 2020; Prati et al.,
2014). Therefore, predicting drug targets can simplify the process of repurposing drugs.
Experimental determination of DTIs is time-consuming and resource-intensive, which has
led to the development of computational methods for predicting potential DTIs. interactions
(Abbas et al., 2021). These interactions are derived from a combination of diverse
pharmacologically and clinically relevant associations.

One common technique to study DTIs is molecular docking, a method used in silico
molecular modeling. Molecular docking can predict how a drug (usually a small molecule)
binds to its target (usually a protein). It does this by predicting the position and orientation
(conformation) of the drug when it is most stably bound to its target. This technique gives
insights into the potential strength and characteristics of the drug-target interaction, thus
playing a critical role in the drug discovery and development process (Abdolmaleki et al.,
2021; Torres et al., 2019).

The chief objective of ligand-protein docking is to deduce the most plausible interaction
patterns between a ligand and a protein, given the known three-dimensional structure of the
latter (Zhao et al., 2022). Robust docking methods are adept at effectively navigating high-
dimensional spaces and employing a scoring function to precisely order possible ligand-
protein interactions.

Essential elements for conducting docking studies, in addition to computational resources,
are structural knowledge of both the target and the ligand. For proteins, these details can be
obtained from X-ray crystallographic or NMR techniques when the structure is known. If the
structure is unknown, homology modeling becomes crucial. Ligand structures can either be
devised or a compound library can be utilized.

Docking methodologies vary depending on the rigidity or flexibility of both the ligand and
receptor. For instance, some strategies involve rigid ligands and receptors, as in early versions
of DOCK and FLOG, which prioritize robust binding and 3D complementarity. Alternatively,
methods such as those used in Autodock and FlexX allow for ligand flexibility while keeping



the receptor rigid, balancing computational efficiency and accuracy. Other techniques
facilitate both ligand and receptor flexibility, adhering to the induced fit docking principle
and providing insights into protein-ligand binding, although these methods require extensive
computational resources. In the context of drug repurposing, molecular docking serves the
purpose of predicting both the structural and energetic aspects of molecular interactions. It
enables the screening of large compound libraries to identify potential candidates that may
exhibit efficacy against targets different from their originally intended use (De Ruyck et al.,
2016; Rajkhowa & Deka, 2016). This approach allows researchers to leverage existing drug
libraries and potentially uncover new therapeutic indications for known compounds.

Table 2. Available Docking Software. Adapted from (Kumar & Kumar, 2019), Copyright ©

2019 Elsevier Inc. All rights reserved. Reprinted with permission.

S. No. Docking Published  Description Licence/Web Service  References
Software Year

1. AADS 2011 Automated active site detection, Free to use online (Singh et al,,
docking, and score (AADS) used for 2011)
protein having known structure based on
Monte Carlo method

2. AutoDock 1990  Automated docking of ligand to protein Freeware, no web (Goodsell et al.,
structure by Lamarckian Genetic server available 1996)
algorithm and empirical free energy
scoring function

3. AutoDockVina 2010  New version of AutoDock Open source, no web  (Morris et al.,
server available 2009)

4. Blaster 2009 Combines DOCK with ZINC databases to Freeware, no web (Irwin et al.,

find out ligand to target of interest server available 2009)
5. DOCK 1988  AMBER-type potential function and Academic licence is (Ewing, 2001)
genetic algorithm free, no web server
available

6. DockingServe 2009  Asthe name suggest, it integrates a Commercial software,  (Bikadi &

r number of computational chemistry no web server Hazai, 2009)
software available

7. DockVision 1992  Genetic algorithm, Monte Carlo based Commercial software, (Hart & Read,

and for database screening no web server 1992)
available

8. eHITS 2006  Exhausted search algorithm Commercial software, (Zsoldos et al.,
no web server 2007)
available

9. FlexX 2001  Based on incremental build Commercial software, (Rarey et al.,
no web server 1996)
available

10. FLIPDock 2007  Docking program based on genetic Free for academic (Zhao &

algorithm represents ligand-protein use, no web server Sanner, 2007)
complex using FlexTree data available
1. FLOG 1994  Rigid body docking using pregenerated Academic licence, no (Kearsley et al.,
conformation database web server available 1994)

12. FRED 2003  Exhaustive, nonstochastic, systematic Free for academic (McGann, 2012)
examination of all possible orientation use, no web server
with protein binding pocket combined available
with scoring function

13. GEMDOCK 2004  Molecular docking uses generic Freeware, no web (Yang & Chen,
evolutionary method server available 2004)

14. Glide 2004  Docking based on exhaustive search Commercial licence, (Friesner et al.,
no web server 2004)
available

15. GOLD 1995  Partial flexibility for protein, flexible Commercial licence, (Jones et al.,

ligand, genetic algorithm based no web server 1997)
available

16. HADDOCK 2003  Mainly developed for protein-protein Freeware, web server (Dominguez et

docking but can also be used for ligand- available al., 2003)
protein ligand

17. Hammerhead 1996  Fully automated docking of protein Academic licence, no (Welch et al.,

binding site to the flexible ligand web server available 1996)
18. ICM 1994  Pseudo-Brownian sampling base docking ~ Commercial licence, (Abagyan et al.,
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19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

LigandFit

LigDockCSA

LIGIN

MCDOCK

MEDock

Molecular
operating
environment
(MOE)
MolDock

MOLS 2.0

MS-DOCK
ParDock

PatchDock

PLANTS

PRODOCK

PSI-DOCK

PythDock

QXP
SANDOCK
Score
SOFTDocking

Surflex-Dock

SwissDock

YUCCA

2003

2011

1996

1999

2005

2008

2006

2016

2008

2007

2002

2006

1999

2006

2011

1997

1998

1998

1991

2003

2011

2005

Docking program based on CHARMm

Ligand-protein docking program using
conformational space annealing

Surface complementarity based docking
software

Nonconventional Monte Carlo
simulation technique-based docking
program

Web server based on maximum-entropy
docking at providing an efficient utility
for prediction of binding site

Docking application within MOE

Heuristic based search algorithm that
combines differential evolution with
pocket prediction algorithm

Rigid small molecule-protein docking,
flexible protein-peptide interaction

Multistage scoring/docking protocol

Monte Carlo based all-atom energy, rigid
protein docking

The algorithm carries out rigid docking,
with surface flexibility/variability
implicitly addressed through liberal
intermolecular penetration

Stochastic optimization algorithm based

Monte Carlo-method based plus energy
minimization

Pose-sensitive inclined (PSI)-DOCK

Program is based on Heuristic docking
program that utilizes Python
programming language with a simple
scoring function

Based on Monte Carlo perturbation with
energy minimization

Guided matching algorithm

It calculated different docking scores of
receptor-ligand complexes
Molecular surface cubes are matched

Idealized active site ligand based

Interactions between a small molecule
and receptor are predicted

Rigid small molecule-receptor ligand
interaction

1.3 LIMITATIONS OF DRUG REPURPOSING

Commercial licence,
no web server
available

Academic licence, no
web server available
Commercial licence,
no web server
available

Freeware, no web
server available

Freeware, web server
available

Commercial licence,
no web server
available

Academic licence, no
web server available

Open source, no web
server available

Academic licence, no
web server available
Freeware, web server
available

Freeware, web server
available

Free for academic
use, no web server
available

Academic licence, no
web server available

Academic licence, no
web server available
Academic licence, no
web server available

Academic licence, no
web server available
Academic licence, no
web server available
Freeware, web server
is available
Academic licence, no
web server available
Commercial licence,
no web server
available

Free web server for
academic use
Academic licence, no
web server available

(Venkatachala
m et al,, 2003)

(Shin et al.,
2011)
(Sobolev et al.,
1996)

(Liu & Wang,
1999)

(Chang et al.,
2005)

(Vilar et al.,
2008)

(Thomsen &
Christensen,
2006)

(Paul &
Gautham,
2016)

(Sauton et al.,
2008)

(Gupta et al.,
2007)
(Schneidman-
Duhovny et al.,
2005)

(Korb et al.,
2009)

(Trosset &
Scheraga,
1999)
(Peietal,
2006)

(J. Y.Chung et
al, 2011)

(McMartin &

Bohacek, 1997)

(Burkhard et al
1999)

(Wang etal.,
1998)

(Jiang & Kim,
1991)

(Jain, 2003)

(Grosdidier et
al, 2011)
(Choi, 2005)

Although drug repurposing has exhibited considerable potential in discovering new
therapeutic applications for existing drugs, it is not without its unique set of challenges.



One such challenge is the efficacy of the repurposed drug in its new role. A drug developed
specifically for a certain condition might demonstrate optimal effectiveness and suitability
for that ailment. However, a repurposed drug might not offer the same level of effectiveness
for its new task. This could potentially be due to suboptimal pharmacokinetics or
pharmacodynamics when applied to the new disease. Using the COVID-19 pandemic as a
case in point, drug repurposing has been considered a promising approach for the swift
application of drug discoveries from lab settings to actual patient care. Various repurposed
drugs have been put through clinical trials, yet no efficacious repurposed antiviral drug has
been identified. Notably, there has been no success in finding effective treatments for
COVID-19, or any other viral diseases, through the repurposing of drugs discovered via
unbiased, hypothesis-free screenings (Table 3).

