
 

 

 

 

 

Characterisation of human papillomavirus genomic 
variation and chromosomal integration in cervical samples 

 

 

by 

Sonja Lagström 

 

 

 

 

Thesis submitted to the Faculty of Medicine, University of Oslo 

For the Degree of Doctor of Philosophy (PhD) 

 

 

 

Department of Microbiology and Infection Control 

Akershus University Hospital 

 

Department of Research 

Cancer Registry of Norway

 

 

 

Lørenskog, Norway 

2020 

 





i 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Challenges are what make life interesting and overcoming them is what makes life meaningful. 

Joshua J. Marine 



ii 
 

 

 



iii 
 

ACKNOWLEDGEMENTS  

 

The work for this doctoral thesis was carried out at the Department of Microbiology and Infection 

Control, Akershus University Hospital (Ahus) and at the Department of Research, Cancer Registry 

of Norway (KRG). The work was funded by a grant from the South-Eastern Norway Regional 

Health Authority. I was part of the PhD programme at the Faculty of Medicine, University of Oslo 

(UiO) that provided the courses and supported the PhD project. 

 

First, I would like to thank my supervisors Trine B. Rounge (KRG, UiO), Irene Kraus Christiansen 

(Ahus) and Ole Herman Ambur (Oslo Metropolitan University, OsloMet) for sharing your 

expertise in HPV and guiding me through this thesis. You were such a great combination of 

supervisors with different backgrounds and skills but with same curiosity and enthusiasm for 

research. I am privileged to have had the three of you as my supervisors, thank you! I also want to 

thank my co-supervisor Truls M. Leegaard (Ahus, UiO), enabling me to be part of the PhD 

programme at the University of Oslo. 

 

In addition to my supervisors, I would like to thank Mari Nygård (KRG) and Ameli Tropé (KRG) 

for sharing your knowledge on HPV and cervical cancer and giving me valuable advice along the 

way. I am also grateful to Pekka Ellonen (Institute for Molecular Medicine Finland, FIMM), my 

former boss at SeqLab. This is where this whole journey started when I was first introduced to 

amplicon sequencing, then to Trine Rounge and HPV and finally I was involved in the 

development of a new HPV sequencing method. I am so happy that I was always welcome to visit 

SeqLab after I left my job there, to learn new things and to share the latest developments in my 

project. I am also grateful to have had the opportunity to work together with Alexander Hesselberg 

Løvestad (OsloMet), our latest addition to the team. It has been a pleasure to share scientific and 

not-so-scientific discussions with you. 

 

In addition, I would like to thank our collaborators from Finland and the Netherlands. Thank you 

Maija Lepistö (FIMM) for offering your methodological expertise, and Audrey J. King (National 

Institute for Public Health and the Environment, RIVM) and Pascal van der Weele (RIVM) for 

the interesting collaboration opportunity. I am also grateful to have met my first African friend, 

Racheal Mandishora (International Agency for Research on Cancer, IARC), during the project. 

You have introduced me to a whole new world of HPV in Africa. It is true what you said when we 

met for the first time in Cape Town, South Africa: “it’s like we have always known each other”.   



 

iv 

 

Before starting in the PhD project, I had to pack my things and move to the other side of the 

Nordic countries. I could not have wished for a better start in Norway at these two great 

workplaces. I have been privileged to work with amazing and kind people. My special thanks go to 

Hanne Haugland and Mona Hansen for all the support and help in the HPV lab and to Roger 

Meisal for helping me the first months of the project. I want to thank also the rest of the FoU 

group at Ahus for the great atmosphere both at work and outside of it. I had wonderful colleagues 

at KRG, thanks especially to Sinan Uğur Umu for teaching me bioinformatics and R, and to Elina 

Vinberg and Marcin Wojewodzic for all your help with different projects, nice floor ball training 

and other activities outside the work. In addition, I would like to thank Anna Frengen and other 

people in the EpiGen lab at Ahus for your help and guidance.  

 

I would also like to thank NORBIS national research school in bioinformatics, biostatistics and 

systems biology and Health Innovation School (UiO, Norwegian University of Science and 

Technology and Karolinska Institutet) for offering me the possibility to expand my knowledge and 

think outside the box. During the seminars and courses I have met funny and enthusiastic young 

talents from so many different fields. We had great opportunities to visit new wonderful places in 

the Nordics. This also made it possible for me to experience the Northern lights for the first time 

in my life.  

 

Finally, I would like to thank my family and friends for always being there for me. Special thanks 

go to my parents and my husband Gustaf: without your encouragement, I would never have moved 

to Norway. Thank you Gustaf for your endless support, love and cooking skills. It was always great 

to come home to a ready-made dinner. Lastly, the biggest reason to be effective and to get home 

as early as possible even during the final phase of the thesis, is Hilda, our wonderful little daughter 

and the joy of our life.  

 

 

Lørenskog, April 2020 

 

Sonja Lagström 



 

1 
 

TABLE OF CONTENTS 

 

LIST OF ABBREVIATIONS ................................................................................................................... 3 

LIST OF ORIGINAL PAPERS................................................................................................................ 5 

1 INTRODUCTION ............................................................................................................................ 7 

1.1 Human papillomavirus and cancer .......................................................................................... 7 

1.2 Natural history and pathology of cervical cancer .................................................................. 8 

1.3 Cervical cancer prevention ...................................................................................................... 10 

1.3.1 HPV vaccination .................................................................................................................. 10 

1.3.2 Cervical cancer screening.................................................................................................... 11 

1.3.3 Classification of cervical neoplasia .................................................................................... 12 

1.3.4 Treatment of cervical lesions ............................................................................................. 12 

1.4 Molecular biology of HPV ...................................................................................................... 13 

1.4.1 Genome structure ................................................................................................................ 13 

1.4.2 HPV classification ............................................................................................................... 14 

1.4.3 HPV life cycle....................................................................................................................... 16 

1.5 HPV-mediated cervical carcinogenesis ................................................................................. 17 

1.5.1 Molecular mechanisms of carcinogenesis ........................................................................ 17 

1.5.2 Chromosomal integration ................................................................................................... 18 

1.5.3 HPV genomic variation ...................................................................................................... 19 

1.6 Molecular approaches in HPV screening and research ...................................................... 21 

1.6.1 HPV detection and genotyping ......................................................................................... 21 

1.6.2 Characterisation of HPV integration ................................................................................ 22 

1.6.3 Next-generation sequencing technologies ....................................................................... 23 

1.6.4 NGS applications in HPV research .................................................................................. 24 

1.6.5 NGS data analysis ................................................................................................................ 25 

2 AIMS OF THE STUDY.................................................................................................................. 27 

3 MATERIALS AND METHODS .................................................................................................. 29 

3.1 Sample material and study design .......................................................................................... 29 

3.2 DNA extraction and HPV genotyping ................................................................................. 30 

3.3 DNA concentration and viral load ........................................................................................ 31 

3.4 TaME-seq .................................................................................................................................. 31 

3.4.1 Primer design ........................................................................................................................ 31 



 

2 

 

3.4.2 Library preparation and sequencing .................................................................................. 32 

3.5 Sequencing data analysis .......................................................................................................... 33 

3.5.1 Sequence alignment ............................................................................................................. 33 

3.5.2 Sequence variation analysis................................................................................................. 34 

3.5.3 Mutational signature analysis ............................................................................................. 34 

3.5.4 Construction of phylogenetic tree ..................................................................................... 35 

3.5.5 Detection of integration sites and HPV genomic deletions .......................................... 35 

3.6 Validation of integration sites ................................................................................................. 35 

3.7 Statistical analysis ...................................................................................................................... 37 

3.8 Ethical aspects .......................................................................................................................... 37 

3.9 Patent application ..................................................................................................................... 37 

4 SUMMARY OF RESULTS............................................................................................................. 39 

4.1 Paper I ........................................................................................................................................ 39 

4.2 Paper II ...................................................................................................................................... 40 

4.3 Paper III .................................................................................................................................... 41 

5 DISCUSSION ................................................................................................................................... 43 

5.1 Methodological considerations............................................................................................... 43 

5.1.1 Sample material .................................................................................................................... 43 

5.1.2 Library preparation and NGS ............................................................................................ 44 

5.1.3 Sequencing analysis.............................................................................................................. 45 

5.1.4 Statistical analysis ................................................................................................................. 47 

5.2 Discussion of results ................................................................................................................ 47 

5.3 Future research and implications of results .......................................................................... 50 

6 CONCLUSIONS .............................................................................................................................. 53 

7 REFERENCES ................................................................................................................................. 55 

8 APPENDIX ....................................................................................................................................... 71 

8.1 Appendix 1: Patent application .............................................................................................. 71 

9 PAPERS I-III .................................................................................................................................... 87 

 

  



 

3 

 

LIST OF ABBREVIATIONS 

 

ADC     Adenocarcinoma 

AIS      Adenocarcinoma in situ 

APOBEC    Apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like 

APOT     Assay of papillomavirus oncogene transcripts 

ASC-H     Atypical squamous cells, cannot exclude high-grade lesion  

ASC-US     Atypical cells of undetermined significance  

BAM     Binary Alignment/Map  

CIN      Cervical intraepithelial neoplasia  

CNV     Copy number variants 

Ct     Cycle threshold 

DIPS     Detection of integrated papillomavirus sequences 

GDPR     General Data Protection Regulation 

HPV     Human papillomavirus  

HSIL     High-grade squamous intraepithelial neoplasia  

IARC     International Agency for Research on Cancer 

Indel     Insertion or deletion 

LBC      Liquid-based cytology 

LCR      Long control region 

LEEP     Loop electrosurgical excision procedure  

LSIL     Low-grade squamous intraepithelial neoplasia 

MNV    Minor nucleotide variant 

NCR     Non-coding region 

NGS     Next generation sequencing  

ORF     Open reading frame 

PaVE     Papillomavirus Episteme 

PCR     Polymerase chain reaction 

PE      Paired-end 

QC     Quality control 

qPCR     Quantitative polymerase chain reaction 

pRB      Retinoblastoma protein 

RNA-seq     RNA sequencing 

SAM     Sequence Alignment/Map  



 

4 

 

SBS     Sequencing-by-synthesis 

SCC     Squamous cell carcinoma 

SE      Single-end  

SNP     Single-nucleotide polymorphism 

TaME-seq     Tagmentation-assisted multiplex PCR enrichment sequencing 

URR     Upstream regulatory region 

VAF     Variant allele frequency 

VLP     Virus-like particle 

WES     Whole exome sequencing 

WGBS     Whole genome bisulfite sequencing 

WGS     Whole genome sequencing 

 

  



 

5 

 

LIST OF ORIGINAL PAPERS 

 

I. Lagström S, Umu SU, Lepistö M, Ellonen P, Meisal R, Christiansen IK, Ambur OH, 

Rounge TB. TaME-seq: An efficient sequencing approach for characterisation of HPV 

genomic variability and chromosomal integration. Scientific Reports 2019;9:524. doi: 

10.1038/s41598-018-36669-6. 

 

II. Lagström S*, van der Weele P*, Rounge TB, Christiansen IK, King AJ, Ambur OH. 

HPV16 whole genome minority variants in persistent infections from young Dutch 

women. Journal of Clinical Virology 2019;119:24-30. doi: 10.1016/j.jcv.2019.08.003. 

* Denotes equal contribution. 

 

III. Lagström S, Hesselberg Løvestad A, Umu SU, Ambur OH, Nygård M, Rounge TB, 

Christiansen IK. HPV16 and HPV18 type-specific APOBEC3 and integration profiles in 

different diagnostic categories of cervical samples. Manuscript submitted.  

  



 

6 

 

 

 

 



 Introduction 

7 

 

1 INTRODUCTION 

 

1.1 Human papillomavirus and cancer 

 

Human papillomavirus (HPV) causes nearly 5% of all cancers worldwide [1]. HPV infection is a 

necessary cause of virtually all cervical cancers [2, 3], the fourth most common cancer in women 

worldwide [4]. HPV is also associated with a significant proportion of cancers in the oropharynx 

(31% of cancer cases are attributable to HPV) and anogenital regions, including vulvar (25%), 

vaginal (78%), penile (50%), and anal (88%) cancers [1, 5]. HPV infection is the most common 

sexually transmitted infection worldwide and more than 70 % of sexually active individuals of both 

sexes will be infected during their lifetime [6, 7]. However, only a small fraction of HPV infections 

will persist and cause progression to cancer [8]. 

 

The global HPV-related disease burden is larger in women than men. Worldwide, 8.6% of all 

cancers in women are attributable to HPV, while only 0.8% of cancers in men are caused by HPV. 

Cervical cancer is the most common HPV-induced cancer, causing 90% of all the cancer cases 

caused by HPV [1]. Cervical cancer affects more than 500,000 women worldwide, causing 266,000 

deaths each year [4]. There is a considerable variation in cervical cancer incidence across 

geographical regions; 70 % of all the cervical cancer cases occur in less developed countries, while 

these countries account for >85 % of deaths caused by cervical cancer [1, 4]. 

 

To date, more than 200 HPV types have been identified but only a few types are known to cause 

cancer [9, 10]. Based predominantly on the association with cervical cancer, HPVs are divided into 

high-risk and low-risk types. Twelve high-risk HPV types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 

and 59) have been classified as carcinogenic to humans according to the International Agency for 

Research on Cancer (IARC) [11]. The IARC working group considered eight HPV types (26, 53, 

66, 67, 68, 70, 73, and 82) as probably or possibly carcinogenic [11, 12]. Of the high-risk types, 

HPV16 and 18 are associated with about 70% of all cervical cancers [13]. Low-risk types, including 

HPV6 and HPV11, generally cause benign diseases such as genital warts [14].  
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1.2 Natural history and pathology of cervical cancer 

 

The major steps of cervical carcinogenesis include HPV infection with one or more high-risk HPV 

types, persistence rather than clearance, progression to cervical precancer and invasive cancer 

(Figure 1) [8, 15]. The peak prevalence of HPV infection occurs around 20–25 years of age and is 

associated with sexual transmission in youth [15]. More than 90% of HPV infections clear within 

two years after acquisition, and the remaining infections have a high potential for persistence [16]. 

 

Figure 1. Natural history model of cervical carcinogenesis showing shifts between pathological diagnostic 
categories and the HPV infection. Adapted with permission from [17].  

 

A persistent infection is a prerequisite for progression to cervical intraepithelial neoplasia (CIN). 

Low-grade neoplasia CIN1 is a histopathological sign of HPV infection, while CIN2 and CIN3 are 

considered as precancers and have the potential to develop to cancer [6, 15]. HPV infections 

persisting for more than two years are highly linked to precancer that is usually developed within 

5–10 years [18]. In Norway, 1.5% of the screened population between 25 and 69 years of age were 

diagnosed with precancer in 2016 [19]. For all ages, the regression rate for CIN2 is estimated to be 

50–70% [8]. There is little data available on the spontaneous regression of CIN3 because of the 

ethical reasons of not treating CIN3 lesions that hold the risk of developing into cancer [20]. 

Nevertheless, it has been estimated that the regression of CIN3 is likely close to 20–30% [8, 21]. 

 

Screening-detected precancers are treated to prevent them from developing into cervical cancer 

[15]. In unscreened populations, the peak of invasive cervical cancer occurs from about 35 to 55 

years of age. The progression from CIN3 to cervical cancer is impossible to predict accurately due 

to ethical reasons, but based on an earlier study, estimates suggest a 30%–50% risk of invasion 

from precancer within 30 years [20]. The overall estimated risks for persistence of HPV infection 

and progression to invasive cervical cancer over time are presented in Figure 2.  



 Introduction 

9 

 

 

Figure 2. Risk of persistence of HPV infection and estimated risk of progression to invasive cancer over 
time. Reprinted with permission from [22]. 

 

HPV infects basal epithelial cells at the squamo-columnar junction between the squamous 

epithelium and the columnar epithelium in the cervix, which is highly susceptible to HPV infection. 

The virus makes its entry into the basal epithelial cells mainly through microlesions [23]. For 

squamous cell carcinomas (SCC), the lesions mainly occur in squamous epithelial cells at the 

squamo-columnar junction, while adenocarcinomas (ADC) arise in glandular cells in the 

endocervical canal. The columnar epithelium in the endocervical canal is replaced by squamous 

epithelium over time as part of a normal process depending on the woman’s age, parity and 

hormonal status. A new squamo-columnar junction is formed between the newly formed 

squamous epithelium and the columnar epithelium, and the metaplastic epithelial area referred to 

as the transformation zone (Figure 3) [24, 25].  

 

Figure 3. Location of the transformation zone, squamous and glandular cells in the cervix. Reprinted with 
permission from [26].  
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The majority of cervical cancers are SCCs, whereas ADCs of the uterine cervix accounts for 10–

20% of all cervical cancers worldwide [27]. Incidence rates of ADC are increasing in the developed 

countries, including Norway [28, 29]. HPV16 is the most predominant type in SCC, while HPV18 

and HPV45 are to a higher degree associated with ADC [13].  

 

1.3 Cervical cancer prevention 

 

1.3.1 HPV vaccination  

 

HPV vaccination is used as primary prevention to control high-risk HPV infections and HPV-

related cancers. Currently three prophylactic vaccines are commercially available: the bivalent 

Cervarix® (GlaxoSmithKline, London, UK), the quadrivalent Gardasil® (Merck, Kenilworth, New 

Jersey) and the nonavalent Gardasil® 9 (Merck, Kenilworth, New Jersey). All three vaccines protect 

against the most prevalent types HPV16 and HPV18 [15]. In addition to HPV16 and HPV18, 

Gardasil® protects against HPV6, HPV11, and Gardasil® 9 provides protection against HPV6, 

HPV11, HPV31, HPV33, HPV45, HPV52, and HPV58 [30, 31]. HPV vaccines consist of virus-

like particles (VLP) derived from the HPV capsid protein L1, and they are designed to elicit virus-

neutralising antibody responses [32]. VLPs resemble native virus particles but they contain no viral 

genetic material and are therefore non-infectious [15]. 

 

All vaccines are highly efficacious when administered according to the protocol prior to HPV 

exposure [33]. All three vaccines have been tested in large phase III randomised controlled trials 

in women 15–26 years of age. In these trials, efficacy of >90% against persistent HPV infection 

and precancer was shown in individuals without HPV infection at trial entry and at the completion 

of the three-dose immunisation trials [34-36]. Vaccination programmes typically target girls 9–13 

years of age but also boys are targeted in recent years [37-39]. Today more than 80 countries, the 

majority being high- or upper-middle income countries, have introduced national HPV vaccination 

programmes. Low- and lower-middle-income countries have often the highest burden of cervical 

cancer and the most need for vaccination, but there are financial barriers to introduce vaccination 

programmes [40].  
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1.3.2 Cervical cancer screening  

 

Cervical cancer screening is used as secondary prevention of cervical cancer [15]. Nevertheless, 

screening remains the most important prevention tool for cervical cancer in low- and lower-middle-

income countries where no vaccination programmes are available [40]. The aim of screening is to 

detect precancers and early cancers that can be treated to reduce cancer mortality. A screening 

programme comprises screening of individuals, follow-up of individuals with a positive screening 

test and treatment if needed. In a cost-effective screening programme, the screened condition 

should be an important health problem to benefit screening. A screening test needs to be accurate 

and acceptable to the target population, most of whom are healthy, requiring an approach with 

minimal harm. Finally, an effective and well-tolerated treatment for individuals with a positive 

screening test must be available [41, 42].  

 

Main tests for cervical cancer screening in developed countries are cervical cytology and HPV 

testing to detect high-risk HPV types. These two screening methods can also be combined, either 

as co-testing or one method being the primary screening method and the other being used as a 

secondary test to substantiate results from the primary test. Cytology, microscopic evaluation of 

the cells from cervical samples, is still the most frequently used screening test [15]. Today, the most 

common way to prepare samples for examination is liquid-based cytology (LBC); the most widely 

used LBC technologies are ThinPrep Pap Test (Hologic, Inc., Marlborough, MA) and BD 

SurePath™ liquid-based Pap test (Becton, Dickinson and Company, Franklin Lakes, NJ) [43]. LBC 

involves collection of cervical epithelial cells using a sampling brush, and preservation of the sample 

in a suspension before preparing the microscope slide or DNA extraction [44, 45]. Cytology 

screening has lower sensitivity than HPV testing and it requires shorter screening intervals to secure 

good sensitivity [46, 47]. HPV testing has proven to be more sensitive, but less specific than 

cytology as most HPV infections are transient [48, 49]. Several large, randomised clinical trials have 

demonstrated that HPV DNA testing in primary screening provides earlier detection of precancers 

and a reduced number of cancers during follow-up, allowing extended screening intervals [48].  

 

The Norwegian cervical cancer screening programme was implemented in 1995 and invites women 

between 25 to 69 years of age to attend screening every three years when cytology is used as the 

primary screening method. In 2015, a controlled implementation pilot was started in four 

Norwegian counties to replace cytology by HPV testing as primary screening method for women 

34–69 years of age [50]. By 2022, HPV testing will replace cytology as the primary screening method 
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in Norway for this age group, with a screening interval of five years. Also, as from 2018, the 

screening algorithm in Norway discriminates between HPV genotypes 16 and 18 versus other high-

risk types, with a closer follow-up for HPV16 and HPV18 positive women [51]. 

 

1.3.3 Classification of cervical neoplasia 

 

Different cytological and histological classification systems have been developed for cancer 

screening purposes (Figure 4). Precancerous lesions in cytological samples are commonly classified 

according to the Bethesda system [15]. The squamous lesions are classified as low-grade squamous 

intraepithelial lesions (LSIL) and high-grade squamous intraepithelial lesions (HSIL). The Bethesda 

system also allows uncertain results, using the terms atypical squamous cells- uncertain significance 

(ASC-US) and atypical squamous cells, cannot exclude HSIL (ASC-H) [52].  

 

Histological classification of squamous cervical lesions includes the CIN scale, which is based on 

the severity of dysplasia [53]. It distinguishes CIN1 (mild dysplasia), CIN2 (moderate dysplasia) 

and CIN3 (severe dysplasia and carcinoma in situ) by the proportion of epithelium replaced by 

undifferentiated cells [54]. Precancerous lesions in glandular cells are not graded and are classified 

as adenocarcinoma in situ (AIS) [55]. A biopsy is taken for the histological analysis to diagnose CIN 

or cervical carcinoma [56] which is usually combined with colposcopy, a diagnostic procedure to 

visually inspect the illuminated cervix under magnification [57]. 

 

Cytology (Bethesda) Normal 
ASC-US ASC-H 

Cancer 
LSIL HSIL 

      

Histology Normal CIN1 CIN2 CIN3 Cancer 
      

Underlying medical 
condition 

Normal 
cervix 

HPV 
infection 

Precancer Cancer 

 

Figure 4. Cytological (Bethesda) and histological classification systems. Adapted with permission from [58]. 

 

1.3.4 Treatment of cervical lesions 

 

According to the Norwegian guidelines, women diagnosed with high-grade cervical lesions by 

cytology (i.e., ASC-H or HSIL) are referred directly to colposcopy and biopsy [59]. Removal of 

abnormal cells is recommended in women when diagnosed with CIN2 or more severe lesions [60]. 

Loop electrosurgical excision procedure (LEEP) is the most common treatment of precancers in 
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developed countries [61]. A small electrical wire loop is used to remove abnormal cells from the 

cervix, and the procedure is performed under local anaesthesia. The majority of precancers would 

never progress to cancer in the absence of treatment [62] but the available screening methods 

cannot distinguish between precancers that will progress to cancer from those that regress. 

Therefore, management of CIN2 and CIN3 involves some overtreatment, but this is considered 

acceptable as long as excessive overtreatment is avoided [63]. All women with diagnosed cervical 

cancer are treated, and the type of treatment is determined by cancer stage [15].  

