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Genomic structural variants are large events that change the structure of the genome. These can cause 

changes in the functions of cells by breaking genes and genomic regulatory regions. Multiple factors are 

known to affect the formation of structural variants and previous studies have shown that often the 

sequence content in a genomic region plays a role in their formation. 

 

This study aims to characterize the sequence content around structural variant breakpoints from 

structural variants which have been detected from human tissue samples which have been whole 

genome sequenced with nanopore sequencing.  

 

The characterization was done by looking at the genomic repetitive elements found around the 

breakpoints, by analyzing the GC-content around the breakpoints, and by studying what kind of enriched 

DNA motifs were found in the sequences around the breakpoints and how these were located in these 

sequences. Multiple different repetitive elements were seen to occur near the breakpoint regions, and it 

was also observed that there were differences in what kind of repetitive elements were seen around 

different types of structural variants. Around the sequences of different kinds of structural variants there 

was also distinct differences in what kind of GC-content profiles the sequences had. In addition, various 

different enriched motifs were also found from the sequences and many of these showed distinct 

variation on how they were located around the breakpoints.  

 

These results support the previous findings showing that also here the sequence content does play a 

role in the formation of structural variants, but still all of the results here could not be directly explained 

by previous studies. In these results, it was seen that the GC-content was higher in sequences that have 

been affected by an event that causes structural variant formation. Also, many of the found DNA motifs 

were distinctly skewed around the breakpoint sequences, possibly hinting that the sequences containing 

these motifs would be prone to the formation of structural variants. 
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1    Introduction  

Humans are eukaryote organisms so their genome and the genomic DNA resides in 

the cell nucleus where it is packed into chromosomes (Excluding mitochondrial 

DNA which resides in the cell’s mitochondria). Chromosomes are long DNA 

molecules where the DNA is packed around histone proteins and coiled into a 

chromatin structure which can be classified to open and closed chromatin 

depending on how tightly packed it is. In chromosomes the DNA is divided into 

regions with different functions, of these regions maybe the most important ones 

for cells are genes which are transcribed into messenger RNAs that are translated 

into proteins. Other regions then have other functions such as acting as controllers 

for the expression of genes (Alberts, 2015). The structure of the genome should 

remain largely unchanged as rearrangements can disrupt the normal functions of 

the cell for example, by breaking genes and by changing the positions of the 

regulatory regions. Changes, usually called variants or mutations, which damage 

the genome often result in the death of the cell as it cannot function normally, but 

sometimes the damage is not major enough to kill the cell and the cell can pass the 

variants onto its offspring cells. Germline variants emerge in the germline cells of 

an individual and are passed onto every cell of an individual’s offspring. These are 

usually not harmful as germline cells cannot tolerate overtly harmful variants 

because these cells and their offspring cells need to be able to survive and function 

correctly in all the different tissue types for an individual to stay alive. Somatic 

variants are novel variants that emerge in an individual’s somatic cells, in these 

the variants can cause more drastic changes to the cell’s functions as functions of 

individual cells do not drastically affect the functions of a tissue as a whole. These 

variants can however cause the cells to grow in an uncontrolled manner, accumulate 

more variants and develop into tumors and cause cancer if the variants give the 

cells a growth advantage and the ability to bypass mechanisms meant to prevent 

the development of tumors.   
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Structural variants (SVs) are larger variations and rearrangements of the genome, 

these include deletions of sequence from the genome, insertions of new sequences 

into the genome, duplications of existing sequence in the genome, inversions of 

segments of chromosomes, and translocations where a segment from a chromosome 

has been transferred to another chromosome. On average healthy individual’s 

genome contains thousands of structural variants, most of these are harmless 

variants that do not have major effects on genome functions (Abel et al., 2020; 

Chaisson et al., 2019). But even so, SVs also cause genetic diseases as these can 

disrupt normal genomic functions by damaging genes and regulatory regions of the 

genome. SVs are also common in tumor genomes (Aparicio et al., 2014), for these 

reasons questions like how and why SVs emerge have been asked and many studies 

have been conducted to determine what factors lead to the formation of SVs. This 

has been determined to be a multi-step process that can occur through multiple 

possible pathways which are initiated in different cellular scenarios. Often a DNA 

double-strand break (DSB) event precedes the formation of an SV as erroneous 

repair of DSBs is one common cause for the development of an SV (Aparicio et al., 

2014; Cannan and Pederson, 2016; Carvalho and Lupski, 2016; Scully et al., 2019). 

Then the question is what causes DSBs and why these are sometimes repaired 

incorrectly. Previous studies characterizing the regions of the genome around SV 

sites have shown that the sequence content plays an important role here as certain 

DNA sequences can form structures that can lead to DSB events (Bacolla et al., 

2016; Shah and Mirkin, 2015; Wang and Vasquez, 2014; Zhao et al., 2010) and 

repetitive elements and sequences in the genome can convey the erroneous repair 

of the events (Carvalho and Lupski, 2016; Gu et al., 2008; Morales et al., 2015; 

Ottaviani et al., 2014; Shah and Mirkin, 2015).   
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Figure 1. Different types of structural variants. Figure modified from (Escaramís et al., 2015)  

 

The study and characterization of the genomic regions where SVs occur requires 

knowledge about the sequences in these regions, this can be acquired by sequencing 

which is used to determine the nucleotide content of DNA. There are multiple 

methods and platforms to perform DNA sequencing and these sequencing 

technologies have improved massively in the last couple of decades and now with 

the emergence of long read sequencing, the study of SVs has become more feasible 

as the long reads can be used to accurately detect even large SVs which cannot be 

spanned with previous short read sequencing techniques (Logsdon et al., 2020; 

Sedlazeck et al., 2018). Oxford Nanopore technologies have developed sequencing 

platforms that relies on the use of nanopores to sequence DNA with long reads and 

in this work I have studied SVs which have been detected from samples that have 

been whole genome sequenced with nanopore sequencing.  

 

The aim of this study was to characterize the sequence content in the genomic 

regions where the found SVs have occurred to determine if there is a trend to be 

seen in what kind of sequences play a role in the formation of SVs. I looked at what 
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kind of repetitive elements are found in the vicinity of the SV breakpoints (A 

breakpoint is a position in the genome where an SV has occurred and where the 

genome has been rearranged) as well as how the GC content varies around these 

breakpoints. In addition to these, I also studied what kind of DNA motifs were 

enriched around the breakpoints and how these were situated around them.  

  

The findings here support previous studies and show that repetitive elements are 

common around the breakpoints also in this dataset and that the types of repetitive 

elements match those which have been previously associated with structural 

variants. Variations and skewing in the GC content was also seen around the SV 

regions. A large number of enriched DNA motifs were also discovered and many of 

these also showed distinct patterns and skewing in how these located around the 

breakpoints, hinting towards their potential role in the formation of the structural 

variants. Some of the motifs were similar to motifs found by previous studies but 

many which have not been reported before were also found here. I will discuss how 

these motifs possibly originate from sequences that can form secondary DNA 

structures which are known to destabilize DNA making it prone to breakage and 

SV formation.   
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2    Background   

2.1    DNA and the genetic code  

The genetic code of a living organism is encoded in the form of DNA which is a 

long helical double-stranded molecule where both strands consist of a sequence of 

nucleotides. A nucleotide is a molecule that consist of three parts: a deoxyribose 

sugar, a phosphate, and a nucleobase. The four different types of nucleotides which 

form DNA are adenine, cytosine, quanine, and thymine (A, C, G, T) which differ 

from each other by the base they contain. These nucleotides are then also divided 

into purines (A and G) and pyrimidines (T and C). The order in which nucleotides 

then appear in the DNA molecule determines what the DNA encodes. The 

International Union of Pure and Applied Chemistry (IUPAC) has determined the 

universal notations alphabet for nucleic acids which also includes characters for 

presenting ambiguous nucleotides, this alphabet is shown in table 1.  

 

In a strand of DNA, the nucleotides are linked together 

by their phosphate and sugar groups in an alternating 

fashion where one phosphate molecule is binding to the 

fifth carbon of the sugar molecule and a phosphate from 

the next nucleotide binds to the third carbon of the 

sugar molecule. This linking also determines the running 

direction of a DNA strand so that the fifth carbon is 

called the 5-prime end (5’) of the strand and the third 

carbon the 3-prime end (3’) of the strand. The 

nucleotides in the two strands of DNA pair according to 

the base they hold to form the helical double-stranded 

structure of the DNA molecule where the bases are 

paired in the middle of the molecule and the sugar-phosphate links form the 

backbone. The pairing of the bases follows a rule where adenosine binds with 

thymine (called A-T base pair) and cytosine binds with quanine (called C-G base 

A Adenine 

C Cytosine 

G Guanine 

T Thymine 

R A or G 

Y C or T 

S G or C 

W A or T 

K G or T 

M A or C 

B C or G or T 

D A or G or T 

H A or C or T 

V A or C or G 

N Any base 

Table 1. The IUPAC  

codes for nucleotides. 
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pair) (Watson and Crick, 1953). A base pair is also used as a measure of length 

when dealing with DNA and elements of the genome for example, a DNA sequence 

consisting of 100 base pairs would be denoted as 100bp long sequence.  

 

2.2    The human genome  

The human genome is around 3 billion base pairs long and consists of 23 

chromosomes pairs: 22 autosomal pairs, and one sex chromosome pair. In 2001 the 

first draft of the complete human genome sequence was released after a large 

sequencing project (More about sequencing in section 2.3). This project and other 

studies of the genome have revealed many interesting properties of it, such as that 

estimates for the number of genes were much lower than was initially expected and 

that lot of the sequence in the genome is repetitive and with no apparent function 

(Lander et al., 2001). Analysis of the nucleotide content determined that the AT 

content and GC content (AT content denotes what percentage of bases in a 

sequence are  A or T, and GC content is then the percentage of G or C bases) of 

the genome are not equal as the GC content is lower at around 41% and that this 

also varies among chromosomes and between regions in chromosomes. If the genome 

is divided into 20kb windows, the windows with the lowest GC content have it at 

around 31% and the windows with the highest GC content have it at around 66% 

(Lander et al., 2001; Piovesan et al., 2019). It has been shown that the GC-rich 

and AT-rich regions have different properties and seem to have different functional 

and regulatory roles in the genome. An example of this is that GC-rich regions are 

associated with open chromatin which then enables the expression of genes in these 

regions. Indeed, it has also been shown that genes in the genome are prevalent in 

the GC-rich regions and that many genomic regions which control gene expression 

also have a higher GC content. In addition to these features, GC rich regions are 

also linked with higher instability as these sequences have a higher mutation rate 

and are more prone to transition from B-DNA to Z-DNA (More about different 
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DNA forms in section 2.7), these are then theorized to be the some of the reasons 

for the genome to be more AT-rich (Vinogradov and Anatskaya, 2017). 

