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ABSTRACT 

Specific genomic profiles associated with exposure to DNA damaging agents 

have been identified in cancer related genes, revealing that mutational patterns can 

be carcinogen- specific. However, there have been limited efforts to demonstrate 

similar clear relationships for endogenous mutational processes. One endogenous 

source of mutations is contamination of the deoxynucleotide pool with damaged 

bases that, if incorporated into DNA, cause mutations.  

The Catalog of Somatic Mutations In Cancer (COSMIC) represents an 

international effort to characterize mutations in cancer. A mutational signature is the 

pattern of mutations generated by a mutational process. Each mutational process 

contains two parts: DNA damage and DNA repair. If DNA repair is successful, the  

DNA will be restored to its native sequence. However, if damaged bases are not 

faithfully removed and replaced, then damaged bases can be misinterpreted by DNA 

polymerases to cause mutations. A mutational signature refers to mutations that 

occur within a defined adjoining sequence 5’ and 3’ to the base of altered sequence.  

Nudt15 and Nudt18 are part of a nucleotide hydrolase superfamily of 

enzymes that may play diverse and independent roles in modulation of nucleotide 

pools. The founding member of the family, Nudt1 (hMTH1) hydrolyzes the 

mutagenic deoxynucleotide, 8-oxo-deoxyguanosine-triphosphate, to a deoxy 
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nucleoside monophosphate, thus preventing mutagenesis caused by this damaged 

dNTP precursor. However, little is known about the endogenous substrates of 

Nudt15 and Nudt18. This study was undertaken with two purposes. First, there is a 

need to develop long and short-read sequencing and mutational profile analysis 

workflows for COSMIC mutational signature and structural variation analysis. 

Second, the application of the workflow was applied to studying mutational 

signatures and structural variations in two genetic models, namely in Nudt15 and 

Nudt18 knockout ovarian cancer cells, and in Rad51d deficient murine embryonic 

fibroblasts. This study reports Illumina sequencing and mutational patterns analysis 

workflows to analyze mutational signatures and structural variations in ovarian 

cancer cells with reads shorter than 5000 base pairs. The results showed that the 

overall mutational patterns in ovarian cancer single-cell colonies include COSMIC 

signature 5. Structural variations (SVs) are large scale genomic changes, including 

insertions, deletions, duplications, inversions, and translocations. This study also 

reports Nanopore sequencing and structural variation analysis workflows to detect 

structural variations in Rad51d-deficient mouse embryonic fibroblasts (MEFs). 

Nanopore sequencing generated 652,000 base-called reads containing 4,404,372,528 

bases by using 1 MinION flow cell sequencing. The results establish workflow 

pipelines for analysis of mutational signatures and for determining structural 

variations using long-read Nanopore sequencing.  
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                                                   CHAPTER 1 

                      INTRODUCTION 

1.1 Mutational signatures  

Mutations are changes in the DNA sequence of an organism. Mutational 

signature as an analytical principle was first proposed in 2012 (Nik-Zainal et al. 2012) 

(Zou et al. 2018). Accurate DNA repair pathways are essential for maintaining the 

integrity of the genome. If DNA repair is not successful mutations will be generated. 

The accumulation of non-random mutations in a process that produces a discoverable 

signature is now known to cause cancer. Mutations are generated in cells resulting 

from exposure to exogenous agents and from defects in endogenous processes, such as 

metabolic pathways like defective DNA repair. Different mutational processes 

generate specific combinations of mutation types, termed mutational signatures (Nik-

Zainal et al. 2012). Mutational signatures have gained considerable attention in recent 

years and there are diverse algorithms to extract mutational signatures and although 

each algorithm has its own mathematical method, the results are similar. (Alexandrov 

et al. 2013) (Dees et al. 2012). Single base substitutions (SBS), also known as single 

nucleotide variants, are defined as a replacement of a certain nucleotide base. 