 

1.4 Molecular biology of HPV  

 

1.4.1 Genome structure 

 

All papillomaviruses, including HPVs, have a circular double-stranded DNA genome of 

approximately 8000 bp (Figure 5) [64]. The HPV genome contains eight open reading frames 

(ORF) organised in three main regions [15, 65]. The early region (E) encodes genes E1, E2, E4, 

E5, E6 and E7, which are expressed early in the HPV life cycle [15]. E1 and E2 proteins are 

involved in viral replication and regulation of viral gene transcription [66]. E4 contributes to 

genome amplification and virus synthesis [67], while E5 contributes to the productive stage of the 

viral life cycle [68]. An essential function of E6 and E7, also referred to as the HPV oncogenes, is 

to drive cell cycle re‑entry and genome amplification in the differentiating epithelial layers [66]. The 

late region (L) encodes genes L1 and L2, which are expressed late in the HPV life cycle and involved 

in virus capsid assembly [15]. The upstream regulatory region (URR), that is also referred to as the 

long control region (LCR), is a non-coding region, harbouring transcription factor-binding sites 

and controlling gene expression [66, 69]. The short non-coding region (NCR) between the genes 

E5 and L2 harbours a weak promoter activity for the L2 gene [70, 71]. 
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Figure 5. Schematic representation of the HPV genome, exemplified by HPV16, showing the location of 
early (E) and late (L) genes, URR and NCR. Adapted with permission from [72]. 

 

1.4.2 HPV classification 

 

Papillomaviruses are a highly diverse family of viruses [65]. HPVs are suggested to co-evolve slowly 

with their hosts because they replicate their genome using the host replication machinery with a 

high degree of proof-reading, leading to low mutation rates [73, 74]. To date, more than 200 HPV 

types have been identified, infecting skin and mucosa in humans [9]. The L1 gene is the most 

conserved gene across HPV types. Therefore, identity at the nucleotide level in the L1 gene has 

been used for HPV classification [64]. Each individual HPV type shares at least 90% sequence 

identity in the L1 gene nucleotide sequence. Based on the nucleotide sequences of the L1 gene and 

often some additional HPV genes in different HPV types, a phylogenetic tree can be constructed 

to visualise the relationship between the different types. High-risk HPV types associated with 

cervical cancer [11, 75] are phylogenetically clustered within alpha-HPVs that contain alpha-5, 

alpha-6, alpha-7 and alpha-9 species groups (Figure 6) [76]. 
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Figure 6. Phylogenetic tree based on the nucleotide sequence of HPV genes E7, E1, E2, L2 and L1. High-
risk alpha-HPVs are highlighted by yellow, and grouped by alpha-5, alpha-6, alpha-7 and alpha-9 species 
groups. Reprinted with permission from [11]. 

 

Isolates of the same HPV types that differ by 1–10% across the genome are referred to as variant 

lineages, while sublineages of each HPV type have 0.5–1% sequence differences in the genome [76, 

77]. The isolates of the same HPV type are closely related and nucleotide changes in the genome 

are not always evenly distributed throughout the genome. Therefore, the full genome sequence is 

the most accurate to classify HPV variant lineages and sublineages [76, 78].  

 

The prevalence of the different HPV types and variant lineages in the population differs between 

geographical regions [79-81]. Worldwide, HPV16 is the most frequently detected HPV type of all 

HPV infections in cervix [79, 82]. It is also the most carcinogenic HPV type, alone responsible for 

more than 60% of all cervical cancers worldwide [13]. It remains unclear why HPV16 has higher 

prevalence and carcinogenicity compared to other closely related types, for example the alpha-9 

sister viruses HPV31 and HPV35 [65]. The prevalence of HPV18 and HPV45, both from the 

alpha-7 species group, is higher in cancer than CIN3, indicating that lesions associated with these 

types are more likely to progress to cancer [83]. Additionally, it has been well established that HPV 

variant lineages carry different risks for disease outcomes despite the close phylogenetic relatedness 

[80, 81, 84-86].  
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1.4.3 HPV life cycle 

 

The HPV life cycle, that is strictly controlled by the host cell differentiation, begins when the virus 

accesses the epithelial basal layer, usually through microlesions of mucosa or skin (Figure 7) [23]. 

Viral replication is performed by cellular polymerases in synchrony with replication of the cellular 

genome [23]. The HPV genome is maintained at low copy number episomes in the infected basal 

layer cells [66]. After migrating from the basal membrane, the infected cells initiate the 

differentiation program. E6/E7-mediated proliferation of basal cells induces the productive phase 

of the viral life cycle [65]. Following differentiation of epithelial cells, the expression of E6 and E7 

is replaced by E1 and E2, that are thought to be essential for the initial genome amplification [66]. 

In addition, E4 and E5 contribute to replicating the virus to high copy number in the viral genome 

amplification process [23]. L1 and L2 are expressed in the upper layers of the epithelium, resulting 

in production of new virions that are released from the epithelial surface [69]. The non-enveloped 

icosahedral capsid of HPV is made up of 360 copies of the L1 gene product. The minor capsid 

protein L2 is thought to participate in virus capsid assembly and plays essential roles in the 

infectious entry pathway of HPV [87]. The HPV life cycle takes 2–3 weeks, which is the time for a 

cervical cell to migrate from the basal layers to the surface of epithelium and differentiate [88]. 

 

 

Figure 7. The HPV life cycle and HPV-mediated carcinogenesis. The left panel shows the HPV life cycle 
and expression of HPV genes during the cycle from infection to virus release. In the right panel, 
overexpression of E6 and E7 results in increased cell division and inhibition of the normal cellular 
differentiation, leading to malignant transformation of the infected cells. Adapted with permission from 
[89]. 
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1.5 HPV-mediated cervical carcinogenesis 

 

1.5.1 Molecular mechanisms of carcinogenesis 

 

The life cycle of both high-risk and low-risk HPV types is similar but high-risk types have a unique 

ability to activate cell proliferation in the basal layers [15]. E6 and E7 proteins are essential for the 

viral life cycle since they increase viral fitness and viral production by driving cell cycle entry and 

genome amplification in the differentiating epithelial layers [90]. Although the E6 and E7 activity 

is present in both high-risk and low-risk HPV types, their role in low-risk types is largely 

insufficient to trigger the development of precancerous lesions or cancer [15].  

 

Cell differentiation is required to complete the infectious life cycle of the virus, followed by virus 

assembly and release [6]. HPV gene expression may become deregulated in early neoplasia, 

although the mechanism is not fully understood. The increased activity of E6 and E7 underlies 

the development of cervical lesions, resulting in increased cell division, inhibiting both normal 

cellular differentiation and apoptosis [66]. Finally, the cells remain involved in cell-cycle 

progression, resulting in genomic instability that enables genetic alterations to accumulate [23]. 

Ultimately, this causes the malignant transformation of the infected cell, leading to precancerous 

lesions and eventually invasive cancer (Figure 7) [6].  

 

Oncoproteins E6 and E7 are less conserved proteins and more specialised than the other viral 

proteins [91]. The increased expression and activity of E6 and E7 promotes cellular proliferation 

and inhibits the normal cell differentiation [6], most notably through the inhibition of tumour 

suppressor proteins p53 and retinoblastoma protein (pRB) (Figure 8) [92, 93]. p53 has a crucial 

role in aberrant cell cycle progression by inducing cell cycle arrest or apoptosis [66]. Inhibition of 

pRB activates the pRB/E2F pathway, promoting cell cycle entry and DNA synthesis [92, 94].  
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Figure 8. E6 and E7 oncoproteins during malignant cell transformation. E7 targets pRB, and the inhibition 
of pRB leads to stimulation of cellular proliferation. The expression of E6 induces the degradation of p53, 
allowing the outgrowth of deregulated cells. Adapted with permission from [95]. 

 

Deregulation of E6/E7 gene expression alone is not sufficient for the development of cervical 

cancer. Invasion requires the accumulation of additional alterations in the host genome, which is 

facilitated by the persistent overexpression of E6 and E7 [15]. In addition to deregulation of cell 

cycle control and accumulation of genetic damage, the development of invasive cancer also 

depends on immune evasion mechanisms that enable the virus to be undetected [6]. HPV has 

evolved several mechanisms to inhibit host antivirus natural and adaptive responses, of which 

avoidance of antigen presentation is suggested to be the primary mechanism of immune evasion 

[96]. 

 

1.5.2 Chromosomal integration 

 

HPV integration into the host genome has been widely studied and is regarded as a driving event 

in cervical carcinogenesis [97-99]. However, the exact mechanisms for integration and the role of 

integration in cancer progression is not fully understood [100]. HPV integration events can be 

detected in precancerous lesions but the frequency of HPV integration events increases as cells 

progress to invasive cancer [101-103]. While integration events are very frequently detected in 

HPV-associated cancers, they are not required for cervical cancer development [99].  

 

Disruption or complete deletion of the E1 or E2 genes, which regulate the expression of viral 

oncoproteins E6 and E7, is often observed upon integration, resulting in constitutive expression 
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of the E6 and E7 oncogenes [66, 104, 105], which in turn inactivate of cell cycle checkpoints and 

lead to genomic instability [99]. HPV-infected cells can contain either intact episomal HPV DNA, 

integrated DNA or both. HPV can also be integrated as viral-host head-to-tail concatemers 

(multiplied copies of same DNA sequence), often leading to amplification of expression of 

oncogenes E6 and E7 [106]. If the cancer cells harbour exclusively episomal HPV DNA, the viral 

genome may have acquired other genetic or epigenetic changes, such as methylation of the E2 

binding sites in URR, which may result in dysregulated E6/E7 gene expression [107, 108].  

 

Viral integration may lead to rearrangements, deletions, and amplification in the host genome as 

well as disruption or modified expression of cellular genes, including oncogenes and tumour-

suppressor genes, which may promote carcinogenesis [99, 109]. Chromosomal integration sites are 

distributed across the human genome [110]. However, integration sites in certain regions, such as 

chromosomal loci 3q28, 8q24.21 and 13q22.1, have been reported more often than others, 

suggesting a non-random distribution of integration sites [111, 112]. Indeed, the hot-spot regions 

are often associated with common fragile sites [112, 113] and transcriptionally active regions of the 

genome [100, 110], which may expose these regions for viral integration [110]. These hot-spot 

regions are gene-rich regions with several important oncogenes and tumour-suppressor genes 

[100]. In addition, regions of identical short sequences, defined as microhomology, between viral 

and human genomic sequences have also been found at integration breakpoints [102, 114]. 

 

A recent study of The Cancer Genome Atlas Research Network [115] showed that HPV integration 

occurred in >80% of HPV positive cervical cancers. Of these, HPV integration was observed in 

all HPV18 positive samples and in 76% of the HPV16 positive samples [115]. This result is 

consistent with other observations of integration frequencies in HPV16 and HPV18 positive 

cervical lesions [98, 116]. Integration in high-risk HPV types other than HPV16 and HPV18 is less 

studied. Higher amount of integrated HPV with increasing lesion severity is reported for HPV31, 

33, 45, 52, 58, but the integration frequencies vary considerable between the different HPV types 

[103, 117-119].  

 

1.5.3 HPV genomic variation 

 

Studies have shown that closely related HPV variant lineages can differ in their carcinogenic 

potential [80, 81, 85, 86, 120]. HPV16, the most carcinogenic HPV type, can be divided into four 

main variant lineages (A, B, C, D), and into ten sublineages (A1, A2, A3, A4, B1, C1, D1, D2, D3, 
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D4) (Figure 9) [76]. Although the HPV16 variant lineages differ only as little as 1% (~80 bp) at the 

whole genome level, the non-A variant lineages (B/C/D) are associated with an increased risk of 

CIN3 or cervical cancer compared to A variant lineage [80, 120]. However, the distribution of 

HPV16 variants worldwide is specific to geography and ethnicity, limiting the possibility to 

compare the carcinogenic potential of the HPV16 variants in a standardised way across all regions 

[80, 85, 121]. In contrast, different HPV18 variant lineages represent equal risk of cancer [81, 122]. 

 

 

Figure 9. Nucleotide and amino acid changes across the complete genome of HPV16 variant lineages and 
sublineages. The x axis shows HPV16 genomic positions, aligned according to the sublineage in the 
phylogenetic tree on the y axis. The nucleotide changes are colour-coded as shown at the top figure, and 
the open circles represent amino acid changes. Reprinted with permission from [120]. 

 

Below the levels of variant lineages and sublineages, there is another level of variability with <0.5% 

differences in the viral genomes [123]. This level of variability is still scarcely studied. A few studies 

have reported a high level of variability in HPV16 and HPV18 genomes, indicating high genetic 

diversity of HPV16 and HPV18 between infected individuals [124-127]. Also high intra-host HPV 

variability with low-frequency minor nucleotide variants (MNVs) has been reported [123, 128, 129]. 

Since the HPV genome replication is dependent on host cell high-fidelity DNA polymerases [73], 

other mechanisms may underlie the high mutation rate in HPV genomes [123]. 

 

It has been suggested that the apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like 

3 (APOBEC3) may be an important source of HPV genome mutagenesis [130]. APOBEC3 

proteins are expressed in epithelial cells, which are the target cells of HPV infection. The 

APOBEC3 protein binds to single-stranded DNA and causes cytidine (C) to thymidine (T) 
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mutations during viral genome synthesis [131]. A preferred trinucleotide context for ABOPEC3 

has been shown to be TCN, where N is any nucleotide [132]. APOBEC3 is part of APOBEC 

protein family consisting of 11 enzymes that have important roles in the innate immune defence. 

APOBEC proteins edit the viral genome, and the mutations may lead to defects in viral genome 

replication, thereby restricting the viral life cycle [133]. APOBEC3-mediated mutagenesis has been 

reported in HPV positive cervical samples, mainly in women with low-grade or benign HPV 

infections [123, 134]. APOBEC-induced mutations have also been described in many other viruses 

[135-137], as well as in several human cancers [138, 139].  

 

Nucleotide variation can be categorised into synonymous, non-synonymous and nonsense 

nucleotide substitutions. Synonymous nucleotide substitutions do not alter the amino-acid 

sequence in a protein, whereas non-synonymous or nonsense substitutions lead to an altered 

amino-acid sequence or an early stop codon in the encoded protein, respectively [140]. Non-

synonymous substitutions are mostly deleterious and are eliminated by purifying or negative 

selection. Substantial genetic diversity can occur during the course of viral infection, and the 

evolutionary process may be important for the persistence of the infection. Non-synonymous 

variants leading to amino acid changes may be favoured through positive or diversifying selection 

if they increase the survival of the virus, e.g. by evading the host immune system [141]. Selection 

pressure on protein-coding sequences is commonly estimated by the ratio of the nonsynonymous 

substitution rate (dN) to the synonymous substitution rate (dS). If the ratio dN/dS is higher than 

1, positive selection is assumed to have occurred, while the ratio dN/dS less than 1 indicates 

negative selection [142, 143].  

 

1.6 Molecular approaches in HPV screening and research 

 

1.6.1 HPV detection and genotyping 

 

HPV testing is widely used in cervical cancer screening programmes to detect early disease. As a 

result, more than 200 molecular HPV tests are commercially available [144, 145]. The first 

commercial HPV tests reported results only as HPV positive or negative with no HPV genotype 

information [144]. Newer generation of commercially available methods is based on HPV or RNA 

detection and report 1) HPV16 and HPV18 genotypes separately, and other high-risk types as 

pooled results, 2) ≥5 genotypes and pooled detection of the remaining high-risk HPV genotypes, 

and 3) full genotyping with individual identification of carcinogenic HPV genotypes [144, 145]. 
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The sensitivity of the commercial assays for HPV detection is based on clinically validated cut-off 

values specific for each test [45]. 

 

In Norway, HPV tests used in primary and secondary screening should fulfil the international 

criteria for HPV screening [146]. Totally, six HPV tests fulfil these criteria and are approved for 

primary cervical cancer screening in Norway, and the different HPV tests are approved to be used 

with SurePath and/or ThinPrep LBC systems [147]. HPV genotyping, identifying at least the most 

carcinogenic HPV types (mainly HPV16 and HPV18), has been shown to be a potential tool in 

screening and can be used for risk stratification of cervical lesions [145, 148]. HPV tests reporting 

full genotyping information are widely used research tools for epidemiological studies, vaccine 

development, implementation and monitoring of vaccination programmes [145]. 

 

Today, techniques based on polymerase chain reaction (PCR) are widely used in HPV assays 

because they are highly sensitive and non-laborious [149]. During cycling in a conventional PCR, 

the DNA polymerase extends a pair of oligonucleotide primers that flank the region of interest, 

resulting in exponential amplification of a single double-stranded DNA molecule [150]. Real-time 

PCR, also called quantitative PCR (qPCR), is used to amplify and simultaneously detect and 

quantify the absolute or relative amount of DNA molecules using fluorescent dyes or probes, 

allowing real-time quantification of the amplified target DNA sequence [149]. 

  

HPV PCR assays commonly use consensus primers that target conserved regions of the L1 gene 

[151-154]. The consensus primers are used to amplify multiple HPV genotypes in a single reaction, 

but use of consensus primer systems has limitations with regard to the detection sensitivity of 

specific HPV types [155, 156]. For better sensitivity, HPV type-specific primers are used in various 

assays, usually targeting the E6 and E7 oncogenes [155, 157, 158], which harbour most nucleotide 

sequence variation between different HPV types and are retained by the infected cells due to their 

importance in the carcinogenesis [159]. HPV detection can also be based on detection of mRNA 

from the E6/E7 oncogenes [150].  

 

1.6.2 Characterisation of HPV integration 

 

Over the last years, several methods have been established to facilitate the identification of 

integrated HPV genomes [149]. The assays provide information about the presence of integrated 

viral genome, which may indicate accumulation of chromosomal damages in the infected cells, 
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eventually leading to development of cervical cancer [99]. Several PCR-based methods are 

developed for the detection of HPV integration into the host genome, including the detection of 

integrated papillomavirus sequences (DIPS), the assay of papillomavirus oncogene transcripts 

(APOT) and real-time PCR [149].  

 

The DIPS method is an adapter ligation-based PCR assay. Adapter ligation is followed by nested 

PCR: the first round with HPV-specific primers and the second round with HPV and adapter-

specific primers. DIPS reveals the locus of integration but the method is unable to discriminate 

between integrated and episomal DNA [160].  

 

APOT is a method that can identify the episomal, mixed and integrated viral forms with high 

sensitivity. The method is based on the detection and analysis of HPV E6 and E7 transcripts. After 

the reverse transcription and adapter ligation of the total RNA, the cDNA is subjected to nested 

PCR using a forward primer specific to HPV and a reverse primer specific to the adapter. APOT 

identifies integration through active transcripts of E1 or E2 genes, but the method ignores 

integration in other HPV genomic regions [161].  

 

HPV integration detection using real-time PCR is based on quantification of the E2 and E6 genes. 

Viral physical status is determined through E2/E6 ratio analysis: equivalent amounts of E2 and E6 

genes indicate the presence of episomal DNA, while disruption events in the E2 gene indicate the 

mixed or integrated viral forms. The method provides significant sensitivity in identifying viral 

integration events through E2/E6 ratio analysis, but it is unable to detect integration events 

elsewhere in the HPV genome [162-164]. 

 

1.6.3 Next-generation sequencing technologies 

 

For more than two decades the gold standard of sequencing was Sanger sequencing [165], but it 

lacks the sensitivity needed to detect low-frequency mutations due to its variant allele detection 

limit of 10–20% [166]. The advances in next-generation sequencing (NGS) technologies, such as 

whole genome sequencing (WGS), whole exome sequencing (WES), whole genome bisulfite 

sequencing (WGBS) and RNA sequencing (RNA-seq), have provided new comprehensive tools 

for genome research [167]. The NGS technologies enable massively parallel sequencing analysis, 

high throughput, and detection of low-frequency mutations for reduced cost [168, 169]. Several 

NGS platforms have been developed, including MiSeq, NextSeq, HiSeq and NovaSeq sequencing 
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platforms (Illumina), Ion Torrent (Life Technologies), PacBio (Pacific Biosciences) and Nanopore 

(Oxford Technologies), which all are currently in use. With a rapidly advancing field, many NGS 

platforms, including 454 pyrosequencing (Roche) and SOLiD (Applied BioSystems), have already 

become obsolete [149, 170].  

 

Illumina has a dominant position in terms of market share and the amount of sequence data their 

platforms can produce [170]. Illumina sequencing platforms are based on sequencing-by-synthesis 

(SBS) technology [168]. Illumina platforms require preparation of sequencing libraries where fixed 

adapters are linked to the target molecule. There is an increasing number of template preparation 

methods for different applications on the Illumina platforms [171, 172]. First, the sequence library 

with adapters is denatured to single strands and it is inserted into a flow cell. Bridge amplification 

is performed subsequently to generate template clusters. Finally, the sequencing starts when the 

four different fluorescently tagged nucleotides (ddATP, ddGTP, ddCTP, ddTTP) synthesise the 

new strand according to the sequence at the template. The signal is detected through a charge-

coupled device [168]. The Illumina platforms support read lengths up to 2×300 bp [149, 173].  

 

Illumina platforms are known to cause sequence-specific errors in inverted repeats and nucleotide 

patterns GGC and GGT [174, 175]. Because sequencing on the Illumina platforms is performed 

in cycles and reagents may be affected over time, signal and thus base calling quality can be affected 

towards the end of the run. The decrease of signal quality with increasing cycle number is a well-

established characteristic on Illumina platforms [176, 177]. Paired-end (PE) sequencing that allows 

sequencing of both ends of a fragment, produce data of better quality compared to single-end (SE) 

sequencing since errors can be corrected by overlapping the sequenced paired-end reads [176]. 

 

1.6.4 NGS applications in HPV research 

 

The NGS technology provides a wide range of application for HPV genotyping, detection of 

multiple HPV infections and analysis of HPV genomic variability and integration [149, 178]. The 

first studies using NGS for HPV genotyping were based on the analysis of L1 gene amplicons using 

Roche 454 sequencing technology [179, 180]. Several PCR-based HPV genotyping assays using 

Illumina platforms or IonTorrent have been developed, including conventional multiplex PCR 

approaches [181-184] and rolling circle amplification [185]. Furthermore, hybridisation based-

target capture technologies to enrich target genome have recently been used for HPV genotyping 
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[186, 187]. Since these NGS genotyping strategies rely on PCR enrichment or target capture, design 

of the primers and probes is an important part of the assay [178]. 

 

To study HPV genomic variability, a few studies report the use of long-range PCR to amplify the 

whole HPV genome followed by a NGS library preparation [129, 188]. A multiplex PCR-based 

amplification panel for targeted sequencing of the HPV16 genome has been used in several studies 

of HPV genomic variation and HPV gene conservation [116, 124, 127, 189]. Methods targeting 

specific HPV genomic regions are used to study nucleotide changes and variants in a larger number 

of samples for epidemiological purposes and risk stratification [128, 190]. Initially, WGS and WES 

were used to analyse HPV integration sites in cervical cancer samples [106, 191]. Recently methods 

with reduced sequencing costs have been developed for detection of integration sites, including 

PCR-based approaches [192], target capture technologies [101, 102, 193] and RNA-seq [194].  

 

1.6.5 NGS data analysis 

 

The NGS data analysis is arranged in a stepwise process called pipeline [195]. A typical pipeline 

consists of: 1) quality control of sequencing reads, including filtering and trimming of the reads, 2) 

aligning reads to a reference genome, 4) identification of variants, and 5) annotation of variants 

[169]. If no reference exists for the sequenced genome, step 2 can be replaced by a de-novo genome 

assembly that is a method assembling the short sequencing reads to create a full-length sequence 

or genome without a reference sequence [195].  

 

Raw sequencing outputs are nucleotide base calls and their quality values, which are usually stored 

in the form of FASTQ files [196], the standard input for most NGS pipelines. Quality values 

assigned to each base are based on Phred quality scores that are defined in terms of the estimated 

probability of incorrect base call [197, 198]. For instance, probability of incorrect base call with a 

Phred score 20 is 1 in 100, and with a Phred score 30 it is 1 in 1000. A quality control (QC) of raw 

sequence reads is an initial check of the input data. The QC step detects part of the sequencing 

artefacts created during library preparation and sequencing, while many of the artefacts may 

become apparent at later steps of the analysis [195]. Trimming of low quality reads or bases at the 

end of reads and filtering of any non-biologically relevant sequences (e.g. adapters), that could 

otherwise lead to confusing or biased results, are usually performed in the QC step [199, 200]. 
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The next step, mapping, is matching of the reads to the reference genome. This is performed by 

aligning reads to the reference genome(s) to which they are most similar in terms of nucleotide 

sequence. Sequence mapping is usually the most time and memory-consuming step of a pipeline 

[201]. The well-known BLAST [202] algorithm is too slow to use for NGS because of the massive 

amount of short reads. Therefore, specific time and memory-optimised aligning algorithms, short 

read aligners, are developed. Aligners vary in their methods, computer resource usage and 

sensitivity, and they may result in different mapping results [203]. Some commonly used aligners 

are BWA [204] and Bowtie [205]. The Sequence Alignment/Map (SAM) and Binary 

Alignment/Map (BAM) are generic alignment formats for storing NGS read alignments [206]. 