Table 3. Examples of antiviral drugs repurposed for COVID-19 that failed in the clinic.
Adapted from (Martinez, 2022), © 2022 Elsevier Ltd. All rights reserved. Reprinted with
permission.

Repurposed drug  Original indication Virus target Refs

Favipiravir Influenza virus RNA (Martinez, 2022)
polymerase

Remdesivir HCV, Ebola, MERS-CoV RNA (Martinez, 2020; Martinez, 2021; Yan & Muller,
polymerase 2021)

Lopinavir- HIV-1 Protease (Cao et al, 2020)

ritonavir

'E:)aatrunawr/coblcls HIV-1 Protease (Chen et al., 2020)

Hydroxychloroqui . .

ne Malaria Cell entry (S. M. Corsello et al., 2017; Martinez, 2020)

Azithromycin Antibiotic Not defined (Butler et al., 2021)

Intestinal strongyloidiasis and

Ivermectin o
onchocerciasis

Not defined (Popp et al., 2021)

Another concern is related to side effects. While a drug's side effect profile might be tolerable
for its original indication, these effects may become more serious or unacceptable when the
drug is used to treat a different condition. This could be particularly relevant if the patient
demographics for the new indication vary significantly from the original one or if long-term
use is required. Even though a repurposed drug has already undergone significant safety
testing for its initial approval, it still needs to meet regulatory standards for the new indication.
This involves conducting new clinical trials to demonstrate its safety and efficacy for the new
use, which can be both costly and time-consuming (Krishnamurthy et al., 2022; Oprea et al.,
2011).

Intellectual property issues also present a significant hurdle. When the original patent for a
drug expires, obtaining a new patent for a repurposed use can be challenging. This lack of
patent protection can reduce the commercial incentive for pharmaceutical companies to
invest in the repurposing of existing drugs. Potential solutions include applying for secondary
patents for new uses or formulations, which can be difficult to obtain and may offer narrower
protection. Regulatory exclusivity, granted by authorities like the FDA or EMA, can provide
a period of protection from generic competitors, as can data exclusivity, which prevents
competitors from using the originator's data in their applications. Licensing may also be
necessary if the drug is still under patent. Given the complexity of these IP issues, legal advice
is often sought to develop a strategic approach that balances investment protection with the
realities of the IP and healthcare landscapes (Halabi, 2019; Krishnamurthy et al., 2022).

In conclusion, despite these challenges, drug repurposing offers an innovative approach to
drug development, with the potential to accelerate the delivery of effective therapies to
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patients in need. However, it is crucial to recognize and navigate these challenges effectively
to fully realize their potential.

1.4 HUNTINGTON’S DISEASE

HD is a prevalent neurodegenerative disorder that predominantly affects individuals of
Caucasian descent, with an estimated incidence of approximately 3.6 to 5.7 cases per 100,000
individuals (Chaudhary & Mishra, 2016). Although the common age range for the appearance
of HD symptoms is between 30 and 50 years, these symptoms can emerge as early as 2 years
of'age or as late as 80 years (Ohlmeier et al., 2019). The primary characteristics of HD include
involuntary body movements, accompanied by a progressive decline in cognitive function
and learning abilities, ultimately leading to death from complications such as pneumonia or
other common underlying illnesses (G. P. Bates et al., 2015; R. H. Myers, 2004).

1.4.1 The biological background of Huntington’s disease

HD is caused by an elongated trinucleotide (CAG) repeat in the HTT gene, which consists of
67 exons (Gillian P. Bates et al., 2015; Richard H. Myers, 2004). Exon-1 (aa 1-82) of HTT
is found largely involved in HD pathology. Under normal conditions, the N-terminal of HTT
comprises 17 highly conserved amino acids in vertebrates which are termed the HTT N17
domain. Subsequently, the polyQ region is directly followed by two proline-rich domains
from the 18th amino acid, which consists of 11 and 10 prolines (Michalek et al., 2013). The
N17 domain is highly conserved across vertebrate species, while the polyQ and polyproline
(polyP) domains are not. For example, humans have the longest track, and the length of the
track is found to gradually increase throughout the evolution of vertebrates (Mangiarini et al.,
1996; Michalek et al., 2013). HTT carries both nuclear export signal and nuclear localization
signals, which enables Huntingtin shuttling from the nucleus to the cytoplasm via nuclear
transport (C. A. Ross et al., 2014; Tabrizi et al., 2020).

Despite the long-standing recognition of the connection of the HTT gene with HD, its precise
functions remain incompletely understood. In 1995, Duyao et al. first proposed the
involvement of HTT in neurons, and subsequent studies have highlighted its importance
during embryonic development. Notably, experiments targeting exon 1 of HTT have
demonstrated that its inactivation leads to lethality in mice at E7.5 (Duyao et al., 1995; White
et al., 1997). HTT exhibits a widespread expression pattern in various tissues and is highly
expressed in the brain and testicles (Li et al., 1993; Strong et al., 1993). Within cells, HTT
participates in cell signaling, axonal transport, and protection against apoptosis. Furthermore,
evidence suggests a role for HTT in DNA damage repair (Christopher A. Ross et al., 2014;
Tabrizi et al., 2020).

Extensive research has focused on unraveling the pathogenic mechanisms associated with
the mutant form of Huntingtin (mHTT) in comparison to its normal functions. Accumulating
evidence suggests that mHTT contributes to a range of molecular changes, including
dysregulation of transcription, impaired proteolysis, and post-translational modification,
abnormal synaptic role and plasticity, and disrupted energy metabolism due to mitochondrial
dysfunction (Cheng et al., 2018; Cui et al., 2006; A. Johri et al., 2013; Lin et al., 2005;
Stephen J. McConoughey et al., 2010; Shimojo, 2008; Zuccato et al., 2003). The interaction
of mHTT with numerous proteins is believed to be involved in the pathological mechanisms
underlying HD. Additionally, the accumulation of large aggregates of mHTT in the cytosol
can directly or indirectly trigger dysfunctional pathways (Fig. 5).
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1.4.2 Pathologies driven by mHTT
1.4.2.1 Transcriptional dysregulation in HD

Emerging studies suggest that the dysregulation of gene transcription is a key factor in the
neurodegenerative processes observed in HD. The HTT gene, associated with HD, has been
found to interact with over 200 cellular proteins, several of which play crucial roles in gene
transcription (Kaltenbach et al., 2007; van Hagen et al., 2017).

The mutant huntingtin significantly regulates the nuclear translocation of the RE1-silencing
transcription factor (REST), also referred to as neuron-restrictive silencer factor (NRSF).
REST is a protein that plays a key role in inhibiting neural genes in non-neuronal cells. Within
the scope of HD cell and mouse models, it has been observed that mutant huntingtin engages
directly with REST/NRSF, aiding its transport into the nucleus (Hwang & Zukin, 2018;
Zuccato et al.,, 2003). Once positioned in the nucleus, REST serves to dampen the
transcription of various genes, among which includes brain-derived neurotrophic factor
(BDNF), a critical component for typical neuronal function (Shimojo, 2008).

A cluster of transcriptional coactivators, the peroxisome proliferator-activated receptor
gamma coactivators 1 (PGC-1s), composed of PGC-1a, PGC-1p, and the PGC-1-related
coactivators (PRC), are activated by several upstream molecules like the peroxisome
proliferator-activated receptors (PPARs), the silent information regulator sirtuin 1(SIRT1),
the AMP-activated protein kinase (AMPK), and the transducer of regulated 3'-5'-cyclic AMP
(cAMP) response element-binding protein (CREB)-binding protein 1 (Lin et al., 2005).
Regarding HD, the dysfunction of PGC-1a has emerged as a major factor contributing to
mitochondrial dysfunction. Studies have shown that mice with PGC-1la knockout display
mitochondrial dysfunction, aberrant movements, and the degeneration of striatal cells - all
characteristic hallmarks of HD. Additionally, diminished function and levels of PGC-1a have
been detected in HD mouse models and the postmortem examination of HD patients (Cui et
al., 2006; A. Johri et al., 2013). On the other hand, the upregulation of PGC-1a in the striatum
of R6/2 mice has demonstrated neuroprotective effects (S. J. McConoughey et al., 2010).
Broadly speaking, PGC-lo regulates multiple downstream molecules involved in
mitochondrial function and cellular survival.

Beyond REST and PGC-1, various other proteins have been associated with the pathology of
HD due to transcriptional disruption. The forkhead box protein P2 (FOXP2) is one such
example, shown to co-aggregate with mutant huntingtin in HD mouse models and human
patients. Research indicates that reduced levels of FOXP2 in mice not carrying the HD
mutation can mimic the behavioral deficits seen in HD. Contrastingly, overexpression of
FOXP2 in HD model mice ameliorates these deficits (Hachigian et al., 2017). Moreover,
modifications in the cAMP-responsive element (CRE), an early occurrence in HD pathology,
have been detected. These changes may stem from the entrapment of CREB-binding protein
(CBP) by mutant huntingtin or from interference with other crucial factors like TORC
(Waxman & Lynch, 2005).