Considering the pyrimidines of the Watson-Crick base pairs, there are only six 

different possible substitutions: C>A, C>G, C>T, T>A, T>C, and T>G. These SBS 

classes can be further expanded considering the surrounding nucleotide context. 

Current SBS signatures have been identified using 96 different sequence contexts, 
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considering not only the mutated base, but also the one base immediately 5’ and 3’ 

neighboring the altered base. Mutational signatures have been detected in many 

different cancer types, revealing 49 different single base substitution signatures 

(Alexandrov et al. 2020), further classifying the signatures that may represent 

associated—but distinct— endogenous DNA damage causes and/or DNA repair 

pathway insufficiencies.  

1.2 Nucleotide pool and NUDT15 (nudix hydrolase 15) 

The biological origin of mutational signature is genomic instability and in this 

regard the nucleotide pool for DNA and RNA synthesis plays significant role in 

genomic instability (Bester et al. 2011). There are exogenous and endogenous factors 

that may affect the nucleotide pool. Reactive oxygen species (ROS) are generated 

during metabolic processes, nucleotide pool is at high risk of being oxidized by ROS, 

guanine is more susceptible to be oxidized by ROS comparing with other nucleobases. 

There are two paths by which ROS damage of guanine can cause mutations: 1) the 

most common ROS damage to DNA is the addition of oxygen to the C-8 carbon, thus 

generating 8-oxo-7,8-dihydroguanine (GO); 2) exposure of 2′-deoxyguanosine 5′-

triphosphate (dGTP) to ROS, 8-oxo-dGTP will be generated after oxidation (Kasai et 

al. 1984) (Mo et al. 1992) (Kamiya et al. 1995) (Nakabeppu et al. 2007). It has been 

demonstrated that dGTP in the nucleotide pool is more susceptible to be oxidized than 

guanine in DNA (Kamiya et al. 1995) (Nakabeppu et al. 2017). In mammalian cells, 

the defense against 8-oxo-dGTP being incorporated into DNA is an enzyme called 

MTH1 that hydrolyzes 8-oxo-dGTP to 8-oxo-dGMP or 8-oxo-dGDP. MTH1 is also 

known as nudix hydrolase 1 (Nudt1), nucleoside diphosphate-linked moiety X-type 

https://www.nature.com/articles/s41586-020-1943-3#auth-Ludmil_B_-Alexandrov
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(NUDIX) (Nishii et al. 2021). The nucleoside diphosphates linked to moiety-X 

(NUDIX) are a superfamily of hydrolytic enzymes, and their function is to hydrolyze 

phosphorylated nucleosides (Nishii et al. 2021). If NUDT1 activity is disrupted, single 

base substitutions resulting from 8-oxo-dGTP incorporation into DNA may be 

generated. After two rounds of replication, the incorporation of GO increases the 

occurrence of A:T to C:G or G:C to T:A transversions (Figure 1.1).  

Besides NUDT1, another member of the NUDIX family is NUDT15, which has 

gained considerable attention in recent years. It has been demonstrated that NUDT15 

plays a significant role in thiopurine metabolism. Thiopurines are anticancer drugs for 

childhood acute lymphoblastic leukemia and also used as immunosuppressants (Wyatt 

et al. 2018). Thiopurines including azathioprine (AZA), 6-mercaptopurine (6-MP), and 

thioguanine (TG), are prodrugs that must be metabolized to 6-thioguanosine 

triphosphate (d6-TGTP) (Figure 1.2). The incorporation of d6-TGTP into DNA may 

cause cell death or mutations in survivors (Cara et al. 2004), for example SBS 87 (Li et 

al. 2020). There is concern about thiopurine-induced secondary cancers. To better 

understand thiopurine-induced secondary cancers, researchers have focused on 

thiopurine metabolism, for example, it is known that low level of thiopurine 

methyltransferase (TPMT) activity has been proposed as a significant risk factor for 

thiopurine-induced toxicity such as myelosuppression. In addition to TMPT, NUDT15 

hydrolyzes d6-TGTP to d6-TGMP and it has been demonstrated that NUDT15 

deficiency is highly associated with thiopurine intolerance, especially in Asian 

populations (Tanaka et al. 2021). Previous study also demonstrated that NUDT18 

prevents 8-oxoguanine to be incorporated into DNA and RNA by degrading 8-

https://doi.org/10.1182/blood.2019002220
https://doi.org/10.1182/blood.2019002220
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oxoguanine-containing nucleoside diphosphates (Takagi et al. 2012). Therefore, 

studies about NUDT15 and NUDT18 are needed to investigate endogenous pathways 

and novel endogenous substrate of NUDT15 and NUDT18. 