 

Variant calling from NGS data refers to identifying variant nucleotides in the sequence relative to 

the reference genome [207]. Variant calling includes small-scale variants [208], such as SNPs 

(single-nucleotide polymorphisms), insertions and deletions (indels) [209], and large-scale structural 

variants, copy number variants (CNV), inversions, and translocations [195]. Several variant callers 

are available; some of them are designed for germline variant calling, while others are more suitable 

for calling somatic variants [195]. Variant callers usually apply minimum depth of coverage and 

quality of called bases for filtering and trimming [207]. Finally, variant calling is based on a 

predefined threshold for variant allele frequency (VAF), which the proportion of the variant base 

of all bases at a given position [210]. Many pipelines also apply PCR duplicate removal step, 

removing sequences from amplification of same original PCR products, before variant calling to 

minimise the risk of false positive calls [211]. An annotation step is often performed after the 

variant calling. The most common way to annotate the variants is to provide database links to 

public variant databases, such as dbSNP or 1000 Genome Projects [212]. Finally, annotation is 

often followed by visualisation that can be useful for interpreting results [213].  
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2 AIMS OF THE STUDY 

 

High-risk HPV is identified as a necessary cause of cervical cancer. Nevertheless, only a small 

fraction of HPV infections may progress to cancer, indicating that additional molecular factors, 

such as nucleotide variation in the HPV genome and chromosomal integration, contribute to the 

carcinogenic process. Current HPV tests used in screening programmes have a high sensitivity for 

the detection of HPV infection but they are unable to predict the risk of persistence of infection 

and progression to cervical cancer. The extent and nature of both HPV genomic variability and 

integration events can reveal new insight into HPV-induced carcinogenesis and can be used for 

assessing risk of developing cervical cancer.  

 

The aim of this study was to develop a novel NGS method to characterise HPV genomic variation 

and integration, and to apply the method on clinical samples to explore the HPV genomic events 

contributing to HPV-induced carcinogenesis. The genomic events in HPV positive samples were 

assessed and analysed in both longitudinal follow-up and cross-sectional study settings.  

 

Three specific research objectives were assessed in separate papers as follows: 

 

Paper I: To develop a cost-effective NGS method for simultaneous characterisation of 

HPV genomic events, such as genomic variability and chromosomal integration, 

with reduced cost and hands-on time in the laboratory.  

 

Paper II:  To characterise genomic variation at the minor variant level in persistent HPV16 

infections in follow-up samples from same women.  

 

Paper III:  To compare HPV minor nucleotide variation and integration profiles in HPV16 

and HPV18 positive cervical samples with different morphology.  
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3 MATERIALS AND METHODS 

 

3.1 Sample material and study design 

 

Samples included in Papers I-III are listed in Table 1. Additional details, such as recruitment and 

inclusion criteria and detailed methods, are reported in the indicated publications.  

 

Table 1. Study samples, HPV types and study designs in Papers I-III. 

Study Samples 
HPV 
types 

Study design 
Additional 
details 

     

Paper I 31 HPV positive LBC samples with ASC-US/ 
LSIL cytology 

4 HPV positive cervical cancer cell lines 

3 HPV plasmids  

16, 18, 31, 
33, 45 

Method 
development and 
validation 

 

Paper II 59 HPV16 positive vaginal self-swabs with 
unknown cytology 

16 Longitudinal follow-
up study 

[125, 214-
217] 

Paper III 157 HPV16 positive samples, including 
samples with normal/ASC-US/LSIL cytology 
and CIN2/CIN3/AIS/cancer histology* 

75 HPV18 positive samples, including samples 
with normal/ASC-US/LSIL cytology and 
CIN2/CIN3/AIS histology* 

16, 18 

 

Cross-sectional 
study 

[218, 219] 

* Cytological samples taken at the time of histological diagnosis. 

 

Paper I 

Anonymised LBC samples from routine cervical cancer screening, diagnosed with ASC-US or 

LSIL, were included. DNA from commercial cervical cancer cell lines CaSki (HPV16), SiHa 

(HPV16), HeLa (HPV18) and MS751 (HPV45) (ATCC, Manassas, VA) were used as positive 

controls for the specified HPV types. In addition, WHO international standards for HPV16 and 

HPV18 (NIBSC, Potters Bar, Hertfordshire, UK) and a plasmid containing the strain HPV33 [220] 

were used as positive controls for method development purposes. 

 

Paper II 

Vaginal self-swabs were obtained from the Chlamydia trachomatis Screening and Implementation 

study performed in the Netherlands [215-217]. All the samples were HPV16 positive but the 

cytology was not performed on the samples. Samples with a persistent HPV16 infection in at least 
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three consecutive time points were included, with the median sampling interval being 48 weeks 

(95% CI: 46–51 weeks; min: 17, max: 63 weeks). 

 

Paper III 

Cervical samples were collected from women attending the cervical cancer screening programme 

in Norway between January 2005 and April 2008 [218, 219], and stored in a research biobank at 

Akershus University Hospital. For this study, a non-progressive category of infection was defined, 

consisting of: 1) samples with normal cytology (at enrolment and during the preceding two years, 

and with no previous history of treatment for cervical neoplasia) and 2) ASC-US/LSIL samples 

from women with no history of cervical abnormality and with no follow-up diagnosis within four-

year follow-up. Cytological samples in each category of progressive disease were included, 

representing women with histologically confirmed CIN2, CIN3, AIS and cervical cancer, including 

cases of SCC and ADC. Finally, all samples at the biobank tested positive for HPV16 and/or 

HPV18, alone or together with other HPV types, were included in the study, with the exception of 

HPV16 CIN3 category of which a random selection of 50 cytological samples was included.  

 

3.2 DNA extraction and HPV genotyping  

 

Paper I 

HPV positive samples with the cobas 4800 HPV test (Roche Molecular Diagnostics, Pleasanton, 

CA) were subjected to DNA extraction using NucliSENS easyMag (BioMerieux Inc., France). The 

samples were genotyped using the MGP PCR protocol [154], followed by HPV type-specific 

hybridisation using Luminex suspension array technology [221] or the Anyplex™ II HPV28 assay 

(Seegene, Inc., Seoul, Korea). 

 

Paper II 

Total DNA was isolated using Total Nucleic Acid Isolation Kit and the MagnaPure96 platform 

(Roche Molecular Systems, Pleasanton, CA) according to the manufacturer’s instructions. HPV 

genotyping was previously performed using the SPF10-DEIA-LiPA25 platform (DDL Diagnostic 

Laboratory, Voorburg, Netherlands) [153, 222].  
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Paper III 

Nucleic acid extraction and HPV genotyping were performed in the original studies [218, 219]. 

Total nucleic acid was extracted using the semi-automatic miniMag or automatic easyMag 

(BioMerieux Inc., France) extraction protocol, suitable for both HPV DNA and mRNA testing. 

HPV DNA testing was previously performed by Amplicor HPV test (Roche Molecular Systems, 

Pleasanton, CA) followed by genotyping by Linear Array HPV assay (Roche Molecular Systems, 

Pleasanton, CA). HPV mRNA testing was performed by PreTect HPV Proofer (PreTect AS, 

Klokkarstua, Norway).  

 

3.3 DNA concentration and viral load 

 

In Papers I and II, DNA concentration was measured by Qubit™ dsDNA BR Assay Kit (Thermo 

Fisher Scientific, Waltham, MA). In Paper III, DNA concentration was measured by Quant-iT™ 

Broad-Range dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, MA).  

 

In Paper II, viral load was determined using an adapted L1-targeting qPCR protocol [223]. 

Amplification was performed on the Roche LightCycler 480 platform (Roche Molecular Systems, 

Pleasanton, CA) according to the detailed protocol [214]. Viral load was determined based on cycle 

threshold (Ct) values in relation to the HPV16 containing plasmid that was used as a standard. 

 

3.4 TaME-seq 

 

The in-house developed sequencing assay TaME-seq (tagmentation-assisted multiplex PCR 

enrichment sequencing) was used for sample preparation in Papers I-III. Detailed TaME-seq 

workflow is described below.  

 

3.4.1 Primer design 

 

HPV16, 18, 31, 33, and 45 whole genome reference and variant sequences were obtained from the 

Papillomavirus Episteme (PaVE) database [224, 225]. All the reference and variant sequences 

within an HPV type were aligned using the multiple sequence alignment tool ClustalO [226]. 

Sequence alignment was converted to a consensus sequence for each HPV type in CLC Sequence 

viewer (v7.7.1, QIAGEN Aarhus A/S). Primer design was performed using Primer3 [227]. 
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Sequencing primers on both strands were designed using HPV consensus sequences as the source 

sequence. HPV18 primers are illustrated as an example in Figure 10. Primer specificity was 

controlled using a BLAST search [202] against the human genome (GRCh38/hg38). Cross-binding 

between HPV types was evaluated against HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66 and 

68 consensus sequences (based on PaVE database reference and variant sequences as described 

earlier). Primers were modified by adding an Illumina-compatible adapter tail (5’-

AGACGTGTGCTCTTCCGATCT-3’) to the 5’-end. Primers were synthesised by Thermo Fisher 

Scientific, Inc. (Waltham, MA). 

 

 

Figure 10. HPV18 genome and location of HPV18 primers. HPV genes are marked in black (early genes), 
blue (late genes) and grey (URR, NCR). Primers were designed on both strands (F/R), and marked in lilac. 
Figure is created with SnapGene (v4.2.6).  

 

3.4.2 Library preparation and sequencing 

 

Primer pools for each HPV type were prepared by separately pooling equimolar amount of F and 

R primers. Sample DNA was diluted to 2.5 ng/µl, or if the original DNA concentration was <2.5 

ng/µl samples remained undiluted. Samples were subjected to tagmentation using Nextera DNA 

library prep kit (Illumina, Inc., San Diego, CA) with following modifications: i) reaction volume 
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was downscaled to 20 µl, ii) DNA input amount varied from 0.96 ng to 20 ng, iii) incubation was 

performed at 55°C for 4 minutes. Tagmented DNA was purified using DNA Clean & 

Concentrator™-5 columns (Zymo Research, Irvine, CA) according to the manufacturer’s 

instructions or ZR-96 DNA Clean & Concentrator™-5 plates (Zymo Research, Irvine, CA) 

according to the Nextera® DNA Library Prep Reference Guide (15027987 v01). Tagmented DNA 

was subjected to PCR amplification for target enrichment. Amplification was performed in 20 µl 

containing 5 µl of tagmented DNA, 10 µl of Qiagen Multiplex PCR Master Mix (Qiagen, Hilden, 

Germany), 2 µl of Q-solution (Qiagen, Hilden, Germany), 0.75 µM of HPV primer pool, 0.5 µM 

of i7 index primer [228], and 1 µl of i5 Nextera index primer (Illumina, Inc., San Diego, CA). The 

cycling conditions were as follows: initial denaturation at 95 °C for 5 minutes; 30 cycles at 95 °C 

for 30 seconds, at 58 °C for 90 seconds and at 72 °C for 20 seconds; final extension at 68 °C for 

10 minutes.  

 

Following amplification, libraries were pooled in equal volumes and purified with Agencourt® 

AMPure® XP beads (Beckman Coulter, Brea, CA) according to the manufacturer’s instructions. 

The quality and quantity of the pooled libraries were assessed on Agilent 2100 Bioanalyzer using 

Agilent High Sensitivity DNA Kit (Agilent Technologies Inc., Santa Clara, CA) and by qPCR using 

KAPA DNA library quantification kit (Kapa Biosystems, Wilmington, MA). Sequencing was 

performed on the Illumina MiSeq or HiSeq2500 platforms (Illumina, Inc., San Diego, CA) as 125 

or 150 bp paired-end reads. 

 

3.5 Sequencing data analysis  

 

Sequencing data analysis was performed using in-house Python scripts collected together by the 

Snakemake workflow management system [229].  

 

3.5.1 Sequence alignment 

 

Raw paired-end reads were trimmed for Illumina adapters, HPV primers, quality (-q 20) and finally 

for minimum length (-m 50) using cutadapt (v1.10) [230]. Trimmed reads were mapped to human 

(GRCh38/hg38) and HPV reference genomes obtained from the PaVE database [224, 225] using 

HISAT2 (v2.1.0) [231]. Mapping statistics and sequencing coverage were counted using Pysam 

package [206].  
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3.5.2 Sequence variation analysis 

 

For Papers I-III, mapped nucleotide counts over HPV reference genomes and average mapping 

quality values of each nucleotide were retrieved from BAM files and variant calling was performed 

using an in-house R (v3.5.1) script. Nucleotides observed ≤2 times in each position were filtered 

out. Final variant calling parameters used in each paper are listed below.  

 

Paper I  

Nucleotides with mean Phred quality score of <20 were filtered out. MNVs were called if VAF 

was >0.2% and sequencing depth was ≥100×. Samples with <20000 reads were excluded from the 

analysis. 

 

Paper II 

Nucleotides with mean Phred quality score of <30 were filtered out. Variants were called if VAF 

was >1%. Samples with <45% of the genome covered by minimum 100× were excluded from the 

analysis.  

 

Paper III 

Nucleotides with mean Phred quality score of <20 were filtered out. Variants were called if VAF 

was >1%. Samples with a mean sequencing depth of <300× were excluded from the analysis. The 

ratio of non-synonymous to synonymous substitutions (dN/dS) was calculated to indicate potential 

positive or negative selection affecting protein-coding genes. 

 

3.5.3 Mutational signature analysis 

 

Paper II and III 

All nucleotide substitutions based on sequence variation analysis were classified into six base 

substitutions, C>A, C>G, C>T, T>A, T>C, and T>G, and then into 96 trinucleotide substitution 

types including information on the bases immediately 5’ and 3’ of the mutated base. Analysis was 

performed using an in-house R (v3.5.1) script. 
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3.5.4 Construction of phylogenetic tree 

 

Paper II 

Consensus sequences were created from BAM alignment using samtools (v1.8) mpileup (-E -d 

200000 -L 200000) followed by bcftools (v1.6) (call -c --ploidy 1) and vcfutils.pl tools. Phylogenetic 

tree was constructed using MUSCLE (v.3.8.1551) to align sequences, IQtree (v1.5.5) to infer 

maximum likelihood phylogeny and FigTree (v1.4.3) to visualise the alignment. 

 

3.5.5 Detection of integration sites and HPV genomic deletions 

 

Paper I and III 

The paired-end reads that mapped (HISAT2) with one read to a human chromosome and the other 

read to the target HPV reference genome were identified as discordant read pairs. Junction reads 

were identified to determine the exact position of HPV-human integration breakpoints; previously 

unmapped reads were re-mapped using the LAST (v876) aligner (options -M -C2) [232]. Positions 

covered by unique ≥2 read pairs (HISAT2) or by ≥3 junction reads (LAST) were considered as 

potential integration breakpoints. Integration detection was not based on reads sharing the same 

start and end coordinates as these reads were considered as potential PCR duplicates.  

 

In Paper III, any sample with a mean depth of >1000× and <85% of the genome covered by 

minimum 100× were manually inspected using IGV (v2.3.09) to detect HPV genomic deletions of 

>1 kb.  

 

3.6 Validation of integration sites 

 

Paper I and III 

Sanger sequencing was used to validate all the potential HPV integration sites detected by the 

integration analysis. Primers were designed to flank the integration breakpoint, with one primer 

binding site locating in the human genome and one in the HPV genomes. DNA strand used for 

primer design was based on human and HPV genome orientations at the breakpoint. SAM flags 

[206] of discordant read pairs were used to verify the genome orientation and finally one primer 

on each human and HPV +/- DNA strand was selected for validation (Table 2).  
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Table 2. Genome and read orientations at the integration breakpoint and +/- DNA strand used for primer 
design.  

Genome orientation at the 
integration breakpoint 

SAM flag of the discordant 
read pair 

Primers designed on +/-
DNA strand 

Human HPV Human HPV Human HPV 

→ → 97 145 + + 

→ ← 65 129 + - 

← ← 81 161 - - 

← → 113 177 - + 

 

All primers designed for validation of integration sites are listed in Table 3. PCR was performed 

on selected samples and PCR products were sequenced on the ABI® 3130xl/3100 Genetic 

Analyzer 16-Capillary Array (Thermo Fisher Scientific Inc., Waltham, MA) using BigDye™ 

Terminator v1.1 cycle sequencing kit (Thermo Fisher Scientific Inc., Waltham, MA). Sequences 

were analysed using Sequencher (v5.4) and a BLAST [202] or BLAT [233] search. 

 
Table 3. Integration validation primers. 

HPV 
breakpoint 

Human 
breakpoint 

F primer (5’-3’) R primer (5’-3’) Study 

HPV16:494 chr20:26341342 GGAACCAACCCAAATGTCCA AGCCACTGTGTCCTGAAGAA 

Paper I 

HPV16:2987 chrX:145708231 GAGCTCCTGTTCACCAAACC* CGAGGACAAGGAAAACGATG* 

HPV16:3631 chr19:55310043 AGCCGTGGTTCTCAACTAGG TACATCCCGTACCCTCTTCC 

HPV16:7123 chr20:26357640 TCCCTTTCAGAGAGCACGTT ACAAGCACATACAAGCACATACA 

HPV18:1561 chr7:74525628 CCTGTCATCCCAGCACTTTG ACGGAGGCTATAGACAACGG 

HPV18:6528 chr7:74515883 CGAAGGCTGTGGAGAGAAGA ACCCTGTGCCTTATGTAACCA 

HPV16:1073 chr10:28607045 ACGAAGCCAGTTAAAGGTAGAC GGGATGCTATATCAGATGACGAG 

Paper III 

HPV16:2082 chr8:127912379 AAGTTGGTGGATGGGGAGAG GAGCCTCCAAAATTGCGTAGT 

HPV16:3724 chr1:209432931 ACCCTGACAGCTGAGAGGTA GACCCATACCAAAGCCGTC 

HPV16:4182 chr8:127881839 TGTTAGTTAGGCCGGTCTCG CACAACATTACTGGCGTGCT 

HPV16:4220 chr8:127848840 AAGAGACTAGCTGGCATCCC TACCCGACCCTGTTCCAATT 

HPV16:5123 chr10:28606989 ACTGGGTCATGTAGTGTTCGT ATTGTGGAGACCCTGGAACT 

HPV16:5170 chr4:113525879 GGTCATTGTTGTGGGATTTGGA TGCACCACCAAAAGGAATTGT 

HPV16:6815 chr3:129503742 CTTCACTGAGAGGAGCCGTC TTGGCCTTCAATCCTGCTTG 

HPV18:168 chr6:136155580 CATGGGCAAGATTCAGGCTT TGGGCACTGCTCCTACATAT 

HPV18:688 chr10:79344152 GCACTGGTAATGATCTCAGCC ACCCTGTGTCTGTTGCATTT 

HPV18:936 chr4:128855029 GAGAATCTCCCAAAGCTGCTG CCAGCCGTTACAACCCGTG 

HPV18:990 chr4:74546646 ACTCAACTCAGGTGACATCAAT GCAACACTTGTGCATCATTGT 

HPV18:4676 chr9:129328942 CCGGCCTACTCCCATCTTAC CTGACACTTGTTGGTAGGCC 

HPV18:4894 chr8:98848067 AGGGAGCACTGAGAAGTCAC GCAGGCCTATGTAGACGGAT 

HPV18:4918 chr4:38110991 CAGGTCACGTGGGTAGAGAG GCAGGCCTATGTAGACGGAT 

HPV18:5749 chr7:101884655 CCGCCAAAGGAGACAGACC CACGGCCAATTTCCACTCC 

* Primers from [192]. 
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3.7 Statistical analysis 

 

In Paper III, statistical analyses were performed using the non-parametric Kruskal-Wallis test in R 

(v3.5.1). To confirm that the data did not follow normal distribution the Shapiro-Wilk test of 

normality was performed. A p-value of <0.05 was considered statistically significant.  

 

3.8 Ethical aspects  

 

The use of clinical patient samples in Papers I and III was approved by the Regional Committees 

for Medical and Health Research Ethics, Norway (2017/447). The use of sample material in Paper 

II was approved by the Medical Ethical Committee of the Vrije Universiteit University Medical 

Centre (VUmc) Amsterdam (2007/239). All clinical data was pseudonymised. 

 

In addition, sequencing results for HPV16, HPV18 and HPV33 plasmids used in Paper I were not 

analysed due to third-party material rights. 

 

3.9 Patent application 

 

Together with Technology Transfer Office Inven2 (Oslo, Norway), we have filed a patent 

application on the TaME-seq method (Appendix 1: Patent application). The patent was filed in 

November 2018, and a preliminary report was received from the European Patent Office in May 

2019. Patent application was optimised with new data that was sent in November 2019 to 

strengthen the protection of the method. 
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4 SUMMARY OF RESULTS 

 

Table 4 summarises the main findings in Papers I-III.  

 

Table 4. Main findings in Papers I-III. 

Study 
Sequencing 

statistics 
Variation APOBEC3 Integration 

Paper I  154.8 million raw 
reads obtained 

 47% of the reads 
mapped to HPV 

 HPV genes had   
0–28% sites with 
nucleotide variation 

 

 –  Known integration 
sites validated 

 Novel integration 
sites found  

Paper II  36/59 samples had 
>45% of the 
genome covered by 
minimum 100× 

 Total number 
MNVs 1717, on 
average 48 MNVs 
per genome 

 35 MNVs were 
recaptured in the 
follow-up samples 

 1.67 times more 
non-synonymous 
substitutions 

 23% of the 
mutations C>T 
substitutions 

 Associated with 
APOBEC3 activity 

 – 

Paper III  80/157 HPV16 and 
51/75 HPV18 
samples included in 
the analysis 

 1.05 billion read 
pairs analysed 

 3747 MNVs in 131 
samples 

 Increased number 
of variation in 
HPV16 NCR 

 For most genes in 
HPV16, dN/dS >1 
and in HPV18 

dN/dS ≈ 1  

 APOBEC3-related 
C>T substitutions 
in HPV16 non-
progressive and 
CIN2 categories  

 Similar APOBEC3 
pattern not 
observed in HPV18 
samples 

 

 Integrations in 13% 
of HPV16 and 59% 
of HPV18 samples  

 Novel integration 
sites in HPV16 
NCR 

 Integrations in 
HPV E1/E2 genes 
and in or close to 
human cancer-
related genes 

 

4.1 Paper I 

 

We developed a next-generation sequencing approach named TaME-seq (tagmentation-assisted 

multiplex PCR enrichment sequencing) to characterise HPV genomic variability and chromosomal 

integration. To validate the method, HPV positive cervical cancer cell lines (n=4), HPV positive 

plasmids (n=3), and HPV16, 18, 31, 33 and 45 positive LBC samples (n=21) were analysed.  
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Totally 154.8 million raw reads were generated, and the mean sequencing depth per sample ranged 

from 303 to 273898. In total, 47% of the reads were mapped to HPV genomes, demonstrating the 

excellent target enrichment capacity of the TaME-seq method, resulting in less off-target reads and 

therefore reduced sequencing cost. The results showed considerable HPV genomic variability; up 

to 28% sites in each HPV gene had nucleotide variation. Most nucleotide variation were observed 

in one of the clinical samples, showing 21% variable sites (1641/7858 bases) throughout the 

HPV45 genome. The method confirmed previously reported chromosomal integration sites and 

HPV deletions in the HPV positive cell lines. In addition, novel integration sites were found in the 

CaSki cell line and in one clinical samples. 

 

TaME-seq laboratory workflow is straightforward using standard laboratory procedures and 

sample preparation and sequencing are cost-effective. The method can easily be applied to large 

sample cohorts, representing an excellent choice for the characterisation of HPV genomic variation 

and chromosomal integration. 

 

4.2 Paper II 

 

The TaME-seq method was applied to samples from women with persistent HPV16 infection to 

assess HPV16 genomic variation at the minor variant level in multiple follow-up samples. Subset 

chosen for the study included women with either three (n=13) or four rounds (n=5) of persistent 

HPV16 infection. Participants supplied up to four samples, and median interval time between 

sampling was 48 (range 17–63) weeks. Cytology was not performed on the samples.  

