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ABSTRACT

Cancer cells typically carry acquired somatic mutations in key cancer driver
genes, which can be identified on the basis of recurrence in cancer cohorts.
Such mutations may cause aberrant protein activity and altered gene
expression in the nucleus, driving the cell toward a cancerous phenotype.
Understanding the transcriptional consequences of cancer driver mutations can
guide us towards better diagnosis and prognosis.

While the phenotypic effects of driver mutations are typically mediated by
protein-coding genes, recent studies also describe roles for long non-coding
RNAs as effector molecules in oncogenic pathways. LncRNAs are long
transcripts that are transcribed and processed similarly to coding messenger
RNAs but lack coding capacity. However, a systematic exploration of
IncRNAs as potential mediators of oncogenic mutational events in cancer has
been missing. In the first study, we established a methodology to uncover
associations between key driver mutations and transcriptional alterations in
IncRNAs, using publicly available genomic data from thousands of tumours
and 19 different cancer types from The Cancer Genome Atlas (TCGA). Based
on this, we found many putative IncRNA effectors, some of which could be
validated in terms of transcriptional responsiveness using previously published
data. We also designed experiments to investigate the function of NRF2 (also
known as nuclear factor erythroid 2-related factor 2 (NFE2L2)) responsive
IncRNAs in cancer cell lines. NRF2 is a master regulator of the cellular
oxidative stress response, and it is frequently mutated in several cancer types.
Using small interfering RNAs (siRNAs) targeting NRF2, followed by deep
RNA sequencing we validated the expression changes of these IncRNAs
downstream of NRF2. Furthermore, using ChIP-PCR (chromatin
immunoprecipitation followed by PCR) we could confirm direct binding of
NRF?2 to the promoter of selected IncRNAs identified as NRF2-responsive in



our screen. In summary, this study provides a comprehensive overview of
IncRNA transcriptional alterations in relation to key driver mutational events
in human cancers.

In the second study, we have focused further on the transcription factor NRF2,
which is a key driver gene in lung cancer and several other cancer types.
Despite this, the target repertoire of NRF2 remains incompletely characterized.
To solve this, we performed NRF2 ChIP-seq (ChIP followed by high-
throughput sequencing) using two different antibodies against NRF2 in two
lung cancer cell lines, as well as NRF'2 knock-down with siRNA transfections
plus control siRNAs followed by deep RNA sequencing, to discover genes
with expression alteration upon blocking NRF2. Integrative analysis of the
ChIP and RNA sequencing data has resulted in the most detailed
characterization of the NRF2 targetome to date. This analysis confirmed most
known targets and also revealed several new targets of NRF2. The resulting
dataset constitutes an important resource that can facilitate our understanding
of NRF2 and its complex role in cancer.

The third study describes transcriptional and phosphoproteomic responses
following treatment with marketed ALK tyrosine kinase inhibitors (TKIs).
ALK is a major driver gene in neuroblastoma and other cancers with frequent
somatic mutations both in primary and relapsed tumours. Mapping of signaling
and transcriptional events downstream of ALK revealed relevant biomarkers
and signaling networks, such as ETS family transcription factors and the
MAPK phosphatase DUSP4, some of which are potential therapeutic targets.

In conclusion, this thesis links key driver events in human cancer to specific
transcriptional effects, providing insights into oncogenic signaling and clues to
new treatments.
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SAMMANFATTNING PA SVENSKA

Cancerceller bar vanligtvis pd forvarvade somatiska mutationer i viktiga
cancerdrivande gener, som kan identifieras baserat p& hur vanligt
forekommande de &r i1 cancerkohorter. Sddana mutationer kan orsaka
avvikande proteinaktivitet och foréndrat genuttryck i cellkérnan, vilket driver
cellen mot en cancerfenotyp. Att forstd cancerdrivande mutationers paverkan
pa genuttryck kan végleda oss mot béttre diagnostik och prognos.

Medan de fenotypiska effekterna av cancerdrivande mutationer vanligtvis
medieras av proteinkodande gener, beskriver nya studier ocksé roller for 1dnga
icke-kodande RNA (IncRNA) som effektormolekyler i onkogena signalvégar.
LncRNA é&r langa transkript som transkriberas och bearbetas pd samma sétt
som kodande budbdrar-RNA (mRNA) men saknar kodande kapacitet. En
systematisk undersokning av IncRNA som potentiella férmedlare av onkogena
mutationshédndelser i cancer saknas dock. I den forsta studien etablerade vi en
metod for att hitta samband mellan viktiga cancerdrivande mutationer och
transkriptionsfordndringar i IncRNA med hjilp av publikt tillgingliga
genomdata frén tusentals tumorer och 19 olika cancertyper fran The Cancer
Genome Atlas (TCGA). Baserat pd detta hittade vi ménga mojliga IncRNA-
effektormolekyler, varav nagra kunde valideras med avseende pé
transkriptionsrespons med hjilp av tidigare publicerade data. Vi designade
ocksé experiment for att undersoka funktionen av NRF2-responsiva IncRNAs
i cancercellinjer. NRF2 (dven kdnd som nuclear factor erythroid 2-related
factor 2, NFE2L2) har en central roll i den celluléra oxidativa stressresponsen,
och muteras ofta i flera cancertyper. Med hjilp av smé interfererande RNA
(siRNA) riktade mot NRF2, foljt av RNA-sekvensering med hogt 14sdjup och
bred tdckning, validerade vi expressionsfordndringarna av dessa IncRNAs
nedstroms NRF2. Vidare kunde vi med hjidlp av ChIP-PCR
(kromatinimmunprecipitation f6ljt av PCR) bekréfta direkt bindning av NRF2
till promotorn for utvalda IncRNA som identifierats som NRF2-responsiva i
var screening. Sammanfattningsvis ger denna studie en omfattande oversikt av
transkriptionella fordndringar av IncRNA i relation till centrala cancerdrivande
mutationshédndelser i cancer hos ménniskan.

I den andra studien har vi fokuserat ytterligare pa transkriptionsfaktorn NRF2,
som &r en viktig cancerdrivande gen i lungcancer och flera andra cancertyper.
Trots dess viktiga roll dr karaktdriseringen av NRF2:s malmolekyler
ofullstéindig. For att undersoka detta utforde vi NRF2 ChIP-seq (ChIP foljt av
sekvensering) med tva olika antikroppar mot NRF2 i tva lungcancercellinjer,
samt NRF2-hdmning med siRNA f6ljt av RNA sekvensering for att upptécka
gener med expressionsfordandring vid blockering av NRF2. Denna integrerade
analys av ChIP- och RNA-sekvenseringsdata har resulterat i den mest
detaljerade karakteriseringen av NRF2s malmolekyler hittills. Denna analys



bekréftade de flesta redan kdnda malen och avslgjade ocksa flera nya mal for
NRF2. Det resulterande datasetet utgdr en viktig resurs som kan underlétta vér
forstaelse av NRF2 och dess komplexa roll i cancer.

Den tredje studien beskriver transkriptions- och fosfoproteomiska férdndringar
efter behandling med marknadsforda ALK-tyrosinkinashdmmare. ALK &r en
viktig cancerdrivande gen i neuroblastom och andra cancerformer med
frekventa somatiska mutationer bade i priméra och aterkommande tumorer.
Kartliggningen av signalering och transkriptionshéndelser nedstroms ALK
avslojade relevanta biomarkdrer och signalnédtverk, sasom ETS-
familjetranskriptionsfaktorer och MAPK-fosfataset DUSP4, varav nagra ar
potentiella terapeutiska mal.

Sammanfattningsvis lénkar denna avhandling viktiga cancerdrivande
mutationshidndelser i ménsklig cancer till specifika genuttrycksforéndringar,
vilket ger insikt i onkogena signalvégar och ledtradar till nya behandlingar.

Nyckelord: Cancer, cancerdrivande mutationer, IncRNAs, NRF2,
transkriptom, ALK.
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1 BACKGROUND

Cancer is a genetic disease caused by alterations in cellular DNA,
leading to abnormal intracellular signaling and gene expression. The
main mechanism of gene alteration is mutation, which in general terms
is an error in the DNA that inactivates the gene or changes its normal
function. Mutations can be inherited from one’s parents if they have
been present in the germ cells (egg or sperm); also called germline
mutations. Another type of mutation, namely somatic mutations, are
accumulated in the body after the formation of the zygote. These
mutations can be a consequence of either cell-intrinsic mutagenic
processes or external mutagen exposure. There are also other ways in
which gene expression can be altered by changes in DNA; these
alterations are called epigenetic modifications and occur through
addition or removal of different chemical groups on DNA (Hanahan and
Weinberg, 2011).

Cancer cells typically carry acquired somatic mutations in key cancer
driver genes, which are genes that have the ability to drive
tumorigenesis. Identification of cancer drivers has been the main goal of
cancer research since the discovery of the DNA and genes during the
last century (Martinez-Jiménez, et al., 2020). The downstream effect of
alterations in driver genes can vary a lot, depending on the gene’s
function and the type of mutation occurring. Tumor progression is
driven by Darwinian-like somatic evolution, meaning that although the
mutations in the cell are often blind, if they are advantageous for the cell
in the tumour microenvironment, positive selection will select for these
cells, resulting in clonal expansion of these cells (Greaves and Maley,
2012). There are several mechanisms which can be beneficial for tumour
growth and survival, for example converting a proto-oncogene, which
are normal cellular genes that are usually involved in regulation of cell
growth or proliferation, into an oncogene. Another mechanism that
helps cancer cell growth is by stopping the function of tumour
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suppressor genes, which are genes that have a role in prohibiting
abnormal cell proliferation (Lodish H, 2000). When one or several such
changes is present, signaling pathways and gene expression patterns
might be altered, such that the cell is driven toward an oncogenic
phenotype.

Gaining insight into altered pathways in cancer cells that benefit the
cells towards tumourigenesis is one of the biggest challenges in the field
of cancer genomics, and it is fundamental for translating our knowledge
of the cancer genome into precision cancer medicine (Martinez-
Jiménez, et al., 2020).
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1.1. THE HUMAN GENOME

The haploid human genome comprises approximately 3.2x10° (3.2
billion) nucleotides of DNA divided into 22 autosomes and two sex
chromosomes, X and Y. DNA was first discovered in 1869 by the Swiss
physician Friedrich Miescher, and since he had isolated it from the cells'
nuclei, he named it nuclein, a name preserved in today's designation
deoxyribonucleic acid (DNA) (Dahm, 2005). Later in 1953, James
Watson and Francis Crick characterized the structure of DNA, based on
an important contribution from Rosalind Franklin. But the genetic code
was not deciphered until long after by the 1968 Nobel Laureates in
Medicine or Physiology: Robert W. Holley, Har Gobind Khorana and
Marshall W. Nirenberg. They discovered that for DNA to be translated
to proteins, a combination of three bases, also called ‘codon’, is needed
to specify which amino acid is to be added at each step for generating
the full protein. With the invention of Polymerase chain reaction (PCR)
by the American biochemist Kary Mullis, studying small amounts of
DNA in detail became feasible (Saiki, et al., 1985). All these discoveries
led to the most recent breakthrough in the history of DNA research: the
very nearly complete sequence of the human genome in 2001 (Lander,
et al., 2001; Venter, et al., 2001). The findings from The Human
Genome Project were a starting point for interesting research with the
aim to complete our knowledge about the human genome.

