
Development of Human Papillomavirus Integration Analysis Technologies for Human 
Papillomavirus-Associated Cancer Research 

 
 

by 
 

Wenjin Gu 

A dissertation submitted in partial fulfillment 
 of the requirements for the degree of  

Doctor of Philosophy 
(Bioinformatics) 

in the University of Michigan 
2024 

Doctoral Committee: 
 
Associate Professor Ryan E. Mills, Chair  
Associate Professor Alan Boyle,  
Associate Professor J. Chad Brenner, 
Professor Hui Jiang, 
Professor Maureen Sartor 

 

  



 
 
 
 
 
 
 
 
 
 
 
 
 

Wenjin Gu 
  

wenjingu@umich.edu  
  

ORCID ID:  0000-0002-0028-1645 
 
  
  

© Wenjin Gu 2024 
 



 ii 

Dedication 

I dedicate this thesis to my grandfather, Qiguo Gu 

 



 iii 

Acknowledgements 

I would first thank to my mentor, Dr. Ryan E. Mills, for his mentorship, support, and great help 

through my Ph.D. studies. Besides guiding me to the world of bioinformatics, I would also like 

to thank him for introducing me to the world of video games. Being competitive in game is the 

same as in research. The great joy brough by Ryan supported me in my most difficulty time 

during the pandemic happened to my hometown. I truly appreciate Ryan’s instruction on all 

fields he is good at.  

 

I then would like to all members in my committee who gave me great suggestions on each 

milestone of this dissertation. Specifically, I would like to thank Dr. Chad Brenner, our closest 

collaborator, and my co-mentor. I thank for his generous help and suggestions on both our 

project and my career.  

 

I would like to thank all my colleagues and friends in Mills lab. I am grateful to my friend and 

peer mentor, Yifan Wang, who guided me to the project of Chapter2. I would like to thank 

Weichen Zhou, for all the technical supports and company. I appreciated the help from Steven 

Ho. I still remember he mentioned being consistent on research is the most important tip. I would 

also like to thank Marcus Sherman on his advice helping me publish my tool in Chapter2. I truly 

thank to Chen Sun on bringing me to the lab and Alex Weber and her husband’s help on my 



 iv 

careers. Finally, I am thankful to having worked with Xiaomeng Du, Jinghao Wang, Brandt 

Bessel and Irfan Darwish. 

 

I would also like to take the moment and thank all my friends. Fang Fang, Yufeng Zhang, Jiahui 

Ji, Ruohan Liao, Jieru Shi, Jiaqi Zhang, Liying Chen, Jiacong Du, Yaqi Dai, Zheng Li and 

Mingyu Du. And I would like to specifically thank my two bridesmaids, Yuxing Huang and 

Shiyu Wang, who supported me during my busiest time of wedding. 

 

I would also like to spend a second to thank the video games that accompany with me during my 

PhD times, Genshin Impact. My “husbandos” and “wifus” brought me great joy.   

 

Finally I would like to thank my dearest family members: my parents Bo Gu and Hui Mei, who 

support me studying aboard; my grandparents Fengqiu Chen and Qiguo Gu, who taught me to be 

a scientist when I was a child. Last but not least, I would like to thank my beloved husband, 

Mengping Zhu, for his tremendous understanding, support and belief in me. I cannot accomplish 

this without him.  

 

 

 
 



 v 

  
 
 
 
 

Table of Contents 

Dedication ....................................................................................................................................... ii 

Acknowledgements ........................................................................................................................ iii 

List of Tables ............................................................................................................................... viii 

List of Figures ................................................................................................................................ ix 

Abstract .......................................................................................................................................... xi 

Chapter 1 The Landscapes of Viral Integrations in Virus-Associated Cancer ............................... 1 

1.1 Introduction of tumor virus and virus associated cancer ...................................................... 2 

1.1.1 History of tumor viruses ................................................................................................ 2 

1.1.2 Defining an etiologic role for tumor viruses .................................................................. 6 

1.1.3 Diversity of tumor viruses ............................................................................................. 7 

1.1.4 Virus-driven carcinogenesis........................................................................................... 8 

1.2 Landscape findings of HPV integration research ............................................................... 21 

1.2.1 HPV integration research in cervical cancer ................................................................ 22 

1.2.2 HPV integration research in head and neck cancer ..................................................... 31 

1.3 Bioinformatics Methods in viral integration research ........................................................ 43 

1.3.1 Detection technology of viral integration .................................................................... 43 

1.3.2 Bioinformatics viral integration detection ................................................................... 44 



 vi 

Chapter 2 SearcHPV: A Novel Approach to Identify and Assemble Human Papillomavirus–Host 

Genomic Integration Events in Cancer ......................................................................................... 82 

2.1 Introduction ......................................................................................................................... 82 

2.2 Materials and methods ........................................................................................................ 84 

2.2.1 Targeted capture sequencing........................................................................................ 84 

2.2.2 Novel integration caller (SearcHPV) ........................................................................... 84 

2.3 RESULTS ........................................................................................................................... 87 

2.3.1 SearcHPV pipeline ....................................................................................................... 87 

2.3.2 Comparison to other integration callers and confirmation of integration sites ............ 87 

2.4 Discussion ........................................................................................................................... 92 

Chapter 3 Heterogeneity and complexity of human papillomavirus integrations associated with 

distinct tumorigenic consequences ............................................................................................. 110 

3.1 Introduction ....................................................................................................................... 110 

3.2 Method .............................................................................................................................. 112 

3.2.1 Long read based approach to resolve HPV integration events .................................. 112 

3.2.2 HPV fusion detection ................................................................................................. 113 

3.2.3 Normalization of copy number in targeted capture sequencing ................................ 113 

3.2.4 Comparison of HPV integrations called from Nanopore sequencing and Targeted 

capture sequencing .............................................................................................................. 113 

3.2.5 Comparison of HPV integrations called from Targeted capture sequencing and RNA-

seq ....................................................................................................................................... 114 

3.3 Results ............................................................................................................................... 115 



 vii 

3.3.1 A novel approach based on long read sequencing resolved complex structures of HPV 

integrations with intratumoral heterogeneity ...................................................................... 115 

3.3.2 HPV integration events can be classified into two types based on their association with 

complex rearrangement ....................................................................................................... 117 

3.3.3 Characteristics of Type1 and Type2 HPV integrations ............................................. 119 

3.3.4 Type1/Type2 HPV integrations have different impacts on transcriptomic level....... 120 

3.3.5 Heterogeneity and clonal evolution could be induced by HPV integration events in 

recurrent patients ................................................................................................................. 122 

3.4 Discussion ......................................................................................................................... 123 

Chapter 4 Analysis of Human Papilloma Virus Content and Integration in Mucoepidermoid 

Carcinoma ................................................................................................................................... 142 

4.1 Introduction ....................................................................................................................... 142 

4.2 Materials and Methods ...................................................................................................... 144 

4.2.1 Clinical specimens and annotation of viral genomes ................................................. 144 

4.2.2 Immunohistochemistry .............................................................................................. 145 

4.2.3 HPV16 capture-based targeted DNA sequencing and analysis ................................. 145 

4.2.4 RNA-seq data analysis ............................................................................................... 146 

4.2.5 HPV oncogene expression analysis ........................................................................... 146 

4.3 Results ............................................................................................................................... 147 

4.4 Discussion ......................................................................................................................... 149 

Chapter 5 Conclusion .................................................................................................................. 163 

 



 viii 

List of Tables 

Table 1.1 Summary of the history context of tumor virus. ........................................................... 50 

Table 1.2 Criterias for define a tumor virus .................................................................................. 51 

Table 1.3 Representative list of tumor viruses.............................................................................. 52 

Table 1.4 Tumor viruses and their associated carcinomas ........................................................... 53 

Table 1.5 Technology for viral integrations ................................................................................. 54 

Table 1.6 Summary for Viral integration callers .......................................................................... 56 

 



 ix 

List of Figures 

Figure 1.1 HPV16 genome structure. ........................................................................................... 47 

Figure 1.2 The schematic of the Looping Model. ......................................................................... 48 

Figure 1.3 The schematic of a mechanism connecting breakpoints around SINE-Alu and using 
MMEJ ........................................................................................................................................... 49 

Figure 2.1 Workflow of SearcHPV. ............................................................................................. 97 

Figure 2.2 Distribution of breakpoints in the human and HPV genomes called by SearcHPV. .. 98 

Figure 2.3 Comparison of integration sites called by SearcHPV, VirusSeq and VirusFinder2 in 
three samples. ................................................................................................................................ 99 

Figure 2.4 Genomic duplications associated with HPV integration. .......................................... 100 

Figure 2.5 Microhomology at junction points. ........................................................................... 101 

Figure 2.6 PCR validation gel electrophoresis.. ......................................................................... 102 

Figure 2.7 Linked read SNP phase plots ..................................................................................... 103 

Figure 2.8 Distribution of integration sites in the human genome. ............................................ 104 

Figure 3.1 Type2 and Type1 representative models resolved by our novel approach. .............. 127 

Figure 3.2 Definition of Type1 and Type2 HPV integration events........................................... 128 

Figure 3.3 HPV breakpoints for Type2 events on human genome and HPV genome.. ............. 130 

Figure 3.4 Type1/Type2 HPV integrations in DNA and RNA paired samples. ......................... 131 

Figure 3.5   RNA expression levels of Type2 and Type1 HPV integrations. ............................. 132 

Figure 3.6 Heterogeneity of HPV integration events in recurrent patients................................. 133 

Figure 3.7 HPV integrations in UM-SCC-47 and UM-SCC-104 from TCS and LR ................. 134 

Figure 3.8 Phased LR reads for a Type2 event in FXON2 of PDX-294R .................................. 135 



 x 

Figure 3.9  Diagnostic of linear regression model for local copy number and number of HPV 
integration events ........................................................................................................................ 136 

Figure 3.10  Distribution of nearest distance between TCS and RNA-seq ................................ 137 

Figure 4.1 Analysis of HPV type distribution in our MEC cohort. ............................................ 154 

Figure 4.2 HPV16 DNA and RNA content in MEC1. ................................................................ 155 

Figure 4.3 HPV16 integration site analysis in the host genome of MEC1. ................................ 156 

Figure 4.4 HPV16 PCR and Sanger sequencing analysis. .......................................................... 158 

 

 



 xi 

Abstract 

Viruses associated with human cancers, known as "tumor viruses," can induce cellular 

transformation or immortalization, representing a crucial step in cancer initiation. In past 

decades, the association between viruses and cancer has been a prominent focus in cancer 

research. Many tumor viruses, such as human papillomavirus (HPV) and hepatitis B virus 

(HBV), possess the capability to integrate their genomic DNA or RNA into the target host cell, 

whereas others, like hepatitis C virus (HCV), rarely integrate into the host genome. Recent 

studies propose that virus integration may introduce additional oncogenic mechanisms. For 

instance, in cervical and head and neck cancer, HPV integration directly influences cancer-

related gene expression, leading to the generation of hybrid viral-host fusion transcripts. 

Therefore, detecting viral integration sites in the host genome is crucial for further understanding 

their oncogenic mechanisms in cancer development. 

 

HPV is a well-established driver of malignant transformation in various cancers. However, the 

impact of HPV integration into the human genome remains largely unresolved due to sample size 

limitations and existing informatics challenges in identifying viral-host breakpoints from low-

read-coverage sequencing data, especially in the presence of complex structural variations 

around fusion points. In response to these challenges, we developed SearcHPV, a novel method 

using targeted capture sequencing (TCS) to identify and assemble HPV integration sites in the 

genome. Our analysis of three HPV+ models demonstrated that SearcHPV detected HPV-host 



 xii 

integration sites with higher sensitivity and specificity than two other commonly used methods. 

Additionally, we validated the junction assembly of SearcHPV, aiding in the accurate 

identification of viral-host junction breakpoint sequences. Our findings indicated that viral 

integration occurs through diverse DNA repair mechanisms, including microhomology-mediated 

repair, etc. 

 

We expanded our study to 291 head and neck squamous cell carcinoma (HNSCC) patients, 

employing TCS, RNA-Seq, and nanopore sequencing. We devised a novel approach to locally 

resolve complex HPV integrations using nanopore sequencing. Using statistical models, we 

labeled complex structures as "Type2", characterized by multiple integrations clustered with high 

copy numbers, and less complex integrations as "Type1." We revealed that Type2 events 

exhibited significantly more non-canonical splicing sites and were more likely to be transcribed, 

suggesting a complex transcription pattern. Additionally, RNA expression levels of oncogenes 

around Type2 events were significantly higher than Type1, indicating potential differences in 

oncogenic mechanism alterations induced by different types of integrations. In a subset of 78 

patients with recurrent or metastatic samples, we explored the heterogeneity of HPV integration 

structures, revealing unique HPV integrations and varying copy numbers in different tumor sites 

of the same patients. Using nanopore sequencing on one cell line with primary and recurrent 

samples, we uncovered potential clonal selections of HPV integrations during tumor progression. 