  

Another interesting feature of the human genome is that at least 50% of the human 

genome is formed by repetitive sequence elements. These are sequences that appear 

commonly in the genome and can be either longer elements with a unique sequence 

that has been duplicating in the genome or these can be formed by simple repeating 

sequences forming longer tracks on nonunique sequences. Most of the repetitive 

elements are sequences derived from transposable elements. These are sequences 

that can move and change place in the genome through transposition which usually 

leads to a duplication of the element and as these elements continue to duplicate 

in the genome of an organism, these sequences become more common in the genome. 

Transposon derived  repetitive elements like this can be divided into four categories: 

long interspersed elements (LINEs), short interspersed elements (SINEs), LTR 

retrotransposons, and DNA transposons (Lander et al., 2001). From these elements, 

LINEs encode in their sequence the necessary proteins for their own transposition. 

When calculating the fraction of the genome originating from these elements, 

LINEs are the most abundant. LINE repeats in the human genome belong either 

into the three main families of LINEs (LINE1, LINE2, and LINE3) or are truncated 

sequences from these which have resulted from an incorrect transposition of the 

element (Lander et al., 2001).   

 

The second most common transposon derived repeats are SINEs which are shorter 

than LINEs and they do not encode their own transposition proteins but rely on 

the machinery generated by LINEs for transposition. The most common SINE is 

the Alu element family and other notable SINEs are MIRs and MIR3s (Lander et 

al., 2001). Interestingly, some of these transposon derived repeats also associate 

with the GC content of the genome. It has been noticed the LINE elements are 

seen more often in AT rich regions of the genome while the SINE elements, 

especially Alu elements, are seen in GC rich regions (Lander et al., 2001).   
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Another major group of repeats in the human genome are simple sequence repeats 

(SSR), also called microsatellites and minisatellites. These are sequences that are 

formed tandemly repeating certain k-mers (k-mer is a sequence of length k) to form 

longer tracks of sequences consisting only of this k-mer. Repeats where the k-mer 

unit is 1-13 bases long are called microsatellites and repeats with a k-mer unit 

longer than this are called minisatellites but the most common SSRs are 

dinucleotide (k = 2) microsatellites (Lander et al., 2001).    

 

Other prominent repetitive sequences in the genome are segmental duplications, 

which are larger regions of the genome that appear as duplicates in different 

chromosomes, and tandem repeats in the telomers, centromeres, and in short arms 

of acrocentric chromosomes (Lander et al., 2001).   

 

2.3    DNA sequencing and nanopore sequencing  

The discovery and study of structural variants require that the genomic sequence 

of a sample is known. This can be solved through DNA sequencing which is the 

process of determining the nucleotide sequence of DNA molecules and the whole 

genomic sequences of samples. With current technology whole chromosomes or 

whole genomes cannot be sequenced as whole but these need to be divided into 

smaller fragments. These smaller fragments can then be sequenced all at the same 

time (One sequenced fragment is commonly referred to as a read), this kind of 

sequencing, where possibly millions of reads are produced in parallel at the time, is 

called massively parallel sequencing (Shendure et al., 2017). The complete sequence 

of the long DNA molecule, or a whole genome of an organism, can then be acquired 

by assembling it from these smaller reads. This process is not trivial as once the 

genome is fragmented, it is not possible to know for sure from which part of the 

original genome a read originated from, therefore the original genome has to be 

assembled either by de novo assembly or by resequencing which is possible if a 
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reference genome is available (A reference genome is the complete genome of an 

organism that has been sequenced and assembled previously). In de novo assembly 

the reads are compared to all the other reads to see how these overlap with each 

other to form a consensus of the original sequence, this is however time-consuming 

and requires a lot of computational resources. Resequencing is faster and less 

computationally heavy because in it the reads are aligned and mapped to a 

reference sequence to determine the original sequence (Shendure et al., 2017).  

 

Multiple methods have been developed for the sequencing of reads and for genome 

assembly. The sequencing methods can be divided into short read sequencing 

methods and long read sequencing methods according to how long the sequenced 

reads are. In short read sequencers, the reads are just up to couple hundred bases 

long but in long read sequencers, reads can be many hundreds of kilobases long 

(Goodwin et al., 2016; Logsdon et al., 2020). Longer reads are beneficial in the 

detection of structural variants (Logsdon et al., 2020; Sedlazeck et al., 2018) and 

they also offer some benefits for genome assembly as longer reads can span over 

long repetitive sequences in the genome which are problematic to solve with short 

reads (Logsdon et al., 2020). Long read methods however have lower accuracy and 

result in more sequencing errors meaning that more bases in the reads are called 

wrongly (Rang et al., 2018). In this project, the samples have been whole genome 

sequenced with Oxford Nanopore Technologies PromethION machine which is a 

long-read sequencing platform.  

 

Nanopore sequencing is a sequencing method that makes use of tiny nanopores 

which allow a single strand of DNA to pass through them with the help of a motor 

protein. These pores are attached to a membrane which allows a current to pass 

through it via the pores, this current however fluctuates as the DNA strand is also 

passing through it. How the current fluctuates depends on the group of bases (A 

short DNA sequence of length k, also called a k-mer) occupying the pore at a time. 

All the different k-mers then cause a distinct change in current which can be 
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detected as a distinct signal. This way the sequence of the strand traversing the 

pore is presented as a changing signal flow from which the sequence can be inferred 

in a process called basecalling (Goodwin et al., 2016; Logsdon et al., 2020). The 

programs which are used to do this are called basecallers and Oxford Nanopore 

Technologies offer multiple programs for basecalling such as the MinKNOW but 

multiple independent basecallers have also been developed (Rang et al., 2018).  

  

Once the reads have been sequenced, these need to be mapped onto the reference 

genome. In mapping, the reads are compared to the reference sequence to find a 

position in the reference genome with the same sequence which best matches the 

sequence of a read. This is however not always straightforward due to errors in the 

reads and differences in the sample genomes compared to the reference genome. 

These factors can cause that a read from a sample genomic region does not 

completely match the same region in the reference genome. There might for 

example be small insertions, deletions, or base substitution in the sample genome 

which could cause a read not to match the reference genome perfectly. Because of 

this, many algorithms have been developed which allow changes and gaps in the 

read sequence when it is aligned to the reference, this alignment is then scored 

according to how many changes are made to find a region with the best alignment 

score for a read (Li, 2018; Sedlazeck et al., 2018). Problematic regions for mapping 

short reads are regions with repetitive sequences because if a short read contains 

these repetitive sequences, it becomes hard to map a read to one single area in the 

genome as these sequences are common also in the other areas of the genome. 

Longer reads however more often span over these repetitive regions and also contain 

enough unique sequences so that these can be uniquely mapped (Logsdon et al., 

2020).   

 

Once the reads from a sample genome have been mapped to the reference genome, 

the detection of structural variants in a sample genome can be done by analyzing 

how the reads are mapping to the reference.  
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2.4    Structural variant calling from long reads  

Structural variant calling is the process to determine what kind of structural 

variants are present in a whole genome sequenced sample genome. With long reads, 

this relies on knowledge about how reads are supposed to align to the reference 

genome and comparing this to how these actually align to it. If a group of reads 

otherwise align well to a certain position in the reference but all the reads contain 

some similar difference in them which separates them from the reference sequence, 

this would mean that there is a variant in the sample genome which is seen in the 

reads. Sniffles is a program designed to do this and it can detect all the major 

structural variant types. Sniffles can detect variants by analyzing split reads, these 

are reads where different parts of the read align to a different region in the genome 

meaning that the read does not span a continuous sequence in the reference due to 

a possible structural variant. How the splits then align tells us what kind of variant 

causes it (Sedlazeck et al., 2018).   

 

In different variant types, the reads split differently so the type of a variant can be 

determined by how the different parts of the split read align to the reference 

genome. As in deletions some amount of sequence is lost, a read spanning a region 

with a deletion will lack sequence from the reference, causing the read to split when 

the parts of the read align on each side of the deleted region. Sniffles therefore calls 

a deletion when the splits align to the same strand in the same chromosome and 

the distance between the aligned splits is larger in the reference genome than in the 

read. This also tells us what is the sequence that has been deleted from the 

reference. For insertions, it is the other way around as in these the sample genome 

has gained sequences that are not in the reference. This can be seen as clipped 

reads, meaning that it was not possible to align part of the read into the reference 

along with the rest of the read. Insertion is then called if the distance between two 

aligned segments of a read in the reference genome is smaller than what it is in the 

read. Sniffles calls tandem duplication if two tandem sequences in a read align into 
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the same region in the reference, sort of like folding the read when it is aligned to 

the reference. In inversions, a chromosome has broken into two fragments and the 

other fragment is inverted and joined back together, therefore if the splits align to 

the same chromosome but onto different strands, it is detected as an inversion. 

Translocation is called if the splits align into different chromosomes. How the splits 

then align to the chromosomes tell us in more precision which parts of the two 

chromosomes have been fused together (Sedlazeck et al., 2018).   

 

Figure 2. Visualization of how the reads are split in different structural variants. Figure modified 

from (Sedlazeck et al., 2018).   