In summary, the growing body of evidence indicates that mutant huntingtin interferes with
the regular control of gene transcription in neurons, implicating specific genes in the
pathogenic processes of HD. These discoveries provide potential targets for the development
of treatments for HD.
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Figure 5. Pathogenetic cellular mechanisms in Huntington's disease. (1) The full-length
huntingtin protein is produced through HTT translation. Amino-terminal HTT exonl
fragment is produced as a result of aberrant splicing. (2) Through Proteolysis, full-length
huntingtin is cleaved to produce additional protein fragments. (3) Nuclear translocation of
Huntingtin. (4) In the nucleus, through self-association, oligomerization, and aggregation,
Huntingtin forms inclusions, which promotes transcriptional dysregulation via various
pathological processes. (5) In the cytoplasm, huntingtin fragments oligomerize and form
aggregates. (6) Huntingtin aggregates in cytoplasm impair the proteostasis network. (7)
Huntingtin aggregates further cause a broad range of cellular abnormalities, such as
synaptic dysfunction, mitochondrial toxicity, and a decreased rate of axonal transport. PRD,
proline-rich domain; Ub, ubiquitin. Adapted from (Gillian P. Bates et al., 2015), Copyright
© 2015, Macmillan Publishers Limited. Preprinted with permission.

1.4.2.2  Mitochondrial dysfunction in HD

Preserving the normal function of mitochondria is vital for the survival of cells and plays a
critical role in maintaining cellular well-being. Extensive research in the field of
mitochondrial biology/pathology has unveiled a correlation between the integrity of
mitochondria and both the aging process and neurodegenerative conditions such as HD.

In 1978, Goebel et al. made a significant discovery by identifying mitochondrial
abnormalities in the cortical tissue of deceased individuals with HD, marking the earliest
evidence of mitochondrial defects in HD (Goebel et al., 1978). Subsequent imaging studies
have further demonstrated decreased glucose metabolism and increased lactate concentration
in the brains of HD patients compared to healthy individuals, suggesting potential
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mitochondrial modifications (Goebel et al., 1978). It is noteworthy that through the
administration of 3-nitropropionic acid (3-NP), an irreversible inhibitor of mitochondrial
complex II, the selective elimination of striatal medium spiny neurons resembling the
situation in HD, has been accomplished in both rodent and non-human primate models
(Borlongan et al., 1997), in which the condition mimics the most common phenotype of
striatal medium spiny neurons being affected in HD.

There is evidence that mutant HTT directly interacts with various proteins associated with
mitochondria. In the post-mortem brain biopsies of individuals with HD, mitochondrial
proteins like Ran GTPase Activating Protein 1 (RanGAP1) and Nucleoporin 62 (NUP62)
become trapped within huntingtin aggregates, disrupting the nuclear membrane and abnormal
localization of these proteins. Furthermore, studies have revealed that mHTT directly
interacts with the mitochondrial outer membrane (MOM), leading to the release of calcium
ions (Ca?") and resulting in changes in the mitochondrial structure (Borlongan et al., 1997,
Goebel et al., 1978).

Moreover, mutant HTT disrupts the function of the mitochondrial respiratory chain
complexes. For example, mitochondria isolated from human lymphoblasts affected by HD
exhibit a decrease in mitochondrial transmembrane potential, which is associated with an
increase in the number of glutamine repeats (Sawa et al., 1999). Furthermore, HD pathology
is connected to deficits in energy metabolism and oxidative regulation. In the brains of
transgenic HD mice, there is a significant decrease in mitochondrial ATP levels coupled with
an increased influx of calcium ions via N-methyl-D-aspartate receptors. Additionally,
impaired creatine kinase (CK)/phosphocreatine (PCr) system in the brains of HD patients
contributes to mitochondrial dysfunction (Goebel et al., 1978; Mochel et al., 2012).

Collectively, these findings indicate that the presence of mutant HTT disrupts the normal
functioning of mitochondria, resulting in cellular demise, especially in high-energy-
demanding cells like neurons.

2 RESEARCH AIMS

The field of drug repurposing presents a promising and innovative approach to identify new
therapeutic applications for existing drugs, offering significant advantages over traditional
drug development in terms of time, cost, and risks. The primary objective of this thesis was
to explore and demonstrate various methodologies for drug repurposing, employing a
combination of experimental and computational techniques.

Study I aimed to repurpose FDA-approved drugs to regulate TDP-43 expression in
neurodegenerative diseases using a tetR-regulated system. Further experiments demonstrated
chemicals counteracted doxycycline-dependent TDP-43 expression, though follow up
validations suggesting they acted as inhibitors of the tetR system.

Study IT aimed to repurpose drugs to decrease mutant HTT toxicity in HD and discovered
the potential of clofazimine as a therapeutic intervention.

Study III aimed to evaluate the possibility of repurposing Disulfiram as a therapeutic agent
for cancer by targeting the NPL4 adapter of the p97VCP segregase.

Study IV aimed to create the Drug Repurposing Encyclopedia, an online platform for in

silico drug repurposing, providing a resource for transcriptional analysis-based drug
repurposing.
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Overall, these studies contribute to the growing body of knowledge in the field of drug
repurposing and demonstrate the potential for this approach to uncover novel therapeutic uses
for existing drugs.
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3 METHODOLOGY
3.1 CELL-BASED HIGH-THROUGHPUT PHENOTYPIC SCREEN

Cell-based high-throughput phenotypic screening is a widely utilized technique in biology
and drug discovery aimed at identifying compounds capable of altering specific cellular
phenotypes. This method is known for its reliability and efficiency, enabling the screening
of large compound libraries encompassing thousands to millions of compounds within a
feasible timeframe. Cell-based high-throughput phenotypic screens have played a pivotal role
in the discovery of novel drugs and drug targets, and they remain an indispensable tool in
both drug development and biological research (An & Tolliday, 2010). The primary stages
involved in a cell-based high-throughput phenotypic screen are outlined below.

3.1.1 Assay Development

At the outset, the first step entails the selection of an appropriate cell model and the
establishment of a methodology to detect alterations in cellular phenotype. This may
encompass various parameters such as cell growth, viability, morphology, protein levels,
gene expression, or other quantifiable characteristics of the cells (Carettoni & Bader; Fawzi
Faisal & Ashwag, 2021).

3.1.2 Compound Library Selection

Following that, the subsequent stage involves the choice of a compound library to be screened,
comprising a vast array of thousands to millions of compounds. Such libraries can consist of
commercially available compounds, natural products, or compounds synthesized within a
laboratory setting. In the present thesis, the focus primarily revolved around the FDA-
approved library, owing to its manageable size and potential for drug repurposing.
Additionally, the Drug Repurposing Hub library and a library comprising natural compounds
were employed. The careful selection of these libraries, along with considerations regarding
concentration ranges and dosing schedules, holds significant influence over the outcomes
derived from the screening process.

3.1.3 High-throughput Screening (HTS)

Through the utilization of automated machinery and robotics, the compound library is
introduced to the cells, typically housed within multi-well plates. In the preparation of the
screening process, the assay is meticulously configured and automated to facilitate high-
throughput capabilities. This entails a systematic evaluation of various factors, including cell
densities, fixation protocols, staining or labeling methods, as well as the establishment of
image acquisition and analysis pipelines within 96-well plates. Once the assay is successfully
established, it is further optimized for high-throughput screening within 384-well plates,
employing liquid dispensing devices. Various strategies for introducing compounds to the
cells are also explored, such as resuspending them in media and subsequently adding them
to the cells or seeding the cells onto plates that are pre-spotted with compounds. These
methodological considerations have been extensively examined to enhance the efficiency and
effectiveness of the screening process (Macarron et al., 2011).

Furthermore, staining and labeling protocols that encompass multiple sequential steps,
including the addition of reagents and subsequent washings, are automated and tailored to
liquid handling devices. During this stage, the creation of suitable controls and the
identification of an assay range are fundamentally important in evaluating the potential
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effectiveness and practicality of the screen in pinpointing promising results. Should the need
arise, further optimization may be implemented to enhance the robustness of the experiment.
To streamline the imaging process and enable efficient statistical analysis, well-defined
imaging, and analytical pipelines are devised. These pipelines aim to optimize image
acquisition protocols, minimize computational and storage requirements, automate the
compilation and representation of data, and ultimately expedite the overall screening process
(Qiu et al., 2020; Szymanski et al., 2012).

After establishing the assay, the procedure progresses to the initiation of the screening phase,
which subsequently leads to subsequent assessments. During a typical screening procedure,
compounds undergo testing in triplicate at a singular concentration, with the exposure
duration fluctuating according to the screen's specific requirements. Nonetheless, during later
validation stages or secondary screenings, a broader range of concentrations is implemented,
and treatment durations are suitably modified.