1.1.1.  FROM DNA TO RNA AND MORE

Since the discovery of the double helical structure of DNA in early
1950s, and the knowledge that only four different nucleotide subunits
make up the DNA, we have come a long way in understanding how cells
read this information and use it to grow, replicate and differentiate into
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different cell types. A gene is a unit of hereditary information within
DNA, varying in length between a few hundred bases to about two
million bases, on a fixed location (locus) on a chromosome, which
accomplishes its effect by directing the synthesis of proteins or
functional RNAs. Genes are typically present in two copies, due to the
genome being diploid (two of each chromosome) in most cells
(Daxinger and Whitelaw, 2012). A gene often consists of a promoter
region and alternating regions of exons (coding sequences) and introns
(non-coding sequences). Transcription and translation are the means by
which the cells read the DNA into functional molecules.

Briefly and simplified, the initial step is for the cell to transcribe the
DNA into RNA, which can be functional non-coding RNAs (ncRNAs),
or be an intermediate template messenger RNA (mRNA), that is
translated into proteins providing a function (Figure 1) (Eldra Solomon,
2019).

In Figure 1, the process of transcription and translation is presented in a
simplified schematic graphic (Eldra Solomon, 2019). Briefly, the
process of transcription contains the following general steps:

e RNA polymerase (in this case RNA polymerase II, responsible
for transcription of mRNA and ncRNAs) binds to the promoter
region of a given gene, together with one or several transcription
factors (TFs).

e A transcription bubble (complex of various molecules) is
generated that separates the DNA helix strands by breaking
hydrogen bonds.

e RNA polymerase II adds RNA nucleotides (adenine (A),
cytosine (C), guanine (G), or uracil (U)) forming a pre-mRNA
(if the gene is a protein coding) or a pre-IncRNA (if the gene is
ancRNA).

e The mRNA or ncRNA will be further processed including
capping, polyadenylation and splicing and thereafter either
remain in the nucleus or be transported into the cytoplasm.
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e Some ncRNAs can fold into secondary and tertiary structures,

which is their functional and conserved forms (Johnsson, et al.,
2014).
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Figure 1. Transcription and Translation of protein coding and long non-coding RNA
genes. Figure generated with BioRender.com.

The process of translation contains three main steps:

e Initiation: The first tRNA is attached at the start codon after the
ribosome has been assembled around the mRNA.

e FElongation: Through accommodation, transpeptidation and
translocation an amino acid chain is gradually built up by the
ribosome and various tRNA molecules.
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e Termination: Eventually when a stop codon is reached the
polypeptide is released from the ribosome and thereafter
posttranslational modifications can occur.

Over recent decades a rapid development of high-throughput
sequencing technologies has occurred which led to a vast amount of
research being performed to understand the nature and role of genes and
ncRNAs. There are different types of genes that code specifically for
RNAs which have a function without involvement in protein translation
(Birney, et al., 2007). These ncRNAs can be small RNAs, such as
transfer RNA (tRNA), microRNAs (miRNAs), small nuclear RNAs
(snRNAs), small nucleolar RNAs (snoRNAs), which are enzymatic
RNA molecules, or larger ncRNA such as long non-coding RNAs
(IncRNAs) and ribosomal RNAs (rRNAs) (Eddy, 2001). This shows that
different types of genes coding for RNA molecules in various forms
have a critical role in performing functions in cells by aiding in
synthesizing, regulating and processing proteins in various ways.

While 75% of the human genomic DNA is believed to be transcribed,
the exon sequences in mature mRNA represent only ~2% of the genome,
and the rest are the introns and other non-coding RNAs (Li and Liu,
2019). Most of these mRNAs are polyadenylated, which is a process that
produces mature mRNA by adding a poly(A) tail consist of adenosine
bases to the end of the mRNA (Djebali, et al., 2012). In general, lower
levels of gene expression has been measured in ncRNAs compared to
coding genes, however, in certain tissues the amount of ncRNAs can be
abundant (Liu, et al., 2016).
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1.2. CARCINOGENESIS

Theories of carcinogenesis

The somatic mutation theory (SMT) hypothesis was originated in 1914
by Theodor Boveri, who proposed that a combination of chromosomal
defects could result in cancer. Later on, in 1953, a Finnish architect and
urban planner, Carl O. Nordling, summarized his findings from cancer
mortality reports from several countries and suggested the SMT of
cancer (Nordling, 1953). The essence of SMT are as follows:

e Cancer is originated form a single somatic cell that has
accumulated multiple DNA mutations.

e These mutations are caused in genes related to proliferation and
the cell cycle.

e The default state of cell proliferation is quiescence
(Sonnenschein and Soto, 2020).

In summary, SMT states that cancer initiates if a mutation gives a
growth advantage to a cell, and it is followed by clonal expansion of
those cells. Over the last century, this theory has grown into a more
complete picture of how cancer occurs in the cells, and the reported
number of mutations associated with tumors has increased dramatically.
Certain cancer cells contain tens of non-synonymous mutations, and
others can harbor a few thousand. Perhaps, the most widespread
explanation is that only a small number of these mutations are drivers,
and the remaining passenger mutations do not play a role in
carcinogenesis of these cells (Baker, 2015).

At the end of 20" century there were still many questions unanswered
regarding tumourigenesis, hence researchers developed a new theory
that was based more on the tissue organization than the cells itself. The
tissue organization field theory (TOFT) was first introduced in 1999
(Sonnenschein, 1999). According to TOFT, carcinogenesis is a problem
of tissue organization caused by carcinogens such as environmental
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factors that destroy the normal tissue architecture consequently
disrupting normal cell functions, and the DNA mutations are the
consequence of these effects, and not the cause. SMT considered cancer
to be an irreversible disease, whereas TOFT introduce it as reversable
and curable (Rosenfeld, 2013).

Even though our knowledge about the exact mechanism in which the
cancer initiates is still incomplete, it is certain that neither the one single
event in a cell (as proposed by SMT), nor the persistent damage to the
tissue architecture (as suggested by TOFT) can explain the basis of
carcinogenesis alone. SMT and TOFT do not contradict each other but
come into confluence and complement each other in a single unified
theory of carcinogenesis (Rosenfeld, 2013).

1.21. HALLMARKS OF CANCER

In 2000, Douglas Hanahan and Robert Weinberg suggested that the
majority of cancer cells share a common set of acquired ‘“hallmark”
capabilities: 1) evading apoptosis, 2) self-sufficiency in growth signals,
3) insensitivity to antigrowth signals, 4) sustained angiogenesis, 5)
limitless replicative potential, 6) tissue invasion and metastasis
(Hanahan and Weinberg, 2000). These hallmarks of cancer have been
extended further since then. A decade later, in 2011, same authors added
four new hallmarks to the original six, two of which were called as
emerging hallmarks as they were not fully validated yet at that time: 7)
genome instability and mutation, 8) tumour-promoting inflammation.
The emerging hallmarks: 9) deregulating cellular energetics, and 10)
avoiding immune destruction (Hanahan and Weinberg, 2011). The
hallmarks of cancer are presented in Figure 2. Here by, we will mainly
focus on one of the hallmarks, genome instability and mutation,
although we will also touch upon some other hallmarks throughout the
way.
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1.2.2. GENOME INSTABILITY AND MUTATION

There are around 4 to 5 million sites in which the genome differs
between two individuals, or between an individual and the reference
human genome, and of these, around 25’000 variants are distributed
throughout the exome. Although more than 99.9% of these variants
consist of non-synonymous single nucleotide polymorphisms (SNPs),
there is an estimation of around 2500 large structural variants in the
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human genome (Auton, et al., 2015). These individual DNA
polymorphisms, also called germline variants, determine each person’s
unique features and influence susceptibility to disease. The germline
variants are present in all cells in an individual, are inherited from their
parents, and will be passed on to their offspring.

If a mutation occurs in a non-germ cell, also called a somatic cell, it is
not transmitted to the progeny. These somatic mutations are a result of
natural cell growth and are usually repaired by different DNA repair
machineries (Kandoth, et al., 2013). There are various types of
molecular changes in the cell, but the word ‘mutation’ refers to changes
that affect the nucleic acid or DNA. Although it should be noted that if
the organism is a virus, the word nucleic acid could refer to either DNA
or RNA depending on the virus.

Mutations can be divided into two main categories: synonymous and
non-synonymous. Synonymous mutations are point mutations that only
affect the DNA and the mRNA, but not the encoded protein. This is
mainly due to the fact that several amino acids are degenerate and are
coded by more than one codon (Chamary, et al., 2006). Synonymous
mutations, also called silent mutations, were previously known to have
no impact on the DNA, RNA, or the cell in general, hence were assumed
to be under no selective pressure (Kimura, 1977). But in recent years,
several studies have shown that they have a role in splicing, RNA
stability, RNA folding, translation or co-translational protein folding,
among others (Sauna and Kimchi-Sarfaty, 2011).

Non-synonymous mutations can be either a point mutation, which
involves a change in a single base pair, or structural variations which
engage much larger segments of DNA (Loewe, 2008). Point mutations
are the most common types of mutations, they usually affect one gene
and are divided into three subcategories: missense, nonsense, Or
frameshift mutations (Kandoth, et al., 2013) (Figure 3).

Missense mutations alter the amino acid sequence and can render the
resulting protein non-functional. One example of this type of mutation
is in sickle-cell anemia, where a single nucleotide changes from adenine
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(A) to uracil (U) in the codons of glutamic acid within the hemoglobin
protein, changing it to a valine (Mandal, et al., 2020). Missense
mutations are the most common type of non-synonymous mutations in
cancer, having a high impact in the formation of cancer driver genes
(Stehr, et al., 2011) (Figure 3).

Amino acid

Phe Arg Trp lle Ala
5' 3
Wild type sequence
(DNA)

Phe Arg Trp lle Ala
5' ) 3!
Silent mutation HH T GE ART EE A H ARG G A
Leu Arg Trp lle Ala
5 2 3
Missense mutation HH A GE ART EE A H A G Eu

STOP

e THUNUNURONURTY
S UL

STOP

HHHUEUHEIWHUEW
(by deletion)

Figure 3. Different types of point mutations. Figure generated with
BioRender.com.

Nonsense mutations lead to replacement of an amino acid encoding
codon with a chain-terminating codon, thus cause premature termination
of protein synthesis and a truncated protein is made as a result (Figure
3). This truncation can interfere with the normal function of the protein
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in various ways, and the non-functional proteins can also displace
functional versions of the same protein from multi-protein complexes
(Jopling, 2014). Nonsense mutations are less frequent in cancer-related
genes compared to other genes and are often located closer to stop
codons in those genes, which putatively minimize their deleterious
effects (Chu and Wei, 2019).

Frameshift mutations arise when the DNA is disrupted by the insertion
or deletion of one or more nucleotides which shifts the way the sequence
is read; provided that the number of nucleotides added or removed is not
a multiple of three, or in other words it is not an in-frame mutation
(Figure 3) (Loewe, 2008). Frameshift mutations are common in several
cancer types, more specifically in tumours with microsatellite
instability, which are characterized by alterations in the genome-wide
microsatellite repeats (Yamamoto, et al., 2020).