Our findings emphasize the heterogeneous and complex nature of HPV integration associated 

with genome rearrangement, potentially contributing to distinct tumorigenic consequences. 

 



 xiii 

We broadened our methodology to other viral-associated cancers and investigated 48 

Mucoepidermoid carcinoma (MEC) patients with both TCS and RNA-Seq. We detected one 

patient with HPV integrated into 13 host genes and exhibiting high expression of HPV16 

oncogenes E6 and E7. The genetic mechanisms of host genome integration were found to be 

similar to our previous findings in HNSCC. This study provided insights into the role of HPV in 

tumorigenesis of MEC. 
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Chapter 1 The Landscapes of Viral Integrations in Virus-Associated Cancer 

As indicated by the World Health Organization (WHO), approximately 20% of global cancer 

cases are believed to stem from persistent infections, with 15% of these having a viral etiology 

that exhibits a higher prevalence in developing nations1. These viruses linked to human cancer 

are referred to as "tumor viruses." When the viral DNA or RNA induces cellular transformation 

or immortalization, it can initiate the initial stages of cancer development. 

During the past centuries, the association between viruses and cancer was always one of the focal 

topics in cancer research. It has been reported that most of the tumor viruses have the ability to 

insert their own DNA (or RNA) into that of the target host cell, e.g. HPV and HBV, while others 

rarely integrate into the host genome, e.g. HCV. Recent studies have suggested that virus 

integration may represent additional oncogenic mechanisms. For example, in cervical and head 

and neck cancer, HPV integration has direct effects on cancer-related gene expression and 

generation of hybrid viral-host fusion transcripts 2,3 . The development of treatment and 

prevention strategies to address virus associated cancer relies crucially on our comprehension of 

cancer cells and the mechanisms underlying their development. In the era of sequencing, 

bioinformatics methods allow people to scale such kinds of studies on large cohorts and various 

types of viruses with higher base-resolution results compared with traditional PCR based 

approaches. Consequently, study of virus integration sites in the host genome and developing 

bioinformatics novel pipelines to fill the technology gaps in the field are essential in the further 

investigation of the oncogenic mechanisms in cancer development and potential improvement of 

the current treatments. 
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In this context, we have provided an overview of the foundational aspects of contemporary 

landscape studies in viral-associated cancers, along with an exploration of the prevailing 

bioinformatics technologies employed in research on viral integration. Specifically, we have 

delved into the findings associated with HPV integration as a distinct topic, laying the 

groundwork for the subsequent chapters (Chapter 2 to Chapter 4). 

 

1.1 Introduction of tumor virus and virus associated cancer 

1.1.1 History of tumor viruses 

 

The concept of cancer as an infectious condition dates back to classical times, as indicated by 

historical records mentioning "cancer houses," where numerous residents developed specific 

types of cancer 4. Additional support for the idea of an infectious origin of tumors came from 

observations that married couples occasionally experienced similar cancer types, and there were 

instances where cancer seemed to be transmitted from mother to child. In the 19th century, 

despite extensive research, no evidence was found to support the idea that bacteria, fungi, or 

parasites play a role in causing cancer. This led to the widespread belief that cancer is not caused 

by an infectious agent 4.  

 

These views began to change towards the end of the century, however, in 1898, M'Fadyan and 

Hobday reported the transmission of oral dog warts without cells, using cell-free extracts 5, and 

in 1907, Ciuffo conducted similar transmission studies with human warts 6. As warts are non-

cancerous growths and not malignant tumors, these discoveries were not recognized as evidence 
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for tumor viruses. In 1909, Ellermann and Bang reported that leukemia could also be transmitted 

to healthy chickens through a cell-free filtrate obtained from cells of affected birds 7. In 1911, 

Peyton Rous generated solid tumors in chickens by employing cell-free extracts from a 

transplantable sarcoma 8. Because cancers in birds caused by infection were not regarded as 

reliable models for human cancers at that time, the significance of this investigation was not 

completely recognized until the discovery that viruses could induce murine leukemias 9,10. This 

investigation resulted in the identification of the first oncogenic virus, the Rous sarcoma virus 

(RSV), and Rous received the Nobel Prize in 1966 for this significant contribution. In the 

following forty years following the discovery of RSV, additional tumor viruses were revealed. In 

addition to Gross and Stewart’s works, in 1935, Rous and Beard illustrated that the cottontail 

rabbit papillomavirus (CRPV), which had been discovered a few years earlier, could trigger skin 

carcinomas in domestic cottontail rabbits 7,11. Moloney and others identified a mouse virus 

(mouse polyomavirus) in 1953 capable of inducing a range of solid tumors 12–14. 

 

Following achievements in the study of animal tumor viruses, researchers initiated efforts to 

identify viruses associated with human tumors. In 1962, Eddy, Hilleman, and collaborators 

demonstrated the tumorigenic potential of simian virus 40 (SV40) in primates 15,16. Interestingly, 

Trentin and colleagues reported, for the first time, that viruses could be associated with cancer 

development in humans, at least under experimental conditions 17.  

 

The identification of Epstein–Barr virus (EBV) through electron microscopy (EM) in cells 

cultured from Burkitt's lymphoma (BL) in 1964 revealed the first known human tumor virus 18. 

Moreover, Epstein–Barr virus (EBV) infection has later been connected with nasopharyngeal 
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carcinoma, post-transplant lymphomas, and certain cases of Hodgkin's lymphomas (HL) 4. In 

that year, Blumberg, while investigating inherited traits and disease patterns in various global 

regions, discovered that a blood sample from an Australian aborigine contained an antigen that 

reacted with the serum from an American hemophilia patient, which was named as Australia 

(Au) antigen later. In 1968, Blumberg, Okochi, Murakami, and Prince reported influential 

studies revealing that the blood of hepatitis patients contained the Au antigen. This antigen, 

identified as the surface antigen of a hepadnavirus known as HBV, serves as the causative agent 

for serum hepatitis disease 19,20. Later in 1975, Blumberg and his colleagues established a 

connection between chronic HBV infection and hepatocellular carcinoma (HCC), one of the 

most common cancers in the world 21.  

 

In 1974, Harald zur Hausen was the first to suggest that the HPV might be the causative agent 

for cervical cancer 22,23. In 1983 and 1984, the same group isolated HPV 16 and 18 from human 

cervical cancer specimens, confirming the existence of these novel two types of HPV DNA 

24,25.  Moreover, HPVs have been associated with additional anogenital cancers and a subset of 

head and neck cancers. In fact, HPVs are connected to more human cancers than any other virus. 

As a result, HPV has become a highly significant risk factor for human cancer. 

 

The next major milestone was the identification of the human T-cell leukemia virus (HTLV-I) 

from patients with T-cell lymphoma/leukemia. In 1980, Gallo observed retroviral reverse 

transcriptase activity and retroviral particles in cultured human T-cell lymphoma cells. These 

particles were immunologically distinct from other known viruses 26 and named as HTLV-1. In 
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1981, the identification of retroviral particles in cell lines derived from patients provided 

evidence supporting a causal role for HTLV-1 in adult T-cell leukemia (ATL) 27.  

 

In 1989, Houghton and his colleagues identified an antigen encoded by a previously unknown 

RNA virus, which was subsequently named HCV 28.  Additionally, through the novel serologic 

test for HCV, Houghton affirmed that HCV was the etiologic agent for post-transfusion hepatitis, 

distinct from both HBV and hepatitis A virus. The latter is another hepatitis virus transmitted 

through the fecal-oral route, usually via contaminated food or drinking water 29,30. Furthermore, 

he discovered a connection between persistent HCV infection and HCC, in addition to the well-

established association observed with HBV 31,32.  

 

Kaposi's sarcoma (KS) is a tumor that spreads in the Mediterranean basin and Africa 33. It is 

generally not life-threatening, typically affecting elderly males and primarily localizing to the 

skin. However, in individuals with acquired immune deficiency syndrome (AIDS), KS often 

extends to extracutaneous sites, particularly the lungs and gastrointestinal tract, leading to severe 

complications. The significantly elevated risk of KS in AIDS patients, about 20,000 times 

higher, prompted the consideration of an infectious cause for the tumor 34. Despite ruling out the 

involvement of human immunodeficiency virus 1 (HIV-1) through epidemiological and 

experimental evidence, researchers focused on identifying new sexually transmitted infectious 

agents. Using a modern molecular biological approach called representational difference 

analysis, Chang, Moore, and colleagues  identified DNA fragments in 90% of KS tissues from 

AIDS patients that were distantly homologous to the herpesvirus EBV 35. This newly discovered 

virus was then named as Kaposi's sarcoma-associated herpesvirus (KSHV) or human herpesvirus 
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type 8 (HHV-8). Studies conducted over the past two decades strongly support the idea of an 

etiologic role for KSHV in the development of KS 33, although it is clear that viral infection 

alone is not sufficient to induce the disease, and other contributing factors have been proposed 1. 

 

In 2008, a novel polyomavirus called Merkel cell polyomavirus (MCPyV) was identified in 

samples obtained from individuals afflicted by a severe form of human skin cancer known as 

Merkel cell carcinoma 36,37.  Over the past decade, multiple analyses have shown that McPyV 

was strongly associated with the highly aggressive Merkel cell carcinoma (MCC) 38–40. However, 

there is still limited understanding of various aspects of MCPyV biology and the mechanisms 

through which it induces cancer.  

 

Table 1.1 provides a concise overview of the history context of human viruses associated with 

the development of cancer.  

 

1.1.2 Defining an etiologic role for tumor viruses 

It is important to emphasize that oncogenesis is a rare outcome of viral infection, typically 

emerging following a prolonged and persistent chronic infection 41. Also, in numerous instances, 

viral carcinogenesis is linked with an incomplete, non-productive infection 4.   

Furthermore, isolating a virus in cancerous tissue does not automatically imply a causal 

relationship 41. Consequently, establishing a viral cause for human cancer is often challenging. 

Hence, various guidelines have been suggested to assist in establishing a causal link between 

viruses and human cancers (refer to Table 1.2) 4,42–44. While meeting some of these guidelines 
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can be challenging and not all are applicable to every virus, they remain valuable tools in 

assessing a potential association between virus and carcinomas. 

 

Tumor viruses that are widely acknowledged include HPV, HBV, HCV, EBV, KSHV (also 

known as human herpesvirus 8), HTLV-1 and MCPyV41,45,46,47. The International Agency for 

Research on Cancer (IARC) identifies several tumor viruses as human carcinogens. HBV, 

HCV,  EBV, KSHV, HPVs (particularly type 16), and HTLV-1, are categorized as "carcinogenic 

to humans". MCPyV is labeled as "probably carcinogenic to humans”, and there has been an 

accumulation of evidence supporting the carcinogenicity of MCV in recent years. Additionally, 

HIV does not appear to cause cancers directly but does increase the risk of getting several types 

of cancers. The details of these eight tumor viruses and their associated carcinomas are 

summarized in Table 1.3, showing highly diversity of features for human tumor viruses41,45,48. 

Human oncoviruses can thus trigger a diverse range of cancers, and cancer types associated with 

viral infection show significant variability (See Table 1.3)49–51.  

 

1.1.3 Diversity of tumor viruses 

 

Human tumor viruses exhibit remarkable diversity, encompassing viruses with large double-

stranded DNA genomes such as EBV and KSHV, those with small double-stranded DNA 

genomes including HPV, HBV, and MCPyV, positive-sense single-stranded RNA genomes like 

HCV, and retroviruses exemplified by HTLV-1. Enveloped virions are characteristic of certain 

viruses like HBV, HCV, EBV, KSHV, and HTLV-1, while others, namely HPV and MCPyV, 

possess naked icosahedral virions (refer to Table 1.2). The mechanisms driving oncogenesis in 
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oncoviruses vary extensively, as outlined below. Nevertheless, oncogenesis is an infrequent 

outcome within the regular viral life cycle in all cases. Virus-induced cancers typically emerge as 

monoclonal events resulting from chronic infections, often manifesting many years after the 

initial infection. This pattern suggests that infection is merely one component in a multi-step 

process of carcinogenesis 41. An exceptional case is observed in KSHV-induced Kaposi’s 

sarcoma, which can develop as a polyclonal tumor within months of infection in 

immunosuppressed individuals 52. 