3.1.4 Hit Identification

Following the primary screen, selected hits undergo validation using the same methodology
employed in the initial screening, sometimes supplemented with an orthogonal assay. In these
validation screens, cells are exposed to different concentrations of the compounds. Once
validation is complete, the chosen hits are procured from vendors and subjected to further
assays using identical methods to confirm their efficacy and determine appropriate dosing. It
is essential to perform these additional assessments as there may be slight variations in the
compounds obtained from vendors compared to those in the original libraries. This
comprehensive characterization involves employing diverse readouts and techniques, as well
as conducting functional testing in other relevant models of interest (Mayr & Bojanic, 2009;
Mayr & Fuerst, 2008). Once hits are successfully validated, they undergo a comprehensive
characterization process. This involves delving deeper into the compound's mechanism of
action, optimizing its activity for improved efficacy or reduced toxicity, and conducting tests
in different cell types or in vivo models to assess its performance in broader contexts (Moffat
etal., 2017).

3.1.5 Image analysis techniques and statistical analysis

During the project's image analysis phase, we captured images using an IN Cell Analyzer
2200 (GE Healthcare) scanning microscope. These images were then examined using
custom-built pipelines in CellProfiler (v.4.0). Primarily, we utilized a pipeline that identified
nuclei through Hoechst staining. This pipeline distinguished nuclei based on nuclear shape
and Hoechst signal intensity relative to the background. For the primary screen, we captured
nine images per well at 10X magnification. By defining nuclei, we could evaluate cell
viability based on nuclei count, followed by searching for drugs capable of mitigating the
toxicity caused by mutant Huntingtin.

For the statistical analysis of high-throughput screening data, we used GraphPad Prism and
the open-source modular KNIME Analytics Platform, creating custom pipelines grounded in
the HTS-workflow. While different screening methods necessitated varying criteria,
generally, we normalized the data to the negative DMSO control and selected hits that
modulated the phenotype either above or below several standard deviations from the DMSO
sample average. We carried out the screens in multiple replicates and accounted for variation
by calculating the coefficient of variation (CV%), a measure of data dispersion around the
mean. Furthermore, we ensured that hits were identified in several replicates. Establishing an
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assay window is critical for running a screen, so we used control compounds to gauge
potential changes affecting the study's phenotypes. Our screen analysis took into account the
Z-prime factor (Z") statistic, a measure of assay quality indicating the separation between
positive and negative controls and the likelihood of false positives or negatives. Microsoft
Excel and GraphPad Prism software facilitated additional statistical analyses.

In conclusion, the combination of image analysis and statistical methodologies was essential
for accurately identifying and quantifying the cellular changes induced by various compound
treatments. This method paved the way for the potential identification of compounds capable
of modifying specific cellular processes or phenotypes. Such analyses are vital to the drug
discovery and development process, aiding in identifying potential therapeutic compounds
and enhancing our understanding of their mechanisms of action.

3.2 DATABASE CONSTRUCTION
3.2.1 Data collection and processing
3.2.1.1 Molecular Signatures

In the fourth study, a broad collection of 648,825 molecular signatures was gathered using
the msigdbr R package containing MSigDB v7.5.1 (Dolgalev, 2020). This collection included
gene sets from 20 diverse organisms (Dolgalev, 2020; A. Liberzon et al., 2015; Subramanian
etal., 2005), averaging roughly 32,000 signatures for each organism. It is important to clarify
that whereas human and mouse signatures obtained from this resource are based on primary
RNA sequencing data, those for the rest of the organisms are inferred from the human data
assigned to the corresponding orthologues. The research utilized all nine main molecular-
signature categories found in MSigDB. These categories include hallmark gene sets, denoting
clear biological states and pathways (H); gene sets based on chromosomal positions (C1);
gene sets curated from scientific literature, encompassing pathways like KEGG (Kanehisa et
al., 2022) and Reactome (Gillespie et al., 2022) (C2); target gene sets of regulatory nature
(C3); computational gene sets with a cancer-focus (C4); gene sets from ontology, inclusive
of Gene Ontology (GO) terms (Consortium, 2020) (C5); gene sets linked with oncogenesis
(C6); gene sets of immunological relevance (C7); and gene sets signifying different cell types
(C8) (A. Liberzon et al., 2015; Subramanian et al., 2005).

3.2.1.2 Drug Profiles collection

This phase involves the gathering of drug profiles. Specifically, we searched for and
organized a collection of 4,690 consensus drug profiles. These were sourced from DREIMT,
a specialized database for drug repurposing with a primary focus on immunomodulation.
(Troulé et al., 2021). Following that, we procured drug profiles from the structured
transcription data of drugs housed in the Library of Network-Based Cellular Signatures
(LINCS) L1000, which is associated with the Connectivity Map (CMap) initiative. (A.
Subramanian et al., 2017). We next sorted out the Level 3 data, containing gene expression
counts for 978 key genes. These counts were normalized using consistent gene sets and
standardized across experimental plates (A. Subramanian et al., 2017). Moreover, expression
levels for an extra 11,350 genes were extrapolated from these normalized landmark gene
counts. To validate the precision of these drug profiles, a differential expression analysis was
carried out for each one. To account for potential biases caused by batch effects or specific
cell line reactions to the drugs, an additive linear model was utilized (Troulé et al., 2021).
The final drug profiles embody a consensus of the transcriptional alterations induced by the
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drugs across diverse cell lines and under varying experimental conditions (Perales-Paton et
al., 2019; Troulé et al., 2021).

3.3 WEB SERVER CONSTRUCTION
3.3.1 Association Analyses

To examine the resemblance between the transcriptional signatures linked with drugs from
CMap and molecular signatures from MSigDB, we performed comprehensive enrichment
analyses. This process entailed carrying out GSEA on each of the 648,825 molecular
signatures derived from MSigDB in comparison with the 4,690 consensus drug profiles. The
GSEA processes were conducted using the adaptive multilevel splitting Monte Carlo
approach in order to conduct bootstrapping and estimation of the event probabilities (Cerou
& Guyader, 2014; Korotkevich et al., 2021). To obtain preliminary p-values for the
enrichment analyses, we performed 10,000 permutations for each analysis, resulting in a total
of 3,042,989,250 associations across the 20 organisms. To adjust for multiple testing, we
applied the Benjamini-Hochberg (BH) false discovery rate (FDR) correction (Benjamini &
Hochberg, 1995). After applying the FDR correction, we retained a set of 198,648,641
associations that exhibited a significant FDR < 0.05.

3.3.2 Drug Prioritization Scores

To evaluate the specificity of drug associations with each molecular signature, we utilized a
standardized drug prioritization Tau score (Aravind Subramanian et al., 2017), following the
approach of LINCS L1000 (Aravind Subramanian et al., 2017) and DREIMT (Troulé et al.,
2021). The GSEA yielded enrichment scores which were then utilized to determine Tau
scores for each molecular signature. In order to standardize these associations, both the
positive and negative enrichment scores were standardized independently by dividing them
by the mean of the molecular signatures and drug profile enrichment scores (Troulé et al.,
2021). A normalization factor (NF) was established using the formula,

NF. = Yi1ESijuy @ XTESijkr — ESijks
ol "L ES;ji @ YT ES;jr — 1

In this equation, NF stands for the normalization factor for organism k and association [, with
I =1 for positive ES and [ = 2 for negative ES. The symbols i and j denote molecular
signatures and drug profiles respectively. The normalization factors were then used to
normalize the enrichment scores for each organism, resulting in the final normalized
enrichment score (NES),

ESk,l

NES,; =
ol INFy,.l

With the purpose of determining Tau score for each molecular signature i and drug profile j,
both positive and negative NES values were standardized together,
100 N
Tau;j, = sgn(NES,; j i) N El[lNESU'kl < |NES; ]

Here, [ represents the lth NES score in drug profile j. The resultant standardized Tau scores
vary between -100 and 100 (Aravind Subramanian et al., 2017; Troulé et al., 2021). After
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obtaining a total of 198,648,641 associations, the data was further refined based on an
absolute Tau value exceeding 80. The resulting data, constituting 39,672,701 significant
drug-signature associations, formed the final DRE database.

3.4 ZEBRAFISH TO VALIDATE MODELS OF TOXICITY

Zebrafish have become a widely accepted model organism for studying drug toxicity due to
their genetic similarity to humans, rapid reproductive rate, and the transparent nature of their
embryos, which allows for easy visualization of developmental processes.

In Study II, we generated transgenic zebrafish lines by employing a technique that involves
the injection of a mixture containing transposase, a vector, and phenol red into zebrafish eggs
at four cell stages. Transposases are enzymes capable of integrating or excising specific DNA
sequences, suggesting that they were used to introduce a particular vector into the developing
zebrafish genome. Phenol red, on the other hand, served as a pH indicator and facilitated the
visualization of the injection process due to its red color.

Subsequently, the compound of interest, clofazimine (CFZ) at a concentration of 12.5 uM,
was added to the E3 medium when eggs are seeded. E3 medium provides a suitable
environment for the growth and development of zebrafish embryos. Control groups were also
included in the study. One group consisted of fish that were injected but not treated with CFZ
(referred to as the "naive injected group"), while the other group consisted of fish that were
not injected but were treated with DMSO (referred to as the "un-injected group"). DMSO is
commonly used as a vehicle control in drug studies since many compounds are dissolved in
it for delivery, despite lacking active therapeutic properties itself. After 24 hours of adding
the compound, embryos were imaged and live versus dead embryos were counted. This
experiment was repeated three times to ensure the reliability of the findings.