 

In total, 59 samples were processed and 61% (36/59) fulfilled the criteria for further analysis, which 

was >45% genome coverage by minimum 100×. Three infections were excluded from the analysis 

due to poor sequencing coverage, resulting in 15 infections that were followed over time. One 

infection was followed over a three-year period, eight were followed over a two-year period, three 

were followed over a one-year period and three infections had a single sampling point.  

 

By using a >100× sequencing depth and a 1% variant frequency cut-off, a total of 1717 MNVs 

were detected in 36 samples. On average 48 (range 15–82) MNVs per genome were observed. 

Majority (67%) of MNVs were T>C substitutions, and the second-most abundant were C>T 

mutations (23%), latter being associated with the APOBEC3 activity. There were 1.67 times more 
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non-synonymous than synonymous mutations in the samples. 35 MNVs were recaptured in the 

follow-up samples from eleven women.  

 

4.3 Paper III 

 

Cervical samples positive for HPV16 and/or HPV18 were sequenced using the TaME-seq 

protocol. A total of 80 HPV16 positive samples and 51 HPV18 positive samples passed the mean 

sequencing depth criteria of 300× reads. Samples were categorised based on the HPV type and 

diagnostic category of non-progressive disease (HPV16 n=21, HPV18 n=12), CIN2 (HPV16 

n=27, HPV18 n=9), CIN3/AIS (HPV16 n=27, HPV18 n=30) and cervical cancer (HPV16 n=5). 

In total, 1.05 billion read pairs were analysed and the samples had on average 77.7% of the genome 

covered by a minimum depth of 100×. 

 

Overall, 3747 MNVs were found in the analysed 131 samples, showing similar numbers and 

frequencies of MNVs between the diagnostic categories and HPV types. Only the short NCR 

between E5 and L2 in HPV16 harboured considerably more variation in the diagnostic categories 

CIN2, CIN3/AIS and cancer. HPV16 showed predominantly more nonsynonymous variants 

(dN/dS > 1), while HPV18 genes had equal amounts of nonsynonymous and synonymous variants 

(dN/dS ≈ 1) in most of the genes. APOBEC3-related C>T nucleotide substitutions were observed 

in HPV16 non-progressive samples and to a slightly less extent in HPV16 CIN2 samples. The same 

mutational patterns were not detected in HPV18 samples. 

 

The integration frequency was higher in all HPV18 positive diagnostic categories compared to the 

HPV16 categories, with the proportion of samples with integration being 13% (10/80) for HPV16 

and 59% (30/51) for HPV18 positive samples. Interestingly, one HPV16 positive cancer sample 

harboured two integration breakpoints in NCR, while in the HPV18 positive samples integration 

breakpoints were located in all HPV genomic regions except NCR. For HPV16 and HPV18 

combined, a significant part of the integration breakpoints were observed in the HPV genes E1 or 

E2. In the human genome, integration breakpoints were detected in or close to cancer-related genes 

in all cancer samples, and in 65%, 38% and 34% of CIN3/AIS, CIN2 and non-progressive samples, 

respectively.  
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5 DISCUSSION 

 

The overall aim of this thesis was to develop a novel NGS method to characterise HPV genomic 

variation and chromosomal integration, and to apply the method on clinical HPV samples to 

explore the genomic events, which contribute to HPV-induced carcinogenesis. Three specific 

objectives were outlined, and they will be addressed in this section. The main findings are discussed 

in respective papers, but in this sections the topics will be linked together and discussed in-depth. 

The chapter starts with a broader discussion of the methodology, which was an essential part of 

the thesis, followed by a discussion of the main findings.  

 

5.1 Methodological considerations 

 

5.1.1 Sample material  

 

Different study designs were applied first to validate the method and further to characterise HPV 

genomic events both over time and across different HPV types and diagnostic groups. HPV 

genotype was determined in all samples before applying the TaME-seq method. As a result, 

incorrectly genotyped samples would lead to failure with TaME-seq since HPV-type specific 

primers are used for enrichment of the HPV genome. Most of the samples included in Papers I-II 

were previously characterised by Sanger sequencing or NGS, which gave us useful information on 

nucleotide sequence and possible variation when applying the TaME-seq method on clinical 

samples for the first time. Original DNA samples had been properly stored, mainly in -80°C, which 

is desired for long-term storage of DNA to maintain DNA quality and integrity [234]. 

 

For single samples, DNA concentration was measured to use a recommended input DNA amount 

for the Nextera tagmentation reaction. For some samples, the DNA concentration was too low for 

an optimal input in the Nextera reaction. Nevertheless, low amount of input material in Nextera 

tagmentation has been reported to result in good sequencing results [235]. Since the TaME-seq 

method targets HPV sequences, low viral load may be a possible cause of low or no sequencing 

yield. HPV viral load is shown to be higher in high-grade lesions compared to samples with normal 

cytology [236], therefore it could be assumed that samples with normal cytology or low-grade 

lesions would generally have lower sequencing yield.  
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5.1.2 Library preparation and NGS 

 

For analysing rare genomic events, such as low-frequency variation and integration into the human 

genome, we could only use NGS technologies [170]. Several NGS approaches has been developed 

for investigating HPV genomes, but the methods are often limited to assessing either the genomic 

variation [84, 188] or integration [192, 193]. Some methods, including WGS [101, 106] and target 

capture technologies [102, 186, 237], can be used simultaneously for both purposes, but these 

methods have some limitations. Disadvantage of the WGS is low on-target (HPV) mapping leading 

to lower sequencing coverage unless sequencing throughput is increased, which in turn increases 

the cost [238]. Cost for sample preparation applying target capture technologies remain high and 

the laboratory workflows are time-consuming [239]. Table 5 summarises a selection of different 

NGS-based methods used in HPV genome research, their target applications and limitations.  

 

Table 5. NGS-based methods used for different HPV research applications. 

Method 
Laboratory 
workflow 

 Research application 

Limitations 
Additional 

details 

G
e
n

o
m

ic
 

va
ri

a
ti

o
n

 

In
te

g
ra

ti
o

n
 

G
e
n

o
ty

p
in

g
 

TaME-seq 
Nextera and HPV 

type-specific 
amplification 

Yes Yes No 
HPV-type specific 

approach 
 

Ion AmpliSeq 
HPV16 panel 

47 overlapping 
amplicons 

Yes No No 

HPV-type specific 
approach, suitable 
only for variation 

analysis 

[84] 

Full-circle PCR 
Long-range PCR 
followed by NGS 
library preparation 

Yes No No 

HPV-type specific 
approach, suitable 
only for variation 

analysis 

[188] 

TEN16 Assay 

Nextera, blocking of 
the DNA 3’-ends, 

multiplex 
enrichment 

No Yes No 
Detects integrations 
in one DNA strand 

only 
[192] 

HIVID 
Bead-based capture 

technology 
Yes Yes Yes 

Laborious, high 
reagent costs 

[102, 237] 

WGS 
Traditional WGS 

workflow 
Yes Yes Yes High sequencing costs [101, 106] 
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For TaME-seq, only up to 20 ng of DNA is needed, which is an advantage since a limited amount 

of clinical material is often available. Different commonly used polymerases were tested but 

QIAGEN Multiplex PCR Master Mix with HotStar Taq DNA Polymerase was chosen as the 

polymerase used in the TaME-seq workflow because it showed the best capacity to enrich HPV 

sequences and produced least off-target sequences. The TaME-seq method was proven to have an 

excellent target enrichment capacity, yielding on average in 47% of raw reads mapping to the target 

HPV reference genomes. Other NGS-based approaches report much lower HPV mapping ratios, 

varying between 0.001–35% [102, 187]. When HPV sequences are successfully enriched in the 

sample, sequencing yields in less off-target (human) reads, reducing the overall sequencing costs. 

Lastly, the method is based on PCR, and the HPV type-specific primers are designed to cover the 

HPV genomes evenly. Still, the sequencing coverage is uneven for certain genomic regions and 

some regions might even lack coverage, which may be caused by suboptimal primer design, 

performance or poor sequencing alignment. 

 

NGS technologies are prone to errors that may lead to incorrect conclusions [195]. Most of the 

library preparation protocols, including TaME-seq, involves a PCR amplification step. PCR can 

introduce erroneous sequences into the pool of amplified DNA molecules. The efficiency with 

which PCR amplifies a sequence may vary between the sequences depending on factors including 

sequence composition and secondary structure [240]. A high GC content can reduce amplification 

efficiency, causing uneven amplification of different sequences [241]. Another source of uneven 

amplification in PCR is stochasticity. Stochastic amplification may have a significant impact on 

sequence representation when specific sequences are present at a very low copy number [240]. 

When synthesising a new DNA strand, DNA polymerase makes errors, including single nucleotide 

substitutions and short indels [242]. Polymerases have different error rates that also depend on 

experimental conditions [240]. The estimates of Taq polymerase fidelity vary, but recent results 

based on single-molecule sequencing report an error rate (per base per cycle) of 1.5 × 10-4 [243], 

being in line with earlier studies [244, 245]. The Taq polymerase lacks proofreading activity and 

may introduce bias, mainly A>G and T>C substitutions, during the amplification [243]. 

 

5.1.3 Sequencing analysis 

 

To analyse the data produced by TaME-seq, an in-house analysis pipeline was developed. Different 

commonly used sequencing aligners [246] were tested to find out which one performed best for 

our purposes. HISAT2, a fast spliced aligner, originally developed for RNA-seq data [231], gave 
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the best sequence mapping results compared to other tested aligners. To further optimise the 

alignment process, use of an accurate reference genome is essential [195]. HPV genomes are known 

to vary and several variant lineage genomes are published [76], but for a less complex alignment 

process we chose to use HPV reference genomes [224] as the target genomes. Therefore, HPV 

genomes harbouring nucleotide variation [80, 81] could affect the sequence alignment by causing 

more mismatches in the alignment process. Finally, PCR duplicate removal was not applied because 

most of the reads would be lost before the subsequent analysis [247]. 

 

There are several freely available variant calling pipelines [248] that compare the sequences to the 

reference genome to call the non-reference bases as variants [207]. Since the HPV reference 

genomes alone do not reflect the diversity of HPV variant lineages, we decided to call MNVs based 

on the detected minor alleles, despite the reference base. Based on known error rates, a variant 

calling threshold must be set according to the study aims. When reducing number of false positive 

by applying trimming and filtering, number of false negative may increase [207]. If using a low 

threshold for variant calling, there is a chance to call false positive variants [166]. In Paper I, a 

threshold of 0.2% for variant calling was set to show the variant detection capacity of TaME-seq. 

In Papers II and III, clinical samples were analysed and it was crucial to minimise the risk of calling 

false positive variants. Therefore we increased the variant calling threshold to 1%. In addition, our 

variant calling pipeline was based on a stepwise evaluation of the MNVs in both F and R reactions 

to minimise the risk of false discoveries.  

 

Several integration analysis tools are available for detection and characterisation of integration 

breakpoints [249-251], but none of them were optimal for our protocol. The tools were unable to 

report the exact integration breakpoints [249], to detect non-integrated viruses [250] or were not 

flexible to be included as part of other pipelines [251]. Integration analysis included in our pipeline 

was based on a two-step analysis to strengthen the findings from each individual analysis, which 

was essential especially for detecting rare integration events. Here, we applied filtering steps to 

exclude potential PCR duplicates, which could otherwise be reported as false positive findings. A 

real integration site could be missed if it was covered with too few supporting reads, but skipping 

the filtering step would have led to detection of multiple false positive integration sites. Validation 

of integration sites was performed by Sanger sequencing, which is still the most commonly used 

method to validate NGS results [252].  
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5.1.4 Statistical analysis 

 

The Kruskal-Wallis test is a non-parametric test used to compare two or more independent groups. 

The choice of using a non-parametric test was based on non-normal distribution of the tested 

variables [253]. The significant result in a Kruskal-Wallis test indicates that there are group 

differences, but it does not indicate which groups differ [254]. The standard deviation in our data 

was large and the samples size was relative small, resulting mostly in non-significant statistical 

results. Bigger sample size would be needed to confirm the findings statistically [255].  

 

5.2 Discussion of results  

 

Traditionally, HPV genomic variation has been assessed to classify HPV into variant lineages and 

sublineages [76]. Today, several studies have used NGS for analysing HPV genomic variation, but 

it is still widely in use to categorise the variants into HPV variant lineages [120, 127, 256]. The HPV 

variant lineage classification is based on the major nucleotide in each genomic position, and ignores 

the minor nucleotide variation [120]. However, recent studies have reported a high intra-host HPV 

variability with low-frequency variants [123], which may be evidence of intra-host evolution and 

adaptation, being important for HPV survival and carcinogenicity. The high HPV genomic 

variability found in the samples is surprising because HPV is suggested to have a low evolutionary 

rate [65]. 

 

In line with the other studies showing high HPV variability, we reported on average 48 MNVs in 

early HPV16 infections (Paper II), 25–37 and 21–27 MNVs in HPV16 and HPV18 positive samples 

of different morphology, respectively (Paper III). The total amount of variation seem to be relatively 

stable during the different stages of infection. Interestingly, we detected the same MNVs in several 

follow-up samples with early HPV infection (Paper II), which might reveal new insight into the 

importance of specific MNVs for persistence of infection and carcinogenesis. Overall, we detected 

more non-synonymous than synonymous variation both in early and later stages of infection, 

indicating positive selection of the HPV genomes. While non-synonymous variants are usually 

eliminated, certain non-synonymous variants may be favoured if they increase the survival of the 

virus [141]. At the HPV gene level, HPV16 NCR harboured most overall variation and HPV16 E7 

showed least non-synonymous variation. The NCR sequence is known to vary considerably [123, 

127, 257], but it is unknown if the variation could contribute to HPV-induced carcinogenic process. 

Interestingly, HPV E7 is previously shown to be conserved, suggested to be critical for the 
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carcinogenesis [124]. Conservation of the E7 gene in precancers and cancers may be a result of 

clonal evolution, leading to loss of diversity and expansion of dominating variants that are 

important for the carcinogenic process [258].  

 

It has been suggested that APOBEC3 may be an important source of mutagenesis in the HPV 

genomes [124], and APOBEC3-related mutation profiles have been reported in HPV16, HPV52 

and HPV58 positive cervical samples [123, 134, 259]. To our knowledge, mutational signatures in 

HPV18 has not yet been studied. We showed distinct APOBEC3-related MNV profiles in HPV16 

positive low-grade lesions, but not in early infections or high-grade lesions. This supports the 

suggestion that APOBEC3 becomes active in the course of infection trying to eliminate the virus 

[131], but at a more severe stage of disease, the virus may evade host restriction and the APOBEC3 

mutagenesis is replaced by other mechanisms important for carcinogenesis. A recent study, 

showing similar results, suggests that infections with APOBEC3-related mutations are likely to be 

benign and associated with viral clearance [134]. Similarly in the early infections, with no distinct 

APOBEC3-related MNVs, it may be suggested that APOBEC3 has not become active yet as the 

infection is still at an early stage. APOBEC3-related mutational patterns were not found in HPV18 

positive samples, suggesting separate mechanisms causing genomic variation in HPV18 genomes.  

 

Other sequencing methods, e.g. Sanger sequencing, are not able to detect low-frequency variation 

but NGS has enabled deep genome analysis of HPV genomes [166]. Still, most recent studies 

interpret the HPV genomic variation as co-infections of different variant lineages [84] or they 

exclude the low-frequency variants from the analysis [124, 189]. In recent years, studies have 

reported within-host minor nucleotide variation [129, 188]. Only very recently, it has been more 

widely accepted to consider the HPV genome more dynamic, undergoing mutagenesis also during 

an infection. However, the studies reporting HPV genomic variation are careful when reporting 

low-frequency variation [134] and might use VAF thresholds far above the NGS detection limits 

[166]. Indeed, this project adds to a growing evidence base, suggesting a paradigm shift from a 

stable HPV genome to a HPV that evolves during the infection and adapts to its environment to 

ensure its survival. 

 

We observed more integration events in HPV18 positive samples compared to HPV16 positive 

samples, which is in line with previously reported results [103, 115, 186]. The genomic location of 

the integration sites was determined in both HPV and human genomes. Interestingly, a large 

proportion of the integration breakpoints was detected in the E1 or E2 gene. E1 and E2 regulate 
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expression of the HPV oncogenes E6 and E7 and disruption in E1 or E2 may lead to 

overexpression of the oncogenes [104, 105]. Similar findings have been reported in several studies 

[102, 192, 260], confirming frequent disruption of the E1 and E2 genes. We also observed an 

increased number of integrations in or close to human cancer-related genes with increasing lesion 

severity, and we reported several integration breakpoints in known chromosomal hot-spot regions 

[111], supporting the hypothesis of a non-random distribution of integration sites in high-grade 

lesions of cancer cases [112]. Integration breakpoints detected in human oncogenes or genomic 

deletion in the E1 or E2 genes could be a sign of a more aggressive infection or could indicate 

poorer disease prognosis in a clinical context, even with normal cytology or low-grade lesions, 

requiring follow-up with shorter intervals.  

 

HPV16 is the most predominant genotype found in SCC, while HPV18 is more often associated 

with ADC [13]. These two types are suggested to differ in their target cell specificity; HPV16 affects 

predominantly squamous cells, while HPV18 to a higher degree induces lesions in glandular cells 

[83]. HPV18 is suggested to promote a higher degree of genomic instability and progress faster 

from CIN3 to invasive cervical cancer than other HPV types [83, 261]. This may partly be 

attributable to the anatomic location of HPV18-related cervical cancers, which may be more 

difficult to detect, often locating higher up in the cervical canal [262]. However, considering the 

high number of integration events and different mutational patterns in HPV18 compared to 

HPV16, it may be likely that these HPV types utilise different mechanisms to infect the cervical 

cells and to induce cervical carcinogenesis. Certainly, previously reported results show different 

DNA methylation patterns [263], numbers of E6* splice variants [264], and mechanistic signatures 

of integrations [193] for HPV16 and HPV18, supporting our hypothesis of different molecular 

mechanisms to induce cancer for the two genotypes.  

 

Finally, TaMe-seq revealed novel integration sites in well-characterised CaSki cell line, proving the 

capacity of the method for deeper analysis of cell lines used widely for HPV research [265, 266]. 

We could also verify that the MS751 cell line only contains HPV45 sequences [267], and that no 

HPV18 sequences are present [268]. Immortalised human cancer cell lines are widely used in 

biomedical research, being at the same time easy to manipulate and molecularly characterise. A 

detailed characterisation is fundamental before using cell lines [269]. TaME-seq is proven to be an 

excellent and cost-efficient tool for genomic characterisation of cervical cancer cell lines, verifying 

previously reported results and revising incorrect information.  

 



Discussion 

 

50 

 

5.3 Future research and implications of results 

 

For future studies, sample size needs to be increased in the different diagnostic categories to 

explore more closely the genomic differences between the groups. TaME-seq covers several high-

risk HPV types, currently including HPV16, HPV18, HPV31, HPV33 and HPV45. By comparing 

the genomic events between several HPV types, we can obtain valuable knowledge on molecular 

mechanisms of the specific types involved in carcinogenesis. Also, current results should be 

supplemented with follow-up samples stored at the biobank [219]. The samples were collected 

from women originally diagnosed with ASC-US/LSIL followed by a new sampling after a certain 

time. This setting would reveal HPV genomic changes within an infected individual, and verify if 

the findings have prognostic value for assessing the risk of developing cervical cancer. In addition 

to basic HPV research, the method can be used in epidemiological studies to study HPV diversity 

and geographic distribution, as well as in vaccine surveillance studies to investigate the effect of the 

vaccine on the prevailing HPV types. For developing new HPV vaccines, the method can reveal 

important details at the molecular level. Finally, TaME-seq can easily be applied to other viruses 

by changing the virus-specific primers.  

 

The long-term aim of this project is to use TaME-seq for cervical cancer risk assessment. Persistent 

infection with a high-risk HPV type is necessary but not sufficient for development of cervical 

cancer [150], and other factors and molecular events influence whether the infection persist and 

progresses to cervical cancer [69]. Cervical cancer screening programmes aim for early detection of 

HPV and treatment of precancerous lesions, which is important to prevent the progression to 

cervical cancer [41]. At the same time, the current management of precancers involves some 

overtreatment and unnecessary follow-up of lesions that would otherwise have regressed 

spontaneously [63]. Therefore, new molecular approaches are needed to uncover HPV genomic 

events arising during the carcinogenic process, and which could be used for personalised cancer 

risk assessment. We also suggested that HPV16 and HPV18 may use different molecular 

mechanisms to induce cancer, suggesting exploration of different follow-up strategies for HPV16 

and HPV18 positive patients. 

 

HPV genomic variation at the minor nucleotide level is scarcely studied, but specific HPV variant 

lineages [80, 81] and nucleotide variants [124] are associated with higher risk of developing cervical 

lesions [124]. Increased or decreased HPV genomic variation at the whole genome level, in specific 

HPV genes or specific MNVs stratified by lesion severity could serve as prognostic markers for 
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cervical cancer development. Here, more research needs to be done to confirm if the level of HPV 

genomic variation differs between the diagnostics groups and if specific MNVs are associated with 

higher risk of developing precancer or cancer. While the association between HPV low-frequency 

genomic variation and cervical carcinogenesis still is unclear, use of HPV integration as prognostic 

marker for cervical cancer has been suggested in several studies [101, 163, 186], but the methods 

used for integration analysis remain either time-consuming or costly, hindering the implementation 

of such methods in routine diagnostics. With TaME-seq, integration breakpoints were detected 

within or close to cancer-related human genes and HPV genes where the integration is known to 

occur more frequently. Such integration breakpoints could serve as prognostic markers for more 

aggressive cases, requiring follow-up with shorter intervals to detect high-grade lesions before they 

develop to cancer.  

 

NGS can be considered as an established technology for research applications across the life 

science field. It still remains challenging to store, analyse and translate the huge amount of genomic 

data into medical and biological context, requiring substantial bioinformatics expertise [270, 271]. 

Recently, use of NGS has expanded into clinical environments facilitating diagnostics and enabling 

more personalised treatments. However, using NGS both in research and in clinical diagnostics is 

accompanied by ethical and legal challenges. The General Data Protection Regulation (GDPR) was 

implemented in Europe in 2018 to protect the subjects’ rights while allowing the processing of 

personal data, such as health data. The GDPR is also applied in research context, including clinical 

and translational research areas [272]. The GDPR provides individuals a right to access their 

personal data, including sequencing data [273]. However, it is still debated if and how incidental or 

additional findings, referring to findings that may have relevance for health but are unrelated to the 

research aim or the diagnostic test, from sequencing data should be reported back to the subject 

[274]. Many countries still have different policies concerning the return of incidental findings from 

sequencing data due to the ethical and practical complexity of the topic [273].   

 

Finally, developing new products, e.g. diagnostic or screening tests, requires time and money. A 

patent is an instrument to secure investments and to cover development costs. It is also evidence 

of innovation, increasing competitive advantage and helping to achieve a greater share of the 

market [275]. While there is no guarantee that a patent application will be granted, the possibility 

to file a patent still indicates the novelty of the innovation, increasing the interest for the innovation 

in the scientific community and strengthening the chances to receive funding for future work.  
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6 CONCLUSIONS 

 

This thesis aimed to characterise HPV genomic variation at the minor nucleotide level and 

chromosomal integration, and to explore HPV genomic events contributing to HPV-induced 

carcinogenesis. 

 

We developed a unique deep-sequencing protocol TaME-seq for deep analysis of HPV genomic 

variation and integration; we have also filed a patent application for the method. By using the 

TaME-seq method, we could show that overall HPV genome variability is higher than assumed 

based on earlier estimates. Especially the low-frequency MNVs are predominantly detected in the 

HPV genomes. A high number of MNVs were found in all samples from early infections to cancer, 

with a noticeable part of HPV16 positive samples showing APOBEC3-related nucleotide 

substitutions. The findings also revealed previously known integrations sites in well-characterised 

cervical cancer cell lines and integration sites in several clinical samples, locating both in previously 

defined hot-spot and novel loci. HPV integration into the host genome is defined as a driving event 

in carcinogenesis and identification of integration sites can reveal important insight to the 

carcinogenic process.  