 

The carcinogenic mechanisms of oncoviruses also exhibit considerable diversity 53. However, 

they typically entail sustained expression of specific viral oncogenes that govern proliferative 

and antiapoptotic activities, the disruption of cellular genomic stability through the integration of 

viral DNA into the host genome, and viral facilitation of DNA damage along with immune 

evasion strategies 39. Zur Hansen and colleagues summarized that human viral oncogenesis 

shares the following common characteristics 54,55: (1) Oncoviruses are essential but not 

standalone factors for cancer development, resulting in a much lower cancer incidence compared 

to the prevalence of the virus in human populations. (2) Viral cancers emerge within the 

framework of persistent infections and manifest many years to decades after the initial acute 

infection. (3) The immune system can exert either detrimental or protective effects, with certain 

human virus-associated cancers escalating with immunosuppression and others arising in the 

context of chronic inflammation 49. 

 

1.1.4 Virus-driven carcinogenesis 
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Tumor viruses are broadly categorized into two groups based on whether an RNA or DNA 

genome is enclosed within the infectious viral particle. In addition to disparities in replication 

and life cycle, RNA and DNA viruses also differ in their fundamental mechanisms for inducing 

cellular transformation and immortalization, which constitutes the initial step in tumor 

development. RNA tumor viruses, particularly animal retroviruses, such as mouse leukemia 

virus, are often characterized by their capacity to carry and/or modify crucial cellular growth-

regulatory genes, specifically the oncogenes. The proteins produced by these cellular genes are 

non-essential for viral replication but typically play a pivotal role in controlling the cell cycle. 

Conversely, DNA tumor viruses such as SV40, mouse polyomavirus, adenovirus, and 

papillomavirus induce cell transformation by encoding proteins exclusively of viral origin, which 

are essential for viral replication 1. 

 

Virus-driven carcinogenesis may be categorized into direct and indirect modes of 

carcinogenicity. Direct carcinogenicity of tumor viruses arises from insertional mutagenesis and 

the presence of viral oncogenes 56. Carcinogenesis is attributed to virus integration, a distinct 

process from viral contamination. Insertional mutagenesis involves the modification of gene 

structure or transcript levels through successive alterations stemming from the integration of 

viral DNA. This phenomenon is applicable to the constitutive expression of both host and viral 

genes. In contrast, the expression of viral oncogenes serves as cancer driver genes within 

infected cells 45. Indirect carcinogenicity of tumor viruses encompasses chronic inflammation 

and an immunosuppressive state originating from the infected cells. Persistent inflammation 

contributes to the accumulation of DNA damage in tissue stem cells through repetitive tissue 
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injury and regeneration 57,58. Specific virus-associated cancers exhibit distinct DNA damage 

patterns, often referred to as mutational signatures 59,60. 

 

Tumor viruses exhibit several "hallmarks of cancer". The conceptual framework known as the 

Hallmarks of Cancer, formulated by Weinberg and Hanahan, facilitates the analysis of the 

malignant phenotype by delineating specific cellular capabilities acquired during the 

carcinogenic process 49–51. Each designated cancer "hallmark" represents a biological 

consequence resulting from oncogenic alterations, contributing to the distinctive phenotypic 

characteristics of the tumor. Moreover, the Hallmarks of Cancer framework aids in elucidating 

the multistep nature of human carcinogenesis 61. This model outlines the time-dependent 

progression of cancer development, requiring the sequential acquisition of all essential cellular 

hallmarks that collectively constitute a malignant phenotype. The hallmarks of cancer includes 

ten aspects: (1) Resisting cell death; (2) Deregulating cellular energetics; (3) Sustaining 

proliferative signaling; (4) Evading growth suppressors; (5) Avoiding immune destruction; (6) 

Enabling replicative immortality; (7) Tumor promoting inflammation; (8) Activating invasion 

and metastasis; (9) inducing angiogenesis; (10) genome instability and mutation. 

The cancer hallmark model serves as a potent tool for organizing and comprehending the process 

of carcinogenesis associated with human viruses and aids in distinguishing the impact of viral 

genes, the host response to infection, and acquired somatic mutations in the oncogenic process. 

Many recent landscape studies have employed the hallmarks of cancer framework to elucidate 

the oncogenic processes associated with viruses 49,62.  
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Here, we provide a comprehensive summary of the distinct oncogenic mechanisms associated 

with each known tumor virus.  

 

EBV 

EBV is a widespread double-stranded DNA virus belonging to the γ herpesviruses subfamily 

within the Lymphocryptovirus (LCV) genus. Globally, over 95% of the population is affected by 

EBV 63,64. Most EBV infections occur in childhood without manifesting overt symptoms. When 

primary infection occurs in adolescence or adulthood, it manifests as infectious mononucleosis 

65. Following the primary infection, individuals become asymptomatic carriers. EBV is 

transmitted through saliva, infecting the oropharyngeal epithelial cells which serve as the initial 

site of infection 66. After binding to the C21 receptor, EBV internalizes into the cell and enters a 

latent state.  EBV is ethologically linked to nasopharyngeal carcinoma (NPC), Burkitt's 

lymphoma (BL), post-transplant lymphomas, and gastric carcinomas. Geographical variations 

and elevated frequencies of EBV-associated malignancies in specific racial groups suggest 

potential influences of host genetic factors on disease risk 67,68. The Epstein-Barr virus (EBV) 

genome encompasses genes that code for six nuclear proteins known as Epstein-Barr nuclear 

antigens: EBNA-1, EBNA-2, EBNA-3A, EBNA-3B, EBNA-3C, and the Epstein-Barr nuclear 

antigen leader protein (EBNA-LP). Additionally, it encodes three latent membrane proteins 

(LMP-1, LMP-2A, LMP-2B) and Epstein-Barr non-polyadenylated early RNAs (EBERs), which 

are abundant in latent cells. EBERs serve as markers for detecting Epstein-Barr virus (EBV) 

infection 69. EBNA1 encodes a DNA-binding protein crucial for facilitating replication of the 

viral episomal genome. It is expressed in latent infected B cells and in all EBV-associated 

malignancies 70,71. EBNA2 functions as a transcription factor that upregulates genes encoding 
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LMP1-LMP2 in B cells 72. LMP-1, a viral oncogene, exhibits similarities to a cell-surface 

receptor. It impedes apoptosis in EBV-infected cells by inducing anti-apoptotic proteins such as 

BCL-2, A20, and MCL-1 73,74. LMP-1 activates the NF-κB transcription factor in B-lymphocytes 

and modulates the epidermal growth factor receptor in epithelial cells 75,76. Additionally, LMP-1 

is implicated in three other signaling pathways—c-Jun N-terminal kinase (JNK)-AP-1, mitogen-

activated protein kinase (p38/MAPK), and Janus kinase (JAK)-STAT—that regulate cell 

proliferation and apoptosis 77,78. The role of EBNA3A, EBNA3B, and EBNA3C is to regulate the 

expression of LMP-1. The expression patterns of these genes differ based on the malignancy 79. 

This variability in gene expression provides valuable insights into the molecular characteristics 

of each condition 47. 

 

The initial documentation of the integration of the EBV genome into host genomes can be traced 

back to the 1980s 80–83. Subsequent investigations substantiated the common occurrence of full-

length EBV genomes and DNA fragments being integrated into EBV-positive lymphomas and 

epithelial carcinomas, such as NPC and gastric carcinoma 84–89. These observations indicate the 

coexistence of integrated and episomal EBV DNA in tumor cells both in vivo and in vitro. EBV 

has the capability to integrate into specific genes associated with tumor suppression and 

inflammation, including PARK2, CDK15, and TNFAIP3, which play roles in the regulation of 

TNF-alpha-induced apoptosis/NF-κB pathways 90. Integration into these genes by EBV can 

compromise their functions, disrupt TNF-alpha-induced apoptosis/NF-κB pathways, and 

contribute to the development of cancer 91. Additionally, integration into the DNA repair-related 

gene NHEJ1 allows EBV to potentially impair the gene's function and the associated DNA repair 

pathway, leading to genomic instability in the host cell and promoting malignant transformation. 
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Although studies on EBV integration are on the rise, the precise implications of viral 

integrations, particularly their association with host genome abnormalities and the eventual 

development of cancer, remain inadequately comprehended. 

 

HBV and HCV 

HBV and HCV are primary etiological factors for HCC. HBV is implicated in 50–80% of HCC 

cases associated with viruses, whereas HCV is accountable for 10–25% of documented cases 

92,93. HCC ranks as the fifth most prevalent tumor type globally and represents the third leading 

cause of cancer-related deaths 94. Chronic infections are established by both viruses, and in the 

presence of liver inflammation (hepatitis), the destruction of hepatocytes prompts regeneration 

and subsequent scarring (fibrosis). This process can progress to cirrhosis and, ultimately, the 

development of HCC. The development of HCC is influenced by a combination of direct and 

indirect mechanisms, stemming from chronic oxidative damage that fosters the emergence of 

mutations. Key driver events in HCC include the dysregulation of p53, TERT, and WNT 

pathways, primarily attributed to mutations in TP53, the TERT promoter, and CTNNB1, 

respectively 95–98.  

 

HBV possesses a circular, partially double-stranded DNA genome featuring four overlapping 

open reading frames (ORFs) responsible for encoding the envelope (preS/S), core (preC/C), 

polymerase (P), and X proteins 99. HBV replication relies on reverse transcription. The frequent 

occurrence of genomic integration of HBV into host DNA suggests that insertional mutagenesis 

plays a significant role as an oncogenic event in HBV-related carcinogenesis 100. Although 

integration of the viral genome into the host chromosome is not indispensable for viral 
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replication, it does enhance the persistence of the viral genomes 101. The HBV integration 

breakpoints are typically random, with a few notable hotspots 95. The dynamics of HBV 

integration involve chronic inflammation and increased hepatocyte proliferation, which may lead 

to the rearrangement of integrated viral and adjacent cellular sequences 102. Integration events 

can further result in chromosomal deletions and transpositions of viral sequences across 

chromosomes 103. Consequently, HBV integration has the potential to contribute to genomic 

instability and the activation of proto-oncogenes. HCC associated with HBV often experiences 

insertional mutagenesis, leading to mutations in KMT2B 104,105, KMT2D, CCND1, CCNE, and 

TERT 98. Notably, one-third of TERT dysregulation events are attributed to HBV integration. 

However, there is no distinct evidence supporting copy number amplification associated with 

HBV integration 96. Furthermore, HBV-related HCC exhibits a high frequency of TP53 

mutations 97.  

 

It is essential to note, however, that the integration of the HBV genome is not an obligatory 

prerequisite for malignant progression, as approximately 20% of patients with HBV-associated 

HCC do not show evidence of integration 106. Analysis of viral DNA sequences found in HCC 

has offered insights into additional oncogenic mechanisms of HBV. The majority of HCC tumor 

cells express sequences encoding the HBV X protein (HBx) and/or truncated envelope PreS2/S 

viral proteins. Furthermore, a novel viral hepatitis B spliced protein (HBSP) has been identified 

in HBV-infected patients 107. Nevertheless, the mere expression of these proteins does not 

substantiate their involvement in HCC development, and additional research is required to 

elucidate their potential contributions to the development of HCC 4.  
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HCV is characterized as a single-stranded RNA virus. HCV encodes three structural proteins 

(Core, E1, and E2) that undergo cleavage by cellular proteases and seven nonstructural proteins 

(p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) that cleaved by virus-encoded proteases 108,109. 

The development of HCC is closely linked to inflammation, and the complement system plays a 

crucial role as an integral component of the inflammatory response, contributing to various 

stages of cancer progression. In chronic HCV infection, factors associated with the host, 

environment, or a combination of both play a significant role than viral factors in influencing the 

progression to HCC. HCV comprises seven genotypes and numerous subtypes. Specific HCV 

genotypes are linked to an increased risk of HCC 110. Research has been conducted to investigate 

the oncogenic characteristics of HCV in hepatic cells. There are several viral proteins involved in 

cellular proliferation and survival pathways. The most researched HCV proteins include Core 

and NS5A. The HCV Core protein plays a pivotal role in modulating several key cell signaling 

pathways 111–114. The HCV NS5A protein functions as a transcription factor activator and 

interacts with various signaling pathways, including those related to the cell cycle, apoptosis, and 

lipid metabolism 115–118. Moreover, HCV Core, NS2, NS5A, and NS5B proteins interact with the 

tumor suppressors p53 and Rb, leading to the dysregulation of their functions 116,119. Other 

mechanisms of HCV associated with HCC include inflammation and fibrosis, oxidative damage 

and genomic instability and epigenetic alterations 120. HCV infection could also induce a general 

state of immune suppression 121,122. Persistent HCV infection disrupts host metabolic pathways, 

particularly impacting glucose and lipid metabolisms, which contribute to the progression of 

HCC. The dysregulation of glucose metabolism leads to insulin resistance and diabetes, while 

HCV-induced steatosis results from increased lipogenesis, impaired degradation, and export 120. 