3.5 MOLECULAR DOCKING

Molecular docking is an essential tool in computational biology, serving to emulate
molecular interactions. This potent methodology is commonly employed to anticipate the
binding alignment of small entities like prospective drug molecules with their corresponding
protein targets. By assessing the attraction and activity of these substances, molecular
docking facilitates the appraisal of their prospective utility in diverse applications.

In Study II, we conducted a docking study focused on identifying potential ligands for
PPARY. The process began with obtaining the three-dimensional crystal structure of PPARY
from the Protein Data Bank (PDB, https://www.rcsb.org). The PDB serves as a
comprehensive database containing a vast collection of 3D structural data for various
macromolecules, including proteins and nucleic acids. The obtained protein structure was
prepared using Autodock Vina (Huey et al., 2012), a software tool for molecular docking and
virtual screening. This preparation involved the removal of water molecules and the addition
of any missing side chains or residues. This step is critical to ensure the accuracy and
reliability of the subsequent docking process.

We next acquired the chemical structures of potential ligands from the ZINC database
(https://zinc.docking.org) (Irwin et al., 2020; Sterling & Irwin, 2015), a freely accessible
database containing commercially available compounds suitable for virtual screening. Once
the ligands were obtained, the actual docking process was carried out using Autodock Vina.
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This software estimates the optimal orientation of the ligands when bound to the PPARy
protein, thereby forming stable complexes.

The effectiveness of the docking process was evaluated using two critical indicators: binding
free energy and Root Mean Square Deviation (RMSD) values. The binding free energy
provides insight into the stability and affinity of the ligand-protein interaction, while the
RMSD indicates the deviation between the predicted and actual conformation of the ligand.
Finally, we ranked the ligands based on their binding energies, with the top nine binding
energies listed. Lower binding energy values signify stronger and more favorable interactions
between the ligands and PPARy. Consequently, ligands with the lowest binding energy
values are considered potential candidates for further development in drug research, as they
exhibit the most promising binding characteristics with PPARY.

3.6 CRISPR SCREEN

In Study I, we utilized the CRISPR/Cas9 system, a groundbreaking gene-editing technology
that enables precise modifications to genomic DNA. RISPR (clustered regularly interspaced
short palindromic repeats)/Cas9 technology allows for site-specific using noncoding RNAs
to guide the Cas9 nuclease to induce site-specific DNA cleavage (Ran et al., 2013). We
utilized a Tet-ON cell model, to generate U20S™3, which allows for inducible TDP-43
expression. U20S™3 were genetically modified to stably express the Streptococcus pyogenes
Cas9 nuclease, followed by lentiviral transduction of the parental cells using pLenti-Cas9-
T2A-Blast-BFP.

After blasticidin selection, a batch of cells showing high blue fluorescent protein (BFP)
expression was sorted twice. These cells were then expanded and transduced with the
Brunello sgRNA library, which comprises 77 441 sgRNAs (an average of 4 per gene) and
1000 nontargeting control sgRNAs, covering the entire genome (Doench et al., 2016). The
CRISPR guide library was synthesized a second time to augment its performance, this time
including Unique Molecular Identifiers (UMIs) (Schmierer et al., 2017).

The oligos synthesized by CustomArray, representing the guides, were pooled and
subsequently cloned together. The resulting pool of guides was then packaged into a
lentivirus named Brunello-UMI virus. For this purpose, the lentiviral backbone derived from
lentiGuide-Puro (Addgene #52963) was utilized, incorporating AU-flip as described in the
study conducted by (Cross et al., 2016). To determine the functional titer of the Brunello-
UMI virus in U20S™ cells, a serial dilution of the virus was performed in 6-well plates,
followed by the selection of cells using puromycin.

To introduce the Brunello-UMI virus into Cas9-expressing U20S™3 cells, two replicates
were transduced with the virus. The transduction process was conducted with an approximate
multiplicity of infection (MOI) of 0.4 ngmL-1, using 1,000 cells per guide, and the addition
of 2 pgmL-1 polybrene. Following transduction, the cells were subjected to puromycin
selection (2 ugmL-1) from days two to seven after transduction. Subsequently, the cells were
cultured for 10 days with or without doxycycline (10 ngmL-1). Throughout the experiment,
the cell number per replicate remained above 63 x 1076, and the cells were cultured in
DMEM +10% tet-free FBS.

To analyze the genomic DNA, the QIAamp DNA Blood Maxi kit (Qiagen 51192) was used

for isolation. The guide and UMI sequences were then amplified through PCR, following the
protocol described in the study by (Schmierer et al., 2017). The obtained Next-Generation
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Sequencing (NGS) data were analyzed using the MAGECK software developed by (Li et al.,
2014). Additionally, UMI lineage dropout analysis, as described by (Schmierer et al., 2017),
was conducted. Furthermore, the STRING database was used for further gene ontology
analysis (Szklarczyk et al., 2021).

3.7 ETHICAL CONSIDERATIONS

The ethical considerations highlighted in the research play a crucial role in ensuring that our
work is conducted with the utmost respect for the welfare of living organisms and in
compliance with accepted ethical standards. In the case of commercially available cell lines,
such as the ones from ATCC, are generally exempt from ethical clearance since they are
widely accepted tools for research and are not directly obtained from humans or animals.

For studies involving animal research, it is important to note that the use of zebrafish embryos
up to five days of age is typically exempt from specific ethical requirements. However, it
remains essential for researchers to treat these organisms with respect and take measures to
minimize any potential harm. The study adhered to the ethics guides introduced by the Stor
Stockholm djuretiska ethics committee and complied with the EU directive 2010/63/EU,
which establishes standards for the humane treatment of animals used for scientific purposes.
Furthermore, the housing of the zebrafish at the Karolinska Institutet (Solna, Sweden) in the
central facility was carried out in compliance with Swedish animal welfare legislation and
the guidelines provided by the Society of Laboratory Animals (GV-SOLAS) as well as the
Federation of Laboratory Animal Science Associations (FELASA). These organizations
provide valuable guidance on the care and use of laboratory animals to ensure their humane
treatment and prioritize their welfare.

Overall, the ethical considerations in our research demonstrate our commitment in

conducting responsible research following the applicable guidelines and regulations to
protect the welfare of the organisms involved.
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4 SUMMARY OF RESEARCH PAPERS

41 PAPERI: NEW REGULATORS OF THE TETRACYCLINE-INDUCIBLE GENE
EXPRESSION SYSTEM IDENTIFIED BY CHEMICAL AND GENETIC
SCREENS

The tetracycline repressor (tetR)-controlled system is widely employed to regulate the
expression of specific genes of interest (GOI) in eukaryotic cells in an inducible manner. This
regulation is achieved by the addition or removal of tetracycline antibiotics. The fundamental
mechanism of these systems relies on the interaction between the tetR protein and the tet
operator (tetO) (Baron & Bujard, 2000), which was initially identified in the tetracycline
resistance operon encoded by the Tnl0 transposon of Escherichia coli (Hillen & Berens,
1994).

While tetR, when bound to tetracycline, acts as a transcriptional repressor, the Tet-ON system
employs a tetR variant with four mutations that enable the inducible expression of the GOI
in response to tetracycline antibiotics (Gossen et al., 1995). Since its initial application in
eukaryotic cells (Gatz & Quail, 1988), the tetR-regulated system has undergone further
refinement and has become a standard tool in molecular biology, widely used for controlling
gene expression in both in vitro and in vivo experiments. However, it is important to note that
using tetracycline antibiotics to induce GOI expression may have unintended effects, such as
potential alterations in cell metabolism and gut microbiota, delays in plant growth, and
inhibition of cell proliferation and mitochondrial protein translation. In this study, we
describe the development of a Tet-ON cell model that enables the inducible expression of
TDP-43. Utilizing this system, we conducted chemical and genome-wide CRISPR-Cas9-
based forward genetic screens to identify novel regulators of TDP-43 toxicity.

In Study I, we generated a human osteosarcoma cell line using the tetR system, enabling the
inducible expression of an EGFP fusion protein of TDP-43, a protein implicated in
neurodegenerative diseases. The identification of mutations in the TARDBP gene, which
encodes TDP-43, has provided compelling evidence linking TDP-43 dysfunction to
amyotrophic lateral sclerosis (ALS) (Kabashi et al., 2008; Sreedharan et al., 2008). TDP-43
is recognized for its strong affinity for RNA and its involvement in various RNA-related
processes such as translation, splicing, and transport (Portz et al., 2021). Despite considerable
research, the exact mechanisms through which TDP-43 dysregulation contributes to
neurodegeneration remain partially understood. Interestingly, both the loss and
overexpression of TDP-43 can be toxic, resulting in the creation of experimental ALS models
(Iguchi et al., 2013; Wu et al., 2012; Xu et al., 2010). These models have revealed mutations
in proteins like ATXN-2 (Becker et al., 2017) and components of the autophagosome-
lysosome pathway that alter TDP-43 toxicity. However, the quest for chemical therapies
capable of significantly mitigating TDP-43 toxicity has so far proven unsuccessful.