 

The TaME-seq method could potentially be a valuable method for assessing the risk of developing 

cervical cancer. Current HPV tests used in cervical cancer screening are unable to predict the risk 

of persistence of HPV infection and progression to cervical cancer. An additional HPV test in 

cervical cancer screening would enable more personalised follow-up, improving detection of 

lesions with higher risk of progression and reducing unnecessary follow-up and treatment of 

women with minimal risk of developing high-grade lesions or cancer.  
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A B S T R A C T

The present invention is related to methods for parallel sequencings of 

nucleic acid target sequences of interest, and in particular to massively parallel sequencing 

of nucleic acid sequences such as viral sequences that may have been integrated into a 

genome.  For example, the methods, systems and kits provided herein may be used to 

enrich and sequence viral DNA sequences such as HPV and HIV sequences.  
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TaME-seq: An efficient sequencing 
approach for characterisation 
of HPV genomic variability and 
chromosomal integration
Sonja Lagström1,2, Sinan Uğur Umu  2, Maija Lepistö3, Pekka Ellonen3, Roger Meisal  1, 
Irene Kraus Christiansen1,4, Ole Herman Ambur5 & Trine B. Rounge  2

HPV genomic variability and chromosomal integration are important in the HPV-induced carcinogenic 
process. To uncover these genomic events in an HPV infection, we have developed an innovative 
and cost-effective sequencing approach named TaME-seq (tagmentation-assisted multiplex PCR 
enrichment sequencing). TaME-seq combines tagmentation and multiplex PCR enrichment for 
simultaneous analysis of HPV variation and chromosomal integration, and it can also be adapted to 
other viruses. For method validation, cell lines (n = 4), plasmids (n = 3), and HPV16, 18, 31, 33 and 45 
positive clinical samples (n = 21) were analysed. Our results showed deep HPV genome-wide sequencing 
coverage. Chromosomal integration breakpoints and large deletions were identified in HPV positive 
cell lines and in one clinical sample. HPV genomic variability was observed in all samples allowing 
identification of low frequency variants. In contrast to other approaches, TaME-seq proved to be highly 
efficient in HPV target enrichment, leading to reduced sequencing costs. Comprehensive studies on 
HPV intra-host variability generated during a persistent infection will improve our understanding 
of viral carcinogenesis. Efficient identification of both HPV variability and integration sites will be 
important for the study of HPV evolution and adaptability and may be an important tool for use in 
cervical cancer diagnostics.

Human papillomavirus (HPV) is the main cause of cervical cancer1, one of the most common cancers in women 
worldwide, causing more than 200,000 deaths each year2,3. A persistent infection with HPV high-risk genotypes 
is recognised as a necessary cause of cancer development4. Of the 13 carcinogenic high-risk types, HPV16 and 
18 are associated with about 70% of all cervical cancers5,6. HPV infection is also associated with cancer in penis, 
vulva, vagina, anus, and head and neck7. However, only a small fraction of HPV infections at any site will progress 
to cancer8. This indicates that in addition to HPV infection, additional factors such as HPV genomic variability 
and integration, could contribute to the HPV-induced carcinogenic process. An appropriate sequencing approach 
is needed to uncover these genomic events during a persistent HPV infection.

HPV contains an approximately 7.9 kb circular double-stranded DNA genome, consisting of early region (E1, 
E2, E4-7) genes, late region (L1, L2) genes and an upstream regulatory region (URR)9. To date, more than 200 
HPV types have been identified10. Each individual HPV type shares at least 90% sequence identity in the con-
served L1 open reading frame (ORF) nucleotide sequence. Isolates of the same HPV types that differ by 1–10% or 
0.5–1% across the genome are referred to as variant lineages or sublineages, respectively11,12.

Despite phylogenetic relatedness, HPV variant lineages can differ in their carcinogenic potential13–16. 
Traditionally, studies have focused on cancer risk of main variants. However, recent studies have revealed varia-
bility below the level of variant lineages that may be evidence of intra-host viral evolution and adaptation17–20. In 
contrast to a limited number of studies on HPV variability, HPV integration into the host genome has been more 
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widely studied and is regarded as a determining event in cervical carcinogenesis21–23. Upon integration, disrup-
tion or complete deletion of the E1 or E2 gene is often observed, resulting in constitutive expression of the E6 
and E7 oncogenes24–26, inactivation of cell cycle checkpoints and genetic instability23. Viral integration may also 
lead to modified expression of cellular genes nearby, disruption of genes, as well as genomic amplifications that 
may promote oncogenesis23,27. The finding of certain chromosomal clusters of integration in precancerous lesions 
and cancers28 also suggests a selective advantage of specific HPV integrations. Still, several important questions 
remain for HPV integration and more comprehensive analyses of integration sites are needed in order to expand 
our understanding of HPV pathogenesis.

The development of next generation sequencing (NGS) technologies has provided new tools for viral genomic 
research. During the recent years, a few studies have described different NGS based approaches to study HPV 
variability and integration in the human genome. The most common approaches used in HPV genomic analyses 
are based on target enrichment using highly multiplexed degenerate primers29, enrichment by multiplex PCR 
using HPV16 forward primers30, bead-based target capture31–33, and rolling circle amplification34 followed by 
NGS. These methods are however designed to detect either HPV integration or HPV variability. In addition, tar-
get capture methods poorly enrich HPV and remain expensive due to high probe cost and off-target sequencing.

In order to contribute to the understanding of the role of intra-host HPV genomic variability and chromo-
somal integration in carcinogenesis, we have developed an innovative library preparation strategy followed by an 
in-house bioinformatics pipeline named TaME-seq (tagmentation-assisted multiplex PCR enrichment sequenc-
ing). TaME-seq combines tagmentation and multiplex PCR enrichment, allowing simultaneous HPV genomic 
variability and integration analysis (Fig. 1). TaME-seq, with highly efficient target enrichment and reduced 
sequencing cost, enables deep sequencing analysis in order to find low frequency variants and rare integration 
events. Here, we present the results of HPV integration and genomic variability analysis in HPV16, 18, 31, 33 and 
45 positive clinical samples and cell lines. The method described here provides an important tool for comprehen-
sive studies of HPV genomic variability and chromosomal integration, and it can also be adapted to studies on 
other viruses such as retroviruses, adeno-associated viruses and integrating human herpesviruses.

Results
Read mapping analysis and genome coverage. Table 1 summarises liquid-based cytology (LBC) sam-
ples (n = 21), cell lines (n = 4) and plasmid samples (n = 3) included in the analysis. The samples generated 154.8 
million raw reads of which 72.5 million reads (47%) mapped to the target HPV reference genomes. Only a small 
fraction (0.08%) of the reads mapped to other HPV types than those reported positive by HPV genotyping. The 
mean coverage ranged from 303 to 273898, while the fraction of the genome covered by minimum 10 × ranged 
from 0.35 to 1, and the fraction of the genome covered by minimum 100 × ranged from 0.33 to 1 (Table 1). HPV 
genome sequencing coverage aligned to the target HPV genomes with the location of HPV genomic regions and 
primers is visualised for CaSki, HeLa, LBC34, LBC11 and MS751 (Fig. 2). Overall, the samples showed varying 
HPV genome coverage profiles (Supplementary Figs S1–S5). Totally, 10 HPV positive samples were excluded from 
further analysis due to poor sequencing coverage (Supplementary Table S1). Sequencing of the HPV negative con-
trol samples resulted in no or negligible amount (<500) of reads mapped to target HPV genomes (Supplementary 
Table S2). The MS751 cell line was confirmed not to contain HPV18 sequences (Supplementary Table S1)35.

Deletions in HPV genomes. The method enables identification of regions covered with very few or no 
sequencing reads, interpreted as large HPV genomic deletions. Cell lines HeLa and MS751 are known to contain 
partial HPV genomes due to deletions of 2.5 kb and 5 kb, respectively35,36, which was confirmed by our method 

Figure 1. Primer design, laboratory and bioinformatics workflows of the TaME-seq method.
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(Fig. 2). A large deletion of 4.8 kb was revealed in the clinical sample LBC105, indicating partial or complete dele-
tion of HPV18 genes E1, E2, E4, E5, L1 and L2 (Supplementary Fig. S2).

HPV-human integration sites. A two-step strategy was applied to detect possible integration sites (Fig. 3). 
A total of 27 integration sites were detected in cell lines CaSki, SiHa, HeLa and MS571 (Table 2). For CaSki, 16 
previously reported integration sites30,32,37 were confirmed. In addition, three novel sites were identified. These 
mapped to HPV16 E6, E2 and L1 genes. One was located in an intronic region of the gene BRSK1; two were 
located more than 50 kb from annotated genes (Table 2). Three sites, including one previously reported site as 
a control30,37, were subjected to Sanger sequencing to confirm the integration sites (Supplementary Table S3). 
Integration sites identified in SiHa, HeLa and MS751 were consistent with previous studies31,35–39 and were not 
subjected to validation by Sanger sequencing. Additionally, two integration sites were detected in the clinical sam-
ple LBC105 (Table 2). The integration breakpoints were mapped to the HPV E1 and L1 genes flanking the deleted 
region (Supplementary Fig. S2) and they were located in intronic regions of the gene GTF2IRD1 (Table 2). Both 
integration sites were confirmed by Sanger sequencing (Supplementary Table S3).

Sample
Sample 
type

Raw 
reads

Trimmed 
reads

Reads mapped 
to target HPV

% Reads mapped 
to target HPV

Mean 
coverage

Fraction of genome 
covered by minimum

10× 100×

HPV16

CaSki Cell line 16138790b 12944262 12634651 78% 184716 1.00 1.00

SiHa Cell line 151168b 133360 67496 45% 1018 0.96 0.83

SiHa-1 Cell line 5948008c 3735936 1249594 21% 17561 0.93 0.90

SiHa-1 Cell line 844178b 532874 181199 21% 2554 0.92 0.78

SiHa-2 Cell line 1405886c 789664 420774 30% 5609 0.91 0.85

SiHa-2 Cell line 158672b 90150 48412 31% 646 0.84 0.52

WHO std 
HPV16 Plasmid 359638b 304002 278987 78% 4104 0.99 0.96

LBC1a LBC 128008b 108756 75323 59% 1124 0.96 0.88

LBC7a LBC 62246b 51590 25567 41% 384 0.94 0.66

HPV18

HeLa Cell line 1433248b 1120824 394420 28% 5897 0.68 0.62

WHO std 
HPV18 Plasmid 2021206b 1358182 1098783 54% 15447 0.99 0.96

LBC103a LBC 1477706b 1209564 74358 5% 1056 0.93 0.83

LBC105a LBC 190664b 160450 32695 17% 484 0.51 0.34

LBC107 LBC 2180284b 1881868 978435 45% 14663 1.00 0.99

LBC108a LBC 5407154b 3773986 3360463 62% 46691 1.00 0.98

LBC48a LBC 641378b 433884 72589 11% 988 0.95 0.83

HPV31

LBC16 LBC 276994b 191290 74465 27% 1065 0.94 0.80

LBC24a LBC 471666b 348416 24197 5% 355 0.96 0.69

LBC32 LBC 2446832b 1523572 1319939 54% 18983 0.99 0.98

LBC34 LBC 3285680b 1841812 1723631 52% 23790 0.99 0.96

HPV33

HPV33 plasmid Plasmid 13824396b 5202718 5230090 38% 61527 1.00 1.00

LBC11 LBC 2852262b 1052512 986936 35% 12038 0.99 0.98

LBC30 LBC 77128b 51682 21431 28% 303 0.93 0.63

LBC31a LBC 4276740c 2831408 44917 1.1% 544 0.76 0.60

LBC52 LBC 154936b 86990 34390 22% 439 0.95 0.62

LBC65a LBC 368260b 248142 144022 39% 1993 1.00 0.91

HPV45

MS751 Cell line 1221694b 1047286 56291 5% 845 0.35 0.33

LBC13a LBC 496370b 389306 58293 12% 849 0.96 0.78

LBC29 LBC 211052b 122502 45925 22% 614 0.91 0.69

LBC36a LBC 2412532b 1822912 1579570 65% 22093 1.00 0.97

LBC54 LBC 50169422c 26385910 20570184 41% 256857 1.00 1.00

LBC64a LBC 5121416c 3040714 307476 6% 3943 0.95 0.88

Table 1. Read counts and sequencing coverage of HPV positive cell lines, plasmids and LBC samples. 
aSample has multiple HPV infections. bSequenced on MiSeq sequencing platform. cSequenced on HiSeq 2500 
sequencing platform.
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Evaluation of variant calling using SiHa technical replicates. Sequencing libraries of the SiHa cell 
line served as technical replicates to assess the variant calling performance. In both SiHa-1 and SiHa-2, more 
variable sites were detected with higher mean coverage (Fig. 4). Number of variable sites in SiHa-1 ranged from 
477 to 809 and mean coverage ranged from 2554 to 17561. Number of variable sites in SiHa-2 ranged from 257 
to 522 and mean coverage ranged from 646 to 5609 (Fig. 4; Supplementary Table S4). First, reproducibility of 
variant calling was assessed within the same SiHa sequencing library. Concordance rate of variable sites was 
calculated using HiSeq 2500 result as the reference value. The concordance rates varied from 92% (HiSeq down-
sampled 90%) to 45% (MiSeq) in SiHa-1 and from 89% (HiSeq downsampled 90%) to 27% (MiSeq) in SiHa-2 
(Supplementary Table S4). Concordance rates of variants, including low frequency variation, between replicates 
(different library, same sequencing platform) were calculated to evaluate the effect of library preparation steps on 
the number of variable sites found in each sample. Concordance rates were 21% and 19% in SiHa-1 and SiHa-2, 
respectively (Supplementary Table S5).

HPV genomic variability. Variability was analysed in cell lines and LBC samples. Samples had variable sites 
(variant allele frequency >0.2% and coverage ≥100×) in all genes with the exception of regions that were deleted 
or had low sequencing coverage. The number of variable sites was normalised by the length of each HPV genomic 
region. Genomic regions had varying percentages of variable sites (0–28%) in each of the samples. Overall, there 
were samples within each HPV type that had >15% variable sites in at least one HPV gene (Fig. 5). Principally, 
samples with higher mean coverage had more variable sites (Supplementary Table S6), which is in line with the 
results from the variant analysis done on SiHa replicates (Fig. 4). CaSki had most variable sites (1017) of the cell 
lines and LBC54 had most variable sites (1641) of the clinical samples (Supplementary Table S6). A variant profile 
with variable site positions and variant allele frequency (VAF) is shown for CaSki and LBC54 (Fig. 6). Overall, 
the results show considerable variability in the samples throughout the HPV genome (Fig. 5, Supplementary 
Figs S6–S10).

Figure 2. HPV genome sequencing coverage in HPV positive samples. The coverage plots of (a) CaSki, (b) 
HeLa, (c) LBC34, (d) LBC11, and (e) MS751 are aligned to the respective target HPV genomes. The location of 
early (E1, E2, E4-7), late (L1, L2) genes, URR, and forward (red arrows) and reverse (blue arrows) HPV primers 
is indicated below the genomic positions.
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Discussion
Here, we present a novel cost-efficient approach, TaME-seq, for the simultaneous analysis of HPV variation and 
chromosomal integration. Previous methods have been less effective and/or limited to either one of the two 
analyses29–34. To demonstrate the performance of TaME-seq, we employed HPV16, 18, 31, 33 and 45 positive 
clinical samples, HPV positive cell lines and HPV plasmids. With 47% of the total of 154.8 million raw reads 
mapped on the target HPV reference genomes, TaME-seq proved to be highly efficient in HPV target enrichment. 
Other approaches for HPV target enrichment have reported much lower HPV mapping ratios32,40, requiring more 
sequencing and therefore at a higher sequencing cost. TaME-seq currently covers HPV16, 18, 31, 33 and 45, being 
the most common HPV genotypes in cervical cancer5. TaME-seq can be extended to cover additional HPV types, 
as well as other viruses, by implementing new primers to the method.

The ability of TaME-seq to detect chromosomal integration sites has been shown for the HPV positive cervical 
cancer cell lines CaSki, SiHa, HeLa and MS751. CaSki cells contain a high copy number (~600 copies/cell) of 
integrated full-length HPV16 arranged in concatemers41,42. SiHa (1–2 HPV16 copies/cell)39,41 and HeLa (10–50 
HPV18 copies/cell)43 cells harbour integrated HPV genomes. MS751 cells contains integrated HPV4535, but in 
contrast to the product specification sheet (ATCC, Manassas, VA) no HPV18, which was verified in our analyses. 
For CaSki, 16 previously reported integration sites30,32,37 were detected by our method. In addition, three novel 
integration sites were identified. Known integration sites in SiHa31,37,39, HeLa31,36 and MS75135, as well as large 
deletions demonstrated in HeLa36 and MS75135, were confirmed by the TaME-seq method. Of the 21 LBC sam-
ples, HPV integration sites could only be detected in one sample, being in line with previous studies reporting no 
or few HPV integration events in LSIL/ASC-US samples44,45. However, other studies report integration events also 
in LSIL samples32,46. The detection of integrated forms of the virus is also dependent on the amount of episomes 
in the sample; low copy integration sites may remain undetected against a high background of episomal HPV.

The high sequencing coverage throughout the HPV genome enables detection of low frequency variants. 
Variant calling was evaluated using SiHa replicates to set the variant calling threshold. Previous studies have used 
variant calling thresholds of 0.5% or 1%17,34. With the high coverage provided by the TaME-seq method there is 

Figure 3. An IGV visualisation of HISAT2 and LAST alignments to find HPV-human integration breakpoints. 
All the reads were first mapped with HISAT2 and then the unmapped reads were remapped with LAST. (a) SiHa 
reads mapping to chromosome 13 (GRCh38/hg38). Light blue HISAT2 reads have pairs mapping to HPV16 
reference genome. Multi-coloured parts of the LAST reads are mismatched bases that map to HPV16 (not 
visualised). (b) SiHa reads mapping to HPV16 reference genome. Orange HISAT2 reads have pairs mapping 
to chromosome 13 (GRCh38/hg38). Multi-coloured parts of the LAST reads are mismatched bases that map to 
chromosome 13 (not visualised). Red arrows point to the exact breakpoint positions.
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Sample

HPV Human (GRCh38/hg38) # Unique 
discordant 
read pairs

# Unique 
junction 
readsBreakpoint ORF

Chromosomal 
locus Breakpoint

HPV16

CaSki

273 E6 20p11.1 chr20:26276796 19 0e

494a E6 20p11.1 chr20:26341342b 7 0e

582 E7 19q13.42 chr19:55310208 0 15

975 E1 Xq27.3 chrX:145696778 0 7

1398 E1 2p23.3 chr2:27135968 6 0e

1793 E1 10p14 chr10:11700197 4 0e

2987 E2 Xq27.3 chrX:145708231 3 8

3239 E2 7p22.1 chr7:6925283 5 0e

3631a E2 19q13.42 chr19:55310043c 3 0e

3729 E2 6p21.1 chr6:45691388 0 11

4654 L2 11p15.4 chr11:6741077 11 0e

5432 L2 11q22.1 chr11:100766632 2 0e

5698 L1 10p14 chr10:11700617 20 0e

5698 L1 5p11 chr5:46292081 2 0e

5762 L1 11q22.1 chr11:100771699 4 0e

6572 L1 19q13.42 chr19:55307445 3 0e

7123a L1 20p11.1 chr20:26357640b 20 0e

7733 URR 11p15.4 chr11:6740842 2 0e

7733 URR 2p23.3 chr2:27137265 6 0e

SiHa
3133 E2 13q22.1 chr13:73513425 7 7

3385 E2/E4 13q22.1 chr13:73214729 3 0e

HPV18

HeLa

2066 E1 8q24.21 chr8:127229053 2 0e

2887 E2 8q24.21 chr8:127221122 13 0e

5730 L1 8q24.21 chr8:127218384 11 89

7655 URR 8q24.21 chr8:127221804 3 0e

LBC105 1561 E1 7q11.23 chr7:74525628d 0 10

LBC105 6528 L1 7q11.23 chr7:74515883d 2 0e

HPV45

MS751
1646 E1 18q11.2 chr18:23024744 10 0e

7120 L1 18q11.2 chr18:23021388 15 0e

Table 2. Chromosomal integration sites detected by TaME-seq. aNovel breakpoint in CaSki cell line. bNo 
annotated genes within 50 kb from the breakpoint. cIntronic region in gene BRSK1. dIntronic region in gene 
GTF2IRD1. eWhen number of unique junction reads is 0, the breakpoint coordinates are not exact.

Figure 4. Number of variable sites in SiHa replicates. SiHa-1 (red dots) and SiHa-2 (blue dots) served as 
technical replicates to assess the variant calling performance. In SiHa libraries, sequenced on MiSeq and HiSeq 
2500 platforms, increasing number of variable sites were detected with higher mean coverage.
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potential for detecting very low frequency variation. We have therefore analysed the variation using 0.2% as the 
variant calling threshold. Multiple and stringent filtering steps was included to filter out non-reliable variants, as 
we are approaching the inherent error rate profile of the PCR amplification and Illumina sequencing47. However, 
the threshold for variant calling is dependent on experimental and analytical basis and must be set according to 
the study aims.

The results from the SiHa analysis indicate that calling ultra-low frequency variants is dependent on the 
sequencing coverage. Lower sequencing coverage results in the detection of fewer variants and less concordance 
between sample replicates. In order to find ultra-low frequency variants, high sequencing coverage is required. 
Figure 4 shows that at the mean coverage of 12000×, the number of variants in SiHa-1 is approaching saturation. 
This indicates that more variants are not likely to be found even with higher sequencing coverage. Finally, dif-
ferences in sequencing coverage affect the number of variable sites found, but also experimental approaches due 
to stochastic sampling and variant calling can fail to reveal low frequency variants. Overall, our results uncover 
low frequency variants in the samples, potentially introduced by DNA repair mechanisms and APOBEC enzyme 
mediated DNA editing48–50, although some bias may be introduced by PCR and sequencing. Variable sites are 
present in all genes of the studied HPV types. Traditionally, studies have focused on sequence variation on a viral 
sublineage level13–16 or the high variability has been interpreted as HPV variant co-infections29. The development 
of NGS technologies has provided comprehensive tools for the study of HPV genomic variability. Recent studies 
have reported high HPV variability that may be evidence of intra-host viral evolution and adaptation generated 
during a chronic HPV infection17–20.

Figure 5. Proportion of variable sites in HPV genes in HPV positive samples. The number of variable sites 
was normalised by the length of each HPV gene. Gradient green (0% variable sites) to red (30% variable sites) 
color-coding of the results is shown to present the considerable variability in the samples throughout the HPV 
genome.
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Our study has some limitations. Firstly, TaME-seq is not intended for determining HPV genotypes and we rec-
ommend it for analyses of HPV variability and integration events in samples with known HPV status. Secondly, 
due to variation in amplification efficacy, an uneven coverage is seen for different genomic regions. Sudden drops 
in the coverage, that are not genomic deletions, may be due to suboptimal primer performance or poor alignment 
against the reference genomes. This issue can be solved partly by designing new primers covering these regions 
and optimising the primer performance. Also, the read alignment step can be further optimised. Alternatively, 
alignment could be performed by de novo assembly to create consensus sequences for the alignment. Thirdly, 
enough viral DNA and good dsDNA quality are important for achieving consistent tagmentation results in the 
Nextera protocol51. Sample preparation of the excluded LBC samples failed likely due to very low viral load in the 
samples, which was not quantified separately.

In summary, we have developed a NGS approach that allows the simultaneous study of HPV genomic variabil-
ity and chromosomal integration. TaME-seq is applicable to large sample cohorts due to its highly efficient target 
enrichment, leading to less off-target sequences and therefore reduced sequencing cost. Comprehensive studies 
on HPV intra-host variability generated during a persistent infection will improve our understanding of viral 
carcinogenesis. Efficient identification of HPV genomic variability and integration sites will be important both for 
the study of HPV evolution, adaptability and may be a useful tool for cervical cancer diagnostics.