1.3 Homologous Recombination (HR) repair deficiency and mutational signatures.  

DNA damage, for example double-strand breaks, can induce HR when a 

double-stranded copy of the sequence is available. HR plays an important role in 

replication, repair, and other processes. HR processes are described stepwise in the 

following manner (Figure 1.3): 1) a DSB is converted to a recombination substrate by 

degradation of a single-strand end, leaving a 3’ single-stranded overhang typically 

several hundred base pairs in length; 2) the Rad51 nucleoprotein filament loads onto 

the recombination substrate, which promotes strand invasion and DNA repair 

synthesis; 3) Holliday junction resolution. HR is an error-free DNA repair process. 

However, if cells are HR-deficient, cells will undergo non-homologous end joining 

(NHEJ) to repair double-strand breaks. NHEJ is an error-prone repair process, which 

will lead to mutations, chromosome rearrangements in the genome, even causing cell 

death (Wyatt and Pittman, 2006) (Christine S. Walsh, 2015).  

BRCA1 and BRCA2 are tumor suppressor genes. Mutations in BRCA1/2 are 

responsible for approximately 40% of inherited breast cancers and more than 80% of 

inherited breast and ovarian cancers (Mehrgou, A., & Akouchekian, M. 2016). 

Normally, BRCA1/2 are involved in double-strand breaks repair via error-free 

homologous recombination. During HR repair, BRCA1 is involved in the resection of 

recombination overhang, and BRCA2 controls the process of loading RAD51 onto 



5  

single-strand DNA. Moreover, during S phase, BRCA1, BRCA2, and Rad51 proteins 

colocalize to nuclear foci. In HR defective cells, the colocalization of Rad51 and 

BRCA2 into nuclear foci is abrogated (Prakash et al, 2015). In normal cells, DNA 

damaging agents cause DNA damage, then error-free DNA repair process for example 

HR repair correct the damage and suppress mutations. However, in HR-deficient cells, 

there is no functional HR, instead NHEJ acts as a backup repair solution for DNA 

DSBs. As mentioned earlier, NHEJ is an error-prone repair process, therefore a 

mutational signature will be generated. Nik-Zainal et al have demonstrated that single 

base substitution (SBS) signature 3 results from BRCA1 or BRCA2 deficiency. They 

also demonstrated that SBS3 is associated with BRCA1 promoter methylation in 

breast, pancreatic, and ovarian cancers. In pancreatic cancer, patients who are sensitive 

to platinum therapy usually exhibit SBS3 mutations (Golan et al. 2021). Together with 

associated small insertions and deletions, structural variations, SBS3 has been 

proposed as an indicator of homologous recombination-deficiency based repair, 

probably NHEJ. Besides this single base substitution signature, homologous 

recombination-deficiency based DNA damage repair manifests predominantly as small 

indels and structural variations due to abnormal DNA double-strand break repair (Nik-

Zainal et al. 2012 Cell). As we know that both BRCA1/2 and Rad51d are HR-related 

genes, it is therefore of interest to determine if RAD51D deficiency produces a 

mutation signature that is similar to or distinct from BRCA1/2 deficiency.  

1.4 Structural Variations  

In recent years, rearrangement signatures have been proposed and studied, 

applying in the subtype’s categorization of breast cancer (Morganella et al. 2016) (Nik-
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Zainal et al. 2016) and the clinical applications of mutational signatures have been 

started (Davies et al. 2017). Structural variations (SVs) are large scale genomic 

changes, including insertions, deletions, duplications, inversions, and translocations. 