Unlike HBV, the HCV genome does not integrate into the human genome, but it can induce 
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epigenetic changes that promote its replication through oncogenic events linked to the 

development of liver cancer 120.  

 

KSHV 

The KSHV genome, comprising around 165 Kb of double-stranded DNA, encompasses 

approximately 90 open reading frames, 12 precursor microRNAs (pre-miRNAs) that undergo 

splicing to yield at least 25 mature miRNAs, along with various non-coding and antisense RNAs 

123,124.  

By considering the expression patterns of viral genes, the life cycle of KSHV can be delineated 

into two distinct phases: latent and lytic 125. Latency represents a non-productive phase marked 

by limited gene expression, enabling the virus to evade host immune recognition and ensuring 

prolonged viral persistence 126. The lytic phase is marked by the sequential expression of viral 

genes, facilitating effective replication of viral DNA and its encapsulation into new virions 127–

129. Infection with KSHV is associated with various malignancies in humans 130, Kaposi's 

Sarcoma (KS), a highly vascularized tumor of endothelial origin 33, and two lymphoproliferative 

disorders named Primary effusion lymphoma (PEL) and plasmablastic variant of multicentric 

Castleman’s Disease (MCD).  

 

Among KSHV genes, viral IL-6 promotes proliferation and angiogenesis in Kaposi sarcoma 131. 

Latency-associated nuclear antigen-1 (LANA-1), derived from open reading frame 73 (ORF73), 

is pivotal for the replication and stabilization of episomal KSHV 132, contributing to the 

acquisition of oncogenic properties 133,134. Essentially, KSHV-infected cells exhibit latent 
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proliferation under the expression of LANA-1 without active virus replication. There are no 

reports demonstrating KSHV integrations in the host genomes. 

 

HTLV-1 

HTLV-1 was the first human retrovirus identified in association with malignancy 135. Being T-

cell tropic, HTLV-1 induces T-cell activation and proliferation upon infection 27. It leads to adult 

T-cell leukemia (ATL) and progressive myelopathy (HAM). Transmission of HTLV-1 primarily 

takes place through sexual contact and mother-to-infant infection. HTLV-1 is an RNA virus with 

a single-stranded genome that harbors retroviral genes responsible for core proteins (Gag), 

reverse transcriptase (Pol), surface glycoprotein for receptor binding (Env), and transcriptional 

activator (Tax, Rex, p12, p21, p31, p30 and HBZ) genes. The sense genes, including p30, are 

transcribed by the 5′ LTR, while the regulatory gene HBZ is transcribed by the 3′ LTR in the 

antisense direction 136. Tax and HBZ are recognized as two distinct oncogenes in HTLV-1, each 

operating through different mechanisms of oncogenesis. Tax has the capability to activate crucial 

cellular pathways, including those involved in T-cell activation and expansion, making it a key 

contributor to HTLV-1 persistence 137. Simultaneously, Tax serves as a potent antigen, eliciting a 

cytotoxic T cell (CTL) response that effectively eliminates HTLV-1 infected cells. Hence, the 

presence of Tax acts as a double-edged sword. While it is necessary for viral replication and 

activation of infected T cells, it also makes HTLV-1 susceptible to immune clearance. Faced 

with the selective pressure from the host immune system, HTLV-1 likely adapts in vivo to 

suppress or lose Tax expression 138,139. HBZ stands as the sole viral gene expressed continuously 

throughout HTLV-1 infection 140, providing a clear distinction between infected and uninfected 

cells 141. Remarkably, HBZ demonstrates activities that are often contrary to those of Tax in 
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several aspects 142. Many cellular pathways, including the nuclear factor-κB (NFκB) pathway 

that could be activated by Tax, are suppressed by HBZ 143.  

 

As a RNA retrovirus, integration is part of the lifecycle of HTLV-1. HTLV-1 undergoes reverse 

transcription of its RNA genome into DNA upon entry, subsequently integrating into the 

chromosome, ensuring its persistence as an intracellular provirus 136. The concept of insertional 

mutagenesis as a mechanism for HTLV-1 persistence was not widely acknowledged until recent 

revelations showed that HTLV-1 integration sites are often found in proximity to 

transcriptionally active genomic regions 144–146, including those associated with cancer driver 

genes 142. These findings indicate a mechanism for sustained HTLV-1 infection through cis-

perturbation of host genes by the provirus. 

 

MCPyV 

Merkel cell polyomavirus (MCPyV) is the only polyomavirus that was scientifically proven to 

cause oncogenesis in humans. The genome is a double-stranded circular DNA with about 5.4 

kilobases in length 37. MCPyV possesses a minimum of five viral genes, namely VP1, VP2, VP3, 

as well as small and large T antigens (LT). LT is the key protein in carcinogenesis 147,148, playing 

a dual role in inactivating the Rb pathway through its Rb binding site 149,150 and facilitating viral 

replication via the helicase domain at the C-terminus 151. Merkel cell carcinoma (MCC) is an 

uncommon, highly aggressive neuroendocrine skin neoplasm with an uncertain cell origin, 

typically appearing on sun-exposed areas. MCC is marked by low survival rates, rapid 

metastasis, and a rising incidence, and current therapeutic options are deemed insufficient 39. In 

the case of MCPyV in MCC, frequent nonsense mutations in the LT gene suggest that the mutant 
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MCPyV is unable to replicate due to the absence of the helicase domain. MCC development 

associated with MCPyV is confirmed to hinge on two factors: (1) integration of viral DNA into 

the host genome; (2) the expression of viral oncoproteins, including a truncated form of the LT 

antigen. Additional frequently observed genomic alterations in MCC encompass mutations in 

TP53, Rb, and PIK3CA 152, along with amplification of L-myc 153. Samples regarding the viral 

biology are inadequate, and the exact oncogenic mechanism still needs to be elucidated 45. 

 

HPV 

 HPV is a small, double-stranded DNA virus that is transmitted primarily through sexual contact 

and infects human epithelium in anogenital and oral mucosa. Currently, more than 200 HPV 

types have been identified and can be categorized into genera, species, and types through the 

comparison of their viral genomes154. Among them, there are 13-15 high-risk  HPV that are 

associated with oncogenic risk. According to the record from the center for disease control and 

prevention (CDC), among sexually transmitted infections, HPV exhibits the highest prevalence 

and incidence rates. From 2011 to 2014 in United States, the prevalence of any oral HPV among 

adults aged 18–69 was 7.3%, with high-risk HPV at 4.0% 155. The majority of HPV infections 

are typically cleared within 6–10 months. However, persistent infections with high-risk HPV 

types constitute a significant risk factor for the development of HPV-associated cancer. HPV is 

responsible for nearly all cases of cervical cancers and a substantial number of cancers affecting 

the vagina, vulva, penis, anus, rectum, and head and neck.  Annually in the United States, 

approximately 46,711 new cancer cases arise in areas frequently associated with HPV. Among 

women, cervical cancer stands out as the most prevalent HPV-associated cancer, while among 
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men, oropharyngeal cancers, a subtype of head and neck cancer, are the most common as 

reported by CDC 156.  

 

High-risk HPV types 16 and 18 are recognized as the primary cause behind the majority of 

cervical cancers and numerous head and neck squamous cell cancers 157,158. The HPV16 genome 

comprises a circular genome of 7.9 kilobases, structured into three components: (1) the early 

gene region (E), consists of 6 genes, E1, E2, E4, E5, E6 and E7. E3, E5, and E8 have been 

recognized, although their expression is not consistently observed across the Papillomaviridae 

159. (2) the late gene region (L), consists of 2 genes, L1 and L2. (3) The upstream regulatory 

region (URR) 159 (Figure 1.1). Among them, E6 and E7 are oncogenes that disrupt the cell cycle 

regulation by blocking the function of key cell cycle regulators, TP53 and RB1. E6 protein 

interacts with cellular TP53, leading to ubiquitin-mediated degradation 160,161. The E6 gene has 

different isoforms including full-length and alternatively spliced variants known as E6*I, E6*II, 

or E6*III. They play a role in driving oncogenic transformation. E7 protein binds to the RB1 

pocket, preventing its interaction with the transcription factor E2F. This interference results in 

the unscheduled transcription of genes associated with cell cycle entry. It results in persistent 

transcription of S-phase genes, facilitated by alternative cyclin-CDK complexes in the cell cycle. 

Additionally, there is irregular transcription and expression of p16INK4a, serving as a valuable 

surrogate histological marker for HPV infection 162. The interaction of E7 with RB induces 

continuous cell cycle entry, progression, and cellular proliferation 163. The high-risk HPV E1 and 

E2 genes are crucial for viral replication, with E2 serving as a transcriptional repressor of E6 and 

E7. Other early genes, the E1, E2, E4 and E5 genes play crucial roles in the replication of the 

viral genome. E1 and E2 are dependent on the host DNA polymerase and replication machinery 
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for their functions. E1 serves as an ATP-dependent helicase, facilitating the beaks of host 

double-stranded DNA, thereby activating the DNA damage response pathway. On the other 

hand, E2 encodes a transcription factor that binds to viral DNA, acting as a repressor of the early 

gene transcription, particularly E6 and E7, thereby modulating key aspects of the viral life cycle 

154,159. The URR is responsible for the transcription of early genes, viral amplification, and 

cellular tropism and consists of DNA recognition sites for both viral and host transcription 

factors, including the early gene promoter (p97). Another gene promoter, designated p670, is 

located within the E7 open reading frame (ORF), regulating late gene expression 159. L1 and L2 

proteins function in virion capsid structural proteins. They are not expressed in the basal cells 

that harbor infection of late stages of precancer or cancer 159.  

 

The mechanism and functional implications of HPV integration into the genome is a primary 

focus of Chapters 2-4 and will be comprehensively elucidated further in Chapter 1.2 below.  

 

1.2 Landscape findings of HPV integration research 

As discussed in Chapter 1.1, HPV has the potential to induce various types of cancers. Within 

these malignancies, the viral genome, initially in episomal form, may undergo linearization and 

integration into the host genome. Despite this, HPV integration does not constitute a required 

component of the papillomavirus life cycle. In earlier years, numerous studies with small sample 

sizes and limited technology for detecting HPV integration yielded controversial results. In 

recent years, larger-scale projects have provided insights into the role of HPV integration in 

oncogenic mechanisms, particularly in cervical cancers and head and neck cancers, presenting 

several inspiring models. This section aims to summarize key findings from past research on 
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HPV integration, specifically in the context of cervical cancer, head and neck cancer, and other 

cancers induced by HPV. 

 

1.2.1 HPV integration research in cervical cancer 

1.2.1.1 Introduction of cervical cancer 

 

Cervical cancer ranks as the second most prevalent cancer globally, registering approximately 

604,000 new cases and 342,000 deaths worldwide in 2020 164. This tumor represents a gradual 

cellular alteration in the cervix that arises subsequent to HPV infection. The two primary 

pathological types of cervical cancer are squamous carcinoma (SCC) and adenocarcinoma (AC). 

Adenocarcinomas constitute around 25% of cervical cancers, and unlike cervical SCC, which is 

predominantly associated with HPV, adenocarcinomas in the cervix form a more diverse group 

of tumors, with approximately 15% having no connection to HPV infection 165. In cases of 

cervical SCC, the integration of HPV into the host genome is commonly observed. Indeed, 

studies reported that more than 83% of cervical cancers showed positive for HPV integration in 

HPV-infected groups 166,167. In cervical adenocarcinoma (AC), fewer studies have been 

conducted. HPV integration was reported to be detected in 36.8% of HPV-infected patients in a 

recent study 168.  

 

1.2.1.2 HPV integration and survival outcomes 
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The correlation between HPV integration status and patient survival in cervical cancer has been 

established through several studies, yielding overall consistent results. A study involving 121 

cervical cancer patients in 2009 suggested that individuals with HPV16 integrated forms 

exhibited better disease-free survival compared to those with non-integrated forms, although 

statistical significance was not reached 169. In 2017, another study with 98 locally advanced 

cervical cancer patients demonstrated that the episomal HPV group showed the most favorable 

disease-free survival outcome, while the integrated group had a poorer outcome, and the HPV-

negative group had the worst prognosis 170. A more comprehensive study in 2018, with a sample 

size of 108, reported that the HPV-positive group (overall survival, 123 months) exhibited better 

survival outcomes compared to the HPV-negative group (overall survival, 37 months). The 

episomal form of the virus was identified as a favorable predictive factor (overall and relapse-

free survival, 100%), while the integrated form was a significantly unfavorable predictive factor 

(overall survival, 25 months; relapse-free survival, 7 months). The survival of patients with the 

integrated form was notably lower than that of HPV-positive patients and individuals with a 

mixed form of the virus (relapse-free survival, 52 months), considering both overall and relapse-

free survival 171.  