The second type of mutation are the ones involving large-scale changes
in the chromosomes and alter the function of several genes. The
structural variations or chromosomal abnormalities are a striking feature
of cancer cells and are caused by genomic instabilities inherent to most
cancers. These alterations either affect the whole chromosome resulting
in an aneuploidy (an abnormal number of chromosomes), or create
rearrangements through chromosome structure instability as a
consequence of improper repair of DNA damage (Thompson and
Compton, 2011).

1.2.3. ONCOGENES AND TUMOUR SUPPRESSORS

The majority of driver alterations found in cancer cells can be
categorized into two main types of genetic changes: gain-of-function
mutations in proto-oncogenes, and loss-of-function mutations in tumor
SUppressor genes.
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Proto-oncogenes

Proto-oncogenes are normal genes that are likely to be involved in cell
growth regulation or differentiation, and when mutated, the cells can
become cancerous (Adamson, 1987). Oncogenes arise when a proto-
oncogene is mutated, resulting in an increased expression level or
activity. Most of the mutations in the proto-oncogenes act in a dominant
manner, meaning that a single mutated allele is sufficient to contribute
to oncogenesis, and these mutations are often well-defined hot spots of
missense or in-frame insertion—deletion (indel) mutations.

In 1911, Peyton Rous showed that by injecting cell free filtrate from
fowl sarcoma, new tumours could form in other fowl’s breast tissue.
This was the first report in which a cell free substance could transmit the
tumourigenesis into new cells (Rous, 1911). This study met with
considerable scepticism, because cancers were believed to be
endogenous, rather than infectious. But later between the years 1941-
1958, several reports confirmed that a tumour induced by Rous sarcoma
virus (RSV) could release infectious viruses (Rubin, 1955). In 1970s, it
had become clear that the human genome could carry retroviruses that
can transmit cancer. The term proto-oncogene was first used to describe
the cellular precursor of a retroviral transforming gene, and to
distinguish these from the oncogenes (Martin, 2001). In 1976, a study
showed that the v-SRC gene is in fact a transduced allele of a human
cellular gene (c-SRC) picked up by recombination during the retroviral
life cycle (Stehelin, et al., 1976). This breakthrough was one of the most
influential discoveries in the field of cancer research, and it was the
beginning of many more discoveries of other oncogenes such as MYC
and EGFR in the following years (Bister, 2015). Today, we know at least
a few hundred cancer driver genes that are mutated in several cancers,
with several being proto-oncogenes containing viral counterparts; some
examples are: H-ras, N-ras, K-ras, EGFR, ALK, ¢cMYC and nMYC
among others (Futreal, et al., 2004).

Oncogenes can be divided into four different categories based on their
function:
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1) Growth factors. The discovery of the SIS oncogene and its encoded
protein, the beta chain of Platelet-derived growth factor (PDGF),
established the principle that growth factors can act as an oncogene
(Heldin and Westermark, 1999). By now, there are several oncogenes
identified with mutations that result in a clonal growth advantage, with
many of them being growth factor receptors.

2) Growth factor receptors. These receptors that are called receptor
tyrosine kinases in general terms, are cell membrane receptors that can
be bound by extracellular growth factors that will result in the activation
of the intracellular tyrosine kinase catalytic domain. Mutations in these
receptors can for instance result in constitutive activation of receptor
tyrosine kinases without a binding factor, which can give a growth
advantage to the tumour cells (Arteaga, 2002). Some examples of
growth factor receptors are ALK, EGFR, ROS, and TRK among others.
The ALK receptor is discussed further in study III.

3) Signal transducers. The signals received by the growth factor
receptors is transferred into the nucleus with the help of a series of
complex pathways also called signal transducers. Many proto-
oncogenes are members of this group, including tyrosine kinases such
as SRC, serine/threonine kinases such as RAF-I, and guanosine
triphosphate (GTP)-binding proteins such as RAS family of
protooncogenes (Kaziro, et al., 1991).

4) Transcription factors. Transcription factors are proteins that
regulate the expression of several downstream targets. Often either
tyrosine or serine kinases activate these factors which then enter the
nucleus to regulate the transcription of gene of interest. Some examples
of proto-oncogene transcription factors are: ETS, FOS and JUN
(Darnell, 2002).

Tumour suppressors

Tumour suppressor genes are normal genes that are often involved in
controlling inappropriate cell growth and division, stimulating planned
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cell death, and DNA repair machineries to protect the cells from the
accumulation of dangerous mutations (Chial, 2008). These genes often
show a broad range of inactivating mutations that are usually recessive,
meaning that both alleles need to be mutated for the function to be lost.

RB1 was first identified as a tumour suppressor gene in 1971, in a study
based on retinoblastoma patients. Retinoblastoma is a rare childhood
eye tumor and while susceptibility to this cancer is transmitted as a
dominant trait, it is not sufficient to form a tumour. In that study, Alfred
Knudson suggested that both alleles of RB/ need to be mutated in order
for the cells to form a tumour (Knudson, 1971). This concept, also called
the two-hit hypothesis, was advanced with many following studies, with
a conclusion that the susceptibility to retinoblastoma can be inherited
from one’s parents, but a second mutation in the other allele is essential
for the tumour formation, hence this cancer is rare in people with no
family background since there is a need for two independent somatic
mutations to inactivate both normal copies of RB/ in the same cell
(Cavenee, et al., 1986). Although RBI was first discovered in eye
tumours, today we have evidence that this gene is also lost in several
other cancers including bladder, breast and lung carcinomas. The
identification of RB/ was a starting point for characterization of many
other tumour suppressors, either with the similar inherited manner, or
non-inherited adult cancers such as colon carcinoma (Cooper, 2000). In
1979, only a few years after the discovery of RB1, the second tumour
suppressor gene, tumour protein 53 (7P53) was discovered to be the
most common target of genetic alterations in human malignancies, with
frequent mutations in up to 50% of all cancers. P53 protein can also
behave in a dominant-negative manner, meaning that the mutated P53
suppresses the activity of the wild type P53 (Hofseth, et al., 2004).
Although most tumour suppressors are found to have frameshift and
nonsense mutations, 7P53 mutations are often missense mutations
resulting in P53 mutant protein. It has been shown that some tumours
endow the mutant protein with new activities and use it to increase
tumour progression and to resist anticancer treatments. These activities
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are referred to as 7P53 gain-of-function mutations (Oren and Rotter,
2010).

Tumour suppressors can be classified into three major categories:
caretakers, gatekeepers and landscapers. However the distinction
between these groups is not always clear. Caretakers are genes that play
a role directly or indirectly in DNA repair, meaning that without these
genes, the mutation rate will be much higher, and the cells can become
cancerous. Some examples of DNA caretaker genes involved in DNA
repair are MSH2 and MLHI genes (Macleod, 2000). The term
gatekeeper was first introduced to describe the function of the
adenomatous polyposis coli (APC) tumour suppressor gene. Gatekeeper
genes directly control the cell cycle by different mechanisms and
mutations in these genes can result in permanent imbalance of cell
division over cell death. Patients with APC germline mutations are at
great risk for developing colorectal cancer, as this gene controls several
cellular processes including migration and adhesion, transcriptional
activation, and apoptosis (Kinzler and Vogelstein, 1996). An example
of a gene that is categorized as both caretaker and gatekeeper is the
previously mentioned 7P53, which plays a critical role in a cell cycle
check point prior to DNA replication. Depending on the amount of DNA
damage, the cell will either pause the cell cycle for some DNA repair
machinery to remove the damage (caretaker role), or will go through
apoptosis or programmed cell death if the damages are unrepairable
(gatekeeper role) (Deininger, 1999). The third and last group of tumour
suppressors are landscapers, which control the microenvironment
surrounding the cells, by regulating the extracellular proteins, cell
surface markers, or secreted growth factors among others. Mutations in
these genes can make the microenvironment suitable for tumour growth
(Macleod, 2000).

Currently we know about 719 cancer driver genes, which of 554 are
classified into either oncogenes or tumour suppressors, with a great
overlap, as genes can have different roles depending on the cell/tissue
type or under different environmental stress (Figure 4) (Sondka, et al.,
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2018). An interesting example would be NRF2, which has been
traditionally considered to be a tumor suppressor because of its
cytoprotective functions against oxidative stress, but recent studies have
found evidence that NRF2 promotes the survival of cancer cells by
protecting them from excessive oxidative stress. Therefore it is still not
clear if NRF2 acts as a tumor suppressor or as an oncogene (Menegon,
et al., 2016). In addition, it has been observed that some genes can gain
either tumour suppressor or oncogenic function by fusing to either of
these group of genes. These are called the fusion partners in the
classification below (Figure 4). An extensive work is done by thousands
of cancer researchers to determine the function of cancer driver genes,
and the work is continually underway (Colaprico, et al., 2020; Dietlein,
et al., 2020; Sondka, et al., 2018).

Tumour

Oncogenes suppressors
103 41 181
31
’ 137 61
/
31
134 .
Genes with
unknown
function

Fusion partners

Figure 4. Quantification of cancer genes. Figure adapted from (Sondka, et al.,
2018).
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1.3. LNCRNAS IN CANCER

In the 1970s, researchers started to realize that the transcribed genome
include more than just coding genes and the large RNAs such as rRNA
and tRNA known at that time. For a long time the remaining non-coding
regions were called ‘junk DNA’ (Ohno, 1972). By the discovery of
introns in 1977, a small portion of the non-coding regions were clarified
(Berget, et al., 1977; Chow, et al., 1977), and by the 1980s snRNAs and
snoRNAs were recognized (Busch, et al., 1982). But it wasn’t until early
2000s, with the arrival of high throughput technologies that the term
‘pervasive transcription’ was introduced, which suggests that a large
portion of the human genome is transcribed. It is now estimated that
more than 75% of the human genome is transcribed (Li and Liu, 2019).
However, the pervasive transcription concept has been questioned in
many ways by researchers, mainly due to the low conservation rate and
low abundancy for most non-coding transcripts (Wang, et al., 2004).
The main question of whether such transcripts have any biological
function is still to be answered for the majority of these RNAs.

LncRNAs are generally defined as transcripts with a length of more than
200 nucleotides (typically between 1 to 10 kb) that lack obvious protein-
coding capacity. The recent estimate is that there are as many as 28’000
IncRNA transcripts driven by RNA polymerase II in the human genome
(Figure 1) (Hon, et al., 2017; Huarte, 2015; Iyer, et al., 2015). Although
the abundance of these transcripts was previously thought to be
transcriptional noise, recent studies have confirmed the significant tissue
and cell specific transcription of IncRNAs. It is also worth mentioning
that the majority of IncRNAs are not conserved sequentially, but rather
structurally (Diederichs, 2014).

LncRNAs are often classified into four main categories based on their
genomic location in relation to other genes (Figure 5).

1) Sense IncRNAs, that overlap with a protein coding gene on the same
strand (sense); they can overlap several exons and/or introns.
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2) Antisense IncRNAs, that originate from the antisense RNA strand of
a protein coding gene.

3) Bidirectional IncRNAs, that share a promoter with a protein-coding
gene, yet they are located on the opposite strand.

4) Intergenic IncRNAs, that are located between two protein coding
genes and are not overlapping with either of them (Figure 5) (Balas and
Johnson, 2018).