SVs are a major source of genome variation and contributes substantially to cancers 

and other diseases. Compared with single nucleotide polymorphisms (SNPs), large 

SVs are responsible for ten times more variant bases in the whole genome and are 

thirty times more likely to affect gene expression (Coster et al. 2019). Therefore, SV 

analysis will benefit the study of disease etiology on genome level. However, SVs are 

hard to detect, until recently, the large size and complicated genomic contexts of SVs 

have limited their study. Traditional short-read sequencing generates reads of 75–300 

bp, whereas SVs range from 50 bp to several mega bases, meaning that SVs cannot 

typically be captured within a short-read. Therefore, long-read methods, which can 

read from several thousand to millions of bases, are important for structural variation 

analysis. Jain et al. report Nanopore sequencing and assembly of ultra-long reads from 

the human GM12878 Utah/Ceph cell line to the reference genome using the MinION 

(Oxford Nanopore Technologies) nanopore sequencer and Canu software. Nanopore 

sequencing generated 14,183,584 base-called reads containing 91,240,120,433 bases 

with a read N50 (the read length such that reads of this length or greater sum to at least 

half the total bases) of 10,589 bp by using 39 MinION flow cells. The results showed 

that Nanopore long-reads benefit structural variation detection but show relatively low-

accuracy in single base substitution detection because nanopore sequencing has 

relatively low-coverage and -accuracy. However, ultra-long reads improve phasing and 

assembly contiguity and close gaps in the human reference genome. This is because 
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ultra-long reads can increase assembly continuity significantly; with their ability to 

resolve complicated SVs, ultra-long reads could be assembled and phased. The 

assembly of the 4-Mb major histocompatibility complex (MHC) locus in its entirety 

was achieved with this method, which also allowed prediction of telomere length (Jain 

et al. 2018). What’s more, Nanopore sequencing can detect methylation in the genome 

with high accuracy. These data suggest that ultra-long read nanopore sequencing 

enables the analysis of regions of the human genome that were previously intractable.  
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Figure 1.1: MTH1 (Nudt 1): Modulation of nucleotide pools. Solid gray lines: mutagenic 

pathway. MTH1 hydrolyzes 8-oxo-dGTP to 8-oxo-dGMP act as defense metabolic 

pathway, thus preventing their incorporation into DNA. 

(Yusaku et al, 2017) 
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Figure 1.2: The role of NUDT15 in thiopurine metabolism. Thiopurines including 

azathioprine (AZA), 6-mercaptopurine (6-MP), and thioguanine (TG), are prodrugs that 

must be metabolized to 6-thio-deoxyguanosine triphosphate (d6-TGTP). The 

incorporation of d6-TGTP into DNA may cause cell death or mutations in survivors, for 

example SBS 87. NUDT15 hydrolyzes d6-TGTP to d6-TGMP, which prevents the toxic 

overaccumulation of 6-TG into the genome. Therefore, Nudt15 plays important role in 

thiopurine metabolism. 
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 (Cerbinskaite et al. 2012) 

Figure 1.3: Homologous recombination. 

https://www.sciencedirect.com/science/article/pii/S0305737211000776?via%3Dihub#!
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                                                    CHAPTER 2 

 
EXTRACTED SINGLE BASE SUBSTITUTION (SBS) SIGNATURE FROM NUDT15 

KNOCKOUT AND NUDT18 KNOCKOUT OVARIAN CANCER CELLS 

2.1 Introduction 

NUDT15 has nucleotide hydrolase activity that can prevent the incorporation 

of potentially mutagenic bases into DNA. Yet, the only known substrate established 

thus far for NUDT15, d6-TGTP, results from an exogenous treatment, thiopurines. 