 

1.2.1.3 Location of integration 

 

The first noted integration of HPV into the human genome was elucidated in 1987, specifically 

between KLF5 and KLF12 in the SiHa cell line 172. Early studies of the role of integration in 

cervical lesions indicated a stochastic nature or a favor for common fragile sites, regions with 

microhomology, highly transcriptionally active regions, or proximity to microRNAs (miRNAs) 
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166,173. Subsequent investigations, however, revealed multiple hotspots on the human genome for 

HPV integration. Notably, integrations were detected in close proximity to the cMYC locus, 

suggesting a potential preference for integration of HPV18 at this locus 174. A study by 175 

demonstrated that a majority of integration events occur within known or predicted genes or in 

the vicinity of miRNAs 175 . In a more extensive analysis involving 104 patients and 5 cell lines, 

3identified genomic hotspot regions where integration events occurred, leading to elevated 

protein expression from MYC and HMGA2 when HPV integrated into flanking regions 3. In 

2016, 176 examined over 1,200 integration events in cervical cancers, revealing that integration 

most frequently transpired at three loci: 3q28, 8q24.21, and 13q22.1. These regions, rich in 

genes, encompass crucial tumor suppressors such as TP63, TPRG1, MYC, KLF5, and KLF12. 

Additionally, they observed a higher frequency of integration into genes than expected by 

chance, suggesting a potential for functional alteration of critical genes 176 . In 2021, Kamal et al. 

identified the MACROD2 gene as the most frequent HPV integration hotspot, followed by 

MIPOL1/TTC6 and TP63, in a cohort of 242 cervical cancer patients 177. Concurrently, 

Warburton and colleagues investigated a separate cohort of 584 cervical cancers, reporting that 

HPV integration breakpoints were enriched at both FANCD2-associated fragile sites and 

enhancer-rich regions, often accompanied by adjacent focal DNA amplification 178. 

 

1.2.1.4 Mechanism of integration 

 

Although the mechanism of HPV integration is not fully understood, there are several models 

presented to explain it in different aspects. HPV integrated only one copy of a segment and 

presented few HPV fusions in some cases and were also observed to be focal amplified in a 
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clustered region with multiple fusions 178–180. In the era of short read data, several papers 

demonstrated diverse models to depict such different types of HPV integration events. In 2017, 

McBride and Warburton reviewed previous research and described HPV integration as two 

types: Type 1 involves the integration of a single genome into cellular DNA, while Type 2 

entails multiple tandem head-to-tail repeats of the HPV genome, sometimes with intervening 

cellular flanking sequences, at a singular genomic locus 181. Subsequently, in 2018, Akagi et al. 

examined five HPV16-positive HNSCC cell lines and two HPV16-positive cervical cancer cell 

lines, introducing a "looping model" to describe focal duplication with both HPV and human 

segments forming DNA concatemers around integration events 182. This research was further 

demonstrated by the same group recently using long read sequencing on 5 primary 

oropharyngeal cancers and 4 cell lines (3 cervical cancers, 1 head and neck cancers) 183. In this 

paper they tried to resolve the recombination of host DNA and virus rearrangements and 

suggested this structural variation as “heterocateny”. They presented that this structure arose 

from extrachromosomal circular DNA (ecDNA) insertion with repetitive HPV and human 

segments, which can be excised from chromosomes, amplified, and undergo recombination 

events between host and/or HPV segments within the same cells (Figure 1.2). Another study in 

2022 employed long-read sequencing in cervical cancer to elucidate clonal human 

papillomavirus (HPV) integration events. They suggested this was due to inter-chromosomal 

translocations and extrachromosomal circular (ECC) DNA structure. The researchers categorized 

four types of HPV integration: Type A, characterized by a truncated HPV genome containing 

E6/E7; Type B, featuring a truncated HPV genome lacking E6/E7; Type C, marked by an 

overflowing continuous segment containing the intact HPV genome; and Type D, which 

represents a combination of Type A, Type B, or Type C 179. Earlier this year, the existence of 
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ecDNA structure in HPV integration events was further affirmed by Tian et al, utilizing real time 

CRISPER FISHer technology 184. 

 

Another aspect of HPV integration mechanism involves cellular repair processes, such as 

nonhomologous end joining (NHEJ) and homologous recombination. In cervical cancer, this 

mechanism was addressed in a large-scale study in 2015. Hu, et al reported that 

microhomologous sequence between the human and HPV genomes was significantly enriched 

near integration breakpoints. This observation suggests that the fusion between viral and human 

DNA may have occurred through a process mediated by microhomology. Additionally, they also 

highlighted that the genomic elements including SINE-Alu were enriched significantly with 

integration sites and proposed a model induced by connecting breakage at the HPV fusion 

around SINE-Alu 3 (Figure 1.3). 

 

1.2.1.5 HPV integration and viral oncogenes 

 

The elevated expression of viral oncogenes E6 and E7 in cervical cancer has been documented in 

many studies, first observed by zur Hausen in 1989 185. The mechanism underlying this 

phenomenon was initially elucidated as a consequence of the disruption of E2, the repressor of 

E6/E7, facilitated by human papillomavirus (HPV) integration during the early stages of 

investigation in this field 186–190. This was supported by some DNA-level research that 

demonstrated that HPV breakpoints enriched significantly in E2/E1 region and inserted less in 

E6/E7 genes.   
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Recent research has advanced our understanding by revealing that the focal duplication structure 

associated with HPV integration also contributes significantly to the amplification of E6 and E7 

copy numbers 179,191,192. This dual regulatory mechanism results in the overexpression of these 

critical oncogenes. However, it is now thought that the cancer development can occur 

independently of these genes 3,193–196 without necessarily depending on the E6 and E7 oncogenes 

expression or different distributed HPV breakpoints in E6/E7 and E2 gene region 3,197. Several 

researchers have proposed additional mechanisms that HPV uses to induce cervical cancer 

development, including alterations on host genes, complex rearrangement and generation of 

chimeric transcriptions, etc. 

 

1.2.1.6 HPV integration and its effect on host genome 

 

Modifications and alterations generated by the HPV integration into the host genome that can 

lead to carcinogenesis and could be demonstrated in four main aspects: (1) loss of function of 

tumor suppressor genes, (2) increase in oncogene expression, (3) fusion transcription and (3) 

Epigenetic level regulations. These pathways are described below. 

 

Loss of function of tumor suppressor genes 

HPV exhibits the capability to integrate its genome into tumor suppressor genes, resulting in 

their inactivation, potentially inducing a selective advantage within the host cell 197. Integrations 

within an intron of the RAD51B gene have been reported. The RAD51B gene plays a crucial 

role in the DNA repair pathway, and its functional loss may contribute to genomic instability 

196,198. In additional investigations, the impact of HPV fusion was observed to extend to another 
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set of tumor suppressor genes, including TP63, P3H2, GMDS-DT, and the pseudogene 

CMAHP190. Moreover, the fusion events involving HPV were associated with downregulation in 

the RNA expression of PROS1 when integration occurred in its upstream region, as reported by 

Zeng et al. in 2023 199. 

 

Increase in oncogene expression 

Ojesina et al. 196 elucidated that the integration of HPV upstream of the NR4A2 gene is 

associated with its overexpression. This overexpression extends to various genes potentially 

implicated in the NR4A2 pathway. Additionally, diverse investigations have reported the 

amplification of oncogenes, such as FOXE1, PIM1, and SLC47A2 174,200. In recent studies, 

LENG9 was amplified in HPV-integrated cervical tumors with highest expression in 103 cervical 

tumors 179. RNA expression of MIR205HG was observed increasing upon integration of HPV 

into its enhancer region 199.  

 

 Fusion transcription 

The integration of HPV into the host genome has the potential to induce the transcription of 

fusion proteins combining viral and host elements, thereby influencing the transcriptional 

activity of adjacent host genes. Such fusion transcripts have also been named chimeric transcripts 

and have been reported in numerous studies. In 2017, The Cancer Genome Atlas Research 

Network (TCGA) identified viral-cellular fusion transcripts in 141 of 169 (83%) HPV-positive 

cancers, including all HPV18-positive cancers. 70% of these fusion transcripts included known 

or predicted genes while others included intergenic regions 167.  Another study also reported the 

evidence of chimeric transcripts in 8/11 HPV16+, 9/10 HPV18+ samples and CaSki cells 201. 
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The viral-cellular fusion transcripts were observed to be more stable compared to the episome-

derived transcripts and were devoid of the instability core motif “AUUUA”. The longer 

existence of the fusion transcripts may lead to elevate the expression of viral oncoproteins and 

drive the carcinogenic process 202. Recent studies using RNA long-read sequencing resolved 9 

fusion transcripts in 5 cervical cancers.  They identified a consistent transcription pattern in 

fusion events, where structurally analogous fusion transcripts are generated through specific 

splicing in E6 and a canonical splicing donor site in E1, connecting to diverse human splicing 

acceptors. HPV16 E6I-E7-E1SD880-human gene was the highly expressed HPV-human fusion 

transcript, acting as a pivotal driver in cervical carcinogenesis, which induced the overexpression 

of E6I and E7, consequently leading to the transcriptional suppression of tumor suppressor 

genes, including CMAHP, TP63, and P3H2. They also demonstrated the existence of a novel 

read-through fusion gene mRNA, E1-CMAHP (E1C), resulting from the integration of HPV58 

E1 with CMAHP. This fusion transcript has demonstrated its capability to facilitate the 

malignant transformation of cervical epithelial cells by modulating downstream oncogenes, 

thereby participating in diverse biological processes 190. 

 

Epigenetic level regulations 

In late stages of cervical cancer there is an alteration in methylation patterns, a phenomenon 

linked to the viral state 203. The modified methylation patterns were evident in various regions of 

the viral genome, including increased methylation in the E2 binding sites within the URR, as 

well as in the L1 and L2 regions. The correlation between elevated methylation and the 

progression of cervical lesions is notable. These alterations contribute to the deregulation of 

E6/E7 expression. The correlation between methylation patterns and the quantity of integrated 
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viral copies within the host genome has been demonstrated 204. Furthermore, significant 

differences exist in the methylation levels in samples where the HPV exists only in the episomal 

form, compared to samples with HPV integrated into the host genome. These observations are 

applicable in a similar manner to HPV 18 204.  As described above, the RNA expression of 

MIR205HG exhibited an increase upon the integration of HPV into its enhancer, while PROS1 

was downregulated. The promoter methylation levels of both PROS1 and MIR205HG were 

inversely correlated with their respective gene expressions 199. Notably, Tian et al reported the 

integration of HPV gives rise to cellular super enhancers (SE), which operate as 

extrachromosomal circular DNA (ecDNA), and regulate unconstrained transcription 184. 

 

1.2.1.7 HPV integration and other recent findings 

 

In a study conducted earlier this year, it was revealed that HPV integration sites may exhibit 

either transcriptional silent or active transcription, resulting in the generation of viral-host fusion 

transcripts. Using multi-omics datasets, they reported that tumors characterized by productive 

HPV integration are linked to elevated levels of E6/E7 proteins, which enhanced tumor 

aggressiveness and immunoevasion 184. 
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1.2.2 HPV integration research in head and neck cancer 

1.2.2.1 Introduction of head and neck cancer 

 

HNSCC ranks as the sixth most prevalent cancer globally, with an annual occurrence of 630,000 

new cases and over 350,000 fatalities 205. Primarily originating from the mucosal linings of the 

upper aerodigestive tract, HNSCC predominantly manifests in the oral cavity, oropharynx, and 

larynx, often linked to oncogenic activation of epidermal growth factor receptor (EGFR) and 

mutations in tumor-suppressor genes like TP53 and CDKN2A 205,206. HNSCC carcinogenesis is 

broadly categorized into high-risk HPV-mediated and HPV-negative subtypes, primarily 

associated with tobacco and alcohol consumption 207. Notably, the incidence of HPV-positive 

HNSCC, particularly oropharyngeal squamous cell carcinomas (OPSCCs), has markedly 

increased in the Western world over the past decade 206. Up to 90% of OPSCCs are now linked 

to HPV, surpassing the incidence of HPV-positive cervical squamous cell carcinomas in the 

USA 154,208. 