1. Sense IncRNA

5, exon1 —hexon 2= exon 3 3,
3 ; 5

2. Antisense IncRNA

exon 2 - exon 3

IncRNA

exon1 — exon 2

IncRNA

4. Intergenic IncRNA

f Gene A

IncRNA '
5. WY DAOVD 'I’l; DD DD 3'
3 Gene B 5

Figure 5. LncRNA classification based on genomic location. Adopted from (Balas
and Johnson, 2018) and generated with BioRender.com.
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In early 1990s, some of the first IncRNAs with possible biological
functions were uncovered; two main examples are H/9 and XIST
(Brannan, et al., 1990; Brown, et al., 1992). With several more
functional IncRNAs discovered recently, these RNAs are also classified
based on their function. There are three main categories of known
functional IncRNAs:

1) Guide IncRNAs, which are RNAs that can bind to regulatory or
enzymatically active proteins, such as transcription factors and
chromatin modifiers, to guide them to their functional location (Wang
and Chang, 2011). The main example of these type of IncRNAs is
HOTAIR (Rinn, et al., 2007).

2) Molecular scaffolds IncRNAs, which provide a platform for the
assembly of various regulatory proteins and co-factors. Some examples
are: TERC, XIST and MALATI (Brown, et al., 1991; Feng, et al., 1995;
Ji, et al., 2003).

3) Decoy IncRNAs, that are negative regulators that often titrate the
regulatory factors away from their target sites. For instance, the IncRNA
PANDA binds to a transcription factor called NF-YA, limiting its role
in inducing apoptosis, resulting in decreased expression of apoptotic
genes (Hung, et al., 2011).

During the last years of the 20" century, the first two IncRNAs were
associated with cancer because of their aberrant expression. These
IncRNAs, prostate cancer antigen 3 (PCA3), which is used as a
biomarker, and prostate-specific transcript 1 (PCGEMI), that is
involved in ¢-MYC activation, have important roles in prostate cancer
development (Bussemakers, et al., 1999; Srikantan, et al., 2000).
Another IncRNA that was also identified early on is metastasis-
associated lung adenocarcinoma transcript 1 (MALATI), which was
used as a prognostic parameter for lung cancer survival (Ji, et al., 2003).
By now MALATI is known to be extremely abundant in both normal
cells and several malignancies including in the liver, breast and colon,
although the exact mechanism of action of this IncRNA in cancer is yet
to be discovered (Huarte, 2015; Sun and Ma, 2019).
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In addition, several studies have described IncRNAs that act as
downstream effectors in established cancer-relevant pathways. One of
the first studies revealed a IncRNA called large intergenic non-coding
RNA p21 (lincRNA-p21), as a bona fide p53 transcriptional target that
mediates global gene repression and apoptosis in the p53 pathway
(Huarte, et al., 2010). Similarly, other studies have linked various
IncRNAs to known cancer driver genes such as MYC and BRAF
(Flockhart, et al., 2012; Kim, et al., 2015). While intriguing, these
studies are still limited in number, and it is likely that IncRNAs have
roles also in many other oncogenic programs.

In study I, we make use of the increasing availability of mutational and
transcriptomic data from tumours, to identify associations between
coding oncogenic drivers and potential effector IncRNAs in a more
systematic way (Ashouri, et al., 2016).
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1.4. STRESS RESPONSE

Cells respond to extracellular or intracellular stress factors in various
ways, and they either survive or move towards a programmed cell death.
The way cells react to different stimuli depends on the nature and
duration of the stress and also the cell/tissue type. Cancer cells depend
on several stress response pathways to survive, including heat shock,
DNA damage and oxidative stress responses.

Stress-Induced Cell Death

There is an equilibrium between the growth rate and the rate of cell death
when cells are in homeostasis. If, after being exposed to stress, the cell’s
response is not successful, cell death programs will be activated to
eliminate these damaged cells. Although the most used term for the
programmed cell death is apoptosis, there are also two other types of cell
death namely necrosis and autophagic cell death. Depending on the
stimuli cells are exposed to, either one, two or all three types of cell
death can be initiated simultaneously. Autophagy is the first to be
activated prior to apoptosis, and necrosis will be the last to act (Chen, et
al., 2018).

Cellular Stress Responses

Depending on the type of stress, cells will activate different protective
responses; for instance there will be different pathways activated in
response to heat shock, DNA damage, or oxidative stress (Fulda, et al.,
2010).

The heat shock response was first discovered in cells that were exposed
to heat, resulting in an increased temperature (3-5°C above normal). By
now, many studies have shown that other types of stress such as
oxidative stress and heavy metals can also induce a similar response in
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cells. The main mechanism of response to these stimuli is protein
damage leading to the aggregation of unfolded proteins. To help
removing these aggregations, cells increase the expression of molecular
chaperones, also called heat shock proteins (HSP). It is worth
mentioning that the heat shock response is known to be one of the most
evolutionarily conserved cytoprotective mechanisms found in nature
(Kennedy, et al., 2014). In cancer cells, the heat shock response is
activated through induction of heat shock factor 1 (HSF1), which is the
master regulator of the heat shock response. This protein has been found
to have several functions in tumourigenesis and metastasis, and many
studies and clinical trials have considered this gene both as a biomarker
and as a therapeutic target (Carpenter and Gokmen-Polar, 2019).

DNA damage is one of the first common initial events in the cells
exposed to extracellular stress, such as ultraviolet (UV) light,
chemotherapeutic agents, or other environmental toxins. Several DNA
repair mechanisms exist in the cells, each related to a different kind of
damage. There are many different kinds of DNA lesions, but they can
be divided into two main categories: affecting either a single DNA
strand or both DNA strands (Jackson and Bartek, 2009). Some examples
of DNA damage repair mechanisms are: DNA mismatch repair, which
repair mismatches that were introduced during DNA replication, base
excision repair, which corrects the abnormal DNA bases in a single
DNA strand and nucleotide excision repair, which operates as the main
pathway responsible for the removal of bulky DNA lesions induced by
UV irradiation, among many others (Jackson and Bartek, 2009). DNA
damage response defects are known in several cancers. For example, in
about 15% of colorectal cancers there is evidence for DNA mismatch
repair deficiency whereby errors in DNA replication are not corrected,
which results in microsatellite instability in these tumours (Lord and
Ashworth, 2012).

Oxidative stress is another common form of stress. A balanced level of
oxygen and reactive oxygen species (ROS) is necessary for maintaining
cellular homeostasis. ROS are derived from oxygen, an obligate
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component of eukaryotic organisms, and they are often in forms of either
superoxide (O2"), hydroxyl radical (HO") or hydrogen peroxide (H>0,)
(Trachootham, et al., 2008). Both intracellular and extracellular factors
can result in an increase in ROS levels. Some examples of extracellular
factors are irradiation such as UV or x-ray exposure, and chemicals such
as metabolites. Cells need a balanced level of ROS and active
antioxidant defense mechanisms to survive. Such defense usually
includes ROS-metabolizing enzymes and proteins including glutathione
peroxidase and glutathione. When there is a disturbance in this
equilibrium, cells begin the oxidative stress response (Fulda, et al.,
2010). It has also been shown that occasionally there is a cross talk
between different stress responses, for instance high levels of ROS can
also activate some heat shock proteins. But this is not surprising as ROS
can damage all kinds of molecules in the cells, including DNA, RNA,
proteins, carbohydrates, and lipids (Trachootham, et al., 2009).

It is long known that ROS levels are generally increased in cancer cells,
although it should be noted that the reduction—oxidation (redox)
alteration in these cells is quite complex as there are several factors
involved. Cancer cells can tolerate high amounts of ROS by modulating
the activity of proteins and transcription factors involved in the stress
response, discussed further below.

Figure 6 illustrates a summary of all three types of stress responses in
the cancer cell. Briefly, cancer cells are exposed to different kinds of
stress, such as oxidative damage, heat shock and DNA damage as
presented here. Increased amount of ROS result in DNA damage and
activates both oxidative stress and DNA damage response. On the other
hand, aneuploidy, which is a common phenomenon in cancer cells
where the number of chromosomes is abnormal, results in increased
protein dosage, which can activate the heat shock response. Through
activation of HSF1 and other chaperones, cancer cells try to alleviate the
negative effect of the abnormal chromosome count (Solimini, et al.,
2007).
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Figure 6. Stress response in cancer cells. (Figure adapted from (Solimini, et al.,
2007) and generated with BioRender.com.

14.1. ALTERED REDOX BALANCE IN CANCER

In cells, ROS are produced as a by-product of cellular metabolic
pathways mainly in mitochondria. Elevated levels of oxidative stress
and oxidative damage products have been observed in many cancer
types such as leukemia and in various types of solid tumours. Both
extrinsic and intrinsic mechanisms are found to be causing the increased
ROS levels, although the precise underlying cause is still unclear
(Trachootham, et al., 2009).
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Intrinsic mechanisms of redox imbalance

Some examples of intrinsic mechanisms are through the dysfunction of
mitochondria, various oncogenic activities, and the loss of function of
P53. Mitochondria are responsible for production of the major part of
cellular energy, and also regulate programmed cell death or apoptosis.
Cancer cells need high amounts of adenosine triphosphate (ATP) as they
have a high proliferation rate, and mitochondria generate ATP by
oxidizing lipids, glucose and amino acids, with ROS produced as a side
product (Sabharwal and Schumacker, 2014). Numerous germline
variants and somatic mutations have been detected in the mitochondria
of cancer cells (Jiménez-Morales, et al., 2018). The somatic mutations
in mitochondria can be divided into two groups, tumourigenic (or
pathogenic) and adaptive (or beneficial). The tumourigenic mutations
result in increased ROS levels that can often initiate tumourigenesis by
mutagenizing proto-oncogenes into oncogenes. The adaptive mutations
on the other hand can aid tumour cells to survive through environmental
changes such as increased ROS toxicity and reduced oxygen tension
(Chinnery, et al., 2002). Interestingly, one study showed that after
replacing the mitochondrial DNA (mtDNA) in non-metastatic cancer
cells by mtDNA from highly metastatic cells, the metastatic potential
was acquired by the recipient cells. The metastatic mtDNA contained
two mutations that were associated with overproduction of reactive
oxygen species (ROS) (Ishikawa, et al., 2008). Some of the oncogenes
that are found to induce ROS activity are RAS and c-MYC. High
expression levels of ¢-MYC produce a sufficient amount of ROS to
induce DNA damage and this activates 7P53 as a result (Vafa, et al.,
2002).

As mentioned before, cancer cells often contain high levels of ROS,
resulting in an increased mutation rate, especially in the mitochondrial
genome, which leads to even more ROS generation. P53 has an
important role in removing the DNA damage from both nuclear and
mitochondrial genome. Therefore, in tumour cells with loss of function
mutations of 7P53, imbalanced redox levels are observed which are
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followed by high mutation rate and aggressive tumour growth
(Trachootham, et al., 2009).

Extrinsic factors

In addition to the cell itself, various external factors can increase the
ROS levels in the cells, including hyperthermia, hyperoxia,
chemotherapeutic agents, UV radiation, among others. For example, in
cigarette smokers, high levels of ROS are generated in the cells after
exposure to tobacco, which result in inflammation and DNA damage, a
possible cause of lung cancer in smokers (Prasad, et al., 2017). Sunlight,
specifically UVB photons can be directly absorbed by DNA, which
results in lesions. In addition, the non-DNA chromophores that are
present in skin cells can also absorb UV protons, which lead to the
formation of ROS and other toxic photoproducts that may cause DNA
damage (Schuch, et al., 2017).