The naturally occurring substrate for NUDT15 remains unknown. Another NUDIX 

family member, NUDT18, is even less characterized regarding its activities and 

functions. To determine whether NUDT15 deficiency results in increased 

mutagenesis, we explored determining mutational signatures in cells with defined 

knockouts of NUDT15.  Another graduate student, Jacob Massey, generated and 

characterized the NUDT15 and NUDT18 knockout ovarian cancer cells (OVCAR8), 

which is described in his thesis.  Here, I utilize the NUDT15 and NUDT18 knockout 

cells to determine whether deficiency in these nucleotide hydrolases causes 

mutational signatures.  This is also related to thiopurine treatments discussed in 

Chapter 1, because COSMIC mutational signature SBS 87 in humans is thought to 

be caused by thiopurine exposure (Figure 2.1). The goal of this chapter is to 

determine mutations and mutational signatures in the OVCAR8 cancer cells in the 

absence of NUDT15 and NUDT18.   
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2.2 Methods 

In our lab, we have Nudt15 and Nudt18 knockout ovarian cancer cells – 

OVCAR8 cells. OVCAR8 single-cell colonies corresponding to three genotypes 

were propagated and DNA isolated. S51 and S52 are parental OVCAR8 cells 

incubated with Cas9 but without a gRNA; S53 and S54 are OVCAR8 Cas9 cells 

with Nudt15 KO gRNA; S55 and S56 are OVCAR8 cells with Nudt18 KO gRNA.  

After cells were grown to confluence, a Qiagen kit (DNeasy Blood & Tissue Kits) to 

extract DNA products for Illumina sequencing (Figure 2.2).  

The bioinformatics pipeline is as follows. Illumina sequencing generated 

fastq files; next, BWA (Burrows-Wheeler Aligner) was used to perform alignment 

and generate a sam file; the picard program takes a sam (Sequence Alignment Map) 

file as input and converts it to a bam file; picard was also used to build a bam index 

(bai file). The GATK program was used to call variants and generate vcf files; 

MutationalPatterns is a mutational signature analysis software that takes a vcf file as 

input to analyze single base substitution signatures, double base substitution 

signatures and indel signatures (Figure 2.3). This study chiefly focused on single 

base substitution signatures. 

2.3 Results and Discussion 

As mentioned earlier, there are six different possible substitutions: C>A, 

C>G, C>T, T>A, T>C, and T>G, considering not only the mutated base, but also the 

base immediately 5’ and 3’ to the central base, which produces 96 different 

http://bio-bwa.sourceforge.net/
http://bio-bwa.sourceforge.net/
http://bio-bwa.sourceforge.net/
http://bio-bwa.sourceforge.net/
http://bio-bwa.sourceforge.net/
http://bio-bwa.sourceforge.net/
http://bio-bwa.sourceforge.net/
http://bio-bwa.sourceforge.net/


13  

mutational contexts. To extract mutational signatures, a 96-trinucleotide mutation 

count matrix was made. Table 2.1 shows as an example part of the mutation count 

matrix for S51. This table shows the substitutions type and the trinucleotide contexts. 

Next, this matrix was used to plot the 96 mutational profiles of each sample. Figure 

2.4 shows the 96 mutational profiles also known as mutational signatures extracted 

from S51 and S52, S53 and S54, S55 and S56, separately. Comparing mutational 

patterns of wild-type ovarian cancer cells with mutational patterns of Nudt15 

knockout and Nudt18 knockout ovarian cancer cells, the results show that there are 

no specific mutational patterns related to Nudt15 and Nudt18 knockout in OVCAR8 

cells.  

To estimate the similarity between the mutational signatures extracted from 

our samples with the established COSMIC mutational signatures, we calculate the 

cosine similarity. High cosine similarity (>0.85) means two mutational signatures are 

similar. As we can see in Figure 2.5, mutational signatures of OVCAR8 samples 

have high cosine similarities with the COSMIC signature 5, which are around 0.9.  

Considering that the total number of mutations in single-cell colonies can be 

decomposed into background mutations (including mutation patterns generated from 

cell culture processes, mutational patterns of cancer cell line) and mutations caused 

by Nudt15/18 knockout.  