Methods
Samples. Anonymised LBC samples from routine cervical cancer screening were included in the study, 
comprising cases of atypical squamous cells of undetermined significance (ASC-US) and low-grade squamous 
intraepithelial lesions (LSIL). HPV positive samples with the cobas 4800 HPV test (Roche Molecular Diagnostics, 
Pleasanton, CA) were extracted for DNA using the automated system NucliSENS easyMAG (BioMerieux Inc., 
France) with off-board lysis. The samples were HPV genotyped using the modified GP5+/6+ PCR protocol 
(MGP)52, followed by HPV type-specific hybridisation using Luminex suspension array technology53 or the 
Anyplex™ II HPV28 assay (Seegene, Inc., Seoul, Korea). LBC samples (n = 31) were positive for HPV16, 18, 31, 
33 or 45 alone, or had multiple infections including at least one of the five types. DNA extracted from the HPV 
positive cervical carcinoma cell lines CaSki, SiHa, HeLa and MS751 (ATCC, Manassas, VA) served as positive 
controls. WHO international standards for HPV 16 (1st WHO International Standard for Human Papillomavirus 
Type 16 DNA, NIBSC code: 06/202) and 18 (1st WHO International Standard for Human Papillomavirus Type 18 

Figure 6. HPV nucleotide variation observed in two samples. The plots showing variable sites and variant allele 
frequency (%) in (a) CaSki, and (b) LBC54 are aligned to the respective target HPV genomes. The location of 
genes and URR is indicated below the genomic positions. The red line indicates the variant calling threshold 
value of 0.2%.
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DNA, NIBSC code: 06/206)(NIBSC, Potters Bar, Hertfordshire, UK) and a plasmid containing the strain HPV3354 
were used as additional positive controls. Laboratory-grade water and DNA from an HPV negative human sam-
ple were included as negative controls. DNA was quantified by the fluorescence-based Qubit dsDNA HS assay 
(Thermo Fisher Scientific Inc.,Waltham, MA, USA).

Primer design. HPV16, 18, 31, 33, and 45 whole genome reference and variant sequences were obtained 
from the PapillomaVirus Episteme (PaVE) database55. All the available reference and variant sequences within 
an HPV type were aligned using the multiple sequence alignment tool ClustalO56. The sequence alignment 
was converted to a consensus sequence for each HPV type in CLC Sequence viewer version 7.7.1 (QIAGEN 
Aarhus A/S). TaME-seq HPV primers were designed using Primer357 and HPV consensus sequences as 
the source sequence. Finally, primers were modified by adding an Illumina TruSeq-compatible adapter tail 
(5′-AGACGTGTGCTCTTCCGATCT-3′) to the 5′-end and then synthesised by Thermo Fisher Scientific, Inc. 
(Waltham, MA).

Library preparation and sequencing. Primer pools for each HPV type were prepared by combining 
primers separately in equal volumes. Samples were subjected to tagmentation using Nextera DNA library prep kit 
(Illumina, Inc., San Diego, CA). Tagmented DNA was purified using DNA Clean & Concentrator™-5 columns 
(Zymo Research, Irvine, CA) according the manufacturer’s instructions or ZR-96 DNA Clean & Concentrator™-5 
plates (Zymo Research, Irvine, CA) according to the Nextera® DNA Library Prep Reference Guide (15027987 
v01) before PCR amplification for target enrichment. Amplification was performed using Qiagen Multiplex PCR 
Master mix (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. For each sample, two PCR 
reactions were performed separately with 0.75 µM of HPV primer pools, 0.5 µM of i7 index primers (adapted 
from Kozich et al.58) and 1 µl of i5 index primers from the Nextera index kit (Illumina, Inc., San Diego, CA). The 
cycling conditions were as follows: initial denaturation and hot start at 95 °C for 5 minutes; 30 cycles at 95 °C for 
30 seconds, at 58 °C for 90 seconds and at 72 °C for 20 seconds; final extension at 68 °C for 10 minutes. Following 
amplification, libraries were pooled in equal volumes and the final sample pool was purified with Agencourt® 
AMPure® XP beads (Beckman Coulter, Brea, CA). The quality and quantity of the pooled libraries were assessed 
on Agilent 2100 Bioanalyzer using Agilent High Sensitivity DNA Kit (Agilent Technologies Inc., Santa Clara, CA) 
and by qPCR using KAPA DNA library quantification kit (Kapa Biosystems, Wilmington, MA). Sequencing was 
performed on the MiSeq platform (Illumina, Inc., San Diego, CA) or on the HiSeq 2500 platform (Illumina, Inc., 
San Diego, CA). Samples were sequenced as 151 bp paired-end reads and two 8 bp index reads.

Sequence alignment. Raw paired-end reads were trimmed for adapters, HPV primers, quality (-q 20) 
and finally for minimum length (-m 50) using cutadapt (v1.10)59. Trimmed reads were mapped to human 
(GRCh38/hg38) and HPV16, 18, 31, 33 and 45 reference genomes obtained from the PaVE database55 using 
HISAT2 (v2.1.0)60. Mapping statistics and sequencing coverage were calculated using the Pysam package61 with 
an in-house Python (v3.5.4) script. Downstream analysis was performed using an in-house R (v3.4.4) script. 
Results from both reactions of the same sample were combined and method performance was then evaluated 
based on the percentage of obtained reads mapped to the HPV reference genome, mean sequencing coverage and 
percentage of HPV reference genome coverage for each sample. Further analysis was performed when a sample 
had >20000 reads mapped to the target HPV reference genome. The target HPV genomes correspond to the HPV 
types for which the samples were reported positive by HPV genotyping.

Detecting HPV-human integration sites. The paired-end reads that mapped (HISAT2) with one end to 
a human chromosome and the other end to the target HPV reference genome were identified as discordant read 
pairs. If a specific position had ≥2 read pairs with unique start or end coordinates, it was considered as a potential 
integration site. To determine the exact position of HPV-human integration breakpoints, previously unmapped 
reads were remapped to human and HPV reference genomes (as above) using the LAST (v876) aligner (options 
-M -C2)62. Positions covered by ≥3 junction reads, with unique start or end coordinates, were considered as 
potential integration breakpoints. Integration site detection was not based on reads sharing the same start and 
end coordinates as these reads were considered as potential PCR duplicates. Selected HPV integration break-
points were confirmed by PCR amplification and Sanger sequencing.

Sequence variation analysis. Mapped nucleotide counts over HPV reference genomes and average map-
ping quality values of each nucleotide were retrieved from BAM files and variant calling was performed using an 
in-house R script. To reduce the effects of PCR amplification and sequencing artefacts in the variation analysis, 
filtering was applied before the variant calling. Nucleotides seen ≤2 times in each position and nucleotides with 
mean Phred quality score of <20 were filtered out. Nucleotide counts from both reactions of the same sample 
were combined and variant allele frequencies (VAF) of the three minor alleles in each position were calculated. If 
results from either of the reaction showed >5 times larger VAF with <20% of the total coverage, it was discarded 
from variant calling. Finally, variants were called if VAF was >0.2% and coverage was ≥100×.

Two sequencing libraries of SiHa cell line served as technical replicates to assess the variant calling perfor-
mance. The technical replicates were sequenced on the MiSeq platform or on the HiSeq 2500 platform. In addi-
tion, HiSeq raw sequencing data was downsampled randomly and defined portions (90%, 75%, 50% and 25%) 
of the original reads were further analysed. Reproducibility of calling variants in the replicates was assessed by 
calculating concordance rate. The concordance rate (Rc) between duplicates was defined as follows:

=R N
mean N N( , )c

c

1 2
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where Nc was the number of concordant variants between a pair of replicate samples, and N1 and N2 were the total 
number of variants detected in each of the duplicated sample.

Ethical approval. This study was approved by the regional committee for medical and health research ethics, 
Oslo, Norway [2017/447] and we confirm that all experiments were performed in accordance with the commit-
tee’s guidelines and regulations.

Data Availability
Sequence data from cell lines will be available at European Nucleotide Archive (ENA) accession number 
ERP111061. Plasmids are third party property and requests must be made to International Human Papilloma-
virus Reference Center and Institut Pasteur. Sequencing data from clinical samples will be available from the 
authors upon request with obtained ethical approval. Clinical sequence data may be deposited at the European 
Genome-phenome Archive (EGA) (ethical and legal assessments are on-going).
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A B S T R A C T

Background: Chronic infections by one of the oncogenic human papillomaviruses (HPVs) are responsible for near
5% of the global cancer burden and HPV16 is the type most often found in cancers. HPV genomes display
unexpected levels of variation when deep-sequenced. Minor nucleotide variations (MNVs) may reveal HPV
genomic instability and HPV-related carcinogenic transformation of host cells.
Objectives: The objective of this study was to investigate HPV16 genome variation at the minor variant level on
persisting HPV16 cervical infections from a population of young Dutch women.
Study design: 15 HPV16 infections were sequenced using a whole-HPV genome deep sequencing protocol (TaME-
seq). One infection was followed over a three-year period, eight were followed over a two-year period, three
were followed over a one-year period and three infections had a single sampling point.
Results and conclusions: Using a 1% variant frequency cutoff, we find on average 48 MNVs per HPV16 genome
and 1717 MNVs in total when sequencing coverage was> 100× . We find the transition mutation T > C to be
the most common, in contrast to other studies detecting APOBEC-related C > T mutation profiles in pre-can-
cerous and cancer samples. Our results suggest that the relative mutagenic footprint of HPV16 genomes may
differ between the infections in this study and transforming lesions. In addition, we identify a number of MNVs
that have previously been associated with higher incidence of high-grade lesions (CIN3+) in a population study.
These findings may provide a starting point for future studies exploring causality between emerging HPV minor
genomic variants and cancer development.

1. Introduction

Human papillomavirus (HPV) is the most common sexually trans-
mitted infection worldwide [1] and persistent infection with an onco-
genic HPV type is required, but not sufficient, for the development of
cervical cancer [2]. Although most HPV infections clear naturally
within 12-18 months [3], a subset may persist, potentially progressing
to cervical intraepithelial lesions of varying degrees (CIN1-3) and in-
vasive cervical cancer. HPV is a double stranded DNA virus that uses
host replication machinery and has co-diverged with humans to con-
stitute highly conserved genotypes [4,5]. Within HPV types, distinction

is made between lineages (1–10% whole genome genetic difference),
sublineages (0.5–1.0%) and variants (< 0.5%) [6]. Lineages and sub-
lineages of HPV have been associated with differential risks for disease
outcomes [7,8]. In addition, recent studies have shown that HPV ex-
hibits large variation, both at the population level and within its human
host despite the strongly conserved genome [9–14]. Currently, limited
information is available explaining the origin of this diversity.

Deep sequencing of HPV genomes has revealed the presence of
minor nucleotide variations (MNVs). These polymorphic sites show one
or multiple different nucleotides in addition to the consensus or ma-
jority nucleotide [15]. Such MNVs can only be reliably detected by
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means of high-resolution sequencing. HPV is considered to evolve
slowly due to the high fidelity of its human host replication machinery
[4,16]. However, humans also encode several low-fidelity polymerases,
some of which are upregulated in early stages of HPV16 infection [17].
These polymerases are often recruited for DNA repair by means of non-
homologous end-joining [18]. The HPV life cycle involves two separate
rounds of replication. An initial round in proliferating cells at the basal
layer of the stratified epithelium yielding 10–100 copies of the viral
genome per cell, and another productive round, in differentiated cells at
the suprabasal level, resulting in thousands of viral copies per cell [19].
Several DNA repair pathways are required for productive HPV re-
plication, yet information relating to their influence on generating
mutations at the minor variant level is lacking. In addition, viral mu-
tation rates can be affected by, sequence context, template secondary
structure, the cellular microenvironment and several other factors re-
lating to replication, post-replicative corrections and DNA repair [20].
A known source of mutations in HPV genomes is apolipoprotein B
mRNA editing enzyme (APOBEC) activity, which is part of the host
innate immune response against viruses [21]. APOBEC enzymes induce
genetic change by converting cytidine to uridine, which may base pair
with adenosine, causing C > T substitution mutants after replication.
APOBEC-related changes have been identified in cervical cancer patient
genomes [22]. Additionally, the HPV genome is itself susceptible to
APOBEC editing [12,23]. HPV oncoproteins E6 and E7 upregulate the
expression of APOBEC3A and APOBEC3B [24,25]. In turn, APOBEC3B
activity is upregulated in cancer tissues [26,27]. Interestingly, con-
servation of the HPV E7 gene, through a lack of APOBEC-related
editing, was shown to be essential for the development of cervical
cancer in a population study [12]. Despite these findings, APOBEC
activity in HPV infections in young women remains largely un-
characterized.

In this study, we aim to identify intra-sample MNVs in HPV16 in-
fections from young women and monitor changes over time. To this
end, we use TaME-seq for sequencing [28]. TaME-seq adapts tagmen-
tation-assisted (enzymatic cleaving and tagging of double-stranded
DNA) library preparation by replacing one of the generic sequencing
primers with a cocktail of 52 HPV specific primers. Reactions are per-
formed separately for forward and reverse sequencing products, re-
placing the forward generic primer with a HPV specific one and vice
versa. This multiplex PCR enrichment approach results in a higher yield
of HPV specific sequencing data. Here, we apply TaME-seq, to a long-
itudinal retrospective cohort study [29].

2. Materials and methods

2.1. Sample selection

Vaginal self-swabs were obtained from the Chlamydia trachomatis
Screening and Implementation (CSI) study. Recruitment criteria,
methods and additional consent for HPV testing have been described
previously [29–31]. Cytology was not performed on these samples, but
considering the age of study participants (16–29 years old), the iden-
tified infections are likely benign. Participants supplied up to four
samples over time. For this study, the median interval between sam-
pling moments was 48 weeks (95% CI: 46–51 weeks; min: 17, max: 63
weeks). Total DNA from 200 μL of sample was isolated using the

MagnaPure96 platform (Total Nucleic Acid Isolation Kit, Roche Diag-
nostics) according to the manufacturer’s protocol. Isolated material was
eluted in 100 μL and subsequently genotyped via the SPF10-DEIA-
LiPA25 platform (DDL Diagnostics) [32,33]. Viral load of HPV16 po-
sitive samples was quantified via type-specific qPCR [34]. Infections
were selected if they were HPV16 positive during at least three sub-
sequent follow-up moments, preferably with no other HPV genotypes
present (Fig. 2).

2.2. Library preparation and sequencing

Library preparation was performed using TaME-seq [28]. Briefly,
each sample was tagmented using the Nextera DNA library prep kit
(Illumina, Inc., San Diego, CA) and subsequently amplified in two se-
parate reactions. Amplification occurred by multiplex PCR using pools
of 27 forward (F) and 25 reverse (R) HPV16 primers in combination
with i7 and i5 index primers [35] from the Nextera index kit (Illumina,
Inc., San Diego, CA). Libraries from all samples were sequenced on the
Illumina MiSeq and HiSeq2500 platform as 151 bp paired-end reads
with two 8 bp index reads.

2.3. Sequence alignment and nucleotide variant calling

Sequence data was analyzed using an in-house bioinformatics pi-
peline [28]. Reads were mapped to the human genome (GRCh38/hg38)
and HPV16 reference genome (GI:333,031 HPV16REF.1) [36], using
HISAT2 (v2.1.0) [37]. Consensus sequences were extracted using
samtools (v1.8) mpileup (-E -d 200,000 -L 200,000), bcftools (v1.6)
(call -c –ploidy 1) and vcfutils.pl. Consensus sequences were compared
to Sanger data from a previous study [10] using MUSCLE (v.3.8.1551)
to align sequences, IQtree (v1.5.5) to infer maximum likelihood phy-
logeny and FigTree (v1.4.3) to visualize the alignment. Mapped nu-
cleotide counts over HPV reference genomes and average mapping
quality values of each nucleotide were retrieved from BAM files. Var-
iant calling was performed using an in-house R (v3.4.4) script (Fig. 1).
In each sample, nucleotides called ≤2 times in each genomic position
or with mean Phred score of< 30 were removed. From either reaction,
results with coverage<100× were filtered out. F and R nucleotide
counts were pooled per sample and major and minor variant fre-
quencies were calculated per position. Samples were excluded if< 45%
of the genome was covered ≥100× . Variants were called if variant
frequency was> 1%. If F and R reactions from the same sample showed
discordant variants, the reaction with higher coverage was chosen for
total variant calling. Genomic locations of MNVs were mapped and
major to minor variant mutations were classified as synonymous or
non-synonymous in each infection. In addition, MNVs appearing con-
secutively in follow-up samples from the same infection were identified.
Selected samples with a high read count (> 1,000,000) mapped to
HPV16, were downsampled randomly to 100.000 reads to rule out
possible effects of excessively high sequencing coverage on variant
calling.

2.4. Mutational signature analysis

All observed nucleotide substitutions were classified into the six
base substitutions, C > A (G > T), C > G (G > C), C > T (G > A),

Fig. 1. Schematic representation of the nucleotide variant calling.
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T > A (A > T), T > C (A > G), and T > G (A > C) substitutions,
and then into 96 trinucleotide substitution types that include in-
formation on the bases immediately 5′ and 3′ of the mutated base.
Analysis was performed using an in-house R (v3.4.4) script. A region
frequently subject to insertions / deletions (indels) was identified in the
non-coding region (NCR) at positions 4184 and 4185. At these posi-
tions, small indels in the sequenced genomes often resulted in mapping
errors. Consequentially, 18 T > A and 2 T > G mutations in these two
positions have been removed from the present analysis.

2.5. Data availability

The data obtained in this study was deposited in ENA under project
number (will be added when available).

3. Results

3.1. Mean sequencing coverage and viral load

In total, 59 samples from persistent HPV16 infections were pro-
cessed using TaME-seq and 61% (36/59) had>45% genome covered
by minimum 100× (Table S1), which was the criterion for further
analysis. The remaining 36 samples originated from 15 infections
(Fig. 2). The mean sequencing coverage per sample ranged from 653 to
399,653 reads (Table S1). Samples had varying HPV16 viral load,
which correlated strongly with the per sample mean sequencing cov-
erage (Fig. 3, Pearson correlation coefficient 0.89).

Of the samples with a high viral load (> 1500 copies/μL; n=30),
29 could be included in downstream analyses. Of the samples with a
lower viral load (< 1500 copies/μL; n= 29), only seven could be in-
cluded, bringing the total sample number included in downstream
analyses to 36.

3.2. Comparison of NGS data to previous Sanger results

Sanger data from a previous study was available for 29 out of 36
samples [10]. Consensus sequences obtained in the present study were
compared to those previously described [10]. The alignment of Sanger
and NGS results overlaps, suggesting high concordance between data-
sets (Fig. S1).

3.3. HPV16 minor nucleotide variations

A total of 1717 HPV16 MNVs (variant frequency>1% and cov-
erage ≥100×) were detected in the 36 samples (Table 1; Fig. 4; Table

S2), with 15 to 82 different variants per sample (average 48.3 variants
per genome, Table S2). Variant frequency ranged from 1% to 49.6%. No
significant correlation was found between the number of variable sites
detected and mean or median sequencing coverage (Pearson correlation
coefficient: r=-0.41). We note however that the sample (545351-3)
with the by far highest mean coverage (399,653) and viral load reports
the lowest number of variable sites (n=15) (Table S1 and S2). The two
samples (340223-1 and 407612-1) with the lowest mean coverage,
report the mean (48) or below (32) number of variable sites (Table S1
and S2). Of all variants, 85.3% (1465/1717) had a frequency of< 5%.
Non-synonymous and synonymous MNVs were analyzed and are sum-
marized in Table 2.

In order to explore unusual mutational patterns in any gene region,
the number of synonymous and non-synonymous MNVs was mapped
against the consensus sequence of each infection (Table 2). On average
there were 167 times (STDEV ± 019) more non-synonymous than sy-
nonymous mutations. No genomic region could be singled out as no-
tably different from other regions.

The total number of MNVs observed in each gene region varied
considerably (Table 2), but correlated well with gene length (Pearson
correlation coefficient: 0.98; Fig. 5). The L2 gene showed a lower than
expected amount of variation, although sequence coverage was low
around genome positions 4800–5000 bp. Overall, the majority of MNVs
found (90%, n=1550/1717), were caused by transition events
(Table 1). Transversion mutations were detected in 10% of cases. The
most common MNV was T > C (A > G; 67%, n= 1146/1717) fol-
lowed by C > T (G > A; 24%, n=404/1717) (Table 1; Fig. 6). The
overall T > C mutation ratio was 67%. In comparison, the T > C

Fig. 2. Study flowchart describing selected samples and sequencing outcome. VL= viral load.

Fig. 3. Correlation between mean sequencing coverage and viral load (HPV16
copies/μL) in each sample.
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ratios identified from either F or R sequencing reactions or both se-
quencing reactions together were 68% and 65% respectively (Table 1).
When MNVs were detected in regions where F and R reactions over-
lapped, the T > C ratio was 63% when either the F/R reactions iden-
tified a MNV over the set threshold (same major different minor) and
73% when both F/R reactions made the same MNV call (same major
and same MNV) (Table 1).

Consecutive samples collected at one-year intervals from the same
infection generally showed different MNVs over time. However, 35
MNVs across the HPV16 genome were recaptured in one of the follow-
up samples of eleven different infections (Table S3) amounting to 4%
(70/1717) of the total MNVs. Furthermore, the T > C mutation ratio
drops to 44% in this subset relative to the overall ratio. The T > C
MNVs were the most prevalent in all but one sample collected at the
third sampling point (444086-3), where the C > T minor variants were
dominant (Fig. S2, S3).Moreover, 45 MNVs were detected at 21 poly-
morphic sites previously associated with CIN3+ (Table S4) [12]. Of
these, the two polymorphisms most frequently found were seven in
position 3410 in the E2/E4 gene and six in position 4042 in the E5
gene.

4. Discussion

Using the highly sensitive TaME-seq assay, we investigated con-
secutive HPV16 positive samples from the same infection. Our data
suggests the presence of numerous HPV16 MNVs. Consensus sequences
(major nucleotide variants) were conserved over time (up to two years
follow-up), in line with previous results from this cohort [10]. The

detection of MNVs correlated with depth of coverage, which in turn and
as to be expected, correlated strongly with sample viral load. The dis-
tribution of synonymous and non-synonymous MNVs across the
genome appeared uniform and therefore gave no grounds for inter-
preting selection. Furthermore, MNVs are generally greatly out-
numbered by the consensus type, which would be available for tran-
scription of functional proteins. At this MNV level we cannot therefore
interpret any substitution rates. Further studies using samples with le-
sions of varying degrees are required to study the dynamics of and
associations between specific MNVs and carcinogenesis.

From 15 HPV16 positive infections (36 samples), we identified a
total of 1717 polymorphic positions. Per infection we found on average
48 MNVs/genome (range 15–82) using the 1% frequency cutoff. Our
study coincides by magnitude with findings reported by de Oliveira
et al. (5–125 MNVs/genome, 1% cutoff) [15], as well as a study in-
vestigating HPV16/52/58 MNVs in CIN1+ by Hirose et al. (0–85
MNVs/genome, 0.5% cutoff) [38,39]. Hirose and colleagues further
found that the number of HPV16 variants negatively correlated with
histological grade. On average, we observe more variants than Hirose
et al., which may be in part due to methodological differences, but
likely also due to the age group from which our samples were obtained.

Although the number of MNVs identified is comparable to other
studies, the nature of the mutation profiles differs. We find that the
overall majority (67%) of MNVs were T > C changes, whereas other
studies point to a higher frequency of C > T mutations, which we find
the second-most abundant (23%). The ratios of T > C mutations
against all MNVs are very consistent in our data irrespective of how
they were called. Although TaMe-seq is designed with high primer

Table 1
Composition of minor nucleotide variations (MNVs) identified in this study. Percentages of total (%) MNVs were identified from a single reaction of either the
forward (F) or reverse (R) sequencing reaction (only F or R, coverage>100x) or from both sequencing reactions (F and R, coverage> 100×). MNVs identified in
regions where F and R overlapped were compared to major nucleotides and scored if they matched (same major, same MNVs from both F and R) or mismatched
(same major, different MNV from both F and R). Finally the number of MNVs detected repeatedly in follow-up samples is shown.