Cellular defense against reactive oxygen species

Human cells are equipped with several mechanisms that balance ROS
levels in the cells, which are called antioxidants in general terms.
Antioxidants can be divided into two main categories: enzymatic and
nonenzymatic; some of which are synthesized in the cells, and others are
absorbed through the diet (Tebay, et al., 2015). There are three main
types of enzymatic antioxidants: superoxide dismutases (SODs),
catalases, and glutathione (GSH) peroxidases (Birben, et al., 2012).
SOD is one of the major antioxidants in the cell that is present in three
different forms and localized in different parts of the cell, such as in the
extracellular matrix and mitochondria. As clear from the name, these
enzymes have a role in superoxide dismutation, which is catalyzing the
dismutation of superoxide (O2) into oxygen (O2) and peroxide (H20>).
Superoxide is one of the primary forms of ROS produced by various
sources in the cell (Zelko, et al., 2002).
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H>0, is a product of SODs and other oxidates action, and is often
reduced to water by either catalases or GSH peroxidases. Catalases also
bind to nicotinamide adenine dinucleotide phosphate (NADP(H)) as a
reducing equivalent to protect itself from oxidation by hydrogen
peroxides (H20») as it is reduced to water (Kirkman, et al., 1999).

GSH peroxidases are a family of enzymes that work mainly with the aim
to detoxify H20: in the cells. GSH itself is the key substrate of these
enzymes, discussed further below. Common between all these enzymes
is that they all require NADPH as a reducing equivalent (Birben, et al.,
2012).

Nonenzymatic antioxidants include vitamins (Vitamin C and E), uric
acid, PB-carotene, and GSH. GSH is one of the main regulators of
intracellular redox balance, and it is highly abundant in all cell types and
cell organelles at millimolar concentration. The ratio of reduced
glutathione (GSH) to oxidized glutathione (GSSG) is a determinant of
cellular oxidative stress (Masella, et al., 2005).

The antioxidant responsive element

The presence of antioxidant response elements (AREs) was first
discovered in 1991 in the promoter region of a subunit of glutathione S-
transferase as well as the NADPH reductase gene (Rushmore, et al.,
1991). By now we have evidence that the transcriptional activation of
most of antioxidant enzymes and genes are regulated by antioxidant
response elements (AREs). The main transcription factor binding to
AREs is nuclear factor erythroid 2-related factor 2 (NRF2). The role of
NRF2 in cancer redox balance and its mechanism of action will be
discussed further here after.
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14.2.  THE NRF2 PATHWAY IN CANCER

NREF?2 is a leucine zipper (bZIP) transcription factor known as the master
regulator of oxidative stress, and it regulates a wide variety of biological
processes. NRF2 is regulating several drug-metabolizing, antioxidant
and anti-inflammatory genes and also regulating mitochondrial
bioenergetics, mainly by binding to ARE sites in the regulatory regions
of the downstream targets (Holmstrom, et al., 2013). Therefore, it is
important to first understand how NRF2 activity is regulated in the cell,
both transcriptional and at protein levels.

Molecular regulation of NRF2

Transcription of NRF2, is regulated in many different ways. There are
several xenobiotic response element (XRE) sequences identified in the
promoter regions of NRF2 that are bound by Aryl hydrocarbon receptor
(AHR) transcription factor, which is another xenobiotic-sensing
transcription factor (Ma, et al., 2004). NRF2 also appears to autoregulate
its own expression through an ARE element located in the proximal
region of its promoter (Kwak, et al., 2002).

NRF2, like most other stress-responsive transcription factors, is
regulated at the protein level. NRF2 protein is composed of seven
functional domains known as Neh1-Neh7, where the Neh2 domain is
the major regulatory domain. The Neh2 domain contains seven lysine
residues that are responsible for ubiquitin conjugation, as well as two
binding sites namely ETGE and DLG motifs that interact with Kelch-
like ECH associated protein 1 (KEAPI) (Figure 7) (McMahon, et al.,
2006). KEAPI is a substrate adaptor protein for the Cullin 3 (CUL3)-
dependent E3 ubiquitin ligase complex. In the absence of stress stimuli,
the main mechanism which controls the NRF2 stability is through
KEAPI (Figure 7).
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KEAP1 binds to NRF2 Neh2 domain, on the ETGE and DLG motifs as
a dimer and promote NRF2 polyubiquitination and its subsequent
proteasomal degradation by the 26S proteasome (Zhang, et al., 2004).
Therefore, the NRF2 protein concentrations are tightly regulated by this
complex. Multiple stresses as well as small molecules of endogenous
and exogenous origin can activate NRF2, mainly through KEAP1
inactivation or disruption of its binding to NRF2. Electrophiles and ROS
above a critical threshold can alter the chemical modification of critical
cysteine residues of KEAPI and disrupt KEAPI-mediated NRF2
ubiquitination, resulting in accumulation of NRF2 in the nucleus. NRF2
then binds to ARE sites of the target genes, and activate the stress
response pathway (Figure 7) (Dinkova-Kostova, et al., 2005). However,
there are conflicting views on how chemical agents can activate NRF2,
and it is still unclear if the translocation of NRF2 into the nucleus is
regulated (Li, et al., 2012).

The dual role of NRF2 in carcinogenesis

NRF?2 plays an important but somewhat ambiguous role in the initiation,
promotion, and progression of cancer. For the last 50 years, natural
antioxidants have been known for their chemopreventive function by
activating a NRF2 related response. Therefore the ‘good side’ of NRF2
that eliminates the chemical toxins and carcinogens from the cells has
been well established (McMahon, et al., 2001). But in early 2000,
researchers discovered a new side of NRF2, namely ‘the dark side of
NRF2’, that is upregulation of NRF2 in cancer cells provides them with
a growth advantage under harmful environments (Wang, et al., 2008).
Thereafter, more evidence has indicated the role of NRF2 in stimulating
cancer tumorigenesis and chemoresistance. Activating mutations in
NRF2 and KEAPI have been identified in several cancers, and
constitutive activation of NRF2 is known to favor the survival of
malignant cells, protecting them against apoptosis and senescence,
oxidative stress, chemotherapeutic agents, and radiotherapy (Menegon,
et al., 2016). Therefore, NRF2 promotes the survival of not only normal
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cells but also cancer cells. High levels of ROS are generated in cells by
ongoing mitochondrial oxidative phosphorylation, however cancer cells
might switch to aerobic glycolysis for generating ATP instead (also
known as the Warburg effect) (Vander Heiden, et al., 2009). Cells can
also encounter high ROS level upon extracellular exposure to
xenobiotics (drugs, radiotherapy, UV light). Because of this, the
constitutive activation of NRF2 presents a selective pressure, which
favors cancerous cells with activated NRF2. Many NRF2 target genes
contribute to NRF2 dependent chemoresistance and cancer promotion.
Some examples of the known direct targets of NRF2 are: Heme
oxygenase-1 (HMOXI), NAD(P)H quinone dehydrogenase 1 (NQOI),
Glutamate-cysteine ligase, modifier and catalytic subunits (GCLM and
GCLC), Thioredoxin and thioredoxin reductase 1 (ZXN and TXNRDI)
among many others (Lacher and Slattery, 2016). Despite key roles in
human malignancies as well as in normal cell physiology, the NRF2
targetome remains incompletely characterized. In study II, we provide a
comprehensive map of genome-wide gene regulation downstream of
NRF2.
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1.5. ALKIN CANCER

The anaplastic lymphoma kinase (4LK) gene was originally identified
in an anaplastic large-cell lymphoma (ALCL) cell line, as a fusion gene
to the nucleophosmin (NPM1) gene (Morris, et al., 1994). ALK is a
transmembrane protein with a strong homology to the insulin receptor
subfamily of transmembrane tyrosine kinases, and it contains an
extracellular domain, a transmembrane part, and an intracellular domain
containing a tyrosine kinase region (Morris, et al., 1997). Two secreted
growth factors pleiotrophin (PTN) and midkine (MDK) are known to
bind to the ALK receptor and activate either of the mitogen-activated
protein kinase (MAPK) or the phosphoinositide 3-kinase (PI3K)
pathways; although activation of ALK independently of direct ligand
interactions has also been proposed (Palmer, et al., 2009). The full
length ALK protein has been shown to be expressed in several cancers,
including neuroblastomas, melanoma, neuroectodermal tumors and
glioblastomas, in addition to increased copy number and activating
mutations (Holla, et al., 2017). The most abundant form of oncogenic
ALK in human cancers are the ALK fusion proteins that is often the 3’
half of ALK, containing its kinase catalytic domain, fused with the 5’
portion of a different gene, which often help ALK bypass the
requirement of binding of ligands to its extracellular domain for its
activation, resulting in increased oncogenic potential of ALK (Webb, et
al., 2009).

The high frequency of ALK mutations in primary neuroblastoma
tumours (10-14%) and even higher percentage (up to 26%) in the
relapsed tumours has made it an interesting target for treatment of these
tumors (Martinsson, et al., 2011). In the last decade, huge efforts from
many scientists in both academia and the pharmaceutical industry have
led to the development of numerous ALK tyrosine kinase inhibitors
(TKIs), a few of which are approved by regulatory authorities, such as
the US Food and Drug Administration (FDA) and European Medicines
Agency (EMA). About 5% of non-small-cell lung cancer patients, and
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often the adenocarcinoma subtype, have a rearrangement in the ALK
gene. The approved drugs, such as crizotinib, ceritinib, alectinib, and
lorlatinib are used for the treatment of advanced non-small-cell lung
cancer patients with ALK rearrangements (Shaw, et al., 2016; Shaw, et
al., 2014; Shaw, et al., 2013). But unfortunately, similar to most targeted
therapies, the tumour cells evolve resistance to ALK TKIs, often by
developing secondary resistant mutations in ALK. New generations of
ALK inhibitors have been developed that can overcome resistance to the
first-generation (crizotinib) and second-generation (e.g., ceritinib,
alectinib, brigatinib). The third-generation ALK TKI, lorlatinib, can
inhibit the growth of cell lines harboring ALK resistance mutations, and
it has now been approved (in March 2021) for patients with metastatic
non-small cell lung cancer whose tumours are ALK positive (Johnson,
etal., 2014; Zou, et al., 2015).

Neuroblastoma, the most common solid tumour of childhood, often
happens in children with no family history of the disease (also called
sporadic neuroblastoma) with a small percentage of the patients
developing this cancer inheriting the disease (familiar neuroblastoma).
Gain-of-function mutations of ALK have been reported in both primary
and relapsed neuroblastoma tumours, where the full-length ALK is
activated predominantly in the kinase domain (Chen, et al., 2008).
Therefore, ALK is an attractive therapeutic target in neuroblastoma,
although, the picture regarding the role of ALK as an oncogenic driver
in these tumours is less clear.