Consistent with prior studies, in Study I, the overexpression of TDP-43 resulted in aggregate
formation and reduced cell viability in U20S cells. We performed a chemical screen using
an FDA-approved drug library to seek potential therapeutic approaches. The initial screen
identified several compounds that mitigated TDP-43 toxicity. However, subsequent analysis
revealed that these compounds interfered with the doxycycline-induced expression of TDP-
43. This counteractive effect was observed with both doxycycline and tetracycline and across
different Tet-On cell lines expressing various genes, suggesting a widespread inhibitory
effect of these compounds on the tetR system. We also performed a genome-wide
CRISPR/Cas9 screen using the same cell line, identifying epigenetic regulators such as G9a
methyltransferase and TRIM28 as potential modifiers of TDP-43 toxicity. Nevertheless,
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additional tests indicated that G9a inhibition or TRIM28 loss impeded the doxycycline-
dependent expression of TDP-43. Collectively, our research has revealed novel chemical and
genetic regulators of the tetR system, highlighting the limitations of this technique for
conducting chemical or genetic screening in mammalian cells. Our findings emphasize the
complications posed by certain compounds that interfere with the inducible tetR system, both
chemically and genetically. These insights contribute to a more profound understanding of
the intricacies of using the tetR-regulated system and underline the necessity of considering
its constraints when utilized for chemical or genetic screening in mammalian cells.

4.1.1 Discussion

ALS is characterized by diverse independent mutations, but the accumulation of TDP-43
aggregates is a common feature. Consequently, similar to efforts in finding a cure for
neurological disorders like Alzheimer's disease, significant research has focused on
identifying compounds capable of reducing these aggregates. Numerous chemical and
genetic screens have been performed to investigate modulators of TDP-43 distribution.
However, our study is the first to employ TDP-43-driven toxicity as a readout in the assay.
To accomplish this, we chose to induce TDP-43EGFP expression using a widely used tet-
regulated expression system that allows precise control of gene expression in mammalian
cells. Despite screening over 4000 compounds, including the majority of approved drugs,
none demonstrated a significant effect in alleviating the toxicity resulting from TDP-43
overexpression. This outcome raises doubts about the potential success of drug repurposing
endeavors in this context.

Unfortunately, all primary hits identified in our screen were found to be antagonists of
tetracycline antibiotics. We nevertheless pursued the characterization of these findings for
two reasons. Firstly, it highlights the limitations of using the Tet-On/Tet-Off system for
conducting chemical screens. Secondly, some of these compounds are approved for medical
use, suggesting that their co-administration with antibiotics could potentially impact the
efficacy of the antibiotics. Remarkably, one of the compounds identified in our screen, Lop,
was independently identified in another study aiming to discover modulators of antibiotic
efficacy when combined with non-antibiotic drugs (Ejim et al., 2011). In addition to the
chemical findings, our study has unveiled the involvement of TRIM28 and the G9a histone
methyltransferase in the regulation of transcriptional induction in the Tet-On system,
underscoring the significance of considering the epigenetic regulation of this system. In
conclusion, our findings provide valuable insights into the limited impact of medically
approved drugs on modulating the toxicity associated with TDP-43 overexpression.
Moreover, we have identified novel chemical and genetic regulators of the Tet-On system in
mammalian cells, thereby enhancing our understanding of this widely used system.

4.2 PAPERII: THE ANTI-LEPROSY DRUG CLOFAZIMINE REDUCES POLYQ
TOXICITY THROUGH THE ACTIVATION OF PPARG

PolyQ disorders are a group of nine genetic neurodegenerative diseases, united by an
anomalous expansion of glutamine-encoding (Q) repeats in the exons of distinct genes
(Lieberman et al., 2019). Among them, HD, one of the most common neurodegenerative
diseases globally, affects 3-5 per 100,000 people (Rawlins et al., 2016). In HD, the pathology
is linked with an extended CAG repeat in the first exon of the HTT gene. When the repetition
length exceeds 35, it becomes pathogenic, and the disease severity escalates with longer
repeat lengths (Kremer et al., 1994; Lee et al., 2012). Although abnormal HTT function has
been implicated in HD (Dietrich et al., 2017; Zhang et al., 2006), an alternative theory
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proposes that the disease results from the toxic gain-of-function of the mutant HTT protein
carrying the polyQ expansion. Studies conducted by (Mangiarini et al., 1996; Schilling et al.,
1999) demonstrated that mice expressing a fragment of the mHTT exon 1, which includes
the expanded polyQ region, exhibit motor dysfunction and premature death. These findings
are important as they highlight the causal role of polyQ toxicity in neurodegeneration and
premature death. Additionally, (Ordway et al., 1997) revealed that the abnormal expression
of polyQ expansions inserted into the HPRT gene, which is unaltered in patients, also leads
to neurodegeneration and premature death, further emphasizing the detrimental effects of

polyQ toxicity.

Our understanding of polyQ toxicity mechanisms is a work in progress. These polyQ
expansions notably form insoluble aggregates, appearing as intraneuronal inclusions in
mouse models and patients with various polyQ diseases, including HD (Davies et al., 1997;
DiFiglia et al., 1997; Paulson et al., 1997). Regardless of their capacity to form inclusions,
mHTT has been found to instigate several cellular changes, including disturbances in mRNA
transcription (Conforti et al., 2013; Ryu et al., 2003; Steffan et al., 2001), impairments in
protein degradation and post-translational modifications (Ortega et al., 2007), disruptions in
synaptic function and plasticity (Milnerwood & Raymond, 2010; Murphy et al., 2000;
Paraskevopoulou et al., 2021; Vezzoli et al., 2019; Wilkie et al., 2020), and disruptions in
mitochondrial activity (Costa & Scorrano, 2012; Hayashida et al., 2010; Ashu Johri et al.,
2013; Wang et al., 2021; Weydt et al., 2006).

Despite considerable progress in understanding the underpinnings of polyQ diseases, this
knowledge has yet to yield clinical advances for HD treatment. Currently approved therapies
for HD, such as tetrabenazine and deutetrabenazine, mainly mitigate involuntary movements
(chorea) but do not cure the disease (Frank et al., 2016; Yero & Rey, 2008). Thus, there is a
pressing need for the exploration and discovery of novel therapeutic approaches for polyQ
diseases, an area of intense ongoing research. Various strategies are being explored, including
interventions aimed at preventing the formation of mHTT aggregates or facilitating their
clearance, and targeting the downstream pathological effects caused by these aggregates
(reviewed in (Esteves et al., 2017)). Notably, several unbiased chemical screens have sought
to identify compounds that reduce polyQ aggregates in biochemical assays. Yet, it is often
observed that compounds showing efficacy in these assays may exhibit inherent toxicity
when evaluated in vivo models (Heiser et al., 2002; Wang et al., 2005). Here, we present the
results of our High-Throughput Imaging-based drug-repurposing screening, which aimed to
identify compounds capable of reducing the toxicity associated with polyQ expansions. In
summary, our screening process aimed to leverage the safety profile of FDA-approved drugs.
As a result, we identified the anti-leprosy drug clofazimine as a promising candidate, which
was subsequently confirmed through various in vitro models as well as a zebrafish model of
polyQ toxicity. By conducting computational analyses of transcriptional signatures and
employing molecular modeling and biochemical assays, we discovered that clofazimine acts
as an agonist of the peroxisome proliferator-activated receptor gamma (PPARY). Previous
studies have suggested that PPARY activation could be a potential therapeutic approach for
HD by promoting mitochondrial biogenesis (Corona & Duchen, 2016; Jin et al., 2013). In
line with this, our findings demonstrate that clofazimine effectively restored the
mitochondrial dysfunction induced by Htt-Q94 expression. These results collectively support
the repurposing of clofazimine as a potential treatment for polyQ-related disorders diseases.

4.2.1 Discussion

Despite significant progress in understanding the molecular mechanisms of polyQ diseases,
effective treatments for these conditions remain elusive. Current research efforts are focused
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on therapeutic strategies that aim to reduce the expression of polyQ-containing proteins,
prevent polyQ aggregate formation, or enhance their clearance (Esteves et al., 2017). In our
study, we aimed to identify compounds capable of mitigating the toxicity associated with
polyQ expansions. A similar approach was undertaken by the Taylor laboratory, which
searched for molecules that could reduce apoptosis induced by the expression of a truncated
androgen receptor with a 112-glutamine repeat (Piccioni et al., 2004). In our screening model
using U20S cells, the expression of Htt-Q94 resulted in cell cycle arrest rather than apoptosis.
Interestingly, this phenotype was more severe at lower cell densities, suggesting a potential
enhancement of polyQ aggregate formation under sub-confluent conditions (Martin-Aparicio
et al., 2002).