MNV calling/mutation type T > C T > A T > G C > T C > A C > G Total

Total MNVs 1146 (67%) 56 68 404 (23%) 26 17 1717
MNVs with coverage > 100× for either F or R 610 (68%) 36 38 190 (21%) 13 8 895
MNVs with coverage > 100× for both F and R 536 (65%) 20 30 214 (26%) 13 9 822
Same major and different MNV F and R 398 (63%) 16 22 175 (28%) 8 6 625
Same major and same MNV F and R 135 (73%) 2 6 35 (19%) 4 2 184
Consecutive detection of same MNV 31 (44%) 3 6 24 (34%) 4 2 70

Fig. 4. Variable sites (n= 1717) and mean sequencing cov-
erage in the 36 samples from 15 individuals. Variation rate
(top) shows the amount of samples (in %) carrying a minor
nucleotide variant in each position. Each horizontal line re-
presents an individual sample, which is named according to
case number and sample number (1–4) indicating the sample
collection time point. Samples from the same infection are
clustered and separated from others by dashed lines. Variable
positions with variant frequency of ≤5% are marked with red
and variable positions with variant frequency> 5% is marked
with blue. Mean sequencing coverage is shown across the
HPV16 genome. The location of early (E1, E2, E4-7), late (L1,
L2) genes, URR and NCR is indicated below the HPV16
genomic positions (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.).
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density to cover the entire HPV16 genome (52 in total), it is not de-
signed to completely cover the genome with both the two F and R re-
actions separately. Despite this, nearly half (n= 809/1717) of the
called MNVs are found in overlapping regions obtained from the two
reactions independently. Most of these (n= 625) are called in either
one of the F or R reactions suggesting that they are either below the 1%
frequency cutoff in the other reaction, stochastically amplified from a
variant pool by only one of the reactions, or noise. The T > C mutation
ratio is lowest in these unpaired MNVs (63%) and highest (73%) in
those that are called by both the F and R reactions (11% of total MNVs,
n=184/1717). This is the opposite of what could be expected if T > C
mutations were erroneously called, assuming that MNVs independently
detected by the F and R reactions confirm each other. The probability of
falsely calling the same MNV in two separate reactions is extremely
small. Therefore, the derived mutation ratios support the overall
finding that T > C mutations dominate the MNVs in our samples. The
origin of these T > C mutations remains to be explored, particularly
with a focus on early infection events and influence from genome dy-
namics, DNA repair and viral replication.

The C > T mutation profile is associated with APOBEC activity

[12,38]. Over time, APOBEC-related C > T changes accumulate in
progressing infections, resulting in mutation patterns observed in
CIN1+ materials [12,38]. Our findings imply that APOBEC activity
could manifest at later developmental stages of infections than those
included in this study. Interestingly, in our dataset we find one infection
that shifts over time from a T > C heavy mutation profile, to a C > T
heavy mutation profile (444086, Fig. S2), suggesting APOBEC activity.
This is further supported by the observation that the C > T mutations
in the last collected sample of this infection are almost exclusively in
the 5´-TC dinucleotide context which is the preferred APOBEC3A and
APOBEC3B motif [40]. MNVs were generally not recaptured in con-
secutive samples. This may be due to sampling of random fractions of
the low frequency MNV for each sample and potentially changes in HPV
genome dynamics over time. Despite this, 35 MNVs could be detected
repeatedly in follow-up samples. Although the numbers are small, it is
noticeable that the T > C ratio is lower (44%) and the C > T ratio
higher (34%) in these persistent MNVs relative to the overall distribu-
tion of mutations (67 and 28%, respectively). Although this dataset is
too small to make firm statements, it is tempting to speculate that an
APOBEC footprint accumulates, and therefore becomes more easily
detectable in the viral pool over time. This does not necessarily occur
from selection but from persisting APOBEC activity. In this study, we
repeatedly identified (1–7 times) 45 MNVs at 21 polymorphic sites.
These sites overlap with a subset of HPV16 SNPs reported by Mirabello
et al., which are significantly associated with disease outcome at the
population level [12]. Here, they are identified at the minority level.
Although, the biological relevance of low frequency variants is yet to be
determined, changes in MNV frequency over time might be an indica-
tion of microevolution linking to disease progression. This study pre-
sents a first look at the development of MNVs over time. Since previous
knowledge on this subject is scarce, a number of unknowns become
apparent. Currently, we do not fully comprehend the origin or interplay
of minority variants. Variants with similar fitness could be originating
naturally over time within hosts, who could then transmit them during
intercourse. The role of repeated exposure is also unknown and could

Table 2
Minor nucleotide variants per HPV16 gene/genome region in the 36 HPV16 samples included in the analysis. Where applicable, MNVs are sorted by effect on coding
sequence relative to the major nucleotide variant of each infection. *Since certain genes overlap, 84 MNVs are reported more than once.

Gene Length (bp) Total number (n) of minor nucleotide variations

All (%) Synonymous (%) Non-synonymous (%) Nonsense (%)

E6 477 116 (24.3) 46 (9.6) 66 (13.8) 4 (0.8)
E7 297 65 (21.9) 26 (8.8) 39 (13.1) 0
E1 1950 439 (22.5) 143 (7.3) 282 (14.5) 14 (0.7)
E2 1098 248 (22.6) 90 (8.2) 155 (14.1) 3 (0.3)
E4 288 65 (22.6) 25 (8.7) 40 (13.9) 0
E5 252 68 (27.0) 23 (9.1) 44 (17.5) 1 (0.4)
L2 1422 233 (16.4) 91 (6.4) 142 (10.0) 0
L1 1518 350 (23.1) 133 (8.8) 210 (13.8) 7 (0.5)
URR 832 180 (21.6) – – –
SUM 1801* 577 978 29.

Fig. 5. Correlation between the total number of minor nucleotide variants
(MNVs) and the length of viral gene regions including URR and NCR. Since
certain genes overlap, MNVs can be counted more than once.

Fig. 6. Overall mutational signatures of 1717 minor nucleotide variants (MNVs) in 36 samples. Mutations are classified into six base substitutions and further into 96
trinucleotide substitution types. Mean proportion of each 96 mutational signature was calculated in the samples. Error bars represent the standard error of the mean.
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lead to an increase of variant diversity for each exposure event. Im-
portantly, the detection of abundant intra host MNVs does not chal-
lenge the well-established slow evolution of HPVs but rather increases
our understanding of the variable HPV16 genome substrate that can be
available for natural selection and evolution at the population level.
Future research is required to unravel the fundamentals of HPV variant
genesis and their role in transmission and establishment of new infec-
tions.

One of the strengths of this study is the use of TaME-seq for deep
whole HPV genome sequencing. A comparison of consensus sequences
obtained using TaME-seq with previously described Sanger sequencing
data showed similar results [10]. In addition, the robustness and re-
liability of the bioinformatics pipeline, calling mutation profiles from
raw sequence data, was controlled by reanalysis of the data from Hirose
et al. [38], producing excellent compatibility. Finally, our method en-
abled us to detect 11% of the called MNVs independently in over-
lapping reads obtained from the two amplification reactions (F and R).
Using these, we compared mutational profiles to the whole dataset and
similar distributions of mutations were observed.

The design and method used in this study carry some limitations.
TaME-seq genome coverage varied between samples and strongly cor-
related with the initial HPV load. Since overlapping high-resolution
data is required to compare MNVs at different time points of an infec-
tion, sample inclusion was limited to ≥100× coverage across> 45%
of the genome. Consequentially, the mutational patterns observed in
this study are often observed on stretches of DNA rather than whole-
genome results. It is worth noting that the mutational profiles described
in the present analysis, reflect the complete population of HPV16 var-
iants in each sample. No distinction is made between potential co-in-
fections of the same type to prevent potential bias. To compensate for
varying viral load of the input material on the resulting sequencing
coverage, a downsampling analysis was performed of high-coverage
samples, which showed similar results to the original analysis.
Therefore, we expect sequence coverage differences to be of limited
influence on the observed mutation patterns. However, one 200 nt
genomic region was poorly covered in all samples (position
4800–5000), possibly due to scarcity of primers. Potential MNVs in this
region may therefore be underreported. One sample with the highest
coverage (> 10 fold higher than most other samples) and viral load,
reported the least number of MNVs (n= 15). This illustrates how MNVs
may not reach 1% frequency against a massive backdrop of major
variants in a competitive amplification step.

MNVs were generally found to differ between consecutive samples.
The identification of a number of MNVs which were conserved in
consecutive samples (Table S3) suggests that this is at least partially
caused by sequence coverage and depth. Uncommon MNVs around the
detection cutoff will vary in detection and frequency due to PCR and
sequencing stochasticity. In addition, the sequencing resolution dictates
the number of variants detected from an expected larger mutational
pool. It is likely that highly prevalent MNVs are more frequently de-
tected than MNVs around the detection cutoff, although a correlation
between MNV prevalence and consecutive detection could not be
confirmed for our dataset. It is likely that each sample preparation step
leads to a selection of MNVs from the total pool, making redetection of
MNVs over time difficult. Furthermore, biological differences between
baseline and follow-up samples account for a large portion of MNVs
that could not be repeatedly detected. A high viral load at baseline
suggests that many MNVs can be detected, while a low viral load at
follow-up suggests that only a limited number could be detected. This
could explain how often even prevalent MNVs could not be detected in
follow-up samples. To our knowledge, this dataset is among the first to
describe MNVs in follow-up samples, implying that there could be
methodological inefficiencies in the redetection of MNVs from follow-
up samples. Further research is required to determine the optimal ap-
proach for this.

In this study, QIAGEN Multiplex PCR kit with HotStar Taq DNA

Polymerase was used, which, like other polymerases lacking proof-
reading, could introduce a T > C prone error bias [41]. Additionally,
some of the observed transitions could be caused by the Illumina
platform [47]. However, as described in the methods section, the use of
paired-end reads and a cutoff for calling minor variants (> 1%) should
minimize bias from these sources. Furthermore, MNVs in 35 individual
genome positions were detected repeatedly in consecutive samples and
138 MNVs in both the separate F and R amplification reactions, sug-
gesting robustness for our observations.

The samples used here were obtained from a retrospective cohort
study, which was initially aimed at identifying Chlamydia trachomatis
infections, and later adapted for HPV purposes [17]. Due to the age of
the women recruited for this study (16–29 years old), and the fact that
they were recruited for C. trachomatis purposes, it is unlikely that the
study participants have high-grade cytological malignancies, although
this could not be confirmed. The longitudinal nature of this study
combined with our inclusion criteria, also means that sample size is
relatively small. Since this study was originally conducted to assess C.
trachomatis status, an effect of such infections might be apparent in the
mutation rates of the samples tested in the present analysis. However,
since only one of the fifteen infections analyzed here was C. trachomatis
positive, we could not compare mutation rates between C. trachomatis
positive and negative individuals.

In summary, this study reports a multitude of MNVs observed
through whole genome, deep sequencing of HPV16 infection with
longitudinal follow-up. The mutation profiles identified in this study
suggested non-APOBEC-related pathways causing mutations in HPV16
infections in young women. Most MNVs were detected incidentally,
however, some MNVs could be detected separately or repeatedly over
time, suggesting robustness in mutational profiles and at least partial
conservation of MNVs. Some of the MNVs identified repeatedly were
associated with malignant infection outcomes in other studies, poten-
tially suggesting clinical relevance in longitudinal tracking of MNVs.
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A B S T R A C T   

Human papillomavirus (HPV) 16 and 18 are the most predominant types in cervical cancer. Only a small fraction 
of HPV infections progress to cancer, indicating that additional factors and genomic events contribute to the 
carcinogenesis, such as minor nucleotide variation caused by APOBEC3 and chromosomal integration. 

We analysed intra-host minor nucleotide variants (MNVs) and integration in HPV16 and HPV18 positive 
cervical samples with different morphology. Samples were sequenced using an HPV whole genome sequencing 
protocol TaME-seq. A total of 80 HPV16 and 51 HPV18 positive samples passed the sequencing depth criteria of 
300× reads, showing the following distribution: non-progressive disease (HPV16 n = 21, HPV18 n = 12); cer-
vical intraepithelial neoplasia (CIN) grade 2 (HPV16 n = 27, HPV18 n = 9); CIN3/adenocarcinoma in situ (AIS) 
(HPV16 n = 27, HPV18 n = 30); cervical cancer (HPV16 n = 5). 

Similar numbers of MNVs in HPV16 and HPV18 samples were observed for most viral genes, with the 
exception of HPV18 E4 with higher numbers across clinical categories. APOBEC3 signatures were observed in 
HPV16 lesions, while similar mutation patterns were not detected for HPV18. The proportion of samples with 
integration was 13% for HPV16 and 59% for HPV18 positive samples, with a noticeable portion located within or 
close to cancer-related genes.   

1. Introduction 

A persistent infection with one of the carcinogenic HPV genotypes is 
accepted as a necessary cause of cervical cancer development [1]. Of the 
12 carcinogenic types [2], HPV16 and HPV18 are associated with about 
70% of all cervical cancers [3]. HPV16 is predominantly associated with 
squamous cell carcinomas (SCC), while HPV18 is more often detected in 
adenocarcinomas [3], suggesting that these HPV types differ in their 
target cell specificity [4]. Nevertheless, only a small fraction of HPV 
infections will persist and progress to cancer [5], indicating that addi-
tional factors and genomic events are necessary for the HPV-induced 
carcinogenic process. 

The 7.9 kb double stranded HPV DNA genome consists of early re-
gion (E1, E2, E4-7) genes, late region (L1, L2) genes, an upstream reg-
ulatory region (URR) and a short non-coding region (NCR) between the 
genes E5 and L2 [6,7]. To date, more than 200 HPV genotypes have been 
identified, based on at least 10% difference within the conserved L1 
gene sequence [8]. HPV types harbouring minor genetic variation are 
grouped into lineages (1–10% whole genome nucleotide difference) and 
sublineages (0.5–1.0% difference) [9]. HPV evolve slowly partly since 
the HPV genome replication is dependent on host cell high-fidelity 
polymerases [10]. However, recent studies have revealed variability 
below the level of HPV sublineages. These are non-lineage genetic var-
iants, which may at low frequencies indicate intra-host viral diversifi-
cation and evolution [11–13]. 
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The generation of viral genetic variants is caused by various sto-
chastic or targeted mutagenic processes [14]. One of the targeted 
mechanisms suggested to cause MNVs and impact HPV mutational drift 
involves the anti-viral host-defence enzyme apolipoprotein B 
mRNA-editing enzyme, catalytic polypeptide-like 3 (APOBEC3) proteins 
[15]. APOBEC3 proteins are cytidine deaminases causing deoxycytidine 
(C) to deoxythymidine (T) mutations during viral replication. The mu-
tations can lead to defects in viral genome replication necessary for the 
viral life cycle [16]. APOBEC3 mutational signatures have been found in 
the human genome in cervical cancers [17], as well as in HPV genomes 
in cervical pre-cancerous and cancer samples [11,18,19], and has 
recently been associated with viral clearance [20]. APOBEC3A may 
function as a HPV restriction factor [15] and APOBEC3B has been shown 
to be upregulated by HPV [21]. The two enzymes APOBEC3A and 
APOBEC3B display preference for the motifs YTCA (Y = pyrimidine) and 
RTCA (R = purine), respectively [22]. Findings of hypovariability of the 
E7 gene suggest negative selection opposite of APOBEC3-related editing 
and an essential gene conservation for progression to cancer [23,24]. 

HPV integration into the host genome is regarded as a driving event 
in cervical carcinogenesis and is observed in >80% of HPV-induced 
cancers [25]. Integrations causing disruption or complete deletion of 
the E1 or E2 gene result in constitutive expression of the viral E6 and E7 
oncogenes [26], leading to inactivation of cell cycle checkpoints and 
genomic instability [27]. Integration may also lead to disruption of host 
genes, such as tumour-suppressor genes or negative regulators of on-
cogenes, modified expression of adjacent genes, as well as other genomic 
alterations, which may promote HPV-induced carcinogenesis [28–30]. 
In high-grade lesions and cancers, integrations in certain chromosomal 
loci, including loci 3q28, 8q24.21 and 13q22.1, have been reported 
more often than in other loci [31], suggesting selective growth advan-
tages for cells with site-specific integrations in e.g. important regulatory 
genes. Increasing integration frequencies have been reported upon 
comparison of cervical precancerous and cancer lesions [32,33]. 

Recently, we developed a novel next-generation sequencing (NGS) 
strategy TaME-seq for simultaneous analysis of HPV genomic variability 
and chromosomal integration [34]. Employing the TaME-seq method, 
we have explored HPV16 and HPV18 intra-host genomic variability and 
integration in HPV positive cervical samples with different morphol-
ogies. Differences in HPV variability between the diagnostic categories 
may shed light on intra-host viral genome dynamics and evolution 
processes in cervical carcinogenesis. In addition, integration analysis 
will contribute to a better understanding of this event during 
HPV-induced carcinogenesis. 

2. Material and methods 

2.1. Sample selection 

Cervical cell samples have previously been collected from women 
attending the cervical cancer screening program in Norway between 
January 2005 and April 2008. Samples were collected in ThinPrep 
PreservCyt solution (Hologic, Marlborough, MA) and pelleted before 
storage at − 80 ◦C. The samples were stored in a research biobank at 
Akershus University Hospital, consisting of both the cell material and 
extracted DNA. Recruitment criteria and HPV detection and genotyping 
have been described previously [35,36]. Cytology samples were previ-
ously analysed for HPV using the Amplicor HPV DNA test (Roche Di-
agnostics, Switzerland) followed by genotyping by Linear Array (Roche 
Diagnostics, Switzerland) and PreTect HPV-Proofer (PreTect AS, 
Norway). 

In this study, primarily DNA was used for downstream analyses; for 
some samples, DNA extraction had to be performed from the cell ma-
terial. DNA extraction was performed using the automated NucliSENS 
easyMag platform (BioMerieux Inc., France) with off-board lysis. All 
samples in the biobank that were positive for HPV16 and/or HPV18, 
alone or together with other HPV types, by one or both of the genotyping 
methods were included in the study, with the exception of HPV16 CIN3 
samples for which a random selection of 50 samples were included. In 
total, 157 HPV16 positive samples and 75 HPV18 positive samples were 
subjected to sequencing (Table 1). All samples were allocated to mutu-
ally exclusive categories based on the HPV type and the diagnostic 
categories of non-progressive disease, histologically confirmed cervical 
intraepithelial neoplasia (CIN) grade 2 (CIN2), CIN3/adenocarcinoma in 
situ (AIS) and cancer. The non-progressive disease category included 
samples from women with normal cytology also having normal cytology 
the preceding two years and with no previous history of treatment for 
cervical neoplasia (HPV16 n = 24, HPV18 n = 3), and samples from 
women with atypical squamous cells of undetermined significance (ASC- 
US) or low-grade squamous intraepithelial lesions (LSIL) with no follow- 
up diagnosis within four years subsequent to the diagnosis (HPV16 n =
31, HPV18 n = 13). For the CIN2, CIN3/AIS and cancer categories, 
sequencing was performed on cell samples taken at the time of conisa-
tion; cytological examination of these samples was not performed. The 
cancer category included SCC (n = 4) and adenocarcinoma (n = 1) 
samples. 

2.2. Library preparation and sequencing 

Library preparation was performed using the TaME-seq method as 
described previously [34]. In brief, samples were subjected to tagmen-
tation using Nextera DNA library prep kit (Illumina, Inc., San Diego, 
CA), following target enrichment performed by multiplex PCR using 
HPV primers and a combination of i7 index primers [37] and i5 index 
primers from the Nextera index kit (Illumina, Inc., San Diego, CA). 
Sequencing was performed on the HiSeq2500 platform with 125 bp 
paired-end reads. 

2.3. Sequence alignment 

Data was analysed by an in-house bioinformatics pipeline as 
described previously [34]. Reads were mapped to human genome 
(GRCh38/hg38) using HISAT2 (v2.1.0) [38]. HPV16 and HPV18 refer-
ence genomes were obtained from the PaVE database (https://pave.niai 
d.nih.gov). Mapping statistics and sequencing coverage were calculated 
using the Pysam package [39] with an in-house Python (v3.5.4) script. 
Downstream analysis was performed using an in-house R (v3.5.1) script. 
Samples with a mean sequencing depth of <300× were excluded from 
the further analysis. 

Abbreviations 

AID activation-induced cytidine deaminase 
AIS adenocarcinoma in situ 
ASC-US atypical squamous cells of undetermined significance 
CIN cervical intraepithelial neoplasia 
dN/dS ratio of non-synonymous to synonymous substitutions 
HPV human papillomavirus 
LSIL low-grade squamous intraepithelial lesion 
MNV minor nucleotide variant 
NCR non-coding region 
ncRNA non-coding RNA 
NGS next-generation sequencing 
SCC squamous cell carcinoma 
URR upstream regulatory region 
UTR untranslated region  
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2.4. Sequence variation analysis 

Mapped nucleotide counts over the HPV genomes and average 
mapping quality values for each nucleotide were retrieved from the 
HISAT sequence alignment. Variant calling was performed using an in- 
house R (v3.5.1) script. Nucleotides seen ≤2 times in each position 
and nucleotides with mean Phred quality score of <20 were filtered out. 
Since the analysis focused on the intra-host MNVs, the variant calling 
was performed independent of the reference genome; the most frequent 
base in each position was called as the major nucleotide and the second 
most abundant base as the MNV. Both F and R nucleotide counts from 
the same sample, obtained independently from separate amplification 
reactions, were combined and variant allele frequencies were calculated 
for each genomic position. If MNVs called from the two separate re-
actions were discordant, the highest covered MNV was used. Genomic 
positions covered with <100× were filtered out. MNVs were called if the 
MNV frequency was >1%. HPV16 and HPV18 have homopolymeric T 
tracts in NCR (HPV16:4156–4173, HPV16:4183–4212, 
HPV18:4198–4234); these regions may be prone to polymerase or 
sequencing errors and were filtered out. 

The ratio of non-synonymous to synonymous substitutions (dN/dS) 
was calculated to indicate potential positive (new MNVs favoured) or 
negative (new MNVs eliminated) selection affecting protein-coding 
genes. For mutational signature analysis, all nucleotide substitutions 
were classified into six base substitutions, C > A, C > G, C > T, T > A, T 
> C, and T > G, and further into 96 trinucleotide substitution types, 
including information on the bases immediately 5′ and 3’ of the mutated 
base. To differentiate APOBEC3A and APOBEC3B activity, an extended 
mutational signature analysis was conducted on mutations in the 
genomic context YTCA and RTCA, respectively. Analysis was performed 
using an in-house R (v3.5.1) script. 

2.5. Detection of chromosomal integration 

Integration site detection was performed as described previously 
[34]. In brief, a two-step analysis strategy was employed to identify read 
pairs spanning integration sites. First, read pairs with one read mapped 
to HPV and the other to the human chromosome were identified using 
HISAT2. Second, unmapped reads were re-mapped using the LAST 
(v876) aligner (options -M -C2) [40] to increase detections of the above 
mentioned read pairs. Reads sharing the same start and end coordinates 

were considered as potential PCR duplicates and were excluded. 
Selected integration sites were confirmed by PCR amplification and 
Sanger sequencing on the ABI® 3130xl/3100 Genetic Analyzer 
16-Capillary Array (Thermo Fisher Scientific Inc., Waltham, MA) using 
BigDye™ Terminator v1.1 cycle sequencing kit (Thermo Fisher Scien-
tific Inc., Waltham, MA). Samples with a mean depth of >1000× and 
<85% of the genome covered by minimum 100× were manually 
inspected using IGV (v2.3.90) to detect HPV genomic deletions. 

2.6. Functional annotation of genes within or close to integration sites 

Nearest gene, with a transcription start site within 100 kb from the 
integration site, was identified using Ensembl. Gene2function 
(http://www.gene2function.org) and Genecards (https://www.gene 
cards.org) were used to annotate the molecular function and disease 
phenotype of each gene. SNP associations in the GWAS Catalog [41] 
were retrieved from Genecards. Genes involved in cell cycle regulation, 
cell proliferation, apoptosis, tumour suppressor mechanisms, 
cancer-related pathways, or genes interacting with these pathways, or 
genes with direct cancer-related SNP associations, were termed as 
cancer-related genes. The integration sites were manually inspected 
using Geneious Prime (v.2019.0.4) to investigate whether the integra-
tion site was located in exons, introns or UTRs. Information regarding 
regulatory elements, including promoters, promoter flanking regions, 
enhancers and CTCF-binding sites, was retrieved from Ensembl regula-
tory build [42]. Integration sites in retained introns, ncRNA and anti-
sense RNA were reported if they had a transcript support level of 1 or 2. 

2.7. Statistical analysis 

Statistical analyses were done in R (v3.5.1). The Kruskal-Wallis test 
was used to examine differences in numbers and frequencies of MNVs 
and integrations between the groups. A p-value of <0.05 was considered 
statistically significant. 

2.8. Ethical considerations 

This study was approved by the Regional Committee for Medical and 
Health Research Ethics, Oslo, Norway (REK 2017/447). Written 
informed consent has been obtained from all study participants. 

Table 1 
Number of samples and mean mappings statistics in each HPV16 and HPV18 diagnostic category.  

Diagnostic 
category 

Sequenced 
samples 

Analysed 
samples 

Mean age Mean numbers in the analysed samples 

Raw 
reads 

Reads mapped to target 
HPV 

Mean 
coverage 

Fraction of genome covered by min. 
100×

HPV16 
Normala 24 2e 21 49 (32–68) 1.4 M 1.1 M 13516 0.78 
ASC-US/LSILb 31 19e 33 (19–54) 
CIN2c 47  27 31 (17–61) 0.6 M 0.4 M 4711 0.69 
CIN3/AISc 50  27 34 (22–54) 1.0 M 0.8 M 9616 0.76 
Cancerc,d 5  5 30 (25–39) 2.4 M 1.7 M 20850 0.67 
Total 157  80   

HPV18 
Normala 3 1e 12 49 (47–52) 38.8 M 23.4 M 292143 0.86 
ASC-US/LSILb 13 11e 33 (20–49) 
CIN2c 13  9 34 (20–44) 77.1 M 36.5 M 431649 0.86 
CIN3/AISc  46   30  34 (24–54)  25.5 M 12.2 M 147747 0.82 

Cancer 0  – –     
Total 75  51       

a By cytology. 
b By cytology; no cell abnormalities within 4-year follow-up. 
c Cytology taken at the time of conisation, with the histological diagnosis presented. 
d Includes cases of SCC (n = 4) and adenocarcinoma (n = 1). 
e Non-progressive category, samples combined for analysis. 
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3. Results 

3.1. Characteristics and sequencing statistics 

This study included 232 HPV16 and HPV18 positive cervical cell 
samples which were categorised according to cytology or histology 
diagnosis. A total of 80 HPV16 positive samples and 51 HPV18 positive 
samples, allocated to diagnostic categories of non-progressive disease, 
CIN2, CIN3/AIS and cancer, passed the strict sequencing depth criteria 
necessary for further analyses of minor nucleotide variation and inte-
gration. In total, 1.05 billion read pairs were analysed. The mean 
sequencing coverage per sample in the different categories ranged from 
4711 (CIN2) to 20850 (cancer) for HPV16 positive samples and from 
147747 (CIN3/AIS) to 431649 (CIN2) for HPV18 positive samples. On 
average, the samples had 77.7% of the genome covered with a minimum 
depth of 100× (Table 1). 

3.2. Minor nucleotide variation profiles similar for HPV16 and HPV18 

Overall, the number of MNVs was similar in HPV16 and HPV18 
positive samples, and between the diagnostic categories. In total, 3669 
MNVs were found in all 131 samples. In HPV16 positive samples, the 
mean number of MNVs found in the non-progressive category was 36 per 
sample, 29 in the CIN2 category, 27 in the CIN3/AIS category, and 24 in 
the cancer category. Corresponding numbers for HPV18 positive sam-
ples were 24, 20, and 27 for the non-progressive, CIN2 and CIN3/AIS 
categories, respectively (Fig. 1A). HPV16 positive samples had mean 
MNV frequencies of 2.8% for non-progressive, 2.9% for CIN2, 3.3% for 
CIN3/AIS and 3.0% for cancer categories. For HPV18 positive samples, 
the mean MNV frequencies were 3.1% for non-progressive, 2.6% for 
CIN2 and 5.0% for CIN3/AIS categories (Fig. 1B). Statistical analysis was 
performed; the mean numbers and MNV frequencies were not statisti-
cally different between the HPV types or the diagnostic groups within an 
HPV type. 

3.3. Different level of variation in HPV16 and HPV18 genes 

HPV MNVs occurred throughout all HPV genes (Fig. 2A). A higher 
degree of variation was observed in the HPV18 E4 gene throughout the 
different diagnostic categories. The dN/dS patterns for HPV16 showed 
mostly nonsynonymous variants (dN/dS > 1), while a considerable part 
of HPV18 genes had equal amounts of nonsynonymous and synonymous 
variants (dN/dS ≈ 1) (Fig. 2B). Strikingly, several HPV16 genes showed 
signs of positive selection, i.e. a preference for non-synonymous muta-
tions (dN) over synonymous mutations (dS). HPV16 E6 had the most 
pronounced dN/dS ratio of 6. In contrast, the E7 gene in the same 
samples had a dN/dS ratio of 0.4, indicating neutral or negative selec-
tion. Over all, diagnostic categories and in both HPV types, the E2 gene 
displayed the highest dN/dS ratio, which for HPV18 were consistently 
>2. For the other HPV18 genes, the dN/dS ratio was close to 1 across 
diagnostic categories. 

3.4. APOBEC3-related mutational signatures identified in non-progressive 
and CIN2 samples 

Among nucleotide substitutions, predominantly C > T and T > C 
substitutions were observed across all diagnostic categories (Supple-
mentary Figure S1). The APOBEC3-related C > T substitutions were 
compared between the different categories and HPV types (Fig. 3). C > T 
substitutions in the trinucleotide context TCW (W is A or T), a preferred 
target sequence for the APOBEC3 proteins [43] and a more stringent 
motif than TCN (N is any nucleotide [44], was the most prevalent 
mutational signature type in HPV16 non-progressive samples and to a 
slightly less extent in HPV16 CIN2 samples. HPV16 CIN3/AIS and cancer 
samples did not show any preferred signature patterns. Interestingly, 
HPV18 samples showed different C > T trinucleotide substitution pat-
terns compared to HPV16 samples. In all HPV18 diagnostic categories, 
C > T substitutions in the trinucleotide context ACA was predominantly 
observed, while C > T substitutions in the trinucleotide context GCA was 

Fig. 1. Number of variants and variant 
frequencies in HPV16 and HPV18 posi-
tive samples. A) Number of variants 
presented as violin plots across the 
different diagnostic categories shown on 
x-axis. Violin plot shows the probability 
density of the data, using kernel density 
estimation. Box-and-whisker plots are 
added to show the median number 
(horizontal line), 25% and 75% percen-
tiles (box), minimum and maximum 
values (whiskers). Black dots represent 
outliers. B) Variant frequencies (%) of 
detected minor variants shown as violin 
plots across the different diagnostic cat-
egories shown on x-axis. The horizontal 
bar indicates the median variant 
frequency.   
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the second most prevalent in non-progressive and CIN2 samples. For the 
extended signature mutational analysis, there were only 15 instances of 
mutations in the YTCA context in 8 samples while mutations in the 
RTCA context were not found in any samples in the dataset. 

3.5. Higher HPV integration frequencies in HPV18 than in HPV16 
positive samples 

The proportion of samples with integration was 13% (10/80) for 
HPV16 and 59% (30/51) for HPV18 positive samples (Table 2). The 
integration frequency was higher in all HPV18 positive diagnostic cat-
egories compared to the HPV16 categories. Of the HPV16 positive 
samples, HPV integration was detected in 4%, 7% and 60% in CIN2, 
CIN3/AIS and cancer samples, respectively. Corresponding numbers in 
HPV18 samples were 78% and 53% for CIN2 and CIN3/AIS categories, 
respectively. The total number of integration sites found in each diag-
nostic category was in general higher for HPV18 positive samples, 
ranging from 22 (CIN2) to 60 (CIN3/AIS), while for HPV16 samples, a 
total of 17 integration sites were identified (Table 2). 

In Fig. 4A, the difference between HPV16 and HPV18 positive 
samples in terms of number of integration sites is illustrated, stratified 
by diagnostic category. Combined for all diagnostic groups, HPV18 
samples had significantly more integration sites than HPV16 samples (p- 
value < 0.001). The mean numbers of integration sites per HPV18 
positive sample were 3.4, 3.1 and 3.8 for the non-progressive, CIN2 and 
CIN3/AIS categories, respectively. The mean numbers of integration 
sites per HPV16 positive sample with observed integration, were 1.3, 2, 
1.5 and 2.3 for the non-progressive, CIN2, CIN3/AIS and cancer cate-
gories, respectively (Fig. 4A). In total, six HPV16 positive samples and 
18 HPV18 positive samples had more than one integration site observed 

(Supplementary Table S1). 
The validation rates of integration sites using Sanger sequencing 

(good quality chromatograms produced) was 44% (7/16 samples) 
(Supplementary Table S1, Supplementary Table S2). A PCR product or a 
smear was identified on agarose gel but no clean chromatogram was 
seen in additional 44% (7/16) of the reactions (Supplementary 
Figure S2). Two integration sites, one in HPV16 and one in HPV18 
positive sample, both in the non-progressive category, could not be 
confirmed (Supplementary Table S1). 

3.6. Break points and deletions in the HPV genome 

For HPV16, integration-associated break points in the viral genome 
were detected in all genes except E4 and E7. Notably, NCR between the 
E5 and L2 genes, harboured two break points in one cancer sample 
(Fig. 4B, Supplementary Table S1). In the HPV18 positive samples, break 
points were located in all HPV genomic regions except NCR. Expected 
number of break points in each gene relative to gene lengths was esti-
mated with regard to randomness by dividing the total number of break 
points within a HPV type by the length of the gene. Based on this, breaks 
were more frequently observed in E1 and NCR in HPV16 samples and in 
E2, E4 and L2 in HPV18 samples, while L1 and URR were less prone to 
break (Fig. 4B). For HPV16 and HPV18 combined, break points were 
located in E1 or E2 in 38%, 38%, 48%, and 57% of all the breaks in non- 
progressive, CIN2, CIN3/AIS, and cancer categories, respectively (Sup-
plementary Figure S3). All cancer samples had at least one break point in 
E1 or E2 (Supplementary Table S1). 

HPV genomic regions covered with very few or no sequencing reads 
were considered as deletions according to previous validations [34]. 
Such deletions were observed in six samples; one HPV16 positive sample 

Fig. 2. Number of variants, nonsynonymous and synonymous variations in the different HPV genes. A) Heat map with yellow-orange-purple gradient colour-coding 
representing mean number of variants per sample in HPV16 and HPV18 genomic regions. Number of variants is normalised by the gene length and stratified by the 
diagnostic category. B) Heat map with blue-white-red gradient colour-coding representing the ratio of non-synonymous to synonymous substitutions (dN/dS) in 
HPV16 and HPV18 genomic regions across the different diagnostic categories. 
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(cancer) and five HPV18 positive samples (Supplementary Figure S4). 
For these samples, human sequences were detected flanking the deleted 
regions, indicating chromosomal integration. In all six samples, the 
genomic deletion encompassed the region between E1/E2 and L2. The 
deletions were either partial, suggesting the presence of both episomal 
and integrated HPV DNA, or complete with no reads detected for the 
deleted region. 

3.7. Integration sites in the human genome 

In HPV16 positive samples, integration sites (n = 17) were distrib-
uted on 10 chromosomes; for the cancer samples, all integration sites (n 
= 7) were located on chromosomes 1, 8 or 10 (Fig. 4C). Interestingly, the 

integration sites on chromosome 8 were located in the PVT1 oncogene, 
in the chromosomal locus 8q24.21 (Supplementary Table S1), previ-
ously being defined as an HPV integration hotspot [31]. For the HPV18 
positive samples, integration sites (n = 106) were found in all chro-
mosomes except chromosomes 18 and 21 (Fig. 4C). Most HPV18 inte-
gration sites were observed on chromosomes 2 and 4. In HPV18 samples, 
36% (4/11) of the integration sites on chromosome 4 were located in the 
previously defined hotspot locus 4q13.3 [31], all from samples diag-
nosed with CIN2 or CIN3/AIS. 

Due to a low frequency of integration events in HPV16 positive 
samples, HPV16 and HPV18 samples were combined for reporting HPV 
integrations affecting different human genetic elements. The frequency 
of integration sites located in human genes ranged from 50 to 71%, with 

Fig. 3. C > T mutational signatures in HPV16 and HPV18 positive samples. The mean proportion of 16 trinucleotide substitution types is shown below the plots 
across the different diagnostic categories. Error bars represent the standard error of the mean. 
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the highest frequency observed in cancer samples (Fig. 5A). Integration 
sites were detected in or close to cancer-related genes (Supplementary 
Table S3) in 100% (7/7) of cancer samples (n = 3), in 65% (41/63) of 
CIN3/AIS samples (n = 18), in 38% (9/24) of CIN2 samples (n = 8), and 
in 34% (10/29) in non-progressive samples (n = 11) (Fig. 5B). In indi-
vidual samples, the highest numbers of integration sites located in or 
near cancer-related genes was 13/21 in CIN3/AIS, 3/10 in CIN2, and 5/ 
12 in non-progressive samples, all being HPV18 positive (Supplemen-
tary Figure S5). 

Integration located in exons, introns, regulatory regions, retained 
introns, non-coding RNA (ncRNA), antisense RNA and untranslated re-
gions (UTRs) varied between the diagnostic groups (Supplementary 
Table S1). Integration frequency in exons and regulatory regions 
decreased with lesion severity, while the integration frequency in in-
trons, retained introns and ncRNA increased with lesion severity. Anti-
sense and UTR showed only few integrations in certain diagnostic 
groups (Supplementary Figure S6). 

Table 2 
Number of HPV16 and HPV18 positive samples with integration, stratified by 
the diagnostic categories.  

Diagnostic 
category 

Number of samples with 
integration (Frequency %) 

Total number of 
integration sites 

HPV16 
Non-progressive (n 
= 21) 

4 (19%) 5 

CIN2 (n = 27) 1 (4%) 2 
CIN3/AIS (n = 27) 2 (7%) 3 
Cancer (n = 5) 3 (60%) 7 
Total (n = 80) 10 (13%) 17 

HPV18 
Non-progressive (n 
= 12) 

7 (58%) 24 

CIN2 (n = 9) 7 (78%) 22 
CIN3/AIS (n = 30) 16 (53%) 60 
Total (n = 51) 30 (59%) 106  

Fig. 4. Chromosomal integration sites and HPV break points in HPV16 and HPV18 positive samples. A) Number of integration sites in samples with observed 
integration. Each spot in the plot indicates one sample. Total number of samples with integration is specified for each diagnostic category on x-axis. Vertical lines 
indicate the mean number of integration sites. B) Break points in HPV genes. C) Integration sites in human chromosomes compared to expected number of break 
points assuming random viral genome integration. 
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4. Discussion 

This study compares HPV16- and HPV18-associated genomic events, 
i.e. MNVs and integrations, in normal/ASC-US/LSIL samples from 
women with no clinical progression; CIN2, CIN3/AIS and cervical can-
cer samples. We find that these genomic events are strikingly different 
between HPV16 and HPV18 positive samples. In line with other studies 
[11,20], we show decreases in APOBEC3-related nucleotide sub-
stitutions in HPV16 positive samples of increasing severity. As previ-
ously reported [25,45], HPV18 samples show higher integration 
frequencies compared to HPV16, while we also found an increase in 
integration frequencies in or in close proximity to cancer-related genes 
with increasing lesion severity. 

In this study, the number and frequency of intra-host MNVs was 
similar between HPV genotypes and morphological categories. Recent 
HPV deep sequencing studies, exploring HPV genomic variation with 
various PCR-based NGS approaches and different variant calling 
thresholds, show slightly divergent numbers of MNVs [11,20,34]. We 
found a total of 3669 MNVs in the 131 samples, being in line with studies 
reporting a high number of HPV variation at the population level [24,46, 
47], within infected hosts [11,12,34]. A recent study on HPV16 genome 
stability analysed possible HPV16 sublineage co-infections and observed 
20–38 variants in each sample [48], corresponding to the mean numbers 
of MNVs in this study. The variation was reported not to be due to 
co-infections, but interpretation of the nucleotide variation source was 
not further elaborated [48]. The prevalence of sub-lineage co-infections 
is expected to be low [49]. 

When investigating the number of MNVs for each region or gene in 
the HPV genomes, normalised by the gene length, HPV18 E4 showed a 
higher degree of variation relative to other genomic regions. This is an 
interesting observation which should be further examined. For HPV16, a 
higher degree of variation in the NCR was initially observed in the 
categories CIN2, CIN3/AIS and cancer. However, when filtering out the 
homopolymeric T tracts in the NCR, the differences between categories 
subside. This filtering was done since the T tracts are inherently unstable 
making it challenging to assign mutations to methodological factors or 
true biology. Similar variation was not seen for HPV18 positive samples 
with less homopolymeric tracts. Recent studies document high degrees 
of variation in HPV16 NCR, but without any biological interpretation 
[11,23]. The NCR in HPV16 has been characterised to portray a weak 
promoter activity specific to L2 mRNA expression [50]. Repeat se-
quences of varying length in NCR have been reported [51] and the NCR 
has been shown to harbour miRNA binding sites [52]. The loss of miRNA 
binding sites due to nucleotide variation in NCR was suggested to serve 

as a novel mechanism to sustain L2 expression, and thereby justify the 
potential role of L2 in HPV-induced carcinogenesis [52]. However, an 
opposite finding has also been reported, showing more variation in NCR 
in clearing than in persistent HPV16 infections [46]. 

Ratio of nonsynonymous to synonymous variants (dN/dS) is used as 
indicator of positive or negative selection occurring over generations 
within hosts [14]. This ratio may indicate non-random occurrence and 
persistence of minor nucleotide variability in genes. In this study, the 
observed nucleotide variations in the HPV16 and HPV18 genes were 
biased toward nonsynonymous substitutions, being in line with previous 
results showing a high ratio of non-synonymous nucleotide variation 
[11]. Only HPV16 E7 had a dN/dS ratio of <1, indicating negative se-
lection and conservation of function. Interestingly, two recent studies 
reported similar results on strict conservation of the HPV16 E7 gene at 
the population level [23,24]. A potential source of synonymous and 
non-synonymous substitutions may be APOBEC3 activity creating C > T 
substitutions [16]. APOBEC3-related mutations have previously been 
reported in cervical cancer lesions [11,19,20]. Our finding of 
APOBEC3-related signatures in the HPV16 positive non-progressive 
samples indicates that this mechanism is active also in an early stage 
of infection. The relative amount of variants related to APOBEC3 may at 
a more severe stage of disease disappear, due to an increase in 
non-APOBEC3 mutations caused by e.g. hampered DNA repair mecha-
nisms in an increasingly cancerous environment [53]. This study was the 
first to characterise mutational patterns in HPV18 samples, showing 
mutation patterns in the trinucleotide context RCA (R is A or G), a target 
motif for the activation-induced cytidine deaminase (AID) that is a 
member of the APOBEC protein family [54]. 

HPV-induced carcinogenesis is a multi-step process that may be 
facilitated through the disruption of host genes and genomic instability 
caused by viral integration [28–30]. A high number of integrations in a 
sample may in itself be a sign of genomic instability, which may further 
accelerate such events. In our dataset, multiple integration sites were 
observed in 24 samples, with the maximum of 21 integration sites in one 
HPV18 sample in the CIN3/AIS category, possibly promoting a higher 
degree of chromosomal instability. Our results showed a higher number 
of integration events in HPV18 positive samples compared to HPV16 
positive samples, being consistent with previous observations [25,45]. 
Genomic instability as a consequence of multiple integrations, is further 
strengthened by finding integrations in the E1 and E2 genes, which 
might result in overexpression of the viral oncogenes E6 and E7. Pre-
vious studies using NGS methodology for HPV integration analysis 
report disruptions mainly in E1 and E2 genes in samples that have 
progressed to cancer [55,56]. In addition, we found HPV genomic 

Fig. 5. The frequency of integration sites combined for HPV16 and HPV18 A) in human genes, and B) in or near human cancer-related genes. Number of integration 
sites is indicated inside the bars and total number of samples with integration (n) for each diagnostic category is specified on x-axis. 
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deletions in one HPV16 positive cancer sample and in five HPV18 pos-
itive samples of all categories. In all of these, the genomic deletion al-
ways led to partial or complete loss of E1, E2 and L2. Similar results 
showing HPV genomic deletions have been reported in cervical carci-
nomas [57] and HPV positive oropharyngeal squamous cell carcinomas 
[58]. Interestingly, we also observed integration with break points in 
NCR in one cancer sample. To our knowledge, this is the first study to 
report break points in NCR. 

Due to the low frequency of integration events in HPV16 positive 
samples, HPV16 and HPV18 integrations were combined for the analysis 
of integrations in or close to cancer-related genes. We observed an 
overall increase in the proportion of integration sites within or close to 
cancer-related genes with increasing lesion severity. All integrations in 
the cancer samples occurred within or near the cancer-related genes 
PVT1, WAC and miR-205. The PVT1 oncogene, a long non-coding RNA 
gene, has been associated with multiple cancers including cervical 
cancer [59]. The PVT1 gene is located in the chromosomal locus 
8q24.21, which is one of the regions previously reported to contain 
integration sites in cervical carcinomas more often than other loci [31]. 
Transcription of PVT1 is regulated by the key tumour suppressor protein 
p53 and PVT1 is implicated in regulating the MYC oncogene [60]. The 
WAC protein regulates the cell-cycle checkpoint activation in response 
to DNA damage and is a positive regulator of mTOR, which functions as 
a key player in the regulation of cell growth and metabolism [61]. The 
miRNA miR-205 has been implicated in many cancers and targets genes 
involved in DNA repair, cell cycle control and cancer-related pathways 
[62]. In the CIN2 and CIN3/AIS categories, 38% and 65% of the inte-
gration sites were observed in or close to cancer-related genes, respec-
tively. Interestingly, integration sites in or close to cancer-related genes 
were also observed in the non-progressive disease category. Whether 
this might represent one of several components for risk stratification 
remains to be determined. Our results, together with a recent study [63], 
have shown that viral integrations may also occur in other genetic ele-
ments that are involved in regulation of gene expression, such as ncRNA 
and UTRs. 

NGS protocols with comprehensive analyses of whole HPV genomes, 
their variability and integrations, enable greater understanding of the 
role of genomic events during cancer development. By comparatively 
analysing genomic events, we get a broader picture of the dynamic 
changes in the HPV genome during malignant cell transformation. 
HPV16 and HPV18 are to a certain degree associated with different 
types of invasive cervical cancers [3,4] and may utilise different mo-
lecular mechanisms to induce carcinogenesis. Firstly, HPV18 is sug-
gested to cause more genomic instability [4,45] and HPV18 lesions are 
more aggressively progressing from CIN3 to cancer than HPV16 positive 
lesions [4]. Furthermore, previously reported results show different 
DNA methylation patterns [64] and mechanistic signatures of in-
tegrations [57] for HPV16 and HPV18, which strengthens the hypothesis 
of different underlying mechanisms for HPV16- and HPV18-induced 
cervical carcinogenesis. 

Despite the large sample number in total, the sample size in certain 
diagnostic categories was low, limiting us from performing statistical 
analyses and drawing conclusions from the given part of the dataset. 
Some samples, mainly in the non-progressive category, had low 
sequencing coverage for the HPV genome. This is most likely explained 
by low viral load, which was not measured in the samples. Low viral load 
has previously been observed to affect the sequencing yield [13]. Two 
integration sites in non-progressive samples were not confirmed by 
Sanger sequencing. This may be explained by sub-optimal PCR primers, 
PCR conditions, low viral load or may reflect repeated integrations or 
other genomic structures affecting the PCR reaction. Still, since the NGS 
data showed clear results, both integration sites were included in the 
analysis. 

5. Conclusions 

To summarise, we have in this study analysed intra-host HPV minor 
nucleotide variation, chromosomal integration and genomic deletions in 
cervical cell samples with different morphology by utilising the TaME- 
seq protocol [34]. The results show a high number of low-frequency 
variation, distinct variation patterns and integration frequencies, 
providing initial insight into dissimilar genomic alterations between 
HPV16 and HPV18, possibly reflecting differences in the mechanisms of 
cell transformation induced by the two genotypes. In addition, the study 
adds to the growing evidence of within-host HPV genomic variability. 
Cancer registry data with information on future cervical disease or 
longitudinal studies including patient outcome, preferably with a larger 
sample size for all diagnostic categories, are needed for further inter-
pretation of different HPV whole genome MNV signatures and to vali-
date the role and importance of viral integrations. 
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