Most of the FDA approved ALK TKIs have also been tested in different
preclinical neuroblastoma models and on neuroblastoma patients in
clinical trials. Initial results from clinical trials have reported positive
individual patient case data, for example in one study a patient with
ALK-positive neuroblastoma reached a complete response after
treatment with ceritinib (Guan, et al., 2018). In addition, one patient with
a metastatic ALK neuroblastoma case showed a partial response after
receiving alectinib (Heath, et al., 2018). However, currently there is no
approved ALK TKI available for neuroblastoma patients.
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In study III, based on integrative proteomics and gene expression
analyses of neuroblastoma cells exposed to first- and third-generation
ALK TKIs (crizotinib and lorlatinib), we identified several relevant
biomarkers, signaling networks, and new potential therapeutic targets of
neuroblastoma (Van den Eynden, et al., 2018).
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1.6. HIGH-THROUGHPUT TECHNOLOGIES

We have come a long way since the discovery of DNA, starting in 1869
by the Swiss physician Friedrich Miescher, continued by revealing the
DNA helix structure based on an X-ray diffraction picture by Rosalind
Franklin of a DNA molecule. Later on, Watson and Crick revealed the
DNA double helix structure, and finally in 1968 when the genetic code
was identified by Holley, Khorana and Nirenberg. Many researches
have contributed to the understanding and developing of new methods
for DNA and RNA sequencing over the years. More than 50 years after
the discovery of the codons, we can now read the nearly complete 3
billion base pair sequence of the human genome in the matter of hours
(Heather and Chain, 2016).

1.6.1. THE HISTORY OF DNA SEQUENCING

First generation DNA sequencing

The first ever complete nucleic acid sequence, from a tRNA of
Saccharomyces cerevisiae (77 bps long), was sequenced in 1965
(Holley, et al., 1965). Together with several other parallel studies, a
method called two-dimensional fractionation was then developed
(Sanger, et al., 1965). Using this method, the first complete protein
coding gene of the coat protein of a bacteriophage (containing 129
amino acids, and 387 bps) was sequenced in 1972, followed by the
sequence of the complete genome of the same organism in 1976 (Fiers,
et al., 1976; Min Jou, et al., 1972). Another method was developed
during the 1970s namely the plus and minus technique, which was a
joint effort from two different group of researchers (Maxam and Gilbert,
1977; Sanger and Coulson, 1975). Between these two methods, the one
developed by Maxam and Gilbert was adopted world-wide, and is
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considered to be the real birth of ‘first-generation’” DNA sequencing
(Heather and Chain, 2016). However, in the same year, 1977, Sanger
and his colleagues published a much more accurate and robust method,
called the dideoxy chain-termination method or as we know it today,
Sanger sequencing (Sanger, et al., 1977). This method was a major
breakthrough in DNA sequencing, and it became the most commonly
used technique for many more years to come. As Sanger sequencing was
only able to sequence DNA fragments of less than one kb, a new strategy
was developed for further sequencing of longer fragments, namely
shotgun sequencing, where the smaller fragments from the Sanger
method were then assembled in silico (Anderson, 1981). These methods
were then used in the Human Genome Project, between the years 1990
to 2001, resulting in the first complete sequence of the human genome
(Lander, et al., 2001; Venter, et al., 2001).

Second generation DNA sequencing

Around the same time as Sanger and shotgun sequencing methods,
another technique was developed that had a similar base principle, but
several beneficial aspects compared to the previous sequencing
approaches. The new method, called pyrosequencing (Nyrén and
Lundin, 1985), had two main advantages; first that it could be observed
in real time, and second that it could be performed using natural
nucleotides (Heather and Chain, 2016). Pyrosequencing was later
licensed to 454 Life Sciences and was the first commercially available
next generation sequencing (NGS) technology. The 454 sequencing
machines, first launched in 2005, were also the first to perform
massively parallel sequencing, with about 200’000 reads of 110 bp long
DNA fragments (Margulies, et al., 2005). 454 was then acquired by
Roche in 2007. In parallel with this, Solexa had started developing a
new sequencing method, that was able to sequence the whole genome
of a bacteria in 2005, with a high coverage of about three million base
pairs in one run. Solexa’s first commercial machine, the Genome
Analyzer, was launched in 2006, and it could sequence up to one giga
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base pairs of data in one run. Solexa was then acquired by Illumina in
2007. Although several researchers were developing new methods for
sequencing of DNA throughout the years, the third most popular method
used during those years, after 454 and Illumina was the sequencing by
oligonucleotide ligation and detection (SOLiD) which was launched in
2009 (McKernan, et al., 2009). Illumina and SOLiD produced many
more reads compared to 454 (almost 100 million reads for Illumina and
SOLiD, compared to 200’000 for the 454 sequencer), but the read
lengths were quite short at around 35 bps. It should also be noted that in
2013, Roche announced that it will be closing 454 Life Sciences only
six years after acquisition; and by mid 2016, the 454 technology was
completely shut down. In 2010, the founder of 454 introduced a new
method called Ion Torrent that was mainly based on the 454 technology,
but could sequence up to 270 mega base pairs of DNA with 100 base
pair read lengths (van Dijk, et al., 2014).

Out of all these methods, Illumina has been the most successful, and has
continued to develop the technology and is now ensconced as a near
monopoly (Greenleaf and Sidow, 2014). The latest high-capacity
platform from Illumina, Novaseq 6000, can generate 3000 GB of data,
comprising 20 billion paired end reads with read pairs up to 2 x 250 bp
in length. For Illumina’s main competitor Ion Torrent, Ion GeneStudio
S5 can generate 50 GB of data comprising 130 M reads of 200 bp length.
Therefore it is safe to say that Illumina has been the most influential
method among all second generation sequencing technologies (Heather
and Chain, 2016).

Third generation DNA sequencing

Third generation sequencing is generally characterized by methods with
longer read lengths and shorter processing times compared to the second
generation technologies (Deamer, 2010; Eid, et al., 2009; Schadt, et al.,
2010). The main technologies used today which can be classified as
“Third Generation” are from Pacific Biosciences (PacBio) and Oxford
Nanopore. PacBio sequencing was founded in 2004, and is based on
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single molecule real time sequencing (SMRT) (Eid, et al., 2009), which
uses a DNA polymerase as an engine and measures the incorporation of
bases using the zero-mode waveguide (ZMW). This allows sequencing
of DNA fragments up to 10 kb in length. The latest release from PacBio,
the Sequel Ile system, sequences up to 4 million reads with a maximum
length of 16 kb. Oxford Nanopore, first released in 2014, also uses a
DNA polymerase pore motor which controls the movement of the DNA
molecule through the pore and records the electrical changes with each
base (Deamer, 2010). Nanopore sequencing can be used to sequence
molecules up to 2 Mb in length. Nanopore sequencing is also very
portable, with the MinIlON chip able to be attached to a USB port for
use in the field. Another earlier technology from Helicos BioSciences
(Pushkarev, et al., 2009) was based on single molecule fluorescent
sequencing first suggested in 2003, where researchers showed that the
activity of DNA polymerase can be studied at the single molecule level
with single base resolution, which allowed degraded samples to be
sequenced and avoided associated PCR-bias, (Braslavsky, et al., 2003).
However, this technology was quickly overtaken, and Helicos entered
bankruptcy in 2015. The longer read lengths from third generation
sequencing allows for much greater knowledge of genome assembly and
structural variations in the genome, however these technologies have
much higher error rates than the shorter fragment based methods.

During the last few decades, many sequencing technologies have
evolved, making it possible to study the genetic code in a level never
before possible. Both the first generation, and the ‘next’ generation
(second and third combined) sequencing (NGS) methods have followed
the same trend in the case of sequencing dept and costs. It is fascinating
to acknowledge the fact that the estimated cost for The Human Genome
Project, the first human genome ever sequenced in 2001, was about three
billion dollars over 13 years of work. Today, we can sequence the
complete human genome in a matter of hours with the price of less than
1000 dollars (van Dijk, et al., 2014).
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A summary of DNA discovery and sequencing history over the past 150
years can be seen in Figure 8.
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Figure 8. DNA discovery and sequencing timeline. Figure generated by
BioRender.com.
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16.2.  RNA SEQUENCING

In multicellular organisms, almost all the cells have the same genomic
code, however the transcriptome, including the level and the
composition of expressed RNA molecules, varies significantly between
cells. The term transcriptome was first used in the 1990s, even before
the completion of The Human Genome Project, and was mainly used in
studying human disease. Understanding how gene expression changes
upon exposure to different environmental stimuli, or upon a mutation in
a key gene, has always been an interesting research topic (Lockhart and
Winzeler, 2000). The first technique that aimed to generate
transcriptomic data was expressed sequence tags (ESTs) in 1991
(Adams, et al., 1991). Using PCR techniques, the complementary DNA
(cDNA) clones that were reverse transcribed products of mRNAs were
quantified. Two of these techniques, namely SAGE (serial analysis of
gene expression) and microarray were developed in 1995, both aimed to
quantify global gene expression using complementary probe
hybridization (Schena, et al., 1995; Velculescu, et al., 1995). Although
having their flaws in the beginning, microarray technology became the
most valuable and used method for global transcriptomic studies for
many more years to come. Shortly after the invention of these methods,
in 1996 real time quantitative PCR (RT-PCR / q-PCR) was developed
(Heid, et al., 1996), to become the gold standard method used for
measuring transcript levels.

In 2008, the RNA sequencing (RNA-Seq) method was first described,
which used the Illumina technology to sequence the cDNA
(Nagalakshmi, et al., 2008). This was the first time researchers could
define the exact exon and intron boundaries as well as comprehensive
gene structure and transcriptional landscape of the yeast genome.
Although it also has its downfalls, with the main disadvantage being the
short reads which don’t allow the discovery of long distanced alternative
exons (Casamassimi, et al., 2017). Adapting the third generation
sequencing methods such as Oxford Nanopore and PacBio sequencing
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allows the detection of the entire transcriptome with full length RNA
transcripts. This allows for the identification of a multitude of splice
variants. The invention of RNA-Seq has revolutionized the
transcriptomics era, and it provides useful information about the post-
transcriptional RNA-editing, as well as splicing variants.

1.6.3. CHIP SEQUENCING

Protein-DNA interactions are essential components of all biological
systems. Almost all aspects of cellular function depend on this
interaction, some examples are: transcriptional regulation with RNA
polymerases and TFs binding to DNA, chromosomal maintenance with
histones binding to DNA, replication with DNA polymerases binding to
DNA, among many others (Dey, et al., 2012). Because of the importance
of this phenomenon, there have been many techniques developed, both
in vitro and in vivo. A ground-breaking study that detected the protein-
DNA interaction in live cells for the first time was by John T. Lis and
David Gilmour in 1984 (Gilmour and Lis, 1984). In this study, the
crosslinking was performed using UV radiation on bacterial cells, and
immunoprecipitation of both the RNA polymerase molecules, and the
DNA that was bound to these molecules, were then studied further to
give a genome wide readout of regions bound by RNA polymerase. This
method has matured to a method currently known as chromatin
immunoprecipitation (ChIP). In ChIP, chromatin is sheared, then
antibodies are used to isolate specific DNA binding proteins and the
corresponding bound DNA fragments. The purified DNA from ChIP
experiments can be detected in different ways, but the most common
techniques used are PCR using primers to known bound regions (ChIP-
PCR) and high-throughput sequencing (ChIP-Seq) which sequences all
bound DNA fragments. ChIP-seq was developed in 2007 in a study that
identified binding sites of the transcription factor STATI in vivo. (Dey,
et al., 2012; Robertson, et al., 2007). Since then, ChIP-Seq has played a
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major role in discovering transcription factor binding sites, in addition
to many other DNA binding proteins.