 

2.5    DNA double-strand breaks and their repair  

DNA molecules are relatively stable, but these can be damaged by other molecules 

which are formed as byproducts from other cellular functions. Molecules such as 

reactive oxygen species (ROS), which can be formed naturally in a cell, can damage 

DNA by oxidizing bases of nucleotides and by causing lesions in the strands 

(Aparicio et al., 2014; Cannan and Pederson, 2016). Various molecules from outside 

the cell, such as colibactin produced by bacteria, can also cause damage to DNA 

(Dziubanska-Kusibab et al., 2020). These harmful molecules can cause single-strand 
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breaks (SSB) where a single strand from DNA is sheared by having the link between 

two nucleotides broken at the sugar-phosphate backbone. SSB can then lead to a 

DNA double-strand break (DSB) which is an event where both strands of the DNA 

are sheared at the same position, leading to a formation of two separate DNA 

molecules. Still, the damage caused by harmful molecules to DNA does not always 

lead to the strands breaking but only causes some more minor damage to the 

nucleotides. This kind of lesser damage to the nucleotides is also harmful and needs 

to be repaired but sometimes the mechanisms for the repair can end up causing 

more damage that results in DSBs. Base excision repair (BER) is an event where 

a damaged nucleotide is removed from the strand generating a gap which is then 

filled by the DNA polymerase to fix the strand and the sequence. In an event where 

there are multiple damaged bases near each other and all of these are removed by 

BER at the same time, the strands can become unstable due to the multiple missing 

nucleotides and break, generating a DSB site (Cannan and Pederson, 2016). For 

removal of larger helix-distorting adducts and bulky lesions which affect multiple 

nucleotides, cells use Nucleotide excision repair (NER) which works by removing 

multiple nucleotides from a longer section of a strand which are then replaced by 

the DNA polymerase (Fuss and Cooper, 2006). It has also been speculated that 

NER could also cause genomic instability and DSBs as it has been shown that cells 

without functional NER complex have a lower Z-DNA associated DSB frequency 

(McKinney et al., 2020) and this suggests that NER activity could cause DNA 

damage when it is trying to solve non-B DNA structures (More about non-B DNA 

forms in section 2.7),  but the exact mechanism for this has not been determined. 

It has also been shown that NER is also associated with the genomic instability 

caused by other non-B forming sequences such as hairpins and H-DNAs (Zhao et 

al., 2010).  

 

As the genomic DNA needs to be passed from a cell onto its daughter cells when 

the cell divides, the DNA needs to be replicated. DNA replication is a process where 

the DNA in a cell is duplicated by the cell’s replication machinery during the cell 
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cycles S-phase (Eukaryotic cells life cycle is divided into four phases: G1, S, G2, 

and M). This results in the duplication of every chromosome in the cell into sister 

chromatids which are separated into the two emerging cells during the cell division. 

The central piece of the replication machinery is the DNA polymerase which uses 

the strands of existing DNA as a template to synthesize new DNA. The machinery 

unwinds and opens up the double-stranded DNA making it possible for the 

polymerases to attach into the strands, this results in a formation of a replication 

bubble and two replication forks at the two ends of the bubble, these are the points 

in DNA where the unwinding and opening is occurring (Alberts, 2015). Errors and 

problems occurring during replication can also lead to the generation of DSBs. 

When the replication complex comes across a blockage, such as bulky lesions in the 

strand or an SSB, it stalls at that position. This can lead to a collapse of the 

replication fork and to a formation of a structure called Holliday junction which 

can then be cleaved off by nucleases (Enzymes capable of cleaving DNA) resulting 

in a DSB (Cannan and Pederson, 2016). Repair of formed DSBs is fundamental for 

keeping up the integrity of the genome. Therefore, the aim of DSB repair is to fuse 

back the two broken ends of a DNA molecule without losing or mixing any genetic 

material in the process. To achieve this, eukaryote cells have multiple pathways 

with different mechanisms available. The choice between what mechanism is then 

used often depends on what kind of strand structures are left at the DSB break 

ends. The pathways can be divided into two major categories, these are the non-

homologous end-joining pathway (NHEJ) and homologous recombination 

(HR)(Also called homology-directed repair (HDR))(Aparicio et al., 2014; Scully et 

al., 2019). NHEJ is usually the first choice to try and repair the damage as it can 

be used throughout the cell’s lifecycle and because it can react quickly at the 

emergence of a DSB. This pathway requires that there are two free DNA molecules 

without long hanging single strands at their ends. Both of the break ends are then 

bound by the Ku70-Ku80 heterodimer (One to each break end), this is a circular 

dimeric protein with an affinity to bind free double-stranded DNA, that forms from 

the Ku70 and Ku80 proteins. Ku70-Ku80 then brings the break ends together which 
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are annealed and ligated by the NHEJ factors recruited onto the site by Ku70-

Ku80 (Aparicio et al., 2014; Scully et al., 2019). NHEJ is a fast and easily available 

method for fixing DSBs, it is therefore favored by the cells, but as NHEJ requires 

the binding of Ku70-Ku80 to the broken DNA ends which do not bind well to DNA 

fragments with long single-stranded overhangs (Scully et al., 2019), repair of breaks 

which have resulted in these has to be done through other pathways.   

 

When the NHEJ pathway fails to repair a broken DNA molecule, cells have to rely 

on other pathways like HR for the repair. The NHEJ pathway can fail if the broken 

ends are for some reason not available for end-joining for example, due to long 

single-stranded overhangs at the break ends. The main difference of HR pathways 

to NHEJ is that HR relies on homologous sequence from another DNA molecule to 

mediate the repair of the broken DNA molecules. HR is however mostly only used 

during cells S and G2 phase after the chromosomes have been replicated and the 

sister chromatids are available to be used as the homologous substrate for the 

repair. To find the homologous sequences the break ends need to be resected by 

the HR machinery so that there is a long single-stranded overhang left at the break 

end, which can then bind with a sequence in the homologous substrate (Aparicio 

et al., 2014). After the processing of the break ends, the usual pathway which is 

taken is called the synthesis-dependent strand annealing (SDSA) pathway, where 

one of the single strands invades into the homologous donor double strand. Once 

the strand is in place, the homologous sequence is used as a template for the 

synthesis of a new sequence to extend the invading single strand until there is 

enough new sequence so that it can anneal back with the single strand from the 

other break end and the repair can be finished without loss of any sequence (Scully 

et al., 2019).   

 

In addition to these, cells have other pathways for repair of DSB but these are 

more prone to errors leading to a loss or mixing of genetic material. One of these 

is called single-strand annealing (SSA) where the single-stranded sequences at the 
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break ends are annealed and fixed after the HR associated end resecting without 

the synthesis of a new sequence. The annealing of the strands requires that there 

is a region of homology between them, for example repeated sequence tracks, which 

can bind together. Due to this, sequences are often lost as usually finding of this 

kind of homologous sequence requires resection of large amounts of sequence from 

the break ends which then leads to deletions around the DSB site (Scully et al., 

2019). Another error-prone pathway is alternative end-joining (aEJ) which is 

similar to NHEJ except that it can work also on longer single-stranded break ends. 

Unlike for NHEJ, this pathway also requires processing and resection of the break 

ends to reveal any microhomologies in the single-stranded sequences which are 

needed for the aligning of the strands. Once the strands are aligned, these are used 

as a template to fill in the gaps by DNA synthesis resulting in fused DNA molecule 

where some genetic material is possibly lost (Scully et al., 2019).    

 

In all the pathways described above, there is a need for two DNA molecules that 

have been formed by the DSB event, as these are bound together at some point 

during the repair. A problem arises if the other side is not available and there is a 

one-ended break with only one broken DNA molecule present. In this case, cells 

can use break-induced replication (BIR) which is similar to the SSA where the 

single strand from the broken end invades to the homologous donor DNA molecule 

which is used as a template for synthesis of the lost end of the broken DNA 

molecule. In BIR, this synthesis can continue to produce hundreds of kilobases of 

sequence, and because of this, it can possibly even replace a whole chromosome 

worth of lost DNA. It is however very error-prone due to the large amounts of 

vulnerable single-stranded DNA it produces during the process (Scully et al., 2019).  

 

The correct repair of damaged DNA is fundamental for keeping the cells functional 

but sometimes the cells fail in the repair for example because of the use of error-

prone repair pathways. Failures like this can then lead to permanent change cell’s 

genome such as small deletions and insertions or in larger structural variants.  
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2.6    Structural variant formation  

SVs occur even though the cells try to keep the genome as intact as possible. Often 

the genetic repair mechanisms are in fact the reason for their formation, especially 

when the more error-proof repair mechanisms are compromised. For example, SVs 

are common in cancer as often in cancer cells the DNA repair mechanisms are 

damaged. One of the common examples of this is the damage of BRCA1 and 

BRCA2 genes in breast and ovarian cancers. These genes are associated with the 

HR repair of DSBs and when these are damaged, the HR repair pathway is 

compromised and the DSB repair has to be done via some of the other repair 

mechanisms (Aparicio et al., 2014).  

 

Multiple mechanisms and events can lead to the formation of an SV and different 

SVs can be generated in different ways, but often homologous sequences are 

involved. Nonallelic homologous recombination (NAHR) is an event where a 

recombination event occurs between nonallelic sequences. Usually, recombination 

occurs between homologous chromosomes and results in an exchange of allelic 

homologous sequences. This can however also occur by mistake between 

homologous sequences situated in different chromosomes or in the same 

chromosomes but at different positions, which leads to rearrangements of the 

involved chromosomes. These rearrangements are known to include deletions, 

duplications, translocations, inversions, and one event can lead to the formation of 

multiple SVs (Carvalho and Lupski, 2016). It has been shown that the homologous 

sequences need to be only a couple of hundreds of bases long to initiate NAHR, 

therefore the large amounts of repetitive elements in the human genome offer 

multiple sites for NAHR to occur. Alu element is an example of a repeat element 

that is known to cause NAHR events that lead to recurring as well as novel SVs in 

different individuals (Carvalho and Lupski, 2016; Jurka et al., 2004; Morales et al., 

2015; White et al., 2015).  
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Erroneous repair of DSBs with NHEJ and aEJ also often include homologous 

sequences. If there are multiple DNA breakages occurring in a cell at the same time 

which result in break ends that share homologous sequences, NHEJ and aEJ repair 

pathways can end up joining together wrong break ends. This can happen because 

of the nature of these repair mechanism where the sequences in the to-be-joined 

break ends are compared to each other (Scully et al., 2019). This kind of situation 

happens more often with aEJ as it relies more on the binding of the single-stranded 

break ends than NHEJ which can also accommodate break ends where there is a 

short single-stranded overhang left, but prefers to join blunt ends (Ottaviani et al., 

2014). These mistakes will then result in the formation of structural variants such 

as deletions if a chromosome is broken in multiple positions and a part of it is lost 

because wrong pieces of it are joined together. aEJ can also lead to deletions 

through the resection and binding of the break ends as it is possible that sequence 

is lost in this process before the joining (Ottaviani et al., 2014). An inversion would 

occur if a part of a broken chromosome is joined back together in the wrong 

orientation and a translocation would form if parts from different broken 

chromosomes are joined together (Lieber et al., 2009). For these events also, the 

repetitive elements like the Alu elements offer homologous substrates which can 

convey the SV causing event (Morales et al., 2015; White et al., 2015).   