Nsubclone-Nudt15/18 knockout = Nbackground + NNudt15/18 knockout  

To determine whether we could detect mutational signatures that result from 

Nudt15 or Nudt18 knockout, for the next step, we will use wild-type ovarian cancer 
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single-cell colonies to act as control. The difference between the total number of 

mutations in NUDT15/18 knockout groups will be measured and compared to the 

number of mutations in wild-type groups (Jill E. Kucab, 2019).  
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Figure 2.1: Single Base Substitution (SBS) signature 87. There are six different 

possible substitutions: C>A, C>G, C>T, T>A, T>C, T>G. These SBS classes can be 

further expanded considering the nucleotide context. SBS signatures were identified 

using 96 different contexts, considering not only the mutated base, but also the one 

base immediately neighboring 5’ and 3’ to the central nucleotide. SBS 87 is shown as 

an example. The etiology of SBS87 is associated with thiopurine chemotherapy 

treatment.  
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Figure 2.2: Workflow showing colony selection of 6 single-cell colonies of ovarian 

cancer cells. S51 and 52 are wild-type OVCAR8 cells incubated with Cas9; S53 and 

S54 are OVCAR8 cells with Nudt15 deleted by Nudt15 gRNA; S55 and S56 are 

OVCAR8 cell lines with Nudt18 deleted by Nudt18 gRNA.  After cells were grown 

to confluence, a Qiagen kit was used to extract DNA products, then Illumina 

sequencing was performed. 
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Figure 2.3: Mutational signature analysis pipeline. Illumina sequencing generates a fastq 

file; next, alignment using BWA generates a sam file; picard takes a sam file as input and 

converts it to a bam file; picard also builds a bam index (bai file); gatk is used to to call 

variants and generate a vcf file; MutationalPatterns is a mutational signature analysis 

software that takes a vcf file as input to analyze single base substitution signatures, 

double base substitution signatures and indel signatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• Illumina sequencing

fastq file

• BWA

• Perform Alignment

Sam file
• Picard 

• Sort SAM file

• Convert to BAM

bam file

• Picard

• Build bam index

bai file
• GATK 

• Call variants

vcf file

• MutationalPatterns

visulization



18  

Table 2.1 Substitution type and the trinucleotide contexts table of S51 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.1: This table shows the substitution type and the trinucleotide contexts.  



19  

 

 

 



20  

 
 

Figure 2.4: Mutational signatures in Nudt15 knockout and Nudt18 knockout OVCAR8 

single-cell colonies. The X axis represents 96 trinucleotide contexts, Y axis represents the 

relative contribution of each trinucleotide context to the mutational burden in that sample.   

 

 

 

 

 

 

 

 



21  

 

Figure 2.5: Cosine Similarity. Mutational signatures extracted from OVCAR8 

samples have high cosine similarities of ~0.9 with the COSMIC signature 5.  
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                              CHAPTER 3 

 
STRUCTURAL VARIATION ANALYSIS OF NUDT15 KNOCKOUT AND NUDT18 

KNOCKOUT OVARIAN CANCER CELLS 

3.1 Introduction 

The goal of the work in this chapter is to analyze structural variations in 

ovarian cancer cells to investigate whether CRISPR Cas 9 cause specific structural 

variations in NUDT15 and NUDT18 knockout ovarian cancer cells. There are 

several questions to be answered. Firstly, what are the structural variations? 

Secondly, how are structural variations called? Structural variation analysis 

workflows using Illumina and Nanopore sequencing will be presented separately. 

The structural variation pipeline was used to analyze six OVCAR8 colonies using 

Illumina sequencing data, because we want to analyze whether CRISPR Cas 9 

caused specific structural variations in the parental OVCAR8 cancer cells. Structural 

variations are large scale genomic changes, including insertions, deletions, 

duplications, inversions, and translocations (Figure 3.1) (Geòrgia Escaramís et al. 