Our screening approach yielded promising results, including the identification of compounds
such as TZD, which has previously demonstrated the ability to modulate polyQ pathology
severity in preclinical models (Cho et al., 2013; Inestrosa et al., 2005; Moon et al., 2021;
Weydt et al., 2006). However, despite its initial approval for diabetes treatment, TZD was
later withdrawn from the market due to concerns about hepatic toxicity (Gottlieb, 2001).
Nevertheless, accumulating evidence supporting the therapeutic potential of activating the
PPARYy/PDCla axis in neurodegenerative diseases (Jamwal et al., 2021) highlights the need
for discovering new PPARY agonists that can overcome the initial toxicities associated with
TZD. In this context, our findings suggest that CFZ acts as a PPARy agonist with a binding
affinity comparable to TZD, while also being safe for the treatment of infectious diseases.
However, the limited ability of CFZ to penetrate the blood-brain barrier (BBB) restricts its
efficacy in treating CNS infections. Efforts are being made to address this limitation, such as
the development of nanoparticle-based formulations of CFZ (de Castro et al., 2021).
Nevertheless, our study findings suggest that CFZ holds promise as a potential alternative to
thiazolidinediones (TZDs) in the treatment of non-central nervous system (CNS) pathologies.
This highlights the potential of CFZ as a therapeutic option for addressing the severity of
polyQ disease pathologies, particularly by restoring mitochondrial function. The results of
our research further emphasize the potential of drug repurposing, utilizing already approved
medications, in identifying new treatment options for neurodegenerative diseases.

While we recognize the existing limitations of CFZ, we believe that further preclinical
investigations are warranted to explore the efficacy of CFZ or its derivatives specifically in
polyQ diseases. These studies would provide valuable insights into the potential of CFZ as a
targeted therapy for neurodegenerative conditions. By repurposing existing drugs, we can
expedite the drug development process and potentially find effective treatments for these
debilitating diseases.

4.3 PAPER Ill: ACTIONABLE CANCER VULNERABILITY DUE TO
TRANSLATIONAL ARREST, P53 AGGREGATION, AND RIBOSOME
BIOGENESIS STRESS EVOKED BY THE DISULFIRAM METABOLITE CUET

Cutting-edge progress in technology and innovative computational methods have
significantly accelerated the identification of novel compounds with potential clinical impact
(S. Pushpakom et al., 2019). In this study, our investigations have underscored that the
anticancer effectiveness of DSF hinges on its, copper-containing metabolite (CuET), which
instigates proteotoxic stress by confining NPL4. This entrapment interrupts the p97-
dependent protein turnover pathway, resulting in the activation of the unfolded protein
response (UPR) (Skrott et al., 2017).
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In cancer cells, dysregulated protein homeostasis can result in the accumulation of
aggregates, which have diverse implications for cancer cell fate and treatment strategies
(Krastev et al., 2022; Majera et al., 2020). Importantly, aggregate formation is not limited to
chemically treated cells; mutant p53 isoforms can also form aggregates that exert dominant-
negative effects on wild-type p53 and its paralogs, potentially influencing tumor progression
and treatment responses (Direito et al., 2021).

Both proteotoxic stress and the UPR trigger the integrated stress response (ISR), which
regulates intracellular protein content through translational changes (Hurwitz et al., 2022). A
key event in the ISR is the phosphorylation of elF2a, resulting in a global translation halt
while selectively translating mRNAs involved in resolving proteotoxic stress or promoting
cell survival (Costa-Mattioli & Walter, 2020). Protein translation is also influenced by p53
through its control of ribosome biogenesis (RiBi), modulation of 4E-BP1 transcription (a
central regulator of translation), and regulation of the assembly of translation initiation
complexes (e.g., ternary and elF4F complexes) (Kasteri et al., 2018; Tiu et al., 2021).
Building upon our preliminary observation that both disulfiram and CuET increase p53
protein levels and activate UPR signaling, including the phosphorylation of elF2 (Skrott et
al., 2017), we conducted more extensive studies to unravel the mechanistic connections
between CuET and protein translation, ribosome biogenesis, and p53. We also aimed to
elucidate the chronological sequence of events in human cancer cells under the influence of
CuET and their potential implications for tumor treatment.

4.3.1 Discussion

In our research, we have made significant discoveries regarding the cellular effects of CUET
exposure. Firstly, we found that CuET inhibits ribosomal translation by activating ISR
kinases and phosphorylating elF2a, which is consistent with the ISR induced by thapsigargin.
CuET also disrupts ubiquitination processes, resulting in translational abnormalities (Skrott
et al., 2017). Additionally, we observed a unique event of nucleolar restructuring following
translational pausing in CuET-treated cancer cells, distinct from the nucleolar stress response
caused by pol I inhibition(Lindstrdm et al., 2022).

An unexpected discovery was the entrapment and transcriptional deactivation of p53 by
CuET. Our study revealed the confinement of p53 and MDM2 within NPL4-enriched
regions, impeding p53 translocation and leading to p53 aggregate accumulation. This
hindered p53 functionality and its ability to stimulate the expression of CDKNI1A/p21.
CuET-induced aggregates inhibited the post-translational modifications of p53, affecting its
transcriptional activity. Despite this, CuET maintained its ability to induce cancer cell death,
suggesting p53-independent mechanisms may be involved.

Our findings open possibilities for combination therapies using CuET and other drugs in
clinical trials. We propose a novel concept of using active metabolites of FDA-/EMA-
approved drugs for drug repurposing. This approach maximizes efficacy while minimizing
potential adverse effects associated with other drug metabolites. Overall, our research
provides insights into the cellular effects of CuET, potential combination therapies, and a
novel approach to drug repurposing using active metabolites.

4.4 PAPER IV: THE DRUG REPURPOSING ENCYCLOPEDIA (DRE): A WEB
SERVER FOR SYSTEMATIC DRUG REPURPOSING ACROSS 20
ORGANISMS
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Drug repurposing, through either computational or experimental means, has a proven track
record of success (Steven M. Corsello et al., 2017; Sudeep Pushpakom et al., 2019) Specific
methodologies and databases dedicated to drug repurposing have surfaced (Steven M.
Corsello et al.,, 2017; Janes et al, 2018; Sudeep Pushpakom et al., 2019; Aravind
Subramanian et al., 2017; Tanoli et al., 2020). A standout example is CMap, an expansive
repository containing over 30,000 transcriptional signatures derived from drug and genetic
perturbations across diverse cell types. Researchers can harness CMap for myriad analyses,
such as pinpointing drugs that evoke similar transcriptional changes, indicating a common
mechanism of action (Aravind Subramanian et al., 2017). Furthermore, CMap can help
identify drugs that generate transcriptional signatures as opposed to those associated with a
specific disease, implying potential therapeutic utility for that condition (Ferguson et al.,
2018; Manzotti et al., 2019). For instance, we recently applied this methodology to propose
drugs that could ameliorate or intensify the severity of the cytokine storm observed in severe
COVID-19 cases (Sanchez-Burgos et al., 2022). Notwithstanding these valuable resources, a
comprehensive database systematically juxtaposing drug-related transcriptional signatures
with those linked to diseases or specific signaling pathways is yet to be established.

To facilitate drug repurposing strategies based on transcriptional signatures, we have
developed DRE, an interactive database accessible at https://www.drugrep.org. The DRE
leverages transcriptional signatures from the MSigDB, the most extensive and widely utilized
repository of its kind (Arthur Liberzon et al., 2015; Subramanian et al., 2005), along with
drug transcriptomic profiles available in CMap. This comprehensive database houses an
extensive collection of 198,648,641 associations between drugs and signatures across 20
different organisms. In addition to providing access to pre-calculated associations, the DRE
web server enables real-time drug repurposing analysis. Users can compare their gene
signatures with those in the DRE database, perform drug-set enrichment analyses (DSEA)
using the available drug transcriptomic profiles, and conduct similarity analyses of gene sets
across all signatures within the database. The DRE serves as a valuable resource for
researchers, offering a comprehensive platform for investigating drug repurposing strategies
based on transcriptional signatures across various molecular signatures and multiple species.

4.4.1 Discussion

DRE is a comprehensive platform specifically designed to facilitate drug repurposing
initiatives through the utilization of transcriptional data. The development of DRE involved
a meticulous exploration of two prominent molecular signature libraries: CMap and
MSigDB. CMap provided a wealth of drug-associated transcriptional profiles, while the
MSigDB offered an extensive collection of molecular signatures encompassing various
pathways, diseases, and signaling routes across 20 different organisms.

This thorough exploration resulted in the assembly of over 198 million noteworthy
associations, which are readily accessible for investigation on the DRE platform. The primary
focus of DRE is to provide researchers engaged in drug repurposing endeavors with a user-
friendly and efficient tool. It offers a streamlined pathway for examining specific drugs and
formulating hypotheses regarding potential pathways relevant to their diseases of interest.

DRE was designed with simplicity and accessibility in mind, catering to researchers from
both computational and non-computational backgrounds. The platform is engineered to
handle high-volume data traffic, ensuring optimal performance even under heavy user load.
Its user-friendly interface and efficient functionality aim to facilitate seamless exploration
and analysis of drug-disease associations.
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https://www.drugrep.org/

With its extensive database and user-friendly design, DRE is poised to become a valuable
resource, supporting the scientific research community’s efforts in the multifaceted field of
drug repurposing. It is expected to serve as an invaluable instrument for researchers seeking
to uncover new therapeutic possibilities and accelerate the development of effective
treatments.
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5 CONCLUSIONS AND POINTS OF PERSPECTIVE

Drug repurposing has become a notable and productive approach in drug discovery,
providing a potential avenue to approval that is both quicker and more cost-efficient
compared to the conventional process of creating new drugs from scratch. As mentioned
previously, the existing knowledge about the pharmacological and safety profiles of
approved drugs can significantly accelerate the process.