 

Replication fork stalling can lead to a formation of SVs either through DSB repair-

based mechanisms or replication-based mechanisms where the DNA is erroneously 

replicated to create SVs. The fork usually stalls and collapses when it encounters 

secondary structures in the DNA such as non-B DNA like cruciform/hairpins, H-

DNA, or G-quadruplexes (Wang and Vasquez, 2014). When the fork then stalls, 

the strand which is being replicated can separate from the template strand and 

anneal with a template in another replication fork that contains a homologous 

sequence that can accommodate the run-away strand. The replication of the strand 

can then continue from this new template which leads to the formation of an SV 
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(Ottaviani et al., 2014). This kind of event is called fork stalling and template 

switching (FoSTeS) and it can lead to the formation of deletions, duplications, 

inversions, and translocations depending on where the run-away strand anneals 

(Lieber et al., 2009; Ottaviani et al., 2014). A one-sided DSB is developed if the 

replication fork collapses and the strands are separated completely. The free break 

end can then end being joined together with another DSB break end originating 

from another chromosome through NHEJ, aEJ, or BIR, resulting in translocation 

(Cannan and Pederson, 2016)   

 

Replication can lead to the formation of SVs also through replication slippage. In 

this the polymerase “slips” from the template strand either by moving forward and 

skipping nucleotides in the template strand which causes a deletion or by slipping 

backward so that it replicates part of the template twice which results in small 

duplications or insertions. The slippage can happen because of secondary structures 

in the template DNA, such as hairpins, which fold the DNA so that the polymerase 

cannot interact with it and misses part of the template (Cannan and Pederson, 

2016; Wang and Vasquez, 2014). Microsatellite instability is a phenomenon where 

replication slippage causes expansion of microsatellite repeats and the DNA 

mismatch repair fails to repair these (Schlötterer and Harr, 2001).   

 

2.7    Different forms of DNA  

The usual double-stranded conformation of DNA is regarded as the B-form DNA. 

In this, the strands wind together into a right-handed helical structure where there 

forms a wider major groove and narrower minor groove between the strands 

(Watson and Crick, 1953). However, DNA can also exist in other forms where its 

structure can differ from the canonical form. This kind of DNA is called non-B 

DNA and it can act differently from B-DNA by interacting differently with other 

elements of the cell or by decreasing the stability of DNA and making it vulnerable 

to breaking (Mirkin, 2008; Zhao et al., 2010). There are multiple different types of 
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non-B DNA conformations and of these, some of the most common ones are Z-

DNA, H-DNA (Also called triplex-DNA), cruciform or hairpin structures, and G-

quadruplexes. For all of these there are certain types of sequences involved which 

makes the DNA susceptible to adapting these non-B forms (Mirkin, 2008).  

 

 

Figure 3. Models of the different forms of DNA. a) B-DNA b) Z-DNA c) Cruciform and hairpin 

structures d) G-quadruplex e) H-DNA. Figure adapted from (Mirkin, 2008; Zhao et al., 2010)  

 

In Z-DNA the helical structure is left-handed more tightly coiled and compared to 

B-DNA the nucleotides take a different conformation in the strand while bonding. 

Because of this, instead of forming the major and minor grooves, it forms only one 
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groove which is similar to the B-DNA minor groove (Zhao et al., 2010). At the 

junction where the B-DNA changes to Z-DNA, a couple of bases protrude out of 

the helix and may become vulnerable to oxidizing agents which can cause damaging 

DNA modifications by oxidizing bases (Kim, K. K. et al., 2005). Sequences which 

can cause the DNA to adopt a Z-DNA conformation are usually ones where purine 

and pyrimidine pairs (AC or CA, TG or GT, CG or GC, AT or TA) are repeated, 

for example, like in sequence 5′-GTGTGTGT-3′ (Zhao et al., 2010). In addition to 

the sequence requirements, the formation of Z-DNA also requires that the DNA is 

negatively supercoiled. This can happen during transcription of nearby-by 

sequences because the opening of the DNA strands causes tighter coiling of the 

adjacent strands which have not been opened (Kim, S. et al., 2018).   

 

H-DNA is formed when the DNA adapts a three-stranded conformation when one 

free DNA strand binds a double-stranded DNA duplex with Hogsteen or reverse-

Hogsteen hydrogen bonds. This requires that a strand contains mirror repeats 

(Sequences where the same sequence appears in reverse after its initial appearance) 

and that a part of the strand separates from its complementary strand which then 

folds and binds with the part of the strand that contains its reverse complement 

sequence. Most often the sequence which can form H-DNA are homopurine or 

homopyrimidine tracks in mirror repeat configuration. The homopurine or 

homopyrimidine tracks are required to ensure that the nucleotides in the free strand 

can pair according to the Watson–Crick base pairing which is required for the 

Hogsteen bonds (Mirkin, 2008; Zhao et al., 2010).  

 

Cruciforms and hairpins are structures where a single strand of DNA binds with 

itself forming these protruding structures into the otherwise double-stranded DNA. 

In cruciform both strands form hairpins stretching outward from the double-strand 

forming a cross-like shape. For the strand to be able to pair with itself, it is required 

that in the strand there are two sequences that can bind according to the base-

pairing rules when these are brough into contact with each other, like for example 
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in inverted repeats where there is a sequence followed by its reverse complement 

sequence (Zhao et al., 2010). Any sequence fulfilling this condition can form a 

hairpin but a good example of simple sequences which can form them are AT 

dinucleotide repeats as in simple repeat tracks like this, a subsequence can easily 

find another subsequence to pair and to form a hairpin with (Mirkin, 2008; Wang 

and Vasquez, 2006; Zhao et al., 2010).  

 

G-quadruplexes (Or G4-DNA) are four-stranded DNA structures where four 

guanine nucleotides form Hogsteen bonds with each other resulting in platelike 

structure, and when structures like this are formed in tandem, a G-quadruplex is 

formed. The sequences that can form these must be rich in guanine and require 

that there are G-tracks in the sequence followed by a linker sequence which does 

not contain quanine which is again followed by a G-track and then at least four G-

track are required for the structure formation so that the tracks can interact and 

bond with each other. The tracks do not however need to be in the same strand as 

it is possible that G-track from different strands can also interact together (Zhao 

et al., 2010)  
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3    Data, methods and results   

3.1    Common tools for computational genomics  

Computational genomics makes use of digitalized genetic data obtained usually 

from sequencing projects. These result in large amounts of sequence data in the 

form of reads which can be used for different applications such as genome assembly 

and variant calling, and of course these applications then also produce more data. 

Often the analysis of genomic data happens by studying some group of sequences 

originating from different parts of the genome. All of these different data types 

then need to be somehow stored in a digital form so that these can be 

computationally analyzed. Therefore, a large number of file formats have been 

developed for storing these different data types, and also multiple tools have been 

made for processing and analyzing data in these formats. Some examples of widely 

used important file formats are: BED (Browser Extensible Data) format for storing 

and representing genomic coordinates, FASTA format for storing and representing 

nucleotide sequences, SAM (Sequence Alignment Map) format for storing and 

presenting sequence reads from sequencing platforms which have been mapped and 

aligned to a reference genome, VCF format for storing and representing genetic 

variation data. As the datasets in genomics are often large and in many projects 

the users want to perform certain routine operations on their data many tools have 

been developed which can be used to perform these efficiently. For example, the 

user could be interested in comparing two BED files for intersecting entries or 

wants to widen the genomic ranges of entries in them. A versatile software suite 

for processing BED files is BEDtools which contains many tools for performing 

operations for processing genomic data efficiently in a UNIX environment (Quinlan 

and Hall, 2010). Another useful command-line tool is BCFtools which can be used 

to process and manipulate files in VCF format. In addition to command-line tools, 

programming languages such as Python are important tools in computational 

genomics and there are multiple ready-to-use libraries and packages available in 

these for analyzing and manipulating genetic data and the different file formats 
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used in this field. In this project I have used the above-mentioned tools for data 

processing and analysis as well as some more specific programs such as DREME 

and FIMO for motif discovery and motif scanning.   

 

3.2    Public databases and datasets   

Biological research has generated large amounts of data through the years and a 

lot of this has been made publicly available to various databases for use in further 

research. For example, the data from projects like The Human genome project 

(Lander et al., 2001) and the 1000 genomes project (The 1000 Genomes Project 

Consortium, 2015) are available at databases like the UCSC (University of 

California, Santa Cruz) Genome Browser (Kent et al., 2002) 

(https://genome.ucsc.edu/) and NCBI (National Center for Biotechnology 

Information)  database (https://www.ncbi.nlm.nih.gov/) (Agarwala et al., 2018). 

These databases hold large amounts of genomic data such as reference genomes 

and genome annotations which are available for download through tools like the 

UCSC Table Browser (Karolchik et al., 2004) (https://genome.ucsc.edu/cgi-

bin/hgTables). Some other projects like ENCODE (Encyclopedia of DNA 

Elements) (The ENCODE Project Consortium, 2012) offer their own portal (Davis 

et al., 2018) (https://www.encodeproject.org/) for downloading data produced by 

the project.  

 

A reference genome is the digitalized version of an organism’s genome’s entire 

nucleotide sequence. These are fundamental in genetic studies nowadays as many 

of the applications in computational genetics such as genome assembly and variant 

calling rely on them. The first draft of the complete human reference genome was 

published in 2001 (Lander et al., 2001) and the current version (GRCh38) was 

released in 2013 (Schneider et al., 2017). The GRCh38 human reference genome 

assembly (Accession: GCA_000001405.15, excluding alt contigs) used in this project 

was downloaded from the NCBI database.  



 

26 
 

The ENCODE blacklist is a collection of problematic genomic regions that have 

been shown to cause anomalous signals in experiments utilizing next generation 

sequencing techniques. For example, these areas can have an unusually large 

amount of reads mapping to them due to, for example, repetitive sequences in the 

area, or an opposite problem can be that reads are mapped very poorly into these 

areas overall, these kinds of mapping problems can then lead to false signals if the 

areas are not removed from the analyses (Amemiya et al., 2019). The blacklist used 

here was downloaded from the Encode portal (Accession: ENCSR636HFF, file: 

ENCFF356LFX).   