2015). SVs are a major source of genomic variation in the human genome and are 

responsible for ten times more variant bases than single nucleotide polymorphisms 

(SNPs) and are thirty times more likely to affect gene expression (Korbel et al. 

2007).  

3.2 Methods 
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Illumina sequencing produced fastq files; next, alignment was achieved using 

BWA to generate sam files; picard can take sam file as input and convert it to bam 

file; then we can use gatk to call variants and generate vcf file; QIAGEN CLC 

platform is a powerful genomic data analysis platform, structural variations caller 

tool is included in CLC platform, we used this tool to analysis structural variations 

with reads shorter than 5000 bp. This tool can take a vcf file as input to analyze 

many kinds of structural variations, including insertions, deletions, tandem 

duplications, and inversions by chromosomes (Figure 3.2).  

3.3 Results  

There are examples of insertion (A), deletion (B) and inversion (C) extracted 

from ovarian cancer cells (Figure 3.3). Figure 3.4 shows the structural variation 

analysis results counted by chromosome in the S51 single cell colony. The X axis 

represents chromosome number; Y axis represents the number of structural 

variations; different colors represent different kinds of structural variations, blue 

represents total number of structural variations, orange represents insertions, gray 

represents deletions, yellow represents tandem duplications, and light blue represents 

inversions. Comparing different types of structural variations in six single-cell 

colonies, we found that inversions and deletions are the two main types of structural 

variations in Cas 9-parental, Nudt15 knockout and Nudt18 knockout OVCAR8 cells.  

Next, the number of structural variations by each type in every OVCAR8 

single-cell colonies were calculated. It was found that the number of inversions in 

Nudt15 knockout and Nudt18 knockout groups are much higher than that in the Cas 
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9 parental control group (Figure 3.5).  

 

1.4 Discussion 

The results showed that the number of inversions in Nudt15 knockout and Nudt18 

knockout groups are much higher than that in the Cas 9 incubated wild-type groups. 

For the next step, we will compare the sequences of the primers used to knockout 

NUDT15 and NUDT18 gene in OVCAR8 cells with the sequences at the ends of the 

inversions.  
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(Geòrgia Escaramís et al.  2015) 

Figure 3.1: Different types of structural variations, such as deletions (top left), 

insertions (top right), interspersed and tandem duplications (middle), and inversions 

and translocations (bottom).  
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Figure 3.2: Structural variation analysis pipeline of NUDT15 and NUDT18 knockout 

OVCAR8 cells.  
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Figure 3.3: Insertion, deletion and inversion examples in ovarian cancer cells detected 

by structural variation analysis tool.  
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Figure 3.4: Structural variation results of the S51 single-cell colony. X axis represents 

chromosome number; Y axis represents the number of structural variations. 
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Figure 3.5: the number of inversions in 6 single-cell colonies of OVCAR8 cells. S51, 

S52: wild-type OVCAR8 cells; S53, S54: NUDT15 knockout OVCAR8 cells; S55, 

S56: NUDT18 knockout OVCAR8 cells.  
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                         CHAPTER 4 

 
STRUCTURAL VARIATION ANALYSIS OF RAD51D-DEFICIENT MOUSE 

EMBRYONIC FIBROBLASTS 

4.1 Introduction 

In Chapter 3, we introduced structural variation analysis pipeline for Illumina 

short-read sequencing. In this chapter, structural variation analysis pipeline for 

nanopore ultra-long read sequencing is discussed. Why do we need nanopore 

ultralong read sequencing? Because traditional short-read sequencing generates 

reads of 75–300 bp (Figure 4.1), large structural variations range from 50 bp to 

several megabases, meaning that Illumina sequencing is good at detecting small 

structural variations but nanopore long read sequencing is good at resolving big and 

complex SVs (Kosugi et al. 2019). For example, Figure 4.1 shows a 1054 bases 

insertion. A recent study published by the Telomere-to-Telomere (T2T) Consortium 

has reported completing a challenging 8% of the unresolved human genome using 

Pacbio HiFi and Oxford Nanopore sequencing with ultra-long reads (Zahn et al. 

