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Abstract 

Cells are the vehicles that allows genetic code to proliferate in the world, 
taking on various forms – as illustrated by the tree of life. The cell 
features are determined by the manufacturing of proteins, a process that 
has its blueprints encoded as genes in the genome. It is crucial for all 
cells to have the right amount of protein, regardless of context (part of a 
multicellular organism or self-sustained). The protein landscape 
(amount and type) vary depending on the environment. Cells of the 
multicellular organism should maintain the protein balance to provide 
its’ intended function in the organism tissue. The cells of multicellular 
organisms are faced with an imbalance due to sex-related chromosomal 
imbalances and other genome effects that change the number of gene 
copies. Restoration from the imbalance is done by dosage compensation 
systems. Cells that are isolated from the organism and grown inside the 
lab are common in research, known as cell lines. Cancer cells are similar 
to cell lines and have lost their original function in the organism in favor 
of a self-sustained lifestyle. The new environment (context) for these 
isolated cells impose a challenge; the cells must reorganize their 
genomes (holding the blueprints for proteins) to obtain autonomy. 

In this thesis, the genome evolution of isolated cells, cell lines, has been 
studied using Drosophila melanogaster (the fruit fly). Compared to 
normal cells of the host organism, cell line genomes are highly mutated 
and rearranged. With the emergence of novel sequencing technologies 
that can read long fragments of the genome, this complexity of cell line 
genomes can be captured. On the topic of novel sequencing technologies, 
new software implementations are presented and the future of software 
for long reads and complex genomes is discussed. The main focus of this 
thesis is to describe how an established and commonly used cell line has 
reorganized its’ genome to sustain a culture environment. Important 
information about the genome structure is provided to the research 
community. The thesis also describes the genome reorganization in new 
cell lines, covering the early adaptations to cell autonomy. Together, 
these investigations are of high relevance to human cancer research. This 
thesis has also studied the fundamentals for regulation of protein 
balance in organismal cells. Specifically, a recognition sequence to the X 
chromosome of the protein Painting of Fourth. This protein is related to 
dosage compensation and primarily enhance transcription from the 4th 
chromosome in Drosophila melanogaster, but has been observed to 
occasionally bind to the X chromosome. 
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Sammanfattning 

Celler kan liknas vid en farkost som genetisk kod använder för att leva i 
världen. Dessa farkoster antar ett stort antal former som illustreras av 
livets träd. Cellernas funktioner och drag bestäms av vilka proteiner som 
tillverkas. Instruktionerna för tillverkningsprocessen finns kodade som 
gener i cellens genom. För cellerna är det nödvändigt att rätt mängd 
protein finns, oavsett om cellen är självständig eller del av en 
multicellulär organism (t.ex. människa). Proteinlandskapet (mängd och 
typ av protein) varierar beroende på cellens miljö. För celler vars miljö är 
som en del av en multicellulär organism behöver proteinlandskapet vara 
anpassat för att den ska kunna uträtta sina funktioner som vävnad i 
organismen. Proteinbalansen hos organismala celler hamnar i obalans 
på grund av olika antal av könsrelaterade kromosomuppsättningar samt 
av andra händelser i genomet som ändrar antalet gen-kopior. Sådan 
obalans korrigeras av doskompensationssystem. Celler som är avskilda 
från sin organism och kan odlas på labb kallas cell-linjer och är ofta 
använda i forskning. Cancer-celler liknar cell-linjer och har tappat sin 
ursprungliga funktion i organismen för att anta ett självständigt liv. Den 
nya miljö (situation) som de isolerade cellerna möter är en utmaning. 
Det krävs att dessa celler omlagrar sitt genom (där instruktionerna för 
proteiner finns) för att bli självständiga. 

I den här avhandlingen har genomets evolution hos cell-linjer studerats i 
Drosophila melanogaster (även känd som bananfluga). I jämförelse med 
normala celler som är en del av en organism så är cell-linjernas genom 
muterade och omlagrade. Med nya sekvenseringsteknologier som gör det 
möjligt att avläsa långa DNA fragment så kan komplexiten av cell-linjers 
genom fångas och studeras. På temat om nya sekvenseringsteknologier 
så presenteras nya implementeringar av programvara. Framtiden för 
programvara för långa DNA-avläsningar och dess tillämpning på 
komplexa genom diskuteras. Avhandlingens huvudfokus har varit att 
beskriva hur genomet hos en etablerad (och inom forskning ofta använd) 
cell-linje har omlagrats och hur proteinlandskapet har anpassats för en 
miljö i cellkultur. Här bidrar vi med viktig strukturell information om 
cell-linjens genom till forskningsfältet. Även nya cell-linjer har studerats, 
där vi beskriver vilka de tidiga anpassningarna av genomet är för ett liv 
utanför organismen. Tillsammans är undersökningarna av en befintlig 
cell-linje och nya cell-linjer är högst relevanta för cancerforskning. 
Avhandlingen har även studerat reglering av proteinbalans hos celler 
som är del av en organism. Här har igenkänninssekvensen på X 
kromosomen för proteinet Painting of Fourth karaktäriserats. Painting 
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of Fourth är relaterat till doskompensationssytem och verkar primärt 
genom att öka transkriptionen från den fjärde kromosomen i Drosophila 
melanogaster, men proteinet har även observerats ibland på X 
kromosomen. 
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Introduction 

Life is the execution of a code that is programmed 

through evolution 

The physical foundation for life is the code that is composed of molecules 
in the form of deoxyribonucleic acid (DNA). To make a parallel between 
an organism and a machine, the DNA code holds the instructions for the 
various functions of the machine, and life itself describes how those 
functions are executed and develop independently over time. Life is 
diverse, as illustrated by the Tree of Life, and is manifested in the form of 
small viruses and bacteria to plants, insects, fishes, and vertebrate 
animals, such as humans. This diversification is the result of evolution in 
different environments. The theory of evolution by natural selection was 
described by Charles Darwin, living between the years 1809 to 1882. In 
brief, his theory states that the traits (now known to be encoded in the 
DNA) of an organism vary randomly, can be inherited, and are favored if 
they increase the fitness of the organism in its’ environment (1). 
Darwin’s study of finches demonstrates his theory, where the shape of 
the beaks varied between different birds due to adaptation to the 
different food sources that were available (2). Since Darwin and his 
finches, it is known that traits (called phenotypes) are encoded as genes 
in the DNA that is stored in every cell that constitutes the bird. The 
collection of DNA code is referred to as the genome where different 
compartments that are known as chromosomes hold the genes. A variety 
of traits result from changes in the genomic DNA (producing a different 
genotype) at the cellular level. The change results in a different 
phenotype at the organism level (e.g., the bird beak) for selection to act 
upon (e.g., a food source that favors a particular beak structure). To 
generalize, evolution can be described as the process where the most 
capable copiers are sifted out and where random errors (that inherently 
occur during copying of the DNA) induce variation of organismal traits 
that positive or negative selection act upon. 

Evolution: a question of perspective 

In an organism, e.g., a human, there is a selection for traits at the 
organism level but that do not have a positive impact at the cellular level. 
For example, at the organism level there is a selection for traits that 
dictate the integrity of cells. These include limiting growth and inherent 
self-destruction mechanisms in the cells. It is critical that such cellular 
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traits are in place to organize the cells in favor of the organism. However, 
at the cellular level, the law of natural selection still applies, favoring 
fitness (growth and survival). This struggle of different levels of selection 
is exemplified by the ongoing evolution that occurs in human cells (3–7). 
As cells evolve, they can break the constraints that have been 
programmed into them and avoid the surveillance of the organismal 
immune system (which eliminates cells that misbehave) (8,9). When 
that happens, the cell has become cancerous and takes on a new lifestyle 
inside the organism, forming tumor tissue. Another perspective of 
organism vs. cellular evolution is the sex-related chromosome setup 
(human males have one X and one Y chromosome and females have two 
X chromosomes). At the cellular level, the sex-related chromosome setup 
results in superfluous traits (since cells reproduce asexually through 
cloning and not sexually). Furthermore, the sex-dependent setup causes 
protein imbalances due to different number of gene copies located on the 
sex chromosome in one of the sexes. To correct protein imbalances, cells 
have evolved sex-related dosage compensation systems (10) that are 
described further below. Taken together, there is a balance between 
variation of traits at the cellular level and selection on both a cellular and 
an organismal level. There are other examples of interdependent 
evolution. Such as between an organism and the bacteria that inhabits 
the organism’s intestine (contributing to digestion of food and 
production of fatty acids, i.e., a positive environmental factor to the 
organism (11)). Another example is the balance between cells and selfish 
transposable elements that exist within the genome. The transposable 
elements have invaded the cell and integrated themselves into the 
genome. Here, they co-evolve with the genome by facilitating genetic 
variation or, if too active, lead to fatal genomic instability (12)). To 
summarize, the evolution of multi-cellular organisms is a process that 
has multiple interdependent layers with various selective pressures. This 
thesis will focus on evolution at the cellular level of organismal cells 
through investigating the cell’s DNA. 

The cell line (isolated organismal cells) 

Cell lines are organismal cells that have been isolated and can be grown 
in the lab. From a research perspective, there are numerous advantages 
of cell lines compared to organisms. These include a rapid generation 
cycle, easier management, avoiding ethical concerns, easier genetic 
manipulation, the study of specific pathways or functions (that are 
difficult to study in isolation when the cell is part of the organism), and 
in drug research (13–15). Consequently, cell lines have become an 
invaluable resource that is commonly used by researchers. To establish a 



 

3 

cell line, the cells must become immortalized – a process that involves 
mutation of the genetic code in specific genes. Unless they become 
immortalized, isolated cells die as they are removed from their 
organismal environment (that they have evolved to be part of). 
Immortalization occurs when genes that are involved in cellular self-
regulation and self-restriction are repressed and genes that increase 
cellular fitness and proliferation are enhanced (16). In other words, 
immortalization requires cells to break the constraints that were 
imposed by the organism (as described above) and increase their ability 
to grow independently. Once immortalized, the cells can be cultivated in 
the lab. 

Cancer cells and cell lines are similar but have different 

environments 

Like cell lines, cancer cells have mutated and lost their original integrity 
and function in the organism. Cell lines and cancer cells are similar in 
that they are optimized for self-sufficiency and proliferation but differ in 
environment. A cancer cell still resides inside the host organism 
(contrary to the cell line that grows in a medium inside the lab) which 
makes it a target for the host immune system (9,17) that surveys for 
abnormal cells. Furthermore, the host environment imposes spatial 
constraints (18) and competition for nutrition and resources with 
neighboring cells (19). Consequently, the selective pressure of cancer 
cells includes an array of functions that are related to avoidance of the 
host organism immune response and co-existence with other cells. Many 
cancer cells that has developed in human tissues have been isolated into 
cell lines where they can be studied in isolation. 

Regulation of cell traits via gene dose 

The functions (traits) of a cell are encoded in the genes of the genome 
where the dose (amount of gene product) is dependent on the amount of 
gene expression (producing mRNA and protein) and breakdown of the 
mRNA and protein. Gene expression depends on the amount of 
transcription factors available to read the gene code and the number of 
gene copies. In general, there is a correlation between the number of 
gene copies and the amount of expressed protein (20). This thesis will 
primarily focus on the number of gene copies to relate to cell traits. The 
gene dose depends on the number of functional gene copies. A gene is 
functionally disrupted if the sequence is deleted or if aberrations (e.g., 
small nucleotide letter mutations or a structural rearrangement 
breakpoint) in the code change the gene product (mRNA and protein). 
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Conversely, the gene dose is increased through duplication of the 
sequence. 

The gene dose in cell lines is regulated by mutations and 

rearrangements 

Cell lines (and cancer cells) are commonly highly mutated, at multiple 
levels: at the nucleotide level, by single- and multiple nucleotide 
polymorphisms (SNPs and MNPs, respectively) (21). At a structural 
level, by insertion, deletion, duplication, or inversion of DNA fragments, 
and translocations between chromosomes (22). At a genome level, by 
changes in the number of genome copies (referred to as ploidy) or 
individual chromosomes (aneuploidy) (23). Collectively, cell lines (and 
cancer cells) demonstrate a variety of mutation and rearrangement 
signatures non-uniformly across genes of various functions – they are 
highly heterogeneous (24). The focal point of mutations involves 
disruption (by e.g., a SNP or a deletion) and enhancement (by e.g., a 
duplication or a translocation of gene regulatory regions) of genes with 
particular functions. Disruption generally occurs in genes related to anti-
growth signals, e.g., cell cycle termination checkpoints, apoptosis, and 
cellular response to signals from other cells. Enhancement generally 
occurs in genes related to growth (increased replication pace and 
increased metabolism) and that enable limitless replicative potential (8). 
The heterogeneous and highly mutated nature of cell line genomes 
suggests that there are multiple routes to immortalization and that a 
large fraction of the mutations are passenger mutations (as opposed to 
driving, where positive selection is enforced onto the mutations) during 
evolution. Because research today has focused on established cell lines it 
lacks a time-dimension of evolution. Consequently, it is hard to classify 
the mutations as a driver or a passenger and to determine the order of 
mutations. Taken together, it is difficult to understand the relative 
impact of mutations, by what mutation mechanisms they occurred, and 
what gene functions were affected during the immortalization process. 
Still, a hallmark of cell line (and cancer-cell) genomes is copy number 
aberrations (duplication or deletion of sequence). This suggests that 
duplication and deletion of sequence is a universal response to adapt the 
transcriptional landscape towards cellular autonomy. That is 
paradoxical, as cells are normally sensitive to protein imbalances 
resulting from a change of gene dose (25), where copy number losses are 
generally less tolerated than copy number gains (26). To conclude, gain 
and loss of copy number is a universal response that enables cell lines to 
adapt the transcriptional landscape towards cellular autonomy. Upon 
cell isolation, the accumulation of copy number gains and losses is a 
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stepwise process. The process is highly selective for traits that increase 
fitness (and enable survival) in the new environment where most cells 
perish. 

Gene dose in organismal cells is regulated by dosage 

compensation systems 

Many organisms that reproduce sexually have a different setup of sex 
chromosomes, implying a difference in gene-copy number for genes on 
the sex chromosome. This discrepancy in gene-copy number is managed 
at the cellular level by dosage-compensation systems following three 
general mechanisms that varies between organisms. In humans, the gene 
dose is restored by inactivating one copy of the sex chromosome when 
two copies are present (10). In the fruit fly, Drosophila melanogaster, 
the transcription of the sex chromosome is enhanced when one copy is 
present (27). In the nematode Caenorhabditis elegans, the transcription 
of the sex chromosomes are repressed when two copies are present (28). 
Sex chromosome dosage compensation systems regulate the gene dose 
on a chromosome-wide level. A similar mechanism known as gene 
buffering can regulate the dose of genes that are overlap a segmental 
deletion or duplication (29) (as opposed to all genes on the 
chromosome). In Drosophila melanogaster, a protein related to dosage 
compensation named Painting of Fourth (POF) acts on the 4th 
chromosome (30–32). The 4th chromosome is related to the X 
chromosome and it is hypothesized that the 4th chromosome ancestrally 
was an X chromosome that reverted to an autosome (33). POF increases 
gene expression by binding to nascent RNA from actively transcribed 
genes (34) and is essential for viability of flies with only one 4th 
chromosome (31). In addition to its’ binding to the 4th chromosome, POF 
has been observed to occasionally bind at the cytological region 2L:31 
(35) and at two loci on the X chromosome (36). However, it is unknown 
what attracts POF to bind at the sites on, e.g., the X chromosome. 

Genome-reading to decode the biological DNA 

code through logical code 

High throughput genome sequencing has revolutionized 

genomics 

Technologies to read an organism's genetic code (called DNA 
sequencing) have been in development since the 1970s. It resulted in the 
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first fully sequenced genome (of a bacteriophage, a virus that infects 
bacteria, with a genome size of about 5400 nucleotides) in year 1977 
(37). More than 20 years later, a draft of the human genome was 
published in 2001 (38) by the International Human Genome Sequencing 
Consortium. The draft genome had a genome size of three billion base 
pairs (bps), more than 555 thousand times larger than the 
bacteriophage, and is estimated by the National Human Genome 
Research Institute (NHGRI) to have cost $300 million. Since then, the 
sequencing price decreased at the rate of Moore’s law until the end of 
2007. From that time, the cost per sequenced base has decreased by over 
10’000 times until 2020, driven by technological innovations that have 
increased throughput and automatization (NHGRI, 
https://www.genome.gov/sequencingcosts/). The cost of sequencing a 
human genome today is less than $1000. As sequencing has become 
increasingly cost- and time-efficient there has been a surge in the 
number of sequencing projects (39), enabling researchers to study 
genomes at a nucleotide level. 

Short read sequencing 

Sequencing by the Illumina method is today the most common 
technology, and it was responsible for bringing down the cost per 
sequenced base in 2007. To sequence with Illumina, DNA is isolated 
from the nuclei of a cell and sheared into short fragments. Synthetic 
fluorescent nucleotides are then incorporated as the DNA fragments are 
copied by a DNA polymerase. Each incorporation emits a fluorescence-
signal that is unique to the incorporated nucleotide and that signal is 
registered by a camera (40). From the signals, a digital representation of 
the DNA is created – the DNA has been “read” through sequencing into a 
computer. Illumina have various machines that are based on this method 
but that differ in terms of throughput, fragment lengths, and single-end 
(older machines) or paired-end (newer machines) fragment sequencing. 
The length of sequenced fragments typically ranges between 50-150 bp 
but can be as long as 600 bp. In the paired-end mode, the two ends of 
longer DNA fragments can be sequenced to produce two readings (2 x 
50-150 bp) with a non-sequenced region in-between of typically 250-450 
bp (www.illumina.com/systems/sequencing-platforms.html). 

The advantages of Illumina sequencing include a low reading error rate 
(around 0.1% for the latest platforms) and a high throughput (low cost 
per sequenced base) (41). Owing to a high reading accuracy, Illumina 
short reads are useful to identify small-scale variants (e.g., SNPs and 
MNPs). However, only the breakpoints of structural rearrangements can 
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be identified due to the short read lengths (that do not span the 
rearrangement). Still, rearrangements that change copy number (e.g., 
sequence deletion or duplication) can be identified indirectly through an 
increase or decrease of read coverage (42) in the affected region. 
However, it is impossible to identify if multiple mutations are located on 
the same genome copy (termed haplotype) unless the mutations are 
located within the read length. Furthermore, repetitive genomic regions 
that are longer than the read length cannot be resolved. In summary, 
Illumina sequencing is cost-effective, enables accurate identification of 
nucleotide mutations (SNPs and MNPs), and detects changes in copy 
number. It can provide an overview of genomic rearrangements (via 
breakpoints). However, the relative position of multiple SNPs, MNPs, 
and rearrangements cannot be determined or linked (limited by short 
read lengths). Consequently, Illumina sequencing does not enable a 
global understanding of the genome structure at haplotype level. 

Long read sequencing 

Pacific Biosciences (Pacbio) and Oxford Nanopore Technologies (ONT) 
delivered their first systems for sequencing of long DNA fragments in 
2011 and 2015, respectively. With these methods, the DNA from cells is 
prepared to maintain long fragments (as opposed to Illumina sequencing 
where DNA fragments are sheared into shorter fragments). The Pacbio 
sequencer works by having an immobilized DNA polymerase that is 
anchored to the bottom of a well incorporate nucleotides with 
fluorescence markers into the DNA fragments. A digital read 
representation of the sequenced fragment is obtained through 
translating the signal of each incorporated nucleotide (43). The 
nucleotide read error rate is high (>10%) but can be alleviated by reading 
the same DNA fragment multiple times (producing a consensus read 
sequence with <1 % error rate, depending on the number of read 
iterations (43–45)). The ONT sequencer is composed of a membrane 
with nanopores that separates two fluids. When a voltage is applied 
across the membrane, ions (e.g., the DNA) travel through the pores. As 
molecules pass through the pore a sensor detects the shift in current. 
Different nucleotides generate distinct current-signals that are 
translated into a digital representation of the DNA fragment (46). The 
error rate of ONT sequencing has decreased over time (following 
upgrades to the sequencer, pore, and chemistry) and is currently at 
around 7% (47). 

Since Pacbio and ONT reads have a high nucleotide error reading rate, 
they are inferior to short reads to identify SNPs but are useful to resolve 
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sequence structures and context. Owing to long read lengths (the bulk of 
reads are between 10-25 kbp long for Pacbio (48), and the read lengths 
can be >100 kbp for ONT (49)) they are useful for several applications. 
They are superior to short-reads to identify structural rearrangements 
(insertions, deletions, duplications, inversions, and translocations (50)). 
Furthermore, they can span over repetitive regions, link mutations that 
occur on the same haplotype, and be used to determine the order of 
multiple rearrangements that exist on the same haplotype (51–54). 

Long range sequencing 

A method to sequence long DNA fragments using Illumina is the 10X 
Genomics library preparation protocol. In brief, the method involves an 
additional step in the library preparation where long DNA fragments are 
trapped into oil droplets. Each droplet is then assigned with a unique 
barcode followed by sequencing at low coverage on an Illumina platform. 
Thus, long-range information is available through the barcode (55). 
Using the barcoded Illumina short reads, SNPs and MNPs can be 
identified and linked (55,56). The long-range sequencing method 
complements long read sequencers (that have a higher nucleotide error 
reading rate and lower throughput) by enabling accurate identification of 
nucleotide variants over long ranges. However, long-range sequencing is 
inferior to long reads (Pacbio and ONT) to reconstruct the full-length 
DNA fragment (due to, e.g., the limitations of short reads to span 
repetitive sequence). 

Bioinformatics: using logical code to reverse-engineer the 

biological code 

The advent of sequencing technologies has revolutionized the field of 
genetics (which historically was dominated by molecular biologists and 
lab-work) and has created a demand for expertise in computer science. 
Bridging the gap between molecular biology and computer science is the 
field of bioinformatics. Bioinformatics has no strict definition but is 
broadly described as an interdisciplinary field between genetics, 
computer science, and statistics (39). The work of a bioinformatician 
involves (but is not limited to) working with sequencing datasets that are 
large and that are passed through various software on high-performance 
computers. Competence in programming and Unix-based operating 
systems are often required to manipulate and funnel the data through 
analysis pipelines or to make software adjustments. 
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Sequencing read analysis strategies: reference-based vs. 

genome reconstruction 

After obtaining a read dataset through DNA sequencing, the first step is 
to quality-check the reads. Residual adapters from the sequencing and 
stretches of nucleotides that have low reading score values are trimmed 
away. A genome coverage is estimated, i.e., the average number of times 
each nucleotide position in the genome has been read. Proceeding the 
quality-check, it is most common to analyze the read dataset relative to a 
reference genome or to reconstruct the genome (called de novo genome 
assembly). In reference-based analysis, the reads are aligned (by 
matching the read sequence to the reference genome sequence) followed 
by downstream analysis using, e.g., variant calling. Nucleotide variants 
are identified through nucleotide conflicts (i.e., SNPs and MNPs) in the 
alignments (57). Insertion, deletion, inversion, duplication, and 
translocation rearrangements are identified through split alignments or 
non-adjacent read pair alignments (50,58,59). The variant calls are 
analyzed by type, abundance, and location in the genome (e.g., overlap to 
genes, or regulatory or repetitive regions). In the analysis that uses a de 
novo genome assembly, the reads are assembled to construct longer 
sequences (called contigs). The goal is to produce contig-sequences that 
are as long as possible, to ultimately reconstruct a chromosome (60–62). 
However, full length chromosomes are seldom obtained. Long stretches 
of repetitive (63) or ambiguous sequences (e.g., sequences that are non-
repetitive but duplicated or that originate from regions that have local 
differences between the haplotypes) are difficult to resolve and result in 
fragmented assemblies. 

The choice between reference-based or de novo genome assembly 
methods is dependent on multiple factors. Reference-based analysis 
requires an available reference genome. For common organisms and 
model organisms (e.g., human and the fruit fly) reference genomes are 
available that are well annotated with genes, regulatory regions, and 
repetitive sequences (64). Another factor is the dataset properties. A low 
dataset coverage (below roughly 20-25X genomic coverage) and short 
read lengths (such as reads produced from Illumina sequencing) make 
de novo genome assembly impractical. A complex sample genotype (e.g., 
a genome with multiple haplotypes or a pool of genomes) impairs de 
novo assembly methods to produce useful assemblies (65). Such 
scenarios favor a reference-based analysis. Another factor is the 
structural divergence between a sequenced sample and the reference 
genome. As the sample and reference become increasingly different, the 
more favorable the de novo genome assembly becomes. As the sample 
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and reference are increasingly divergent, more rearrangements are 
identified that are difficult to put into context (in highly divergent 
regions, when multiple rearrangements are identified). In other words, 
variant calling makes more sense between two similar entities. De novo 
genome assembly and genome comparison make more sense between 
non-similar entities. 

There is a lack of reference-based variant calling software for 

complex genomes 

Reference-based variant calling is often used for cell line (and cancer) 
sequencing datasets. De novo genome assembly strategies are hampered 
by cellular heterogeneity (14,66), genomic rearrangements (52), and 
multiple genome copies (65). Historically, the complexity of cell lines has 
been masked by limitations of short read sequencers since those reads 
cannot provide a global overview of rearrangements and their context. 
As long-read sequencers have emerged, there is a lack of long read 
variant-calling software that is competent to study complex genomes 
(67). Like the genomes of cell lines, that have nested rearrangements, a 
high density of rearrangements, and different haplotype structures. 
Likewise, the formatting practices that are used by most researchers in 
the community for variant calling constrain the analysis of complex 
genomes. The standard output format (named variant call format, VCF) 
was established before long read sequencers existed, when only short 
reads were used. For example, the variant coordinates are only reported 
for the reference genome (and not for the reads that support the variant). 
This hinders downstream analysis to determine the order of multiple 
variants that are supported by the same read, e.g., a long read that spans 
multiple rearrangements. However, the issues with long read variant 
calling software expand beyond formatting and the underlying logic of 
variant calling needs to be revised to leverage the full information 
available in long reads during reference-based analysis. 

Visualizing genomic rearrangements from a long-read 

perspective 

Visualization of rearrangements is critical to inform about the structure 
of complex cell line genomes and to interpret variant calls (e.g., in highly 
rearranged regions). However, the perspective of current visualization 
software is through the reference genome and is based on variant-calls 
(68–73), which makes it hard to rapidly understand the structure of 
rearranged regions. Like with long read variant calling software, 
software to visualize genomes must be revised to leverage the full 



 

11 

information of long reads, to capture the complexity of cell line genomes. 
On a wider level, visualization from long-read data is a sophisticated 
process where bioinformaticians serve as the gatekeepers which 
unfortunately leaves behind a considerable proportion of the research 
community. Namely, those that are incapable of processing the raw data 
to a visualization. That process is time-consuming, consisting of quality-
control, alignment, variant calling, and variant selection, and is 
performed using a command line interface on a high-performance 
computer with Unix-system. To enable more researchers to rapidly 
visualize sequencing data, there is clearly a need to lower the 
requirement of bioinformatic expertise. This motivates development of 
user-friendly software that has a graphic interface and that works with 
low-processed data, such as the alignment file of a raw (unprocessed) 
read dataset. 

Researcher’s best friend: Drosophila and her cells 

A century of fruit flies (Drosophila) in genetics 

The fruit fly (Drosophila melanogaster) has been used in research to 
study genetics for over hundred years. Drosophila was used by Thomas 
Hunt Morgan to discover the role of chromosomes in heredity, which 
eventually awarded him the Nobel Prize in year 1933. Since then, 
researchers have appreciated Drosophila as a model organism due to its’ 
advantages over other organisms. Compared to humans and other 
vertebrate animals, Drosophila has a rapid generation time, requires 
little space, and is cheap to manage. It has much less ethical regulations, 
is easy to genetically manipulate, and easy to environmentally control 
(74). Furthermore, Drosophila has four chromosome-pairs (compared to 
the 23 chromosome-pairs in human) and a genome that is almost 20 
times smaller than the human genome. Thus, less sequencing, 
computation, and time is needed. Still, Drosophila has great relevance 
to, e.g., human disease research as approximately 75% of disease-related 
genes have an equivalent (ortholog) in the fly (75) and an overall gene 
homology of about 60% (76). Within genus Drosophila, the species 
Drosophila melanogaster is the most common in research with the first 
reference genome published already in year 2000 (77). 

Cell lines are isolated building-blocks of an organism 

Cell lines are simple model systems that are established from 
immortalized isolated organismal cells, such as a human or a fruit fly. In 
their isolated state, they become space-efficient, cost-efficient, and time-
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efficient (the generation time typically ranges between an hour and a day 
and can be regulated slightly by temperature). Furthermore, they are 
easy to genetically manipulate and to control. Because they are isolated 
from the organism it is possible to study specific gene functions and 
pathways that cannot be independently regulated in the organism's 
environment (15). A variety of cell lines have been established from 
various Drosophila melanogaster tissues, that contribute as valuable 
tools to the Drosophila research toolbox (78,79). Since their 
establishment, these cell line genomes have clearly evolved (including 
cell lines that originated from the same embryo, e.g., the S1, S2, S2R+, 
S3, and Sg4 cell lines (79,80)). Their evolution is reflected by varying 
and diverse rates of copy number change, genome ploidy (78), unique 
transposable element insertion profiles (79,81), and transcription 
profiles (82). The heterogeneity between these cell lines suggests that 
they have adopted different evolutionary strategies, defined as the type 
of gene functions that have been regulated and the type of 
rearrangement mechanisms that shaped the genome to drive evolution. 
For instance, regulation of certain gene functions may dictate how the 
cell evolves where, e.g., an increased capability to handle DNA breaks 
and lenient DNA management during cell division facilitates genomic 
rearrangements through incorporation or losses of DNA fragments. 
While the enrichment of gene functions has been described for these cell 
lines (78,82), it is remarkable that rearrangements have not been 
detailed (but likely explained by the technological limitations of short 
read sequencing). For instance, the relative abundance of rearrangement 
types, their order, the structure of the haplotypes, and the context of 
duplications (or deletions) that resulted in copy number gain (loss) are 
unknown. Furthermore, an hypothesis about the rearrangement 
mechanisms that have shaped these cell line genomes is lacking, apart 
from recombination between haplotypes in ovarian cells (79). From a 
technical perspective, it is critical that rearrangements are identified so 
that they can be taken into consideration when using a reference-based 
approach to analyze cell line sequencing data (since reconstructed cell 
line genomes are lacking). Rearrangements that are not accounted for 
may lead to false interpretations if the spatial positions of two loci in the 
reference genome have changed in the cell line. Taken together, 
Drosophila melanogaster cell lines are interesting from an evolutionary 
perspective to inform about the mechanisms of structural genomic 
adaptations in immortalized cells and from a technical perspective to 
ensure that conclusions in reference-based analysis using such cell lines 
are adequate. 
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Aims 

The main goal of this thesis was to study how Drosophila melanogaster 
cells (isolated and organismal) regulate gene dose and how isolated cells 
evolve. The goal of each paper is listed below: 

Paper I, to characterize the genome of an established cell line that is 
highly rearranged and has known copy number variation. Using long-
read and long-range sequencing technologies, we determine the 
structure (tandem or interspersed) of duplicated sequences, the relative 
abundance of different rearrangement types, and the structural 
dissimilarity of haplotypes. Furthermore, we wanted to formulate a 
hypothesis about rearrangement-mechanisms during the cell line’s 
evolution. We also wanted to provide the research community with 
tabulated data of gene copy number and disruption for this commonly 
used cell line. 

Paper II, to develop a software for long reads that can be used without 
bioinformatics expertise. The software must work with low-processed 
alignment data and enable an overview of genomic rearrangements and 
detailed visualizations at alignment level. It should serve as a general-
purpose software that can be used rapidly in various research and 
clinical settings. 

Paper III, to study novel cell lines and investigate the early adaptations 
towards immortalization. Such as the relative frequency of different 
rearrangement types, their order, and the type of genes that are affected. 

Paper IV, in organismal cells; to determine the recognition sequence 
for the protein Paining of Fourth (POF), related to gene dosage 
compensation. 
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Investigations 

Contributions 

The following investigations were performed by me together with my 
research colleagues. I have designed and done all bioinformatics-related 
work and written the draft manuscripts for Papers I-III. My work in 
Paper IV was to determine the genomic distribution of satellite 
sequences. Laboratory work was done by my colleagues. 

I. Transposon activity, local duplications and 

propagation of structural variants across 

haplotypes drive the evolution of the Drosophila 

S2 cell line 

The article describes the genome structure and sequence (SNPs, MNPs, 
and insertion, deletion, duplication, inversion, and translocation 
rearrangements – at haplotype level) of the Drosophila melanogaster 
cell line S2-DRSC. Additionally, it also suggests probable rearrangement 
mechanisms. To examine the universality of the major rearrangement 
types in S2-DRSC, a comparison was made between various Drosophila 
melanogaster cell lines. The S2-DRSC cell line was selected from an 
evolutionary perspective because it has a highly rearranged genome 
(inferred by copy number) and has multiple genome copies. The 
selection was motivated further as S2-DRSC is one of the most used 
Drosophila cell lines and thus information about the genome and its 
evolution is essential to the research community. 

Background 
The genome structure of S2-DRSC is tetraploid (four genome copies) 
and highly rearranged (>30% of the genome has copy number change 
and preferentially gain of copy number) where breakpoints are 
sometimes associated with repetitive element sequences (78). However, 
the context of sequence duplications is unknown (dispersed or tandem). 
At the time of this study the types of repetitive elements had not been 
described (the dominating repetitive element types were identified in 
another publication during the writing of this article (79)). Furthermore, 
the rearrangement and sequence (SNP) structure of the haplotypes are 
unknown. Also, the relative abundance of different rearrangement types 
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has not been estimated, and the rearrangement mechanisms have not 
been inferred. 

Method 
To enable comprehensive study of the genome structure and sequence at 
haplotype resolution, S2-DRSC cells were sequenced by long range and 
long read methods. For the long-range sequencing, we used 10X 
Genomics barcoded Illumina sequencing, which enables linking of SNPs 
that are identified on the same haplotype. For the long read sequencing, 
we used Pacbio and Nanopore (ONT), which enable discovery of 
rearrangements with context and linking of rearrangements on the same 
haplotype. Available software was used to identify SNPs and MNPs. To 
identify structural variants using long reads a custom algorithm was 
implemented, since available software (e.g., Sniffles (50)) were not 
designed for complex genomes (that have multiple genome copies and 
high rearrangement density). The primary issue with the available long-
read software was that it did not use the full length of the reads involved 
in the calling of a rearrangement. This resulted in intermediary 
rearrangements that could be resolved by taking the full information of 
the read into consideration (see Appendix 1). Other concerns were 
redundant calls (overlapping variants that sometimes were classified as a 
different type) and false calls that involved alignments in highly 
repetitive regions (that could not be alleviated by masking of repeats). 
These issues motivated the development of a custom algorithm. The 
algorithm is designed for long-read samples of complex genotypes. It 
handles a high abundance of repetitive sequences, duplicated non-
repetitive sequences, and a high density of rearrangement breakpoints. 
Furthermore, it handles polyploid and heterogeneous samples (or pooled 
samples). Compared to other software, our algorithm first performs an 
all-vs-all comparison of reads to identify the longest reads (and mark 
which reads are contained in a longer one), followed by identification of 
rearrangements. Other software performs an initial filtering of poor 
alignments followed by identification of rearrangements from pair-wise 
traversal of all read alignments. When rearrangements are identified in 
our algorithm, any intermediary rearrangements (nested 
rearrangements) are handled separately and classified as within the 
outer rearrangement. The reads that are supportive of a rearrangement 
are estimated through the all-vs-all comparison information (counting 
reads that map to the longest read, that span the rearrangement 
breakpoint). Other software infers read support from the alignments to 
the reference genome. Our method comes at an expense, it requires 
more computation resources. It takes approximately 3500 CPU-hours 
and 400 GB of memory, compared to approximately 360 CPU-hours and 
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a flexible but small (about 20 GB) amount of memory for the other 
software. Although, the memory usage of the algorithm can potentially 
be optimized by an estimated 10-15 times. Such optimization involves 
removal of intermediary data, at the expense of temporary disk usage. 
The algorithm is similar to the initial stages of a de novo genome 
assembly in the sense that the longest possible sequence is constructed 
to use in variant calling. By this logic, we were able to handle the 
complexity of the read mappings (many split alignments and short 
alignments to non-repetitive sequence). 

Results and discussion 
Our findings show that very few SNPs have a haplotype frequency 
between 1-3 in the tetraploid genome, most of the SNPs exist in all the 
haplotypes or in heterogeneous cells. The genome is dominated by 
rearrangements that insert (about 80% of rearrangements) or delete 
(about 5% rearrangements) repetitive elements, where an insertion of a 
full-length long terminal repeat Gypsy element was the most common. 
Duplicated non-repetitive sequences (almost 8%) occur preferentially in 
tandem, sometimes with intermediary rearrangements. Inversions and 
translocations were much rarer (only 7 translocations were identified). 
Interestingly, the genome had three events where mitochondrial 
sequences were inserted into the nuclear genome. We found that 
repetitive element insertions (that were absent within the S2-DRSC 
progenitor genotype) varied in haplotype frequency which we suspect is 
due to mitotic recombination. Mitotic recombination likely has enabled 
advantageous mutations to propagate across the haplotypes while 
avoiding the accumulation of deleterious mutations (83). We infer that 
re-initiation of DNA replication is the primary source of duplication and 
other non-repetitive rearrangements in the genome. Our inference is 
based on a striking similarity to the re-replication of replication origins 
observed in (84,85) and in-silico modelling (86): the genome has 
preferentially duplicated regions (as opposed to deleted). Most 
rearrangements are local (as opposed to distant) and maintain 
strandedness. Finally, rearrangements with distant breakpoints (e.g., 
translocations) occur in duplicated regions. Other events that cause 
rearrangements, such as recombination or DNA repair of non-
homologous ends are expected to yield a mix of maintained and inverted 
rearrangement strands. We speculate that the DNA re-replication was 
facilitated by repetitive elements, as has been observed in maize (87). We 
compared multiple Drosophila melanogaster cell lines based on SNPs 
(that was used to infer their evolutionary history), transposable 
elements, tandem duplications, and gain of copy number (78). Here, we 
found that only gain of copy number showed a relation between the cell 



 

17 

lines that differed from the expected. This indicates that copy number 
gain is acquired through various mechanisms (that do not primarily rely 
on tandem duplications). However, this comparison was based on short 
reads (no long read datasets are publicly available yet) which are inferior 
at identifying rearrangements. Gain of copy number (regardless of how 
the duplication occurs) is a mechanism by which cell lines have regulated 
their genome to become immortalized. The difference in copy number 
profiles and how copy number has occurred in the cells suggests that 
there are multiple paths to immortality. Taken together, our 
identification of rearrangements in the S2-DRSC cell line and a varying 
copy number in other Drosophila melanogaster cell lines (suggesting 
that those genomes are rearranged) motivate future research of other 
cell lines using long read sequencing technologies. Additionally, there is 
clearly a need to develop (long-read) software that is competent to 
analyze and visualize complex genomes. 

II. Interacting with a genome via alignment data: 

Interactive Long-read-Visualization Tool (ILVT) 

The article presents a software with graphical user-interface that allows a 
near-data experience to identify and visualize rearrangements from long 
read sequencing data. During our work with Paper I, where we 
investigated the genome structure of the highly rearranged polyploid cell 
line S2-DRSC, there was often a need to visualize rearrangements at a 
read level. For that purpose, a plotting function was developed that could 
rapidly show the order of alignments, e.g., for ultra-long (>100 kbp) 
reads. Proceeding Paper I, we decided to further develop the plotting 
function into a user-friendly software to interact with long-reads. The 
software features were partly dictated by our experience with the 
complex cell line genome – we wanted to develop a software that would 
have been helpful for us in Paper I (e.g., by visualizing reads that were 
supportive of multiple rearrangements). 

Background 
Sequencing by long-read technologies outperforms short read 
technologies to identify structural rearrangements and their context 
(e.g., the relative order of multiple rearrangements and rearrangements 
that occur on the same haplotype). Visualization of structural 
rearrangements identified from long read sequencing data is crucial to 
inform about complex rearrangement structures. However, the process 
to identify and visualize structural variants requires bioinformatic 
expertise, computational resources, and time. While software exists to 



 

18 

visualize structural rearrangement calls (68–73), they do not enable 
rapid and interactive identification of rearrangements from low-
processed files (i.e., an alignment file). 

Method 
For accessibility to a wide audience, the software was developed to be 
platform independent. It is coded in Python (which is available on 
Windows, MacOS, and Unix operating systems) and uses common 
libraries for the graphical interface (PyQt) and plotting (Matplotlib). 
Unfortunately, the library to process compressed alignment files (BAM-
files) is currently only available on Linux operating systems (but can be 
replaced if a platform independent BAM-parser library becomes 
available). Still, with the Windows Subsystem for Linux, the software can 
be run easily under Windows. To favor accessibility for all researchers, 
regardless of bioinformatics expertise, a graphical user-interface was 
favored (as opposed to, e.g., a command line interface). Furthermore, 
the software was designed to work with an alignment file (i.e., a 
minimally processed long read dataset file). As a necessity to improve 
the user experience, the software was designed to optionally use repeat-
annotation (to alleviate false rearrangements between repetitive 
sequences), show gene-annotation, and show structural variant calls 
reported by a variant-calling software. 

Results and discussion 
The software includes a reference manual (with use-examples), requires 
no bioinformatics expertise, and enables rapid and interactive discovery 
of rearrangements at an alignment or genome-wide level using long read 
alignment data. The alignments of a Nanopore (ONT) long-read 
sequencing dataset at 10X coverage of a human cell line (about 2.3 
million reads of 30 gigabases) are loaded within a couple of minutes on a 
modern laptop. All visualizations produced within the software can be 
exported and read-names and read-coordinates can be imported and 
exported. Optionally, genome annotation (of repetitive sequences and 
genes) and structural variant calls can be imported. The software is 
useful to overview a new dataset (e.g., to guide successive analysis), 
rapidly identify rearrangements (e.g., cancer gene fusions), validate or 
curate structural variant calls, and to visualize the structure of complex 
rearrangements. This software can be used by anyone to rapidly explore 
an aligned long-read dataset. It enables efficient discovery of 
rearrangements via individual reads or via a genome overview without a 
structural variant caller. 
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III. The path to immortalization of cells starts by 

managing stress through gene duplications 

In this article, novel cell lines were established from Drosophila 
melanogaster embryos that were sequenced regularly over the course of 
one year. It allowed us to study the early adaptations (SNPs, 
transposable element insertions, and copy number) towards cell 
immortalization.  

Background 
A hallmark of cell line (and cancer cell) genomes is a high rate of 
mutations and rearrangements that has led to immortalization 
(24,78,79). However, the order of mutations and rearrangements during 
the early stages of cell line (and cancer cell) immortalization is unknown 
since it is impossible to reconstruct the process from an end-point 
observation (sequencing of the immortalized cells). In cancer cells (that 
are part of a tumor environment) the order of early mutations and 
rearrangements is difficult to study since these cells are not identified 
until the tumor has developed. There are likely multiple processes 
involved in the early stages of cancer development, such as evading the 
organism immune response and proliferating while confined to a limited 
space. Still, a hallmark of cancer cells is a high rate of proliferation (8). 
Cell lines, being isolated from the organism, serve as excellent model 
systems where functions related to autonomy and proliferation can be 
studied independently. In Drosophila cell lines, copy number (78), 
selection of genes (78,82), transposable element insertions (79), and 
transcription profiles (82) vary which suggests that there are multiple 
routes to immortalization. However, the relative importance of different 
mutations and rearrangements in the early stages towards 
immortalization are unknown. 

Method 
Hundreds of novel cultures were established from Drosophila 
melanogaster embryos without transformation treatment (as is 
commonly done when establishing novel cell lines by, e.g., targeting 
specific pathways that lead to immortalization). These transformations 
were not used since we wanted to investigate a “natural” immortalization 
and not dictate the evolutionary strategy (i.e., what types of genes are 
primarily regulated and what rearrangement mechanisms are primarily 
used) of the cells. At roughly 100-day intervals, the cultures were 
sampled and sequenced on an Illumina platform. Short read sequencing 
using Illumina was chosen over long-read technologies to enable a cost-
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effective overview of the cell populations and alleviate sequencing of 
DNA fragments from a minority of cells (the cultures did not grow dense 
and thus had low DNA density). Taken together, short read sequencing 
was the best alternative to explore the culture genotypes. To investigate 
the cells, we performed SNP, transposable element, and copy number 
calling. 

Results and discussion 
Only a few (18 of 300) cell lines remained for analysis, in-line with the 
expectation that cells die when they are isolated from the organism. Very 
few SNPs were identified across samples from the same progenitor 
culture at 100-, 200-, or 300-days age, suggesting that SNPs do not 
constitute the primary adaptation towards immortalization. Novel 
transposable element insertions were identified in all samples but 
showed no trend to increase or decrease over time in samples of different 
ages from the same progenitor culture. In 300-day old samples, there 
was a remarkable increase of copy number gain (but not loss) that was 
concentrated in genes related to stress-response, suggesting that 
duplication of stress-related genes is an early response towards 
immortalization. In the context of cellular immortalization (where a gain 
of functions related to proliferation are a hallmark) these results suggest 
a model where selection first occurs on stress-related genes before 
switching to proliferative genes. 

IV. The X-linked 1.688 satellite in Drosophila 

melanogaster promotes specific targeting by 

Painting of Fourth 

Background 
The 4th chromosome, being the smallest in the Drosophila melanogaster 
genome, is an autosome that has reverted from being an X chromosome 
(33). It is enriched in repetitive sequences and HP1 protein (it forms 
HP1-enriched chromatin (88,89)) and has histone modification marks of 
heterochromatin. Despite the repressive structures of chromatin and of 
genes, the expression levels of the 4th chromosome are higher or similar 
compared to expression levels on other chromosomes (34,90). This 
increased expression is mediated by the dosage compensation system 
Painting of Fourth (POF) which specifically binds to the 4th chromosome, 
and possibly by other mechanisms. When genes are transcribed, POF 
binds to the nascent RNA and increases the transcription (34). However, 
the recognition site for the targeting of POF is not known but it is highly 
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conserved as genes on the 4th chromosome have evolved to maintain 
expression in a highly repressive milieu (34,90). POF has been identified 
to specifically bind on two sites on the X-chromosome (in females), 
named PoX1 and PoX2 (36), that are here investigated for a recognition 
sequence mediating POF targeting. 

Method 
Transgenic constructs were generated to define a POF-recruitment 
module using Drosophila melanogaster flies. POF binding was 
determined by immunostaining of polytene chromosomes using POF 
antibodies. Deletion of the 1.688PoX2 repeat was made using the 
CRIPSR/Cas9 technique. The genomic distribution of 1.688-sequences 
was determined using BLAST (Basic Local Alignment Search Tool). 
Blocks of 1.688-sequences was determined from chains of alignments 
within 1000 bp. A control was generated by randomizing the position of 
1.688 blocks over 1000 iterations. 

Results and discussion 
The recognition sequence required for POF targeting was determined as 
the repetitive satellite 1.688PoX2 through a transgenic construct. With the 
PoX2 site inserted as a region on the 3L chromosome, POF binding was 
demonstrated. With deletion of the repetitive satellite downstream of the 
gene CG1840 at the PoX2 site, loss of POF binding resulted. The module 
required for POF binding consists of a gene followed by 1.688 satellite 
sequences. The gene must not be inverted (the satellite must be 
downstream of the gene) but the direction of the 1.688 satellite does not 
matter. Targeting of POF was maintained despite variations in the 1.688 
satellite sequence. However, no targeting occurred when a Hoppel (a 
repetitive sequence that is enriched on the 4th chromosome) or even a 
1.688 pericentromeric satellite (1.688Xhet) variant was used. If the 
downstream location of the 1.688 satellite is required, an enrichment for 
the distribution of 1.688 relative to gene elements is expected. Indeed, a 
1.688 satellite was located in an intron or located downstream of the 
gene in more than the expected chance (on the X chromosome). 
However, synthetic constructs using genes with a 1.688 satellite in the 
intron showed no targeting. Taken together, our results suggest that 
there is critical information in the 1.688 satellite sequence that is 
required for POF targeting in addition to being located downstream of a 
gene. 
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General discussion 

The investigations presented in this thesis cover the analysis of isolated 
cells, in an established (Paper I) cell line and novel cell lines (Paper 
III) to determine mutation and rearrangement mechanisms. It covers 
the development of software to visualize and analyze long read 
alignments (Paper II) and an algorithm to identify long read 
rearrangements (Paper I). Lastly, it describes a recognition site for the 
dosage compensation system mediated by POF (Paper IV). 

Duplications and transposable elements shape the 

isolated cell genome 

Papers I and III show that gain of copy number (sequence duplication) 
and transposable-element activity occur in Drosophila melanogaster cell 
lines: in the established S2-DRSC cell line (Paper I) and novel cell lines 
derived from embryo (Paper III). These events are universal across D. 
melanogaster cell lines, as demonstrated by a variety of copy number 
changes (78) and unique transposable element profiles (79,81). 

In terms of copy number, the ratio of gain to loss in D. melanogaster cell 
lines varies but favors gains (78). To my knowledge, the study in Paper 
I is the first to investigate the context of duplications in a D. 
melanogaster cell line using long-read sequencing. We found that gain 
of copy number preferentially occurs through tandem duplication of 
sequence that we hypothesize was created by a DNA re-replication 
mechanism. Paper III shows that gain of copy number (and not loss) 
preferentially occurs in novel cells, indicating that copy number gain is 
an important mechanism early in the immortalization process. However, 
the mechanism of duplication could not be determined in Paper III due 
to technical limitations (short read sequencing). The S2-DRSC (80) cell 
line (Paper I) and the novel cell lines (Paper III) are derived from D. 
melanogaster embryos, but their tissue origin (embryo) did not 
necessarily make them susceptible to preferentially acquire copy number 
gain. In contrast, the Kc167 (also derived from D. melanogaster embryo 
(91)) cell line displays a remarkable copy number loss compared to gain 
(78). This suggests that other rearrangement mechanism(s) drives copy 
number change in this cell line. Other mechanisms than DNA re-
replication that can generate sequence duplications (and deletions) 
include recombination, the repair and joining of non-homologous DNA 
ends, insertions (or deletions) of DNA fragments, and gain (or loss) of 
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chromosome copies. Compared to DNA re-replication that favors 
tandem duplications (84–87), those other mechanisms are expected to 
result in a variety of rearrangement types (e.g., deletions, insertions, 
inversions, and translocations). Thus, the ratio of copy number gain to 
loss should predict if a mechanism other than DNA re-replication has 
occurred in a cell line. In D. melanogaster cell lines, efforts should be 
directed at cell lines that show copy number losses in addition to gains, 
to infer the prevalence of other rearrangement mechanisms that 
generate copy number changes. For instance, by investigating the 
context of duplications or deletions and distribution of rearrangement 
types using, e.g., long read sequencing. From an evolutionary 
perspective, the rearrangement-mechanism of copy number change can 
inform about what evolutionary “strategy” a cell line has adopted to solve 
its immortalization problem. That is, the types of rearrangement 
mechanisms that are primarily used to drive evolution, which may 
depend on the types of gene functions that primarily was regulated. 
Information about rearrangement mechanisms can add another layer to 
the conclusion that there are multiple routes to immortality (based on 
selection of gene functions and copy number alone (78)), to further 
define such evolutionary “strategies.” 

Transposable elements are normally suppressed in organismal cells (92), 
but cells likely fail to maintain suppression during the stress response 
that is induced by isolation from the organism. The role of transposable 
element activity (and insertion) to induce genomic rearrangements and 
drive evolution is unclear, but several hypothetical scenarios exist. The 
activity of the elements (1) is tolerated and do not induce further stress 
or rearrangements, (2) induce DNA breaks and provide local homologies 
that directly facilitate rearrangements, (3) enhance the stress response 
and indirectly facilitate rearrangements through genomic instability 
(93), or (4) produce duplication events through their inherent 
replication systems (87). These scenarios are not mutually exclusive. In 
Paper I, we observed a high rate of novel transposable element 
insertions in the S2-DRSC cell line. Other than possibly duplications, the 
transposable element insertions generated very few rearrangements (due 
to the lack of various rearrangement types, e.g., deletions, inversions, 
and translocations). In Paper III, there was no correlation between 
copy number gain and abundance of novel transposable element 
insertions in novel cell lines. This suggests that transposable elements do 
not directly facilitate rearrangements in the early stages of 
immortalization, although it is possible that their impact is masked by 
transposable element excisions over time. Regardless of their role in 
evolution, transposable elements are active (and insert themselves) in 
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the genomes of all Drosophila melanogaster cell lines (Papers I, III, 
and (79,81)). 

The early events of the immortalization process 

Established cell lines are the products of evolution towards 
immortalization. Their genomes harbor various mutations and 
rearrangements (24,78) where positive selection occurs in pro-growth 
genes (8,78). However, these genomes do not inform about the impact of 
mutations and rearrangements, their order, and what types of genes 
were affected during evolution. In Paper III we established novel cell 
lines from Drosophila melanogaster embryos that were sequenced at 
approximately 100-day intervals for up to one year. No transformation 
method was used to establish these cell lines since such treatment would 
bias the adaptation of the cells. The experimental setup allowed us to 
study the early response of cells towards a “natural” immortalization. 
Out of three studied signals (SNPs, transposable element insertions, 
copy number change), it took up to 300 days before copy number gain 
showed a clear signal. These copy number gains affected primarily 
stress-related genes. Transposable element insertions were identified in 
all samples regardless of age and only a few SNPs were identified apart 
from heterogeneous SNPs. These results suggest that SNPs occur too 
infrequently to rapidly enable cells to adapt into a novel environment 
upon isolation from the organism. Copy number gain is the major 
rearrangement to rapidly facilitate adaptation towards immortalization. 
However, it was not possible to identify the context of sequence 
duplications (resulting in copy number gain) and by what rearrangement 
mechanism they occurred. The fact that copy number change was heavily 
skewed towards gain indicates that a DNA re-replication mechanism 
(which preferentially yields tandem duplications of sequence) was active. 
Another explanation for the skewness towards copy number gain is a 
negative selection of copy number losses. Still, it makes sense that 
rearrangement mechanisms in the early stages of immortalization must 
favor copy number gain and avoid copy number loss since copy number 
gains are more tolerated compared to copy number losses (26). Since 
DNA re-replication preferentially yields copy number gains (84–87), it is 
a tolerant mechanism to manipulate the genome at an early stage 
compared to other mechanisms that yield more copy number losses (e.g., 
recombination, repair of non-homologous DNA ends, or reconstruction 
of a shattered chromosome (94)). Following duplications, positive 
selection occurred preferentially in genes related to stress-response, 
suggesting that tolerance to stress must be acquired before increasing 
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cellular growth. Taken together, we make the following hypothesis in 
Paper III that combines rearrangement mechanism and selection 
pressure. As cells are isolated from the organism into a novel 
environment (the culture), stress is imposed. In the stressed state, 
maintenance to suppress transposable elements fails and leads to the 
activity of transposable elements that insert themselves into the genome 
(as a passive event with possibly indirect effects). Copy number gain is 
preferentially tolerated in the genome (generated by DNA re-replication) 
and selection occurs on duplications that overlap stress-related genes. As 
cells become increasingly tolerant to stress, other types of 
rearrangements (and other rearrangement mechanisms) are tolerated 
together with selection for other gene functions (such as growth). At this 
stage, the path to immortalization and growth is dictated where other 
events become tolerated for selection to act upon. For example, gain of 
functions in DNA repair and chromatin organization that enable 
resilience through catastrophic chromosomal rearrangements (i.e., an 
imprecise regulation of gene-dose by shuffling of the genome). Or loss of 
copy number in genes that constrain the cell cycle pace (i.e., a precise 
regulation of gene-dose). Further research of these cells is motivated 
using long read sequencing to discover the context of duplications (in 
tandem or interspersed) and rearrangement mechanisms. If living and 
dead cells can be sorted (preceding DNA sequencing), a comparison of 
rearrangement contexts can provide clues to contrast successful and 
unsuccessful rearrangement mechanisms. Furthermore, the cells must 
be followed over a longer time until they are clearly proliferative to 
enable an overview of the immortalization process. 

Are the shaping mechanisms universal? 

Cancer cells and cell lines are similar in the way that they are 
autonomous, and that positive selection occurs for increased growth 
(8,78). An obvious difference between them is their environments. Since 
cancer cells remain within the organism environment, there is a greater 
array of functions that need to be mutated for cellular autonomy. For 
example, functions to evade the host immune system (9,17) and to 
ensure resource and waste management in a confined space with 
neighboring cells (95,96). Therefore, caution must be taken when 
making extrapolations between cancer and cell line research. Cancers are 
hard to treat since they are identified when physically observed (i.e., 
when the cancer is already established and the cells have started to grow 
rapidly). Novel cancer treatment therapies attempts to identify and treat 
cancer cells at an early stage through cancer-associated evolutionary 
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pathways (97). In that setting, cell lines can be an invaluable resource to 
study evolutionary pathways (e.g., rearrangement mechanisms and 
selection for gene functions) in the early stages of immortalization by 
enabling the study of cells under defined and regulated conditions. Cells 
that are part of an organism are hard to study over time. Furthermore, 
the interpretation of mutations in these cells appears difficult, as 
recently shown by research of various non-cancerous cells in esophagus 
(5), skin (3), and blood (7), demonstrating that many cancer-associated 
SNPs and an overall mutational burden (abundance of SNPs) exist in 
normal cells. 

The genome characteristics of cancer cells and cell lines are in many 
ways similar and consistent across organisms (i.e., in Drosophila cell 
lines and human cancer cells). For instance, duplications occur in 
tandem (Paper I and in human (53)). Transposable elements are active 
(Paper I, (79) and in human (98)). Insertions of mitochondrial 
sequences into the nuclear genome (Paper I and in human (99)). Gain 
and loss of copy number and change in ploidy ((78) and in human (23)). 
Taken together, this suggests that rearrangements in Drosophila cell 
lines are universal. Future research should consider using cell lines of 
model systems (such as Drosophila) to facilitate effective research. 

The difference in gene dose regulation between 

organismal and isolated cells 

In organismal cells, dosage-compensation systems are critical to ensure 
proper expression of genes when confronted with, e.g., sex-related 
chromosomal imbalances (10,27,28). Furthermore, dosage-
compensation systems serve as a dynamic regulator of gene expression 
since these cells cannot sustain a rapid large-scale (many genes) change 
of gene copies (26). In contrast, the isolated cell requires regulation of 
specific genes that promote fitness, beyond chromosomal boundaries, 
rendering dosage-compensation systems superfluous. However, dosage-
compensation systems may serve a purpose later in the immortalized 
state, to dynamically regulate expression (stabilizing the transcriptional 
landscape to gene copy number changes). Rearrangements that involve 
recognition sites for targeting should not be overlooked. To conclude, 
while the number of gene copies are highly modified in cell line genomes 
to regulate gene expression, the effect of “above-genome” (changes of 
gene expression that is not due to changes of the gene sequence itself) 
factors, such as dosage-compensation systems, must be taken into 
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consideration to accurately understand the transcriptional landscape of 
isolated cells. 

The future of long read analysis 

Since the advent of long read sequencing technologies, the potential to 
capture the complexity of genomes has increased. Complex genomes 
(e.g., polyploid and rearranged cell lines) are being increasingly 
sequenced using long read technologies. However, it becomes clear that 
there is a lack of software (and output formatting practices) that is 
competent to describe and visualize the variation of such genomes in a 
useful way (53,67,100). Given that cell line genomes are highly 
rearranged compared to their organism reference genome, a 
reconstruction of the genome (de novo assembly) followed by genome 
comparison to the reference genome is likely the best way to properly 
study the complexity of a cell line (or a tumor). However, a genome 
assembler for polyploid and genomes with complex haplotype structure 
does not exist currently (65). The issues relate to a complex genomic 
graph that is constructed in the assembly process. In this graph, nodes 
(representing sequences) that have multiple edges (representing 
connections between sequences that are supported by the reads) are 
pruned. The pruning removes false assembly of different genomic 
regions that are similar (e.g., repetitive, duplicated non-repetitive, or low 
complexity sequences). However, the pruning removes edges that 
represent true differences between haplotypes. Genome assembly is a 
sophisticated process that currently can assemble diploid “normal 
organism” (e.g., human) genomes at haplotype level (101,102). 
Consequently, for complex and polyploid genomes, it appears reasonable 
to first focus on the development of a variant caller. Here, logic from an 
assembler can be useful in regions that are highly divergent (i.e., 
multiple rearrangements) relative to the reference genome. 

Improved software is required for complex genomes 

In Paper I, a custom algorithm was designed to study the genome, as 
available software did not present results that could be interpreted in a 
useful way. The algorithm is tailored for highly rearranged polyploid 
genomes with a high content of repetitive and duplicated non-repetitive 
sequences. The implementation was guided by manual investigation of 
individual read alignments and variant calls that were obtained using 
available software. The current format for reporting variant calls (that 
was established when long read sequencers were not commercially 
available) lacks some crucial information. For instance, variant 



 

28 

coordinates relative to the reads that are supportive of the 
rearrangement (only the coordinates relative to the reference genome 
are available). Had this information been reported by available software, 
post-processing would have been facilitated. For example, to identify the 
longest read spanning the rearrangement, and then to use that read to 
discover the rearrangement context relative to other rearrangements. 
Going beyond formatting, the underlying logic of variant callers needs to 
be reconsidered when dealing with genomes that have a high density of 
breakpoints. When there are multiple alignments reported by reads, 
variant callers identify and classify each of them, resulting in calls that 
are misleading (described in the methods section for Paper I). 
Furthermore, the flanks of reads (or short reads) are harder to map, 
leading to an underestimation of the read support in highly rearranged 
regions. These issues are exacerbated when the alignments partly align 
to repetitive sequences. Thus, the longest read should be identified (in 
highly rearranged regions) where rearrangements that can be described 
as intermediary are flagged or classified separately. To accurately 
estimate the read support of a rearrangement, the reads should be re-
aligned locally or be mapped onto the longest read (as was done in the 
algorithm described in Paper I). The nomenclature of rearrangements 
(that are classified into insertion, deletion, inversion, duplication, and 
translocation) needs revision where additional classifications must be 
included to properly describe the events of complex genomes. For 
example, cancerous local copy number lesions (53), and pyrgo, rigma, 
and tyfonas (100). 

Visualization of long-read datasets and complex genomes 

Visualizing genomic data is essential to interpret e.g., rearrangements 
and to formulate a research hypothesis (103). In Paper II, a user-
friendly software with a graphical interface designed for long reads is 
presented. The software complements existing genome-browser software 
and enables non-bioinformaticians to identify rearrangements from 
aligned long reads. As sequencers become cheaper, portable, and easy to 
use (such as the Nanopore (ONT) MinION sequencer), easy-to-use 
software serves a key role in bridging the gap between low-processed 
data and analysis. Especially in clinical practices and non-bioinformatics 
research groups. Furthermore, current visualization software was not 
designed to show the read alignments of ultra-long (>100 kbp) reads, 
which are useful when studying rearrangements. In legacy genome 
browsers (71), the order of alignments is hard to understand, and other 
software requires variant-call files (68–70,73). Thus, as variant calling 
software poorly describes the underlying structures, complex genomes 
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often require manual inspection (which is time-consuming) and 
bioinformatics expertise. The presented software accelerates research of 
complex genomes by visualizations at alignment level of the longest 
reads in the dataset (showing the full information of a read) and is not 
limited by bioinformatics expertise. 

Visualization of polyploid (or highly rearranged) genomes cannot be 
done properly using current ways to analyze alignment and variant call 
datasets. That is, through a genome browser that shows a linear 
representation of the reference genome together with tracks of gene 
annotation, alignments, and variant calls. In the linear visualization of 
complex genomes, it is hard to overview the genome while 
simultaneously incorporating variants at the nucleotide level. Thus, a 
graph representation is preferred for these complex genomes (104). 

A personal perspective of polyploid genome reconstruction 

and visualization 

As technology and genome de novo assembly software is improved to 
investigate complex genomes, the demand for corresponding analysis 
software is imperative. During my doctoral studies I have spent 
considerable time to enable the study of the polyploid and rearranged 
genome in Paper I through de novo genome assembly. The work began 
by post-processing the output of current genome assembly software 
(60,61,105), where mostly short regions of the genome were successfully 
reconstructed (despite high coverage long-read datasets). But, as 
information from the raw reads had been abstracted away during the 
process, it was difficult to assess the validity of the output and to further 
reconstruct the haplotypes. Because I was not able to study the genome 
using current de novo genome assembly software, a reference-based 
analysis had to be used in Paper I. While writing the manuscript and 
publishing Paper I, I started a project to develop a novel genome 
assembler, designed for rearranged and polyploid genomes, and a 
corresponding interactive visualization software. In brief, the project 
consists of three parts. First, a pipeline to generate custom genomes of 
varying complexity (rearrangements, haplotype difference, and number 
of haplotypes) and synthetic read datasets. Second, the genome 
assembler itself, that inputs the simulated reads. The performance is 
indicated by matching the reconstructed contigs to the custom genome 
and compared to the performance of available assemblers (using the 
same input). Third, an interactive software to visualize the reconstructed 
genome. The genome is displayed as a graph, which can be rotated, 
dynamically zoomed and shaped. A reference genome can be imported 
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that is aligned within the software to the reconstructed genome, to 
indicate reference chromosomes and lift-over gene annotation. Via a 
control panel, the user can adjust parameters for the visualization. For 
example, a minimal read span requirement where edges that are not 
supported with a margin of at least the specified number of base pairs by 
a single read are discarded. This intends to remove false assemblies (of, 
e.g., duplicated regions) but maintain true haplotype differences. 
Additionally, specified in the control panel, a minimum number of reads 
that span a user-defined range. This would control the number of 
haplotypes to consider in the genome, or to regulate the sensitivity to 
heterogeneous haplotypes. In the graph display, the haplotype support 
(estimated by the number of spanning reads) is indicated at edges, the 
density of, e.g., repetitive elements are shown, and nodes that represent 
duplications can be highlighted (the display can be selected based on 
read support). From the software, reads (e.g., that supports a region in 
the reconstructed genome) are easy to output. Coordinates (relative to a 
reference genome) are easy to input (to zoom onto) and output. 

The above text drafts my future ideas to improve analysis of complex 
genomes. Currently, I have simulated reads from a standard haploid 
reference genome which have been input to an algorithm that largely 
reconstructs the genome. I have not yet generated a polyploid genome to 
assess the performance. However, based on the logic of the assembler, I 
anticipate that it will work also to reconstruct a polyploid genome. The 
algorithm differs from current genome assembly software in multiple 
ways. For example, it does not construct the assembly graph as nodes of 
fixed-length sequences. It does not mask nodes based on read coverage 
or by the number of edges to other nodes. And it does not use “all” reads 
to construct the graph. Instead, all reads that are not contained within 
another read are identified (the same approach used in Paper I to 
separate “informative” and “redundant” reads). Non-contained 
(informative) reads that have an overlap (in non-repetitive sequence) in 
the edges by at least a specified number of base pairs are joined into a 
larger sequence (representing a putative contig). Contained (redundant) 
reads that map in the overlapping are then re-aligned to the joined 
sequence to infer the number of supportive reads. At this stage, sequence 
joins of non-contained (informative) reads that are supported by 
contained (redundant) reads are binned by 1 kbp and tested for read 
support over a sliding window of 5 kbp (the number of reads that span 
>5 kbp). Sequence joins that are not spanned by contained (redundant) 
reads over the join (the overlap breakpoints between the non-contained 
reads) and by reads in 5 kbp windows throughout the joined sequence 
are discarded. The non-contained (informative) reads are used to 
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construct the assembly graph and edges between nodes are introduced 
where the read support (during re-alignment to the joined sequence of 
the nodes) is above a specific threshold. Taken together, this approach 
does not abstract the full information of reads and focuses on the longest 
reads to create the assembly graph. The graph nodes are currently 
represented by the longest reads but the sequences of all overlaps by 
other reads onto that read remains available to produce a consensus 
sequence (or consensus sequences, to account for haplotype variation). 
This graph would later be used in the visualization software. The 
implementation of the visualization software has not yet started. Since 
there is on-going development of genome assembly software in the 
research community, I might shift focus to implement visualization 
software based on the process of another (if successful) assembler rather 
than my own preliminary implementation. By my estimation, it is 
difficult and time-consuming to develop a de novo genome assembler. 
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Appendix 1: Long-read alignments and mislabeled structural variants. The figure 
shows the alignments and structural variants called by Sniffles for five reads (A-E). From top to 
bottom, reference regions are indicated by text and showed as thick bars. The alignments are 
shown in order of appearance on the read (read start is at the top) and the arrowhead denotes 
forward or reverse mapping strand. The dotted line shows how the alignments are connected. 
Structural variant (SV) calls are indicated below the read alignments. We found multiple 
occurrences where a long-range structural variant involved a long (>2 kilo-basepair) alignment 
which could have been resolved to produce a different structural variant classification. Most 
variant callers, such as Sniffles, infer structural variants from read alignments but do not take 
the full read into consideration, resulting in misleading structural variant classifications. 
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