 

Dataset of repeat sequences in the human genome was downloaded from the UNSC 

table browser in BED format. This dataset has been produced with RepeatMasker 

(Smit AFA, Hubley R, Green P. RepeatMasker Open-3.0. 

http://www.repeatmasker.org. 1996-2010.) which is a program for screening the 

genome for repetitive sequences found in the Repbase Update (Bao et al., 2015) 

library of repetitive elements in eukaryotic genomes.  

 

3.3    Sequencing, variant calling and filtering  

The dataset in this project originates from 290 samples (112 uterine leiomyoma 

tumors, 96 normal myometrium samples, 57 colorectal cancer tumors, 13 normal 

colorectal samples, and 12 miscellaneous clinical and cell line samples) which had 

been sequenced with nanopore sequencing. Long-read libraries had been prepared 

from the samples by following the Genomic DNA by Ligation (SQK-LSK109) 

protocol from Oxford Nanopore Technologies. Sequencing and basecalling had been 

performed on PromethION platform using MinKnow-Live-Basecalling. The 

basecalled reads had been aligned with minimap2 (Li, 2018) against the GRCh38 

reference genome. Data quality had been inspected with NanoStat and NanoPlot 

(De Coster et al., 2018). The variant calling had been done for all the samples 

separately with Sniffles (min_support: 2, min_length: 10, num_reads_report: 2, 



 

27 
 

min_seq_size: 1000) (Sedlazeck et al. 2018) to identify the initial structural 

variants. All variants with three or more reads supporting them from all the 

samples had been merged together with SURVIVOR (max. 50bp distance between 

breakpoints) (Jeffares et al., 2017) to get one set of consensus variants in VCF 

format. SURVIVOR was used to get a BEDPE format file of all the variants from 

the VCF (vcftobed my_SV.vcf 0 -1 output.bedpe) and from this, the different 

variant types (Deletions, insertions, duplications, inversions, and translocations) 

were separated into their own files. The BEDPE files were split into BED files with 

a python script so that for all variants there was an entry in the BED file for both 

breakpoints of the variant, except for insertions that have only one breakpoint. 

These files I further filtered to remove variants that had one or both breakpoints 

residing in centromeres, or in regions of the genome that are in the ENCODE 

blacklist (Amemiya et al., 2019).   

 

The definition of what exactly is considered as a structural variant has varied, but 

in this work, I considered translocations, deletions of 50bp or longer and 10bp or 

longer insertions, inversions, and tandem duplications (These are duplications 

where the duplicated sequence is immediately adjacent to the original sequence). 

After the initial filtering, there were in total 3,419,087 variants of which 2,819,839 

(82.5%) were deletions. Previous studies such as (Sedlazeck et al., 2018) and (Jain 

et al., 2018) have reported that there is a bias towards seeing deletions when using 

Oxford Nanopore sequencing, meaning that most of the short deletions are likely 

technical artefacts. I decided to keep only deletions of 50bp or longer for further 

analysis. This left me with a total of  696,692 variants of which 97,464 (14%) were 

deletions, 581,323 (83.4%) insertions, 3,958 (0.6%) duplications, and 13,947 (2%) 

inversions and translocations (In this project inversions and translocations are 

grouped into one variant class, even though the biological events are different 

because Sniffles detects these both in similar fashion and inversions are treated as 

translocations which occur inside one chromosome instead of between different 

chromosomes (Sedlazeck et al., 2018)).    
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3.4    Repeats near breakpoints  

Next, I analyzed what kind of repetitive elements there are within 500bp from 

either side of the breakpoints. This was done to find out whether there are some 

recurring repetitive elements seen near the breakpoints of different types of SVs as 

previous studies have shown that these can play a role in the formation of SVs. I 

expanded (bedtools slop -b 500), sorted and merged overlapping regions in the BED 

files with BEDtools to generate the 1000bp long breakpoint regions (The regions 

were merged to prevent multiple hits of the same repeat elements within multiple 

overlapping breakpoint regions). Control regions were made by shuffling the 

breakpoint regions with BEDtools shuffle to get random genomic regions from the 

reference genome (Excluding the blacklist regions, centromeres and, N containing 

regions).  

 

BEDtools intersect was used to compare these breakpoint regions to the repetitive 

element regions in the RepeatMasker repeat file and to determine how the different 

repeats occur near the breakpoints and in the control regions. Figure 4 shows the 

50 most common repeat types overlapping the breakpoint regions of the different 

variant types, counted from the intersect files.  

  

From these results we can see that Alu elements are common near the breakpoints. 

Most notable is that in insertion and deletion breakpoint regions there are clearly 

more Alu elements than in the control regions. Closer inspection of the insertions 

near Alu elements showed that many of these were poly(A) or poly(T) insertions 

located at poly(A) tail of the Alu element. As this kind homopolymer repeats are 

known to cause errors in sequencing (Rang et al., 2018), it is possible that these 

kinds of insertions could just be artefacts from the nanopore sequencing and not 

necessarily real events.  
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Figure 4. Repeats near the breakpoint regions and in control regions. The blue bars show the repeat 

counts from the breakpoint regions and the orange bars shows count of repeats in the control regions. 

(a) Repeats in the insertion breakpoints regions. (b) Repeats in the deletion breakpoints regions. (c) 

Repeats in the duplication breakpoints regions. (d) Repeats in the translocation/inversion breakpoints 

regions.  

 

The Alu related deletions could have resulted from NAHR events where the Alu 

element has been the substrate for NAHR or these could be Alu elements that 

appear in the reference genome but have been lost in the sample genome which 

would then be seen as a deletion (Deininger, 2011). Some simple repeats such as 

(AT)n and (TA)n dinucleotide repeats also appear to be more common in the 

insertion and deletions breakpoints regions than in the control regions, as well as 
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(AC)n and (TG)n repeats in insertions breakpoint regions. These insertions could 

originate from replication slippage and possibly associate with microsatellite 

instability as (AC/TG)n microsatellites appear to be commonly expanded 

microsatellites in the mammal genomes (Schlötterer and Harr, 2001).  

 

Another curiosity seen in figure 4 is that in translocation and inversions breakpoint 

regions there a clearly more L1HS, SVA_F and ALR/Alpha repeats than in the 

control regions. For L1HS elements it has been previously speculated that these 

play some role in causing translocation events but in what way and through which 

mechanism is not known (Bacolla et al., 2016). However, this LINE1 element is the 

one still active in the human genome (Lander et al., 2001) and therefore still has 

the ability to transpose. When these elements then move in the genome, sometimes 

some flanking sequence around the element is transposed along and inserted into 

the new genomic region and this would be then seen as a translocation. SVA_F 

elements have also been associate with genomic instability and this is thought to 

be caused by G4 DNA forming sequences in the SVA_F sequence as these have 

previously been shown to overlap with translocation breakpoints (Bacolla et al., 

2019). ALR/Alpha satellite elements are common in the chromosome centromeres 

and in the chromosomal pericentromeric regions and an inspection of the breakpoint 

regions overlapping with ALR/Alpha elements indeed showed that these were 

located in or near pericentromeric regions. Studies have shown that translocation 

events in centromeres and in pericentromeric regions are not uncommon and that 

the alpha satellites could convey instability in these regions through various 

mechanisms such as by forming secondary DNA structures which can then cause 

DSBs. These could also cause translocations when this common repetitive sequence 

from a different chromosome is used as substrate in NAHR or in homology mediated 

repair pathways, resulting in erroneous repair of damage in these areas (Barra and 

Fachinetti, 2018).   
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3.5    GC content around breakpoints  

As the GC content is known to affect the stability of a genomic region, I checked 

the fractions of G and C nucleotides in 1000bp regions around the breakpoints to 

see if the GC content would vary. As there was large number of repetitive elements 

and especially Alu elements near the breakpoints and because the repeat sequences 

could cause bias in the GC content (Lander et al., 2001), for each variant type I 

separated the breakpoints into three classes. One class was all the breakpoints of 

that variant type, the second was breakpoints which did not have Alu elements in 

500bp from them (All Alu types including both complete and partial sequences 

which RepeatMasker has classified into the Alu family) and third class was 

breakpoints which did not have any repeat elements 500bp from them. This was 

also done with the BEDtools intersect (option -v) command on the 1000bp 

breakpoint region BED files against all RepeatMasker repeats and RepeatMasker 

Alus (The Alu elements were split from the original RepeatMasker repeats file into 

a separate file). Then BEDtools getfasta was used to get the corresponding sequence 

from the breakpoint regions from the reference genome in FASTA format.   

 

The sequences were further processed so that the start of the sequence in each 

sequence row of the FASTA files was always that which had “survived” the event 

(As in deletions or translocations where the sequence on the other side of the 

breakpoint is lost while the other side survives) or was unaffected by the structural 

variant (As in duplications and inversions where the sequence on the other side of 

the breakpoint is duplicated or changes locations while the other side remains 

unaffected). A deletion for example, has two breakpoints where the surviving 

sequence is upstream from the start breakpoint and the deleted sequence is 

downstream from it and in the case of the end breakpoint, the deleted sequence is 

upstream from it and the surviving sequence downstream. For breakpoints that 

had the surviving sequence downstream from them, the sequences were reverse 

complemented so that the surviving sequence is at the start of the sequence. (For 
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insertions the sequences were not changed as in their case there is only one 

breakpoint and the sequence around it remains the same as the inserted sequences 

were not included in the GC content calculations.) This was done to see if there is 

a difference in the GC content depending on whether the sequence had survived or 

not. The average GC content per position over all the sequences and a 50bp rolling 

average of these was then calculated and the results are shown in figure 6.  