2022). Although the initial Human Genome Project was declared “complete” for 

more than 20 years, technology limitations prevented some regions of the human 

genome from being resolved. This most recent publication has reported the success 

of long-read sequencing methods to complete these challenging regions.  

Previous work has demonstrated that Rad51d-deficient MEFs have 

chromosome instability (Figure 4.2) and are extremely sensitive to DNA damaging 
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agents (Figure 4.3). The source of this chromosomal instability resulting from HR 

deficiency remains unknown and under-investigated. Therefore, I established a 

pipeline for long-read structural variations analysis, and then used this pipeline to 

detect structural variations in Rad51d-deficient MEFs, and MEFs treated with DNA 

damaging agents. 

4.2 Methods 

Firstly, colony selection prepared 2-3 colonies for each genotype of MEFs. 

two colonies for Rad51d-proficient MEFs (C53), two colonies for Rad51d-deficient 

MEFs (258), two colonies for Rad51d-deficient MEFs (310) (Figure 4.4). Structural 

variation analysis pipeline for nanopore sequencing with reads longer than 5000 bp. 

Here is the basic workflow: first, nanopore sequencing generates a fast5 file; then 

guppy performs base calling and generates a fastq file. Next, the SV aligner – 

minimap2 aligns nanopore long reads to a reference genome; Then an SV caller 

program called sniffles was used to detect structural variations across the whole 

genome. The key steps here are align reads and call variants (Figure 4.5).  

4.3 Results 

After nanopore sequencing, we checked sequencing and mapping statistics, 

which gave us a quality estimation of the experiment and suggestions for preparing 

future experiments. Our preliminary experiment design used one flowcell to 

sequence one colony of Rad51d-deficient MEFs for 96 hours.  In Table 4.1, we can 

see that the average coverage is 1.  
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Minimap2 was used to perform mapping and the mapping results showed that 

86.97% of reads were mapped, and 93.92% of bases were mapped (Table 4.2). In 

this figure, we can see that the most of the read’s lengths were between 0 – 46000 

bp. Reads lengths are more concentrated within a range of 0 – 4000 bp (Figure 4.6).  

4.4 Discussion   

After sequencing and alignment, we can use CLC platform tools to call 

structural variations in reads shorter than 5000 bp, and at the same time, using 

sniffles to call structural variations in reads longer than 5000 bp (Figure 4.7). By 

using 258 single colony MEFs, we finish this pipeline, considering the coverage is 

low, we will post these data later after we add more coverages to it.  
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https://www.youtube.com/watch?v=N8KPwWdQTAw&ab_channel=OxfordNanoporeTe

chnologies 

Figure 4.1: The figure shows the visualization of a large (1054 bp) insertion (red, right 

figure).  
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Figure 4.2: genome instability of Rad51d-deficient MEFs. Figure is from (Smiraldo et al. 

2005). 
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Figure 4.3: Rad51d-deficient MEFs are sensitive to thiopurine treatment. Figure is from 

(Rajesh et al. 2011). 
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Figure 4.4: Workflow for long-read sequencing of DNA from RAD51-proficient and 

deficient cells.  

 

 

 

 
Figure 4.5: Structural variation analysis pipeline for nanopore sequencing data.  
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Figure 4.6 Distribution of read lengths.  

 

 

 

 
 

Figure 4.7 Structural variation analysis pipeline.  
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Table 4.1 Coverage statistics of Nanopore sequencing 

 

Table 4.1 Coverage statistics of Nanopore sequencing.  

• 816,940,284 positions have coverage below 1 (not shown in graph).  

• 1,906,390,270 positions have coverage between 1 and 99.  

• 100,589 positions have coverage above 99 (not shown in graph).  

• Note that positions with an ambiguous nucleotide in the reference (i.e., not A, 

C,T or G), count as zero coverage regions, regardless of the number of reads 

mapping across them. 
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Table 4.2 Mapping statistics of nanopore sequencing.  
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