 

As described before, cervical SCCs show HPV positivity in 95–100% of cases, with different 

HPV subtypes exhibiting varied integration frequencies. Specifically, HPV16 integrates in 50–

80% of cases, while HPV18 integrates in over 90% of cases 209–211. In OPSCCs, HPV positivity 

varies from 20–90% across studies due to geographical differences, sample preparation methods, 

and detection techniques. Moreover, 90–95% of HPV-positive OPSCCs are infected with 

HPV16 212,213. 
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Various methodologies, such as fluorescence in situ hybridization (FISH) and polymerase chain 

reaction (PCR) and bioinformatics methods on sequencing techniques, have been employed to 

assess HPV integration rates in HNSCC, revealing percentages ranging from 5% to 70% 211,214–

218. Tonsillar squamous cell carcinomas (TSCC) was reported to have integration incidence of 

40-100% 211,215. However, challenges in directly comparing studies arise from differences in 

patient cohorts, tumor locations, and the mixed form of integrated and episomal HPV DNA. 

Additionally, variations in bioinformatic pipelines used for viral integration detection contribute 

to divergent integration rates across studies. 

 

1.2.2.2 HPV integration and survival outcomes 

 

In HPV-positive HNSCC, certain characteristics such as less genetic alterations, impaired DNA 

repair response, and better response to radiotherapy contribute to a favorable prognosis 206,219,220. 

This is particularly evident in younger, healthier individuals with fewer comorbidities. However, 

factors like smoking, EGFR overexpression, advanced nodal stage, and chromosomal instability 

can lead to a poorer prognosis 221,222. 

 

The association between HPV integration and patient prognosis has been debated for years 209,223. 

Recent studies suggest that HPV integration may be linked to an unfavorable prognosis. Some 

findings indicate that patients with fully episomal or mixed forms of HPV16 exhibit better 

survival than those with integrated HPV16 or HPV-negative tumors  217,224–227. However, 

conflicting results exist 228–230, and the method used to detect viral integration is crucial in 
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interpreting outcomes. For instance, techniques like PCR for E2 and E6/7 expression may 

overestimate mixed physical status of HPV 224. 

 

Specifically, studies have shown varying results regarding the correlation between viral 

integration and patient prognosis in HPV-positive HNSCCs. The technique used for detecting 

viral integration, variations in anatomical locations of tumors, and relatively small sample sizes 

in some studies contribute to the inconsistency in findings. Another recent research (sample size 

= 15) in cervical cancer suggested the HPV integration events with multiple fusion sites might 

display worse outcomes compared to single HPV integration events 179. This result suggested 

that HPV integration types need to be better identified instead of merely grouped to integrated 

versus episomal groups.  

 

In summary, while some studies indicate a connection between HPV integration and unfavorable 

prognosis in HNSCC, the overall evidence is inconsistent. Methodological variations and the 

inclusion of diverse tumor locations and small patient cohorts in studies contribute to the 

complexity of interpreting these results. 

 

1.2.2.3 Location of integration 

 

Molecular investigations reveal that HPV-positive cancers often have one or more integration 

sites as described in the cervical cancer section 176,209,223. These sites are distributed throughout 

the human genome, frequently aligning with fragile regions. Notable integration hotspots include 

specific locations on various chromosomes 2q22.3, 3p14.2, 3q28, 8q24.22, 9q22, 13q22.1, 
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14q24.1, 17p11.1, and 17q23.1–17q23.2 176,223,231. Walline et al. discovered differences in 

integration sites between responsive and recurrent oropharyngeal tumors. In responsive cases, 

HPV tends to integrate in non-coding regions, while recurrent tumors display complex 

integration patterns in cancer-related genes 232. 

 

HPV integration predominantly occurs in gene-rich regions, particularly in cancer-related genes 

like oncogenes (e.g., TP63, MYC, ERBB2) and tumor suppressor genes (e.g., BCL2, FANCC, 

HDAC2, RAD51B, CSMD1) , and to a lesser extent in microRNA regions 210,233. Studies, such 

as those by Parfenov et al. (sample size = 279) 217 and Olthof et al. (sample size = 75) 211, 

highlight the non-random nature of HPV integration, with a preference for less protected and 

more accessible chromosomal regions, including actively transcribed cancer genes. Pinatti et al. 

used HPV integration detection to study the clonal relationship between bilaterally developing 

TSCCs 234. They identified multiple integration events, including those in genes CD36 and 

LAMA3. 

 

In a recent investigation utilizing whole-genome sequencing (WGS), 105 cases of HPV-positive 

oropharyngeal cancers were examined, revealing virus integration in 77% of the cases. The study 

identified five statistically significant recurrent integration sites proximal to genes involved in 

the regulation of epithelial stem cell maintenance, including SOX2, TP63, FGFR, MYC, and 

immune evasion-related gene CD274 2. 
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1.2.2.4 Mechanism of integration 

 

Most findings related to the mechanism of HPV integration in HNSCC have been demonstrated 

in the section of cervical cancer as this question was often investigated using a combined cohort 

of both cervical cancer and HNSCC. Here, we only included the additional research related to 

HNSCC. 

 

As mentioned before, the two aspects of integration of mechanisms were the looping model for 

focal genomic instability and cellular repair mechanisms, including NHEJ and microhomology 

mediated end-joining (MMEJ). MMEJ was demonstrated in a cervical cohort3 as well as in 

HNSCC. In 2019, Leeman and colleagues conducted a comprehensive analysis of double-strand 

break (DSB) repair pathways in isogenic paired HNSCC cell lines using three different 

methodologies. Their findings revealed that the HPV16 E7 oncoprotein inhibits the canonical 

NHEJ pathway while promoting the error-prone MMEJ pathway. This mechanistic insight 

provides a rationale for the clinical radiosensitivity observed in these cancers. Comparing HPV 

positive HNSCC to HPV negative, the study observed a significant increase in the proportion of 

deletions with flanking microhomology, a signature indicative of the backup, error-prone DSB 

repair pathway known as MMEJ 235. The distributions of microhomology around HPV 

integration were also examined in three HPV positive HNSCC samples in 2018 236 and 34 HPV 

positive OPSCC patients in 2022 237. The majority of integrations identified had some degree of 

microhomology between 0-10bp.  
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1.2.2.5 HPV integration and viral oncogene 

 

Similar to HPV integration in cervical cancer, in HNSCC, viral integration often involves the 

opening of the episome within the E2 leading to the deletion of E4 and E5 and parts of E2 and 

L2 231. The deletion of E2 disrupts its role as a transcriptional repressor in the URR, resulting in 

increased expression of E6 and E7 genes. Consequently, this disruption affects cellular signaling 

pathways, promotes heightened cellular proliferation, and inhibits the normal process of cell 

death (apoptosis) 210,220.  

 

Huebbers et al. and Zhang et al. demonstrated a significant upregulation of HPV16-E6*I 

expression in OPSCCs with integrated viral genomes 238,239 . In both studies, the correlation 

between viral integration and E6*I overexpression was observed, along with associations with 

keratinocyte differentiation signatures. Paget-Bailly et al. also noted that the ectopic expression 

of HPV16 E6*I led to the deregulation of cellular genes involved in ROS metabolism, 

contributing to viral integration by inducing genome instability 240. The presence of E6 partially 

mitigates the impact of E6*I. This observation is further supported by a clinical cohort, where 

tumors overexpressing E6*I were associated with cancer pathways linked to ROS metabolism 

241. However, additional studies are needed to elucidate how E6*I regulates genes related to 

oxidative stress and its implications for HPV-driven tumorigenesis 240. 

 

Nevertheless, multiple studies on primary tumors indicate that the disruption of E2 upon viral 

integration alone does not necessarily result in increased expression of E6 and E7 
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oncogenes211,217. This suggests that similar to cervical cancer, HPV integration might play 

additional oncogenic mechanisms besides the E6/E7 viral oncogenesis pathway. 

 

1.2.2.6 HPV integration effects on cellular genes 

 

We used the same four aspects in the cervical cancer section to describe the alteration induced by 

HPV integration in HNSCC in host genes here. 

 

Loss of function of tumor suppressor genes 

The functional loss of a tumor suppressor occurs through HPV integration into specific 

genes.  the deletion of gene regions and the production of truncated and potentially nonfunctional 

transcripts, as well as host-viral fusion transcripts. 

 

Parfenov et al. identified HPV integration into RAD51, causing a 28-fold extrachromosomal 

amplification and the generation of alternate transcripts, likely yielding a nonfunctional RAD51 

protein. Integration into ETS2 resulted in the deletion of exons 7 and 8, leading to decreased 

transcription of these exons and likely producing a truncated protein without affecting the overall 

gene expression 217.  

 

Pannone et al. observed a correlation between HPV integration (detected by ISH) and 

downregulation of Toll-like receptor 4 (TLR4). TLR4 is crucial in innate immune responses to 

pathogens, including HPV, recognizing pathogen-associated molecular patterns (PAMPs). 

Decreased TLR4 expression in uterine cervical carcinomas and HPV-positive OPSCCs is 
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associated with altered signaling cascades, reduced interferon production, and compromised 

immune responses, partly facilitated by viral proteins E6 and E7 interference with innate 

immunity 242,243. 

 

Episomal HPV DNA presence is linked to deregulation of immune response and cell survival 

pathways. Tumors with mutations in TRAF3 and CYLD genes often contain episomal HPV, 

suggesting a potential mechanism for maintaining episomes in HNSCCs and promoting 

mutations in these genes, leading to constitutive activation of NF-κB and impaired innate 

immunity 225,234.  

 

Increase in oncogene expression 

The investigation by Huebbers et al. explored gene expression differences in oropharyngeal 

tumors with and without HPV integration, revealing elevated protein expression of AKR1C1 and 

AKR1C3 in cases with HPV integration 238. Upregulation of AKRs was also noted in HPV-

negative tumors, likely due to oxidative stress response induced by Keap1/Cul3/NRF2 system 

mutations. AKRs play roles in various metabolic pathways and detoxification of 

chemotherapeutic drugs 244.  Feedback loops between oxidative stress response and AKR1C 

expression, as well as interactions with the viral isoform HPV16-E6*I, contribute to increased 

AKR1C1 expression. Moreover, elevated AKR1C1 and AKR1C3 levels result in reduced 

concentrations of retinoic acids, activating NRF2, and subsequent signaling pathways related to 

cell proliferation, metabolic reprogramming, chemotherapy resistance, and impaired DNA 

damage response 244.  
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Additionally, HPV integration upstream of an oncogene, as reported by Parfenov et al. can lead 

to oncogene overexpression through amplification of the downstream region, exemplified by the 

250-fold amplification and overexpression of NR4A2 217. They also suggested that CD274 as a 

recurrent hotspot in enhancer region with higher expression level in HPV integrated patients. 

Interchromosomal translocations were also reported, causing overexpression of key oncogenes 

such as KLF5, TP63, and TPRG1 245. Likewise, Symer et al. observed a 16-fold enrichment in 

genomic copy number hyperamplification in close proximity to HPV integrations within 105 

cases of HPV-positive OPSCCs. The degree of focal host genomic instability rises in correlation 

with the local density of integrants. Furthermore, there is an 86-fold increase in the frequency of 

genes expressed at exceptionally high or low levels within a range of ±150 kb around integrants 

2. 

 

Fusion transcription 

Akagi et al. examined the impact of HPV integration on cell-virus fusion transcripts and gene 

expression in 10 HNSCC cell lines and 1 primary tumor. They identified virus-host fusion 

transcript expression in all samples, validating whole-genome sequencing findings. Examples of 

gene disruption were observed, such as HPV integration in UD-SCC-2 leading to DIAPH2 

segment deletions and rearrangements, resulting in viral-fusion transcripts without native 

transcripts or functional protein. In UM-SCC-47, aberrant TP63 expression resulted from HPV 

integration-mediated amplification, generating viral-host transcripts and a truncated TP63 

protein. Additional instances of gene disruption involved FOXE1 and PIM1 oncogene 

amplification in UPCI:SCC090 cells 182. 
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Hassounah et al. demonstrated HPV integration into the CD274 gene (PD-L1), generating a 

truncated isoform of PD-L1 that, when secreted, maintained its ability to bind PD-1, negatively 

regulating T cell function outside the cell246. Koneva et al. identified three tumors with CD274 as 

an HPV integration site, correlating with increased PD-L1 expression 227. Broutian et al. 

observed HPV insertions flanking a 16-fold somatic amplification of the PIM1 gene in 

UPCI:SCC090, accompanied by increased PIM1 transcripts. PIM1 overexpression, associated 

with poor survival, involves PIM kinase phosphorylation of substrates in the 

PIK3CA/AKT/mTOR pathway, promoting increased cell metabolism and growth 182,222,247–249. 

 

A case report by Huebbers et al. described a rare malignant transformation in juvenile-onset 

recurrent respiratory papillomatosis, involving low-risk HPV type 6 integration into the 

AKR1C3 gene, chromosomal region deletion, and loss of AKR1C3 protein expression 250,251. 

Walline et al. reported that in UM-SCC-47, HPV integration into TP63 generated a viral-host 

fusion transcript between HPV16 E2 and exon 14 of TP63, producing a truncated ΔNTP63 

protein. Other cell lines did not exhibit viral-host fusion transcripts, possibly due to in-frame 

integration into introns that were subsequently spliced out 252. 

 

In 2022, another investigation identified the expression of chimeric transcripts in 147 genes 

within the 105 OPSCC tumors, causing outlier expression in 35% of them. Unlike the typical 

splicing of transcripts from amplified host genes, chimeric transcripts exhibit significantly 

altered structures when expressed at outlier levels. These chimeric transcripts contribute to the 

disruption of the 147 host genes, partly through readthrough expression and/or utilization of host 
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splice donor, splice acceptor, and/or cryptic splice sites. For instance, a single tumor displayed 

the detection of 31 distinct chimeric transcripts at CASC8 2. 

 

Epigenetic level regulations 

In a study of 57 HPV-positive OPSCC patients, Reuschenbach et al. discovered that among 16 

samples with an intact E2 gene, there was an association with methylation of specific binding 

sites (E2BS3 and E2BSx4) in the URR. This methylation resulted in the loss of protein 

expression, resembling the effect of E2 gene deletion. Interestingly, in most cases, the URR was 

not methylated 253. Recent studies suggest that the methylation of the viral genome is not 

necessarily linked to the physical status of HPV. For example, although hypermethylation within 

the URR was observed in two cell lines (UM-SCC-47 and CaSki), two other cell lines (UM-

SCC-104 and SiHa) with a mixed physical status of the HPV genome exhibited an unmethylated 

URR 253. Hatano et al. observed a correlation between the methylation status of the integrated 

HPV genome in certain HNSCC cell lines and the methylation status of the host genome 

surrounding the integration breakpoints. Consequently, they suggested that the expression of 

viral oncogenes might depend on the specific location of viral integration 254. 

 

A study elucidated the relationship between chromatin structure changes and the viral state in 

HPV-positive HNSCC samples. This included the H3K27ac histone mark, distinguishing tumor 

samples with and without HPV integration, and its enrichment colocalized with varying numbers 

of HPV integration sites. Additionally, these differential enrichments of the H3K27ac histone 

mark were found in upstream genes implicated in HNSCC tumorigenesis, such as TP63, FOXE1, 

NOTCH1, and EGFL7, where their expression is enhanced 231. 
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Furthermore, an additional investigation employing ChIP-seq demonstrated that the conserved 

CTCF binding site within the HPV genome associates with CTCF in four HPV-positive cancer 

cell lines. Notably, significant alterations in the CTCF binding pattern and chromatin 

accessibility were observed exclusively within a 100 kbp proximity to HPV integration sites. The 

outcomes indicated a novel CTCF binding site resulting from HPV integration induces a 

restructuring of chromatin state and the upregulation of genes crucial for tumor viability in HPV-

positive tumors 255. 

 

1.2.2.7 HPV integration and other recent findings 

 

HPV-positive and HPV-negative HNSCCs exhibit distinct miRNA expression patterns, with 

specific miRNA subsets significantly associated with overall survival, disease-free survival, and 

distant metastasis in HPV-positive HNSCCs 256,257. Hui et al. identified 128 differentially 

expressed miRNAs between tumor and normal tissue in OPSCCs and proposed that HPV 

integration near these miRNAs might contribute to their dysregulation 257. Wald et al. observed 

altered expression of a subset of miRNAs in HPV16-positive HNSCC cell lines compared to 

both HPV-negative HNSCC cell lines and immortalized normal keratinocytes 258. Given that the 

HPV16-positive cell lines in this study contained integrated HPV, the findings suggest a 

potential role of integration in the dysregulation of miRNAs. 
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1.3  Bioinformatics Methods in viral integration research 

1.3.1  Detection technology of viral integration 

 

Various approaches have been used to detect HPV integration in tumor tissues. Initially, 

techniques like in situ hybridization (ISH) or fluorescence in situ hybridization (FISH) were 

employed to visualize HPV DNA or RNA, enabling the identification of viral integration at the 

single-cell level in cells and tissues. Alternatively, PCR-based methods, such as quantitative 

PCR (qPCR) for E6/E7 copy number determination relative to E2, Detection of Integrated 

Papillomavirus Sequences (DIPS) PCR for detecting virus-human DNA sequences, and 

Amplification of Papillomavirus Oncogene Transcripts (APOT) PCR for detecting virus–human 

RNA transcripts, have been developed. Furthermore, NGS techniques like WGS, Whole Exome 

Sequencing (WES), and RNA-Seq have advanced and can identify HPV-human nucleic acid 

sequences. 

 

New techniques are being developed to investigate viral integration along with HPV sequences, 

using custom-made RNA probes specific to HPV. This enables DNA enrichment for viral 

sequences, increasing the likelihood of detecting HPV integration. This enrichment step is 

followed by amplification and NGS 259–261. Examples of emerging techniques for HPV 

integration detection include nanopore or Pacbio sequencing on DNA/RNA isolated from fresh 

frozen tissues, and HPV capturing with long read sequencing, as well as Targeted Locus 

Amplification (TLA) on DNA isolated from FFPE tissues, combining HPV capturing with 

circularization of DNA fragments and amplification. An overview of the currently employed 



 44 

techniques for identifying HPV integration, along with their advantages and disadvantages, is 

presented in Table 1.4 223. 

 

1.3.2  Bioinformatics viral integration detection 

 

A growing number of studies employ NGS techniques to identify HPV integration in the human 

host genome. Reliable NGS data requires an optimal bioinformatic pipeline for the rapid and 

exclusive detection of the viral genome from large-scale genome-wide DNA sequencing. This is 

typically achieved by detecting virus-host chimeric fusions or paired-end reads 210. Several 

bioinformatic approaches for identifying viral integration sites have been developed, including 

SeqMap2 262, VirusSeq 263, VirusFinder1-2 264,265, ViralFusionSeq 266, Virus-Clip 267, Vy-PER 268 

, BATVI 269, , HGT-ID 212 , VirTect 270 and HIVID2 271, specifically used for detecting integrated 

HPV genomes.  

 

The variation in reported HPV integration sites (0–600) in cervical cancers may be attributed to 

the diversity in bioinformatics tools, with suggestions that high integration rates result from low-

stringency approaches 210 223. When mapping integration sites, potential artifacts in bioinformatic 

data, such as misidentification of fusion transcripts, contamination, difficulty distinguishing 

between episomal and linearized sequences, repetitive regions, miss alignment and homologous 

sequence, should be considered. Quality control and confidence of integration sites using 

established techniques are essential 210,223,272. 
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Newly developed bioinformatic tools have emerged. Viral integration and Fusion identification 

(ViFi) detect viral integrations from WGS data and human–virus fusion mRNA from RNAseq 

data. Unlike reference-based alignment mapping, ViFi combines this with a phylogenetic model 

for better detection of evolutionarily divergent viruses 273. SurVirus, an improved virus 

integration caller that was aware of integrations in repetitive regions and corrects the false 

alignment of reads which were crucial for the discovery of integrations 274. Capture-based 

sequencing methods, like nanopore sequencing, enable sequencing of long DNA molecules, and 

specific bioinformatic methods are developed for accurate analysis. SearcHPV, a pipeline for 

targeted capture sequencing data, operates more accurately and efficiently than existing 

pipelines, performing local assembly around the junction site and simplifying confirmation 

experiments 236. VIRUSBreakend, a virus-centric approach, detects viral integration in regions of 

low mappability, such as centromeres and telomeres, using single breakends 275. The 

characteristics and benchmarking of these tools are summarized in Table 1.5. 

 

As outlined earlier, numerous aspects of HPV and its genomic integration remain unclear. This 

dissertation aims to introduce a pioneering technology for detecting HPV integration in targeted 

sequencing data, detailed in Chapter 2. Subsequently, Chapter 3 will feature my investigations 

into identifying distinct types of HPV integrations and examining the correlation between their 

complexity and heterogeneity with tumor characteristics and genetic consequences, utilizing 

multi-omics data from a cohort exceeding 200 patients. To broaden the scope of our research to 

other rare cancers, Chapter 4 will showcase my efforts in exploring the role of HPV in 

mucoepidermoid carcinomas. The comprehensive content of this dissertation introduces several 
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innovative tools that contribute to the viral-associated cancer research community, providing 

valuable insights into additional oncogenic mechanisms induced by HPV integration. 
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Figure 1.1 HPV16 genome structure. The main elements were from PAVE database286 
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Figure 1.2 The schematic of the Looping Model 182 
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Figure 1.3 The schematic of a mechanism connecting breakpoints around SINE-Alu and using MMEJ 3 
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Table 1.1 Summary of the history context of tumor virus. This table summarized the major findings and the timeline 
for all the tumor viruses. 

Virus Timeline Authors Major findings 

RSV 1911 Rous, et al the first oncogenic virus 

CRPV 1935 Rous, Bread induce skin carcinomas in rabbit model 

Mouse 
Virus 

1953 Moloney, et al induce solid tumors in mouse model 

SV40 1962 Hilleman, et al; 
Trentin, et al 

viruses linked to primates model and human 

EBV 1965 Epstein, Barr, et al EBV was detected in BL. The first known 
human tumor virus 

HBV 1967-
1968 

Blumberg, et al HBV was linked to HCC 

HPV 1974 zur Hausen, et al HPV was linked to cervical cancer 

HTLV-1 1980 Gallo, et al HTLV-1 detected 

1981 Hinuma, et al HTLV-1 linked to ATL 

HCV 1989 Houghton, et al HCV was detected and linked to HCC 

KSHV 1994 Chang, Moore, et al KSHV was detected from KS tissues from 
AIDS patients DNA fragments 

MCPyV 2008 zur Hausen, et al; 
Moore, et al 

MCPyV was detected in MCC 
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Table 1.2 Criteria for define a tumor virus 

zur Hausen criteria 44 

1. The consistent presence and continuity of viral DNA in biopsies of tumors and in 
cell lines originating from the same tumor type. 

2. The confirmation of growth-promoting activity exhibited by specific viral genes or 
host cell genes altered by the virus, demonstrated in tissue culture systems or 
relevant animal models. 

3. The verification that the malignancy's characteristics rely on the ongoing expression 
of viral oncogenes or the modification of host cell genes containing viral sequences. 

4. Epidemiological evidence supporting the notion that infection with the respective 
virus constitutes a significant risk factor for the development of cancer. 

Evans and Mueller criteria 424,4342 

Epidemiologic 

1. The geographical prevalence of viral infection aligns with that of the tumor, taking 
into account the presence of established co-factors. 

2. Case subjects exhibit elevated levels of viral markers compared to matched control 
subjects. 

3. Tumor development follows the presence of viral markers, with a higher frequency 
of tumors observed in individuals with markers compared to those without. 

4. Preventing viral infection decreases the incidence of tumors.  

Virologic guidelines 
1. The virus can transform cells in vitro. 
2. The viral genome is present in tumor cells but absent in normal cells. 
3. The virus induces tumors in experimental animals. 

Hill criteria 4,43 

1. Strength of correlation (how frequently is the virus linked to the tumor?) 
2. Consistency (has the connection been consistently observed?) 
3. Specificity of correlation (is the virus uniquely linked to the tumor?) 
4. Temporal relationship (does virus infection precede the development of tumors?) 
5. Biological gradient (is there a dose-response relationship with viral load?) 
6. Biological plausibility (is it biologically feasible for the virus to cause the tumor?) 
7. Coherence (does the connection align with existing knowledge about the tumor?) 
8. Experimental evidence (are there corroborating laboratory findings?) 
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Table 1.3 Representative list of tumor viruses. Abbreviations: ds, double strands; ss, single strands; ATLA, anti-
adult T-cell leukemia/lymphoma antibody; EBER, EBV-encoded small RNA; LANA, Latency-associated nuclear 
antigen; +, positive sense. (the American Cancer Society at http://www.cancer.org/) *HIV doesn't appear to cause 
cancers directly but increases the risk of getting several types of cancers. 

Virus HPV HBV HCV EBV KSHV MCV HTLV-1 HIV* 

family Papillomavi
ridae 

Hepadnavi
ridae  

Flaviviri
dae  

Herpesvir
idae  

Herpesviri
dae  

Polyomavir
idae  

Retroviri
dae  

Retroviri
dae 

virus 
genome 

dsDNA  ss/dsDNA +ssRNA lineardsD
NA  

circulards
DNA  

dsDNA  +RNA  ssRNA 

genome 
size 
(kb) 

7.9 3 9.5-12.5 170 170 5.4 9 9.2-9.8 

virus 
size 
(nm) 

52-60 52-55 40-60 200 100-150 40-55 100 100 

envelop
e capsid 

Absent 
Isosahedral 

Present 
Isosahedral 

Present 
Isosahed

ral 

Present 
Isosahedr

al 

Present 
Isosahedra

l 

Absent 
Isosahedral 

Present 
Isosahed

ral 

Present 
Isosahed

ral 

vaccinat
ion 

Accessible Accessible Inaccess
ible 

Inaccessib
le 

Inaccessibl
e 

Inaccessibl
e 

Inaccessi
ble 

Inaccessi
ble 

anti-
viral 

treatme
nt  

Not 
established 

Effective Effectiv
e 

Occasiona
lly 

Effective 

Not 
established 

Not 
established 

Not 
establish

ed 

Not 
establish

ed 

diagnos
tic 

molecul
e 

p16 HBs 
antigen 

anti-
HCV 

antibody 

EBER LANA CM2B4 ATLA p24 

Integrat
ion 

Yes Yes No Yes No Yes Yes Yes 
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Table 1.4 Tumor viruses and their associated carcinomas 

Virus Target Cancer type 

High-risk HPVs Uterine Cervix 
Head and neck (Oropharynx) 
Vagina 
Vulva 
Penis 

Squamous cell carcinoma 
Adenocarcinoma  

HBV Liver Hepatocellular carcinoma 
Cholangiocellular carcinoma 

HCV Liver 
Hematopoietic system 

Hepatocellular carcinoma 
Cholangiocellular carcinoma 
Malignant lymphoma 

EBV/HHV-4 Stomach 
Nasopharnx 
Hematopoietic system 
Soft tissue 

Adenocarcinoma 
Nasopharyngeal carcinoma 
EBV-associated smooth muscle tumor 

KSHV/HHV-8 Soft tissue 
Hematopoietic system 

Kaposi sarcoma 

MCV Skin Merkel cell carcinoma 

HTLV-1 Hematopoietic system Adult T-cell leukemia/lymphoma 
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Table 1.5 Technology for viral integrations 

Technology223 
 

Pros Cons Suitable cases Relative 
Cost (1-
4, low to 
high) 

In-situ 
hybridization 
(ISH) 276,277 

(Fluorescence) 
in-situ 
hybridization 
((F) ISH) 

High sensitive; 
Fast results; 
Expensive than PCR 
but cheap than 
sequencing;  

Cannot 
identify site 
of integration 
if only virus 
probe is used 

RNA/DNA; 
Number of 
integration 
sites per 
nucleus 

1 

PCR  Quantitative or 
real time PCR 
(qPCR, RT-
PCR) 278,279 

High specific; 
Extremely sensitive; 
Cheap than 
sequencing;  

Cannot 
identify the 
site of 
integration; 
E2/E7 ratio 
not always 
could be used 
as cut-off; 

Fresh frozen 
material; 
Detect viral 
load 

1 

 
Detection of 
Integrated 
Papillomavirus 
Sequences PCR 
(DIPS-PCR) 
211,238,280,281 

Cheap than 
sequencing; 
Identify the site of 
integration 

Only for E2 
fractures; 
Less suitable 
for Formalin-
Fixed 
Paraffin-
Embedded 
(FFPE) 
material 

Fresh frozen 
material;  

1 

 
Amplification of 
Papillomavirus 
Oncogene 
Transcripts PCR 
(APOT-PCR) 
211,238,280,281 

Cheap than 
sequencing; 
Identify the site of 
integration; 
High accurate; 
High sensitive; 
Identify the viral copy 
number 

Less suitable 
for FFPE 
materials; 
Require stable 
RNA;  

RNA; 
Fresh frozen 
material; 

1 

NGS RNA-Seq 210,276 Deep profile the 
transcriptome; 
Identify the site of 
integration 

Cannot find 
5’end of HPV 
breakpoints; 
Only 
expressed 
fusions 

RNA; 
Blood, fresh-
frozen, FFPE, 
fine needle 
aspirates, core 
needle 
biopsies and 
single cells 

2 
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WGS 210,282,283 High accurate; 

High sensitive; 
Identify the site of 
integration; 
Identify the viral copy 
number; 

Need good 
coverage; 
Expensive 
than PCR and 
FISH; 
Time 
consuming 

DNA;  3 

 
WES210,282,283  Highly accurate; 

Extremely sensitive; 
Cheap than WGS; 
Identify the site of 
integration; 
Identify the viral copy 
number; 

Less suitable 
for FFPE 
materials; 
Need good 
coverage; 
Only in 
exome 

DNA; 
Blood and 
fresh-frozen 
biopsy;  

2 

 
Capture-based 
assay 210,284 

Identify the site of 
integration; 
Identify the viral copy 
number; 
Increases chance of 
finding HPV 
integration sites; 
High coverage 

Need good 
coverage; 

DNA/RNA; 
Blood, fresh-
frozen, FFPE, 
fine needle 
aspirates, core 
needle 
biopsies 

2 

Emerging 
Techniques 

Targeted Locus 
Amplification 
285 

Long read; 
Identify the site of 
integration; 
Identify the viral copy 
number; 
Increases chance of 
finding HPV 
integration sites;  

 
Fresh-frozen, 
FFPE 

4 

 
Long read 
sequencing 216 

Long read; 
More comprehensive 
for large,  complex, 
duplicated, HPV 
integration events; 
Identify the site of 
integration; 
Identify the viral copy 
number;  

Less suitable 
for FFPE 
materials; 
Not suitable 
for single 
nucleotide 
variation 
detection; 
High base-
calling rate; 
Need good 
coverage 

DNA/RNA  4 
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Table 1.6 Summary for Viral integration callers. Abbreviations: PE: pair-end; WGS: whole genome sequencing; 
HCC: hepatocellular carcinoma; HNSCC: head and neck squamous cell carcinoma; HPV: human papillomavirus; 
HBV: hepatitis B virus 

Tool Sequencin
g data 

Benchmarkin
g data 

Alignment Informativ
e reads 

Additional 
feature 

SeqMap2 262 Roche 454 NA BLAT Split Web server 
platform 

VirusSeq 263 Illumina 17 HCC 
cancers PE 
RNA-Seq 
data; 239 
HNSCC PE 
RNA-Seq 

BWA-SW Paired-end Detect Virus 

VirusFinder1-2 
264,265 

Illumina VirusFinder1: 
10 PE WGS 
samples with 
HBV virus 
VirusFinder2: 
13 HCC 
cancers PE 
WGS; 
4 HCC cell 
lines RNA-
Seq; 
2 targeted 
sequencing 
Merkel cell 
carcinomas  

BWA-ALN Paired-end 
& Split 

Detect Virus 

ViralFusionSeq 
266 

Illumina 1 HCC cell 
line RNA-
Seq; 
Simulated 
WGS; 
2 HCC WGS 

BWA-SW Paired-end 
& Split 

Reconstructin
g transcript 
sequences 
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Virus-Clip 267 Illumina 2 HCC RNA-
Seq 

Host:BLAST
N 
Virus: BWA-
MEM 

Split 
 

Vy-PER 268 Illumina 1 Simulated 
WGS; One 
liver cancer 
PE RNA-Seq; 
2 PE WGS 
liver cancers   

Host: BWA-
ALN 
Virus: BLAT 

Paired-end 
 

BATVI 269 Illumina Simulated 
data; 2 PE 
WGS HCC 
cancers  

Host: 
BLASTN 
Virus: 
BatMis& 
BLATN  

Paired-end 
& Split 

 

HGT-ID 212 Illumina Simulated 
data; 4 HPV 
positive 
samples WGS 
PE; 13 HBV 
positive HCC 
samples PE 
WGS ; 
7 PE WGS, 
RNA-Seq 
paired HCC 
samples 

BWA-mem Paired-end 
& Split 
(only soft-
clipped) 

 

ViFi 273 Illumina 68 WGS, 
RNA-Seq 
paired CESC 
samples, 6 
RNA-Seq 
HCC samples; 
20 HCC WGS 
samples; 96 
HPV WGS 
simulated 
samples 

BWA-MEM Paired-end 
 

VirTect 270 Illumina Simulated 
data; 
1 WES HBV 
HCC sample; 

BWA-SW Paired-end 
& Split 
(only soft-
clipped 
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9 WGS HCC 
samples 

HIVID2 271 Illumina Simulated 
data; 
134 cervical 
cancers PE 
WGS ; 852 
PE WGS 
HCC samples  

BWA-MEM Paired-end 
& Split 

 

SurVirus 274 Illumina Simulated 
data; 
135 cervical 
cancers WGS 
PE, 10 paired 
PE RNA-Seq; 
426 WGS 
HCC patients, 
12 paired 
RNA-Seq; 88 
HCC WGS 
PE   

BWA-MEM Paired-end 
 

SearcHPV 236 Illumina 3 targeted 
capture 
sequencing 
samples; 
2 paired WES 

BWA-MEM Paired-end 
& Split 

Assemble 
local contig 

VIRUSBreaken
d 275 

Illumina Simulated 
data; 
22 WGS 
HBV; 5191 
WGS tumor 
samples 

BWA Paired-end 
& Split 

Detect viral 
integrations 
including 
regions such 
as centromeres 
and telomeres 
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Chapter 2 SearcHPV: A Novel Approach to Identify and Assemble Human 

Papillomavirus–Host Genomic Integration Events in Cancer 

This chapter was published in 2021 in Cancer (PMID: 34160069). The author of this 

dissertation served as the co-first author of this paper. The main text and supplementary figures 

of this paper was presented below. Other supplementary materials could be referred to the 

published journal. 

 

2.1 Introduction 

 

Human papillomavirus (HPV) is a well-established driver of malignant transformation in a 

number of cancers, including head and neck squamous cell carcinomas (HNSCC). Although 

HPV genomic integration is not a normal event in the lifecycle of HPV, it is frequently reported 

in HPV+ cancers 1–4 and it may be a contributor to oncogenesis. In cervical cancer, HPV 

integration increases in incidence during progression from stages of cervical intraepithelial 

neoplasia (CIN) I/II, CIN III and invasive cancer development 5. This process has a variety of 

impacts on both the HPV and cellular genomes, including disruption of E2, the transcriptional 

repressor of the HPV oncoproteins, leading to an increase in genetic instability 6. HPV 

integration occurs within/near cellular genes more often than expected by chance 7 and has been 

reported to be associated with structural variations 8. Recent studies in HNSCCs have also 
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suggested that additional oncogenic mechanisms of HPV integration may exist through direct 

effects on cancer-related gene expression and generation of hybrid viral-host fusion transcripts 9. 

 

A wide array of methods has been previously used for the detection of HPV integration. 

Polymerase chain reaction (PCR)-based methods, such as Detection of Integrated Papillomavirus 

Sequences PCR (DIPS-PCR) 10 and Amplification of Papillomavirus Oncogene Transcripts 

(APOT) 11, are low sensitivity assays and are limited in their ability to detect the broad spectrum 

of genomic changes resulting from this process. Next-generation sequencing (NGS) technologies 

overcome these limitations. Previous groups have assessed HPV integration within HNSCC 

tumors in The Cancer Genome Atlas (TCGA) and cell lines by whole-genome sequencing 

(WGS) 2, 3, 8. There are a variety of viral integration detection tools developed for WGS data, 

such as VirusFinder2 12, 13 and VirusSeq14. However, these strategies are designed for a broad 

range of virus types and require whole genomes to be sequenced at uniform coverage, which can 

result in a lower sensitivity of detection for specific types of rare viral integration events. 

 

To overcome this issue, others have begun to use HPV targeted capture sequencing 5, 15–18. This 

strategy allows for better coverage of integration sites than an untargeted approach like WGS but 

requires sensitive and accurate viral-human fusion detection bioinformatic tools, of which the 

field has been lacking. In our lab, we have found the previously available viral integration callers 

to have a relatively low validation rate and limitations on the structural information surrounding 

the fusion sites, which impairs mechanistic studies. Therefore, we set out to generate a novel 

pipeline specifically for targeted capture sequencing data to serve as a new gold standard in the 

field