164. CANCER GENOMICS

Since the somatic mutation theory (SMT) was first described in 1914,
we have come a long way in understanding carcinogenesis. Using high-
throughput sequencing technologies, tumours are not only categorized
by their location in the body, but rather with their genetic information.
In the beginning of NGS era, many research groups started to perform
these techniques on tumour cells. To make the most of the increase in
DNA sequencing data available, in 2005, a joint project of the National
Cancer Institute (NCI) and the National Human Genome Research
Institute (NHGRI), called The Cancer Genome Atlas (TCGA) was
launched, to become the largest and most comprehensive tumour dataset
available for many more years to come (www.cancer.gov/TCGA). The
first study published from this project was in 2008, presenting a

comprehensive genomic characterization of glioblastoma (The Cancer
Genome Atlas Research Network (2008)). The data collection for
TCGA was completed in 2016 comprising matched tumour and normal
tissues from more than 11’000 patients across 34 tumor types (Figure 9)
and the last marker papers were published in 2018 (Hutter and
Zenklusen, 2018). There are seven different data types available for
almost all of these patients, and as the general pipelines have been
similar, the techniques and tools used have undergone a development
path throughout the years.

1) Mutations, using exome sequencing, which restricts the sequencing
reads to only the coding regions of the genome with probe hybridization,
and a mutation calling tool called MutSig (Lawrence, et al., 2013),
mutations in genes or intergenic regions with non-synonymous
mutations are reported.
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2) Copy number alteration, using Affymetrix SNP 6.0 arrays, the copy
number of each DNA region is calculated using an established pipeline
(McCarroll, et al., 2008). The focal copy number alterations are then
called with the GISTIC tool (Beroukhim, et al., 2007).
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Figure 9. TCGA available tumours. Figure generated by BioRender.com.

3) Gene expression, in the primary studies, the mRNA profiling was
performed using microarrays, while in the more recent studies RNA-Seq
was performed using first Solexa Genome Analyzer machines and later

with [llumina machines.
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4) DNA methylation, methylation at CpG dinucleotides was measured
using the [llumina machines GoldenGate assays primarily, and Infinium
assays in the more recent studies.

5) MiRNAs, expression of miRNAs was measured using Affymetrix
microarray platforms in the beginning, and in the more recent studies,
miRNA-Seq technique was used (Chu, et al., 2016).

6) Reverse phase protein array (RPPA), this data was not available in
the initial studies, but in the last few studies, the protein expression
profiling with the RPPA technique (Tibes, et al., 2006) was also
presented in the marker papers.

7) Clinical data, the clinical and pathological data is available for all
the patients included in TCGA, including information such as age, race,
gender, ethnicity, stage and histological type of cancer, among others.
In addition, there are follow-up data such as treatments received,
relapsed tumours and the survival rate.

In addition to these data, whole genome sequencing (WGS) data has also
been available from a few hundreds of patient samples. The
International Cancer Genome Consortium (ICGC) was launched in 2008
(www.icgc.org) and was later joined with TCGA on a project called
Pan-Cancer Analysis of Whole Genomes Project (PCAWG). By now
PCAWG includes more than 2800 WGS data from more than 35 cancer
types. The development of these consortia to compile and make
available the abundant DNA sequencing data has allowed thousands of
cancer genomics researchers the opportunity to investigate their
hypotheses using real patient data.
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2 AM

The main aim of this thesis was to identify transcriptional responses to
oncogenic driver mutations in various cancer types. To achieve this, we
have made use of large datasets available at TCGA, used marketed
cancer drugs, and generated several types of data in the lab.

More specifically the aim and objectives are as follows:

V' To establish a methodology that make it achievable to identify
the associations between key driver mutations and expression
changes in various tumours (Study I).

v To generate a comprehensive list of recurrent associations
between cancer driver mutations and putative downstream
effectors including both protein coding and IncRNAs (Study I).

v To explore the associations and validate novel downstream
IncRNAs and discover their possible functions (Study I).

V' To provide a comprehensive map of NRF2 direct targets (Study
II).

v/ To validate the known NRF2 targets and identify novel genes
that can help understanding the NRF2 effect in the tumours
(Study II).

v To investigate the proteomic and transcriptomic alteration in
tumours upon inhibiting ALK using ALK TKIs (Study III).

V' To identify the similarities and differences between the two
marketed ALK TKI drugs and their downstream effects (Study
1110
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3 RESULTS AND DISCUSSION

3.1 ASSOCIATIONS BETWEEN CANCER
DRIVER MUTATIONS AND LNCRNAS
(STUDY I)

It is well known that mammalian genomes encode an abundance of
mRNA-like transcripts with a length often between 1 to 10 kb and no
protein coding capacity (Djebali, et al., 2012). Several of these
transcripts, called long non-coding RNAs (IncRNAs), have been shown
to have important roles in different biological processes as well as
contributing to human diseases such as cancer. In addition, a few studies
have identified IncRNAs that are downstream effectors in known cancer
related pathways. One example is a IncRNA called /incRNA-p2 1, which
is a target of p53, and it has been shown to mediate apoptosis in the p53
pathway (Huarte, et al., 2010). Although there are a handful of these
functional IncRNAs identified in cancer, the list is still short and
uncomplete.

In this study, we systematically looked for IncRNAs expression
alteration in tumours with or without mutations in cancer driver genes.
We made use of the massive mutation, expression and copy number data
available at TCGA, in 19 cancer types and more than 7000 tumours
(Figure 10).

We first obtained the data from TCGA. For the expression profiles, we
realigned the RNA-Seq data from 7295 tumours to the human hgl9
genome assembly, followed by annotation of all IncRNA and protein
coding genes. All the genes were also assigned copy number values
using Affymetrix SNP6 data available from TCGA. For the mutation
data, based on known cancer driver genes from The Cancer Gene Census
(Futreal, et al., 2004; Sondka, et al., 2018), we defined a set of 68 genes
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that were recurrently mutated in at least two tumour types (Figure 10).
Using two-sided Wilcoxon rank sum test, we tested the associations
between mutations in these genes and changes in mRNA levels, for each
gene individually in each cancer type.
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Figure 10. Study I overview.

We first established our methodology on protein coding genes. This
approach resulted in more than 20’000 associations, with many
representing indirect effects, for example due to transcriptional
subtypes. To overcome this issue, and enrich for significant signals, we
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hypothesized that the true downstream effector of known cancer driver
genes, would show consistent alteration in more than one cancer type.
Based on this, we filtered the associations to only include the ones that
are repeated in at least two tumour types. As a result, we identified 1121
such associations, involving 978 unique genes. Among these genes, we
observed several canonical targets of known drivers, such as 7P53 and
NFE2L2. We confirmed several downstream factors using publicly
available data. In addition, gene set enrichment analysis using molecular
signatures database (MSigDB) (Subramanian, et al., 2005) resulted in
related pathways downstream of each cancer driver gene.

Having our methodology established on the protein coding genes, we
next used the same approach on IncRNAs. In total, we identified 189
associations and 169 unique IncRNAs. Based on data from a recent
study identifying IncRNAs that were targeted by p53 in response to
DNA damage (Leveille, et al., 2015), we were able to validate several
IncRNAs found as associated ones with p53 in our results. This again
confirmed that our results are enriched for true targets.

We next focused on NFE2L2, the master regulator of oxidative stress,
with often activating mutations in various tumour types. We found 15
IncRNAs that were differentially expressed downstream of NFE2L2
gain-of-function mutations. To validate the responsiveness of these
IncRNAs to this factor, we silenced NFE2L?2 in a lung cancer cell line,
A549, followed by high coverage RNA-Seq. We were able to confirm
the downregulation of 8 out of 15 (11 were expressed in this cells)
IncRNAs predicted computationally. We next focused on three of these
IncRNAs and performed q-PCR assays to once again confirm their
expression changes upon silencing NFE2L2.

To check the ability of NRF2 (the protein coded by NFE2L2) to control
the expression of these IncRNAs, we looked specifically at the promoter
region of one of these IncRNAs, called LINC00942. Interestingly, we
observed an ARE-like element only 120 bps upstream of TSS of this
gene. We next used luciferase reporter assays for further analyzing the
effect of NRF2 binding. Using vectors containing either the wild-type
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promoter of LINC00942, or with a point mutation in the ARE site (NRF2
binding consensus), we were able to show that binding of NRF2 is
necessary for the expression of this IncRNA.

To further assess the function of LINC00942, we inhibited the
expression of this IncRNA using antisense oligonucleotides (ASOs) in
A549 cells. We were able to confirm that both expression and protein
levels of GCLC, a well-known NRF2 target that is crucial for synthesis
of the antioxidant glutathione, went down upon treatment with
LINC00942 ASOs. Collectively, our results suggest a role for
LINC00942 in the antioxidant response downstream of NFE2L2.

In conclusion, in this study we systematically investigated alterations in
IncRNA expression in relation to key mutational driver events in human
cancers. We provided a comprehensive catalogue of candidate IncRNAs
that may play a functional role as part of oncogenic programs and may
serve as a reference and starting point for future experimental studies.
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3.2 NRF2 TARGETOME (STUDY II)

NRF2 is a transcription factor that regulates reactive oxygen species
(ROS) levels in cells, by inducing the transcription of a wide range of
genes involved in cellular antioxidant response. Therefore, NRF2 has
traditionally been recognized as a cancer preventive agent (Jaramillo
and Zhang, 2013). Recently, however, several studies have
demonstrated that constitutive activation of NRF2 in cancer cells can
work in favor of tumours by protecting cells from apoptosis,
chemotherapeutic agents, and radiotherapy (Menegon, et al., 2016). This
phenomenon that has been described as the ‘dark side’ of NRF2, has
made this factor an interesting gene to study in tumours. Somatic
mutations in NRF2 and KEAPI, the protein that regulates the amount of
active NRF2 in the cells, have been reported in variety of cancers such
as lung squamous cell carcinoma and lung adenocarcinoma (Kerins and
Ooi, 2018). Since the recognition of the consensus binding sites for
NRF2, also known as antioxidant response elements (AREs), several
studies have aimed to identify the downstream targets of this factor, with
only a few using a genome-wide approach. In this study, we provide the
most comprehensive genome-wide characterization of NRF2 direct
targets to date.

We used two lung cancer cell lines, A549 and H838, both harboring
activated NRF2. For determining the binding sites of NRF2, we
performed ChIP experiments using two different antibodies (abcam and
Diagenode) targeting NRF2, followed by high coverage DNA
sequencing. In parallel, to monitor the expression changes of
downstream targets of NRF2, we transfected both cell lines with siRNAs
targeting NRF2 (n=3) and control siRNAs (n=4) and sequenced the
RNA from these cells. In addition, to identify early and late targets of
NRF2, we designed a time course experiment in which using the same
siRNAs, we extracted the RNA after 3, 6, 12, 24 and 48 hours (Figure
11). By integrating these data, we defined the NRF2 targetome.
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Figure 11. Study Il overview. Figure generated by BioRender.com.