Each of the four studies presents a distinct approach to drug repurposing, highlighting its
potential across various disease contexts. Drug repurposing can be achieved through two
primary approaches, firstly in silico screening that employs computational techniques such
as data mining, machine learning algorithms, and molecular modeling to predict potential
new uses for drugs. And secondly, experimental screening involves laboratory investigations
to assess the effects of existing drugs on proteins, cells, or animals. These approaches
complement each other by enabling the screening of large datasets and validating hypotheses
derived from these analyses. However, challenges arise concerning intellectual property
rights and the possibility of unintended off-target effects. This thesis exemplifies a utilization
of both in silico and experimental screening approaches in the field of drug repurposing.

In Study I, we employed the drug repurposing strategy to investigate the tetracycline
repressor (tetR)-regulated system's ability to control gene expression in mammalian cells. A
human osteosarcoma cell line was generated using this system, enabling the inducible
expression of TAR DNA-binding protein 43 (TDP-43) fused with the enhanced green
fluorescent protein (EGFP), which has been associated with neurodegenerative diseases.
Consistent with previous research, TDP-43 overexpression resulted in aggregate
accumulation and reduced viability in U20S cells. To explore potential interventions, we
conducted a chemical screen using a library containing FDA-approved drugs. While the
primary screen identified several compounds that mitigated TDP-43 toxicity, subsequent
experiments revealed that these chemicals interfered with the doxycycline-dependent
expression of TDP-43. This antagonistic effect was observed with both doxycycline and
tetracycline and in multiple Tet-On cell lines expressing different genes, highlighting the
broad impact of these compounds as inhibitors of the tetR system. Utilizing the same cell
line, a genome-wide CRISPR/Cas9 screen uncovered epigenetic regulators like the G9a
methyltransferase and TRIM28 as potential modifiers of TDP-43 toxicity. Once again,
further investigations demonstrated that inhibiting G9a or losing TRIM28 prevented the
doxycycline-induced expression of TDP-43. In summary, these findings create exciting new
avenues for drug repositioning and genetic investigations using the tetR-regulated system in
mammalian cells. The discovered compounds exerted an antagonistic impact on the initiation
of TDP-43 expression, providing an opportunity for further studies to decipher the underlying
mechanics of this interaction. Assessing the specific pathways or molecular targets
influenced by these compounds could yield crucial insights into gene expression regulation
and prospective therapeutic strategies.

In Study II, our focus turned towards polyglutamine (polyQ) diseases - a category of
neurodegenerative disorders marked by expanded CAG repeats. Currently, therapeutic
alternatives for these conditions are woefully limited. To uncover potential remedies, we
initiated a high-throughput chemical screening designed to identify medications capable of
mitigating the toxic effects linked to the HTT protein with 94 glutamines (Htt-Q94), a variant
found in the initial exon of the HTT protein. After testing numerous compounds, clofazimine,
a drug typically used to combat leprosy, emerged as a promising candidate. To validate these
preliminary results, we further tested the effects of clofazimine using an array of in vitro
models and a zebrafish model that mirrors the toxicity profile of polyQ diseases. A
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combination of computational analyses, molecular modeling, and biochemical tests unveiled
clofazimine's role as an agonist for PPARy - a receptor previously suggested as a potential
therapeutic target for HD. The activation of PPARy is linked with enhanced mitochondrial
biogenesis, a process intrinsically associated with HD pathology. Crucially, clofazimine
demonstrated the ability to rectify mitochondrial dysfunction provoked by Htt-Q94
expression. These compelling findings strongly advocate for the repurposing of clofazimine
as a potential therapy for polyQ diseases, providing a glimmer of hope for the development
of effective treatments for these debilitating neurodegenerative conditions.

Looking forward, these findings could spur a new wave of research and development in the
treatment of polyQ diseases. The potential therapeutic role of clofazimine, a well-established
anti-viral drug, can drastically cut down the time and resources needed for developing a new
treatment from scratch, thereby potentially accelerating the delivery of a much-needed
therapeutic solution to patients. Understanding the relationship between PPARy activation
and mitigation of disease symptoms could also provide new pathways for treating similar
neurodegenerative disorders. Our study thus offers a promising foundation for future research,
with the potential for substantial impact on our approach towards these challenging
conditions.

In Study III, the focus was on repurposing disulfiram, a drug commonly used to treat alcohol
dependency, for potential applications in oncology. We investigated the effects of a
disulfiram metabolite called diethyldithiocarbamate, in combination with copper (CuET), on
the growth of various cancer cell lines and xenograft models. They found that the combined
agent, CuET, demonstrated significant suppression of cancer cell growth and exhibited
genotoxic and proteotoxic effects. One intriguing discovery was that CuET induced an early
translational arrest in cancer cells through a mechanism known as the ISR. Additionally,
signs of nucleolar stress were observed at a later stage. Another noteworthy finding was that
CuET led to the aggregation of the tumor-suppressing protein p53, specifically in NPL4-rich
aggregates. This resulted in an elevation of p53 protein levels while functionally inhibiting
its activity. Interestingly, this suggests that the cell death induced by CuET may not rely on
the presence of functional p53, indicating a p53-independent mechanism. These findings
shed light on the potential mechanisms underlying the anti-cancer effects of CuET and
provide insights into its therapeutic implications beyond the traditional role of p53 in tumor
suppression. The repurposing of disulfiram and its metabolite, diethyldithiocarbamate, in
combination with copper, presents a promising avenue for further exploration in oncology
research.

In Study IV, we made a significant advancement with the inauguration of DRE, a
comprehensive online instrument designed to streamline drug repurposing research.
Traditionally, the new drug development process, laden with protracted timelines and hefty
costs, averages a span of over eight years from inception to clinical application. This
prolonged course can become problematic in emergent scenarios, such as during the COVID-
19 pandemic, where prompt resolutions are critical. Therefore, drug repurposing, which
involves discovering new applications for existing drugs, has become popular due to its
capacity to save both time and financial resources.

Computational and experimental methodologies are critical for drug repurposing, a field
where many databases and techniques have been developed to streamline the process.
However, a noticeable gap has existed in systematically juxtaposing transcriptional
signatures of drugs with those associated with diseases or specific signaling pathways. In this
study, we addressed this shortfall with the introduction of DRE. By conducting a
comprehensive comparison between signatures drawn from MSigDB and drug
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transcriptomic profiles from CMap, we have curated an interactive database. This vast
compilation hosts almost 200 million associations spanning 20 different organisms, forging
links between drugs and signatures.

The DRE web server acts not only as a repository for these pre-established associations but
also enables users to conduct real-time drug repurposing analyses. Users are free to contrast
their gene signatures with those in the DRE database, carry out Drug Set Enrichment Analysis
(DSEA) using the available drug transcriptomic profiles, and perform cross-comparison of
all gene sets encapsulated in the database's signatures. DRE serves as a groundbreaking web
server, custom-built to enhance drug repurposing approaches reliant on transcriptional
signatures. It provides a comprehensive toolbox for researchers, enabling extensive studies
across diverse molecular signatures and species, and significantly propelling the progress of
scientific endeavors.

Looking to the future, the DRE could revolutionize how we approach drug repurposing,
potentially speeding up the process of identifying new therapeutic uses for existing drugs. As
more and more transcriptional signatures are added to the database, the utility of the DRE
will only continue to grow. It represents an important step forward in the field of drug
repurposing and has the potential to make a significant impact on future medical
advancements.

In conclusion, the discussed studies underscore the considerable potential of drug
repurposing as a viable strategy for addressing a wide range of diseases. By repurposing
approved drugs that are already established for other therapeutic uses, researchers can
circumvent the time-consuming and costly aspects typically associated with traditional drug
development, such as extensive safety testing and regulatory hurdles. This approach offers
several notable advantages, including cost reduction, accelerated development timelines, and
an increased likelihood of success.

Furthermore, these studies underscore the significance of integrating computational,
chemical, and informatics approaches in the field of drug repurposing. Computational
methods, such as virtual screening and molecular modeling, play a crucial role in identifying
potential drug candidates that exhibit favorable characteristics for specific diseases. Chemical
approaches, including high-throughput screening and medicinal chemistry, contribute to the
refinement and validation of these candidates. Additionally, informatics tools and databases
serve as invaluable resources for data mining, knowledge synthesis, and predictive modeling,
aiding in the overall drug repurposing process.

Through the integration of these diverse disciplines, researchers can effectively explore a
broad spectrum of drug candidates and uncover promising opportunities for repurposing.
This collaborative and systematic approach greatly increases the likelihood of identifying
effective treatments for diseases, particularly those that currently lack targeted therapies or
have unmet medical needs.

In essence, the strength of drug repurposing stems from its capacity to harness existing
knowledge, infrastructure, and resources to expedite the discovery of new therapeutic options.
By synergizing computational, chemical, and informatics approaches, the efficiency and
success rate of drug repurposing initiatives are enhanced, ultimately benefiting patients and
driving advancements in the field of medical science.
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