 

 

Figure 5. Reverse complementing the sequences. The red sequence represents the sequence which has 

been lost through deletion or translocation or has been inverted or duplicated.  
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Figure 6. The GC content of the sequences per position from 500bp around the breakpoints. The light 

blue line shows GC content average per position over all the sequences and the dark blue line shows 

the 50bp rolling average of the GC content. The black dotted line at position 500bp marks the location 

of the breakpoints. In the figure the sections left of the dotted line represents the survived due to the 

reverse completing of the sequences as described earlier, the sections right from the dotted line then 

contain the affected sequences. The figures with the notation “no Alus” are from the sequences which 

did not contain any Alu elements. The figures with the notation “no repeats” are from the sequences 

which did not contain any repetitive elements. The number of sequences over which the GC content 

has been calculated in each figure: (a) 581,323, (b) 169,856, (c) 24,028, (d) 194,928, (e) 101,295,           

(f) 19,219, (g) 7,916, (h) 4,766, (i) 769, (j) 27,894, (k) 18,738, (l) 1,673     
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From figure 6 it can be seen that the Alu elements clearly affect the GC content of 

the breakpoint regions. The effect appears greatest in insertions and deletions as 

comparing (a) to (b) and (d) to (e) in figure 6 shows that removal of breakpoint 

regions containing Alu elements also removes a lot of the distinct variation in the 

GC content of these variant types. In insertions, this corresponds with the 

observation that there are many insertions occurring in the poly(A) tail of the Alu 

elements as this is seen in the dip of the GC content at the insertion breakpoints 

where the poly(A) tail is positioned. In the case of deletions, these observations 

would support the known fact that deletions mediated by Alu elements are 

recurrent events in the human genomes (Jurka et al., 2004; Morales et al., 2015; 

White et al., 2015). In duplications, the effect of Alu elements is smaller but 

comparing (g) to (h) in figure 5 shows that right after the breakpoint, in the region 

which has been duplicated, there is some variation that disappears when regions 

that contain Alu elements are removed. Alu elements are known to cause 

duplications through recombination events (Jurka et al., 2004) so seeing Alu 

elements in the duplicated regions is not surprising.  

 

After the removal of Alu element containing regions, there is still variation left in 

GC content. In insertions, the GC content dips clearly because of short insertions 

in A- or T-tracks ((b) in figure 6). In deletions it can be seen that there is a slight 

increase in the GC content right after the breakpoint in the sequences which have 

been deleted ((e) in figure 6). In duplications, there is a skew in GC content 

depending on which side of the breakpoint the regions are so that the GC content 

is higher in the duplicated regions on the right side of the breakpoint. It has been 

previously shown that duplications occur more often in GC-rich DNA (Jerzy Jurka 

et al., 2004) but the increase in the GC content right after the duplication 

breakpoints seen here is interesting. In translocation/inversion breakpoint regions 

the Alu elements do not cause much change in the GC content, but there is a clear 

skew in it on both sides of the breakpoints like in the duplications. At the 

breakpoint, the GC content goes to its lowest and increases as the distance from 
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the breakpoint increases but rises higher on the left side of the breakpoint which 

are the regions of the genome that have survived the translocation event or have 

not been moved by the inversion.   

 

It can also be seen that overall the GC content around the breakpoint regions rises 

if regions that contain any repetitive elements are removed ((c), (f), (i) and (l) in 

figure 6), as the overall GC content is higher than the genomic average of 41% for 

all the different variant types. In insertion and deletion breakpoint regions the GC 

content increases towards the breakpoints, more in deletions and slightly in 

insertions, reaching the highest level at the breakpoint. In duplications, the skew 

in GC content on the different sides of the breakpoint becomes clearer. The profile 

of this skew also changes in the translocation/inversion regions, as in the regions 

with Alu elements the drop in GC content starts before the breakpoint, but in these 

regions without repeats, the drop starts at the breakpoint and continues after it. 

However, the overall difference between the GC content on each side does not 

appear as drastic in this case when compared to the other region sets.  

 

After seeing this kind of variation in the GC content around the breakpoints, I 

next analyzed what kind of motifs could be found from these breakpoint regions.   

 

3.6    Motif discovery  

Motif discovery is a problem where the aim is to find some motifs with a possible 

biological function from a group of sequences. Motif is a short sequence of DNA 

that appears repetitively in a genome, these are however not considered as 

repetitive elements. A motif could for example be a transcription factor binding 

site or a site that binds some other functional molecule (D’haeseleer, 2006). The 

motif discovery is often done from sequences that originate from genomic regions 

that share some attributes or have been affected by some similar events, such as 

DSB events in the context of this project. The question then could be if there are 
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some similar motifs found from these regions and if these motifs could explain why 

this event has occurred in these regions. One common case where motif discovery 

is used is the seeking of motifs that bind transcription factors from sequences that 

have been acquired from ChIP-Seq experiments (Zambelli et al., 2013).   

 

Due to the usually large number of sequences used in the motif discovery an 

exhaustive search and evaluation of all the different length motifs found in a group 

of sequences is not feasible as this would often be a very computationally heavy 

process. Therefore, there have been multiple methods developed to solve the 

problem with different algorithmic and heuristic approaches (Zambelli et al., 2013). 

In this project, motif discovery was done with DREME.  

 

3.6.1    DREME  

DREME is a tool for discovering relatively enriched short sequence motifs from 

large sets of DNA or RNA sequences. It takes as input two sets of sequences, 

positive and negative sequences where the positive sequences are the ones that the 

user thinks are interesting and from where the user wants the novel motifs to be 

discovered. The negative sequences are used as a comparison for the relative 

enrichment of the motifs by comparing how often the motifs appear in the positive 

sequences compared to the negative sequences. Because of this, the negative 

sequences should originate from a different source than the positive sequences. If 

the user does not provide the negative sequences, DREME will shuffle the positive 

sequences while retaining the nucleotide frequency of the sequences and uses these 

as the negative sequences (Bailey, 2011).  

 

In DREME the motifs are words over the IUPAC alphabet meaning that in 

addition to the nucleotides A, C, G, and T, there are also the eleven wildcard 

characters used which can be found in table 1. The program aims to find the most 

significant motifs by using the Fisher´s Exact Test to calculate if the number of 
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times a motif is seen in the positive sequences is by chance when it is known how 

many times the motif is also seen in the negative sequences (Significance reported 

as P-value) (Bailey, 2011).   

 

The algorithm of DREME works in two layered loop where the inner loop tries to 

find enriched motifs by modifying motifs from a set of seed motifs. In the inner 

loop, each seed motif is generalized by adding one additional wildcard character to 

it for example, a generalization of motif GATTA could be RATTA (This then 

contains motifs GATTA and AATTA). The significance of the new motifs 

contained in the generalization are then calculated and if the P-value for the 

significance for all the motifs is not under 0.01, the generalization is discarded, and 

if all the motifs are significant, estimation of the significance of the generalized 

motifs is done. Then the exact significance is calculated for the 100 generalizations 

with the highest estimated significance and these 100 generalizations are then used 

as the seed for the next iteration of the loop. The inner loop iterates in this way 

until the seed motifs cannot be generalized anymore by the addition of wildcard 

characters. The most significant generalization is then returned to the outer loop 

which removes the occurrences of the found motif from the dataset sequences. The 

outer loop supplies the inner loop with the seed motifs which are formed by finding 

100 most significant motifs from the positive sequences (The minimum and the 

maximum length of the motifs searched for can be defined by the user, the default 

is to search for three to eight base motifs). The outer loop keeps iterating until no 

new motifs from the inner loop have and E-value lower than the user given E-value 

threshold (Bailey, 2011). In DREME, the E-value is determined as the motifs P-

value times the number of candidate motifs tested (Ma et al., 2014).  

 

DREME returns the found motifs in a position-specific weight matrix format. These 

are formed for each motif by aligning the motifs non-overlapping occurrences in the 

positive sequences (Bailey, 2011).   
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3.6.2    Running DREME  

DREME (Version 5.0.5) was used to discover motifs from 100bp sequences around 

breakpoints that did not have any Alu elements 50bp from the breakpoint (The 

breakpoint regions without Alu elements were used here because the abundance of 

Alu elements near the breakpoints would likely lead to a situation where DREME 

just discovers subsequences from the Alu elements). The positive sequences were 

made in the same way as in the repetitive elements analysis (section 3.4) except 

that the breakpoints BED files were expanded for 50bp from either side of the 

breakpoint (bedtools slop -b 50). The negative sequences were made by using the 

BEDtools shuffle on these files to get BED files with genomic intervals randomly 

around the genome (Genomic areas from the ENCODE blacklist, centromeres, N 

containing regions and regions with Alu elements were excluded from the shuffle). 

BEDtools getfasta was then used to get the positive and negative sequences from 

the reference genome.   

 

These sequences were then given as input to DREME to look for motifs with a 

minimum length of 5 and a maximum length of 10 (The sequences were only 100bp 

long and the looked-for motifs of width between 5 and 10 (-mink 5 -maxk 10) 

because of the limited computational resources and time as the search of longer 

motifs from longer sequences would have been too time-consuming). No other 

parameters were changed from the defaults meaning that DREME would look for 

motifs until it does not discover more motifs with an E-value of less than 0.05.

  

 

 

 

 

 

 



 

39 
 

 

3.6.3    Found motifs  

The number of motifs 

discovered per sequence set can 

be seen in table 2. 

 

Tables 3-6 show 10 motifs with 

the lowest E-values from all the 

sequences sets.  

   

 

 

 

 

  
 

Motif       RC motif     Positives Negatives P-value      E-value    
 

HAAAAAAAAA  TTTTTTTTTD   58946     5832      5.7e-13102   3.8e-13096 
TRTGTGTR    YACACAYA     65215     8205      5.0e-13450   3.3e-13444 

ATATATANR   YNTATATAT    50468     5883      2.5e-10220   1.7e-10214 

GADAGADAGA  TCTHTCTHTC   15978     2103      3.6e-2746    2.4e-2740  

AYATATA     TATATRT      20351     7179      1.4e-1543    9.3e-1538  

CCTYCCTYCC  GGRAGGRAGG   7964      1030      4.9e-1350    3.3e-1344  

CGGGBSG     CSVCCCG      7746      2240      4.1e-719     2.8e-713   

TATATA      TATATA       10596     4649      1.6e-542     1.1e-536   

AAAAAAAR    YTTTTTTT     12963     6411      4.4e-521     2.9e-515   

CRCRCAC     GTGYGYG      7218      3005      3.6e-402     2.4e-396  

 

Table 3. 10 motifs with the lowest E-value found from the sequences around the insertion breakpoints 

without Alu elements. The first column shows the motif consensus sequences, second column is the 

reverse complement of this sequence, third column shows the count of positive sequences where there 

was a match for the motifs, the  fourth column shows the count of negative sequences where there 

was a match for the motifs, the fifth column shows the P-value for the motif, the sixth column shows 

the E-value for the motif.  

 

 
Motif       RC motif     Positives Negatives P-value      E-value    

 

ATATAYATAH  DTATRTATAT   11163     1458      8.5e-1991    5.5e-1985  

CCTYCCTYCC  GGRAGGRAGG   6289      515       1.8e-1309    1.2e-1303  

RAAAGAAAGA  TCTTTCTTTY   5032      584       4.8e-909     3.1e-903   

GAVAGAGAGA  TCTCTCTBTC   4006      648       9.8e-605     6.4e-599   

CCGNCCS     SGGNCGG      7099      1788      5.2e-784     3.4e-778   

ATATHATATA  TATATDATAT   3145      412       1.9e-530     1.2e-524   

CCCYCCS     SGGRGGG      7476      3089      1.1e-440     7.3e-435   

TATATATR    YATATATA     4034      1178      4.2e-374     2.7e-368   

AAGRAARGAA  TTCYTTYCTT   3198      893       1.3e-309     8.1e-304   

CCTCHCYTC   GARGDGAGG    3299      1054      5.9e-274     3.8e-268   

 

Table 4. 10 motifs with the lowest E-value found from the sequences around the deletion breakpoint 

regions. The columns are the same as in table 3. 

Sequence set Number of 

motifs found 

Insertions, 

178218  sequences 

215 

Deletions, 

74245  sequences 

180 

Translocations/inversions, 

14042  sequences 

64 

Duplications, 

5227  sequences 

16 

Table 2. The number of motifs found per variant type.  
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Motif          RC motif       Positives Negatives P-value   E-value    

 

CANCACCAC      GTGGTGNTG      262       29        1.5e-049  5.4e-044   

TATANTATA      TATANTATA      300       34        3.8e-056  1.4e-050   

CVCCS          SGGBG          2412      1649      2.6e-053  9.4e-048   

TATATAHATA     TATDTATATA     251       51        4.8e-034  1.6e-028   

ACACACM        KGTGTGT        474       214       2.5e-025  8.4e-020   

AYCACCATCA     TGATGGTGRT     72        2         1.2e-019  3.9e-014   

CCGHS          SDCGG          769       450       1.0e-022  3.4e-017   

CMCCWC         GWGGKG         1077      745       6.0e-018  1.9e-012   

CTCCCTCYY      RRGAGGGAG      155       46        1.5e-015  4.7e-010   

ATATATRTW      WAYATATAT      161       56        1.7e-013  5.4e-008    
 
Table 5. 10 motifs with the lowest E-value found from the sequences around the duplication 

breakpoint regions. The columns are the same as in table 3. 
 

 

 

 

Motif       RC motif     Positives Negatives P-value      E-value    

 

TANWATATA   TATATWNTA    1646      370       2.5e-205     1.2e-199   

ACCACCABCA  TGVTGGTGGT   400       21        2.2e-093     1.1e-087   

TTTTTTTTW   WAAAAAAAA    1344      512       7.0e-092     3.3e-086   

ATATWTATA   TATAWATAT    699       146       5.8e-090     2.8e-084   

GRGAGGGAGR  YCTCCCTCYC   437       81        2.4e-061     1.2e-055   

TSGAATGGAA  TTCCATTCSA   204       13        7.0e-046     3.3e-040   

CATCACCAYC  GRTGGTGATG   191       11        4.0e-044     1.9e-038   

TARAGTATAA  TTATACTYTA   220       24        2.0e-041     9.4e-036   

GTGTGTGTB   VACACACAC    561       205       2.3e-040     1.1e-034   

GAATBATCAA  TTGATVATTC   203       10        1.8e-048     8.3e-043   

 
Table 6. 10 motifs with the lowest E-value found from the sequences around the 

translocation/inversion breakpoint regions. The columns are the same as in table 3. 

  

3.7    Motif scanning  

In motif scanning, the aim is to find out if some motifs appear in a group of 

sequences. This could be done to study if transcription factor binding motifs are 

found, for example, in sequences from promoter regions of some genes to determine 

if these transcription factors might have a function in controlling the expression of 

these genes. In this project, motif scanning was done with FIMO and it was used 

to determine how the motifs discovered with DREME were located in the sequences 

the motifs were searched from.  
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3.7.1    FIMO  

FIMO is a tool for scanning a set of sequences for occurrences of user provided 

motifs. It takes as an input the sequences which to scan and motifs in position-

specific frequency matrices and finds all individual occurrences of motifs and also 

the approximate occurrences, meaning that it also reports occurrences that do not 

perfectly match the input motifs. The program calculates a log-likelihood score for 

finding a motif at each position in the sequences and reports this as a P-value. It 

also estimates a false discovery rate (FDR) for all the motif occurrences and reports 

this as q-value which is defined as the minimal FDR threshold at which the P-

value of a motif occurrence is considered significant (Grant et al., 2011).  

 

FIMO returns the results in multiple formats containing the motif id, sequence id, 

strand from which the motif is found in the sequence, start and end positions of 

the motif in the sequence, P-value, q-value and the matching sequence (Grant et 

al., 2011).  

 

3.7.2    FIMO results  

The sequences used for the motif discovery with DREME were then scanned for 

the found motifs with FIMO (Version 5.0.5) (The sequences used here were the 

unmerged sequences to ensure that all the sequences are of the same length). The 

sequences were reverse complemented as in figure 4 to see if the fate of the sequence 

affects the position of the motifs in them. The unmerged and reverse complemented 

sequence sets and the DREME results from them were given as input to FIMO, 

the default p-value of 0.0001 threshold for accepting a motif occurrence in FIMO 

was not changed.  

 

For showing how the motifs were distributed in the sequences these were found 

from, only motif occurrences with a q-value of under 0.1 were accepted. This means 

that I expect 10% of the occurrences of being false discoveries and aim to filter out 
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these by limiting the q-value of the occurrences. The middle positions of each motif 

occurrences were counted and plotted with a python script, also a 10bp rolling 

average around every position was calculated for these counts. As multiple 

sequences could originate from the same genomic region if there were multiple 

variants of the same class occurring at that region, this would lead to multiple 

sequences containing the same sequence and into possible duplicate occurrences of 

motifs in these sequences. Therefore, only one sequence from a group of overlapping 

sequences and the occurrences of motifs in it was considered in the count. Figures 

7-20 show the results of how the different motifs were located in the breakpoint 

regions; the motifs have been divided into broad classes depending on their 

occurrence profiles. (Every found motif does not appear in the figures as the 

requirement of q-value < 0.1 for motif occurrence causes that some rarer motifs are 

filtered out.)  
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Figure 7. Motifs from insertion breakpoint regions which appeared in large numbers at couple of 

positions in the sequence. The x-axis marks the position in the sequences (Bp), the y-axis shows the 

count of motif middle position at a position in the sequence, the dotted black line in the middle marks 

the breakpoint from the sequences, the light blue dots show the count of motif middle positions at 

that position, the dark blue line shows the 10bp rolling average of the counts for the motif middle 

positions.  
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Figure 7 shows insertion motifs which occur very specifically in one or couple of 

positions in all the sequences. Some of the motifs show a profile where they appear 

in low numbers in other parts of the sequences but peak at one position (Motifs 1, 

3, 4, 6, 10, 13, 14, 15, 18 in figure 7), others are overall evenly distributed in but 

then there is one or couple of positions with multiple occurrences.  

 

 

 

Figure 8. Motifs from insertion breakpoint regions with a distintc wave-like shape. Axes and markings 

same as in figure 7.  

 

Motifs in figure 8 were determined to originate mostly from FLAM-C, FLAM-A 

and FRAM elements, meaning that the motif discovery has in this case just 

captured subsequences from these elements.  
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Figure 9. Motifs from insertion breakpoint regions which showed various shaped profiles. Axes and 

markings same as in figure 7.  
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Figure 10. Motifs from insertion breakpoint regions which had a strong skew in how these occurred 

in the sequences. Axes and markings same as in figure 7.  
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Figure 11. Motifs from insertions breakpoint regions with miscellaneous profiles Axes and markings 

same as in figure 7.  
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Figure 12. Motifs from insertions breakpoint regions with miscellaneous profiles Axes and markings 

same as in figure 7. 
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Figures 9 and 10 shows motifs around insertion breakpoints with distinct occurrence 

profiles. Motifs in figure 9 appeared to peak at various positions, either at the 

middle of the sequence or at the breakpoint where the insertion has occurred, or at 

disticnt peaks around the breakpoint. Motifs in the figure 10 then were clearly 

skewed so that these appeared in high numbers after the breakpoint.  

 

Figures 11 and 12 show occurences of miscellaneous motifs around insertions 

breakpoints which had either a low occurrence count (And therefore a “noisy” profile 

which would appear to wary between positions even when the change in occurrence 

count changes only slightly) or an even occurrence profile around the sequences 

that did not match the profiles of the motifs in the previous figures.   

 

 

 

Figure 13. Motifs from deletion breakpoint regions which were TA-rich. Axes and markings same as 

in figure 7.  
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Figure 13 shows motifs around deletion breakpoints which were TA-rich. These 

motifs also have interesting profiles around the breakpoints. Motifs 3, 5, 9, and 11 

in figure 13 are all some form of (TA/AT)n repeats which have their occurrence 

peak just before the breakpoint, meaning that these motifs appear to be commonly 

associated with deletions and occur in the sequences which have not been deleted.  

The rest of the motifs then also appear to have more occurences near the 

breakpoints but the profiles show that these are peaking at singular positions. 

(AT)n repeats have also been seen in previous studies as associated with deletions 

and deletion breakpoints, also these repeats have also been associated with forming 

DNA break inducing non-B DNA structures such as hairpins and curciforms 

(Bacolla et al., 2016).  

 

Figure 14 shows motifs around deletion breakpoints which were mostly GA-rich 

and where most of the motifs showed skewing in their occurrence around the 

breakpoints. In these it would appear that most of these motifs are occuring more 

commonly in the deleted sequences after the breakpoints (Good examples are motifs 

1, 8, 13 and 20 in figure 14) while motifs 3 and 10 in figure 14 seem to be more 

common in the surviving sequence. As is with the AT-rich sequences, GA-rich 

sequeces (Polypurine tracks) are also associated with non-B DNA such as H-DNA 

which can induce genomic instability and DNA breakage (Bacolla et al., 2016; 

Wang and Vasquez, 2014).   
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Figure 14. Motifs from deletion breakpoint regions which were GA-rich and showed skewing around 

the breakpoints. Axes and markings same as in figure 7.  
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Figure 15. Motifs from deletion breakpoint regions which showed skewing around the breakpoints. 

Axes and markings same as in figure 7.  

 

Figure 15 shows motifs around deletion breakpoints which showed some level of 

skewing around the breakpoints. In these it can also be seen that some of the motifs 

are more common in the surviving sequence (Motifs 5, 6, 8, 9, 11, 15, and 19 in 

figure 15) while others are more common in the deleted sequence.  

 

Figures 16, 17 and 18 show miscellaneous motifs from deletion breakpoint regions. 
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Figure 16. Motifs from deletion breakpoint regions with miscellaneous profiles Axes and markings 

same as in figure 7. 
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Figure 17. Motifs from deletion breakpoint regions with miscellaneous profiles. Axes and markings 

same as in figure 7.  

.
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Figure 18. Motifs from deletion breakpoint regions with miscellaneous profiles Axes and markings 

same as in figure 7.  
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Figure 19. All motifs from duplication breakpoint regions. Axes and markings same as in figure 7.  

 

Figure 19 shows all the motifs from duplication breakpoint regions. These motifs 

also show clear skewing around the different sides of the breakpoint so that all the 

motifs appear to be more common in the sequences which have been duplicated. 

Motifs 1, 2, 4 and 6 in figure 19 are all TA-rich motifs and from these motifs 4 and 

6 show peaking just after the breakpoint in the duplicated sequence in similar 

fashion as the TA-rich motifs 3, 5, 9, and 11 in figure 13 from the deletion 

breakpoint regions. However it is interesting to note that in here the motifs peak 

in the duplicated sequences while in the deletion breakpoint regions the TA-rich 

motifs peaked in the sequences which were not deleted. A similar profile as the TA-

rich motifs is seen in CA-rich motifs 8 and 9 which also appear to peak just after 

the duplication breakpoint. (CA/GT)-rich sequences are known to associate with 

formation of Z-DNA which in turn can cause genomic instability (McKinney et al., 

2020; Wang and Vasquez, 2014) so it is interesting to see that these kind of 

sequences appear more common in duplicated sequences.   
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Figure 20. Motifs from translocation/inversion breakpoint regions which had a skewed occurrence 

profiles around the breakpoints. Axes and markings same as in figure 7.  
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Figure 21. Motifs from translocation/inversion breakpoint regions which occurred in distinct peaks. 

Axes and markings same as in figure 7. 

 

Figures 20 and 21 show the motifs from inversion/translocation breakpoint regions. 

All of these show varying profiles in their occurrence and all of them appear to be 

skewed so that these appear more in surviving sequence. Similar to the AT-rich 

motifs in duplication and deletion breakpoint regions, AT-rich motifs in here (Motif 

5 in figure 20 and motif 11 in figure 21) show a similar profile where these peak 

right near the breakpoints in the surviving sequence similar to the AT-rich motifs 

in the deletion breakpoint regions. Motifs 5 and 8 in figure 20 also have interesting 

profiles as the sequence content in them is very homogenous and appears to peak 

just before the breakpoint in the surviving sequence. Other motifs with interesting 

sequence content are motifs 12, 13, 16 and 17 in figure 20 as these could potentially 
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be part of sequences that could convey formation of non-B DNA structures (Z-

DNA; motif 12, H-DNA; motifs 13, 16 and 17).   

 

In section 3.4 we saw that the SVA_F repetitive elements appear enriched near 

the translocation/inversion breakpoints. In these elements it has been seen that 

these contain sequence 5’-CGTCCGGGAGGGAGGTGGGGGGGTCAGC-3’ 

which often overlapped with translocation breakpoints and has the potential to 

form G4-DNA structures (Bacolla et al., 2019). From the motifs seen in figure 20, 

sequences of motifs 14 and 22 align into this sequence. A further analysis of the 

regions from where the sequences originated which contained occurrences of these 

motifs also showed that these regions also contained the ones which overlapped 

with the SVA_F containing genomic regions. This would imply out that the motif 

finding has captures subsequences from the SVA_F elements, this is still however 

interesting as the occurrence profiles of these motifs is skewed so that these appear 

in the surviving sequence.  
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4    Discussion  

In this work, I have analyzed the sequence content around the breakpoints of 

different structural variants from human genomes by studying how repetitive 

elements, GC content and DNA motifs vary near these breakpoints. All of these 

features showed some variations in this dataset, and it can be believed the variation 

in these features play some kind of a role in the formation of SVs. Exactly how a 

feature has contributed to the formation of an SV in the cases of this dataset cannot 

however be conclusively determined as most of the sequence features can affect the 

SV formation through multiple different mechanisms. Also, the diverse nature of 

the dataset here complicates the analysis as the SVs here originate from a large 

number of samples from different tissue types. This raises questions like could a 

certain mechanism be responsible for causing SVs in certain tissue types and 

whether some of the sequence features here would behave differently in SVs 

originating from different types of samples if the SVs were separated to different 

classes based on their origin. However, some of the variation seen here has also 

been seen before by previous studies and could be explained through these results. 

Here I will discuss and speculate on what could explain these findings.    

 

The effect of GC content on the formation of SVs in humans is not completely clear 

but here it was seen that there is a variation in the GC content around the 

breakpoints of different SVs. Notable in this was that in deletion breakpoint regions 

(Alu associated deletions omitted) the GC content was highest at the breakpoint 

(Figure 6 (e)) and that around the translocation/inversions and duplication 

breakpoints GC content appeared skewed, being higher in the 

translocated/inverted and duplicated sequences (Figure 6 (h), (i), (k) and (l)). In 

translocations/inversions, it can be noted that in figure 6 (k) the GC content drops 

already before the breakpoint in the surviving sequence. In Figures 20 and 21 we 

saw that there were AT-rich motifs peaking in large numbers just before the 

breakpoints in the surviving sequence (Motif 5 in figure 20 and motif 11 in figure 
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21). These AT-rich sequences could then explain the drop of the overall GC content 

at the breakpoint. This kind of similar effect has also been seen in another study 

by Bacolla et al (Bacolla et al., 2016).  

 

Possible explanations for this seen variance in GC content could be that either the 

higher GC content could promote the breakage of DNA and cause DSB events, or 

it could enhance the repair of the break ends with higher GC content. The enhanced 

repair could possibly result in SVs if there are multiple GC-rich break ends from 

different sources present which are then joined together erroneously. If this was the 

case, then seeing the higher GC content near the breakpoints could be a survivor 

effect, meaning that the cells where the breaks happen in GC-rich regions survive 

DSB events more readily as if these cannot be repaired correctly, the breaks are 

repaired at least in some manner. At least one previous study has determined that 

an increase in GC content would not lead to a higher prevalence of recombination 

associated DSB events but would more likely affect the repair of DSBs (Hinch et 

al., 2019). Another study that would support the role of higher GC content in DSB 

repair showed that higher GC content in the overhangs of the DNA break ends 

would make the NHEJ repair pathway Ku-independent in eukaryote cells (Sandoval 

and Labhart, 2004). This would mean that the recruitment of the Ku factors into 

a break site would not be a requirement for the break repair as the break ends align 

and bind together just by base pairing, increasing the chance of the repair. It has 

also been noted that in prokaryote genomes a higher GC links with a more efficient 

repair of DNA breaks (Weissman et al., 2019).     

 

The found motifs in this work showed interesting characteristics in their sequences 

and occurrence profiles. In many of them, the motifs sequence content hinted that 

these originate from sequences that could form non-B DNA structures. AT-rich 

sequences containing (AT)n repeats were seen in the deletion, duplication, and 

translocation/inversion breakpoint regions (Motifs in figure 13, motifs 1, 2, 4, and 

6 in figure 19, motif 5 in figure 20, and motif 11 in figure 21). The possibility for 
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these kinds of sequences to form hairpin and cruciform structures could explain 

why these motif occurrences peak near the breakpoints. These structures could be 

formed during replication ahead of the replication machinery and cause a fork 

stalling event when the machinery comes up to the hairpin, leading to a DSB event. 

This does not however explain why these motifs peak in the surviving sequence of 

the deletions and translocations. I would speculate that maybe these sequences 

appear in the surviving sequence because the repetitive sequences with 

microhomology offer nonhomologous sequence substrate for aEJ or BIR repair 

pathways. These could then cause translocations when AT-rich break ends from 

different chromosomes are joined together by aEJ, or when the strand invades 

another chromosome with a similar AT-rich sequence which is used as the template 

for the repair by BIR. However, the generation of duplications by these mechanisms 

does not appear likely to me as these repair mechanisms do not appear to be usually 

connected to the formation of duplications. A more likely explanation could be that 

the formed hairpins cause strand slippage during replication leading to a 

duplication of the slipped sequence.  

 

Other motifs which could hint at the formation of H-DNA, Z-DNA, or G-

quadruplexes were also seen. H-DNA (GA-rich motifs in figure 14, motifs 13, 16 

and 17 Figure 20) and Z-DNA (CA-rich motifs 8 and 9 in figure 19 and motif 12 

in figure 20) could lead to a deletion or a translocation if these are removed with 

NER as the process requires removal of sequence around the repair site and causes 

a temporal DSB site. If the removed sequence is then not correctly replaced, a 

deletion would occur and if the break ends are joined together incorrectly it could 

lead to a translocation (McKinney et al., 2020; Zhao et al., 2018). The SVA_F 

associated G4-forming sequence motifs seen in translocations (Motifs 14 and 22 in 

figure 20) and the skewing of them could be a result from an event where the G4 

structures first causes DSB events, for example by fork stalling, but then the 

SVA_F sequences function as the homologous sequence to guide the joining of 

break ends from different sources.   
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These speculations rely strongly on the assumption that the relatively short motifs 

found in this work would indicate the presence of a longer sequence with non-B 

DNA forming potential. About this I cannot be certain here and determining this 

would require a more thorough investigation of the sequences where these motifs 

were seen to occur. Also, for some of the motifs, such as motifs in figure 7 seen near 

insertion breakpoints, I have no explanation or speculations about what could cause 

the motifs to have the occurrence profile that is seen. The motifs and their profiles 

could just be bias for example, from repetitive elements, but without further 

investigation it is hard for me to speculate what would explain their occurrence 

profiles.  
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