First, we identified NRF2 binding sites in both cell lines, based on the
ChIP-Seq data and the MACS tool for peak-calling (Zhang, et al., 2008).
Using different filters on the number of mapped reads in each region,
and enrichment values for each peak, we generated a map of NRF2 sites,
although number of peaks varied a lot between different samples. Peaks
were spread throughout the genome, and only about 8% of all peaks
resided in gene promoter regions. To identify the true binding sites of
NRF2 and not the false positives, we made use of the expression data.
By combining ChIP-Seq and RNA-Seq data, we could confirm which
binding sites were true positives, by selecting for peaks with the closest
gene being differentially expressed after NRF2 silencing. Using these
stringent criteria, we were able to identify 87 genes that were directly
bound by NRF2. Among these, most of the known direct targets of
NRF2 were identified, in addition to several novel targets. Interestingly,
the NRF2 binding sites were not always in proximal distance to the
genes, nor in the promoter regions. We identified several genes that were
regulated by NRF2 binding more than 10 kb away from the transcription
start site (TSS).
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We next explored the time course data, with the aim to identify early
and late targets of NRF2. We could see a clear pattern where the
expression changes increased over time, starting already six hours after
silencing NRF2. We defined several early and late responders including
both known and novel targets of NRF2.

In conclusion, in this study we have provided a comprehensive map of
the NRF2 targetome that includes several novel targets. We also showed
that by combining ChIP-Seq and RNA-Seq data, it is more probable to
identify the true positive binding sites of NRF2. Using a genome-wide
approach, we were able to detect binding of NRF2 in distal locations.
These discoveries would not have been achievable without the high
throughput sequencing approach following the ChIP experiment.
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3.3 CELLULAR RESPONSE TO ALK
INHIBITORS (STUDY lil)

The high frequency of ALK mutations in primary and relapsed
neuroblastoma tumours has made it an interesting target in these
tumours (Martinsson, et al., 2011). Several ALK tyrosine kinase
inhibitors (TKIs) have been developed to date, with a few of them being
approved by regulatory authorities, including the U.S FDA and
European EMA, for the treatment of non-small-cell lung cancer patients,
but none are yet approved for use in neuroblastoma treatment.

In this study, we investigated both the signaling and the transcriptional
changes in neuroblastoma cells treated with marketed ALK tyrosine
kinase inhibitors (TKIs). The three cell lines used in this study, CLB-
GE, CLB-BAR and SK-N-AS are all of neuroblastoma origin. CLB-
BAR (gain of function, truncated 4LK) and CLB-GE (gain of function
ALK mutation) are ALK-addicted cell lines. As a negative control we
used the SK-N-AS cells that do not express ALK and therefore do not
depend on ALK for survival, instead they harbor activating mutations in
NRAS.

For the phosphoproteomic experiments, all cells were treated with either
250 nM crizotinib or 30 nM lorlatinib, which are first and third
generation ALK TKIs (Johnson, et al., 2014; Shaw, et al., 2013), for one
hour (Figure 12). To identify the correlation between phosphorylated
proteins and ALK activity, we used an LC-MS/MS (liquid
chromatography-tandem mass spectrometry) approach to detect
phosphorylation changes in both ALK itself and ALK target proteins.
Upon treatment with each drug, thousands of proteins were
phosphorylated or dephosphorylated at the phosphorylatable amino
acids tyrosine, serine or threonine. The phosphorylation signal
intensities within the ALK protein were decreased after one hour of
treatment with both drugs in both CLB-GE and CLB-BAR cells, with
crizotinib treatment being more specific for ALK. Lorlatinib treatment
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also resulted in reduced phosphorylation of two other receptor tyrosine
kinases, DDR1 and DDR2 only in the ALK-addicted cells, with no
altered phosphorylation detectable in the control cell line, suggesting
that the effect of lorlatinib is through ALK.
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Figure 12. Study III overview. Figure generated by BioRender.com.

In total, in CLB-BAR cells we detected 74 proteins with decreased
phosphorylation upon treatment with either or both drugs. Gene set
enrichment analysis (GSEA) of these proteins showed an enrichment of
several signaling pathways including the FGFR and INSR pathways,
while the same analysis with proteins that were hyperphosphorylated
after drug treatments showed no enrichment, suggesting non-specific
effects on increased phosphorylation. In CLB-GE, only 23 of the
proteins identified in the CLB-BAR cells showed decreased
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phosphorylation, and the GSEA on these genes showed a weak
enrichment of the pathways identified for CLB-BAR cells. Lastly in the
SK-N-AS cells only one protein (AKT3) was observed with lower
phosphorylation after both treatments.

In parallel, we also performed RNA-Seq to identify downstream genes
that are regulated by ALK. For this aim, all three cell lines were treated
with each drug for 24 hours, and the total RNA was extracted and sent
for deep sequencing (Figure 12). The response to both drugs was similar,
with 302 down- and 462 up- regulated genes upon treatment with either
of the drugs in CLB-BAR cells. As expression of the ALK gene itself
was also increased in CLB-BAR cells, and not in the other two cell lines,
the downstream expression changes were also much more significant in
CLB-BAR. Interestingly, we identified 53 transcription factors among
differentially expressed genes, which were then analyzed further.

To identify the main ALK-dependent response genes and proteins we
performed an integrative biological network analysis based on known
protein-protein interactions (PPIs) using the 74 proteins with decreased
phosphorylation after drug treatment and the 53 differentially expressed
transcription factors identified from RNA-Seq after drug treatment. This
integrative analysis resulted in the identification of several known and
novel factors and pathways, for example ETS family of transcription
factors, as well as MAPK phosphatase DUSP4 (also known as MKP2).
Many of these findings were validated further using several
experimental methods.

In conclusion, in this study we present a comprehensive map of
downstream molecular changes in neuroblastoma cell lines, upon
treatment with first- and third- generation ALK TKIs. We also show that
although we use two ALK-addicted cell lines, they respond differently
to these drugs, possibly due to the fact that they exhibit different
chromosomal rearrangement profiles. This again emphasizes the fact
that neuroblastoma is a complex heterogeneous disease and there is a
need for further investigation of ALK signaling to find suitable drugs
for patients with this type of tumour.
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4 CONCLUSIONS

Cancer is a disease of the genome. Transformation of normal cells to
tumour cells, or carcinogenesis, involves the accumulation of driver
mutations that cause physiological changes, followed by gained
selective advantages that are preferentially selected by the tumour
environment. In this thesis, we aim to understand the mechanism by
which these mutations drive the cells towards a cancerous phenotype.
We use different approaches to understand this phenomenon in the three
studies included here.

In Study I, we systematically investigated alterations in expression of
IncRNAs in human tumours with key driver mutations. We provided a
comprehensive map of IncRNAs as possible downstream effectors in
key oncogenic programs. We also confirmed that some of these
IncRNAs have a role in the oxidative stress response pathways in lung
cancer cells. This broad list of IncRNAs may serve as a starting point
for future studies.

In study II, we provided a comprehensive map of the NRF2 targetome.
NREF?2 is a transcription factor that is known as the master regulator of
oxidative stress and is activated in several cancer types. Here we found
several novel targets of NRF2 with both proximal and distal NRF2
binding sites. The dataset generated in this study constitute an important
resource that will facilitate our understanding of NRF2 and its complex
roles in cancer.

In study III, we went further than studying tumours genomic changes,
by using marketed oncology drugs that inhibit the cancer driver gene
ALK, followed by studying the transcriptomic and proteomic alterations
upon treatment with the ALK TKIs. Here we identified relevant
biomarkers and signaling pathways such as ETS family transcription
factors and the MAPK phosphatase DUSP4 as targets of ALK signaling.
This study reveals new targets that could be exploited to treat ALK-
positive neuroblastoma.
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me to have a family in parallel to a good career. That is definitely the
most important lesson in life! Dooset daram mamane azizam!

Baba. I definitely took most things after you. I have a strong mind and
my own judgement on things without being affected by others’ opinion,
and that has helped me a lot during these years. I also learnt the most
from you when it comes to literature and poetry, and that has become
my favorite hobby recently. Thank you for always encouraging me to
read by getting me lots of books. It has all paid off now, I just wrote my
first little children book last year, and that is all because of your
influence throughout the years. Dooset daram babaye azizam!

Dayi Kevin. You are definitely the most important person when it
comes to feeling like at home in Gothenburg! Your home doors have
always been open to me, and I am truly thankful for that. Whenever I
had nowhere else to go, I could always come to you. Thank you for all
your help and support since I moved to Sweden. You still help us a lot,
and we don’t know what we would have done without you!

Dayi Martin. Although we haven’t met as much during these years, you
would always be there if I needed any help. Specially during the year I
lived in Linkdping. Thank you for all the help and support, even though
I know you are so modest, you wouldn’t even agree!

Rest of my family in Iran, Canada and Sweden. Honestly it would be
really hard to name the rest of my family here, as I have many more! In
case you are wondering, I have 9 aunts, 7 uncles and more than 30
cousins (I should count them one day!), not even including in-laws in
the numbers! All are spread around the world but mainly in Iran, Canada
and Sweden. So here by, I would like to thank you all for being there
when I needed you, and for showing me that ‘family’ is everything! I
love you all, miss you so much and hope to see you soon!
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All the others! If you are reading this book, you mean a lot to me. I
cannot possibly name all my friends here, but I thank you all for making
my life better in one way or another during these 10 years!

Liam and Lavin. My beautiful little kids, and the real achievements of
my PhD years! You are still too young to read this fully, but Liam can
read some words by now, and I will read the rest for you! I dedicate this
book to you, and want you to come back to it when you are older, to
understand what you meant to me during the hardest years of my life.
You are the light of my life, and the reason I live.

Liam, having you has been the most amazing part of my life. You
thought me to smile during my hardest days, and you have made me a
better person in many different ways. You always want to make jokes
and you make me laugh a lot! The best part of my day is when we just
sit and talk about everything and imagine the impossible together! I am
sorry for not being around so much recently, but I will soon be a full-
time mom again! I am so proud of you and I am thankful every day for
being your mom. Asheghetam pesare ghashangam!

Lavin, my life got complete the day you were born. Even though the
past year was really tough in many ways, having you and being home
with you was so amazing and definitely the best part of it all! You are
really active and also strong minded just like me, and I love that about
you. I am sorry for not spending so much time with you the last few
months, but it will get much better soon, and I am so looking forward to
teaching you everything and to see you grow into an interesting person!
I know that one day you will be a great woman, but you will always be
my little girl! Asheghtam dokhtare nazam!
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Jonathan. Where to start! [ have known you for more than 10 years
now, as we met just one month after I moved to Sweden! And it will
soon be 5 years since we got married. So that should say it all! It is not
easy to thank you for all these years in a few sentences, but I will try!
Thank you for becoming my family, when I had no one else, and for
being the reason I stayed in Sweden when nothing else was working out
for me! Thanks for the two amazing kids we have together, and for
taking care of them when I had so much work to do. During the last few
months, and specifically those 6 intense weeks when I wrote my entire
thesis, you did everything at home and took care of the kids every day
and night and even weekends, so that I could finish my thesis. You even
helped me with proof-reading of my thesis after kids went to bed! It is
beyond a shadow of a doubt that I couldn’t have finished my PhD
without your help and support. It has been a really hard year, without
any help from our family and friends since the pandemic started, but we
managed it together, and we will always and forever. I am sorry you had
to deal with a stressed and bad-tempered me for many months! But it is
all over, and we can enjoy life much more from now on! I love you so
much, and I am looking forward to the rest of our lives together!

If you have read my thesis, all the way through,
do not forget to find, my ‘hidden alien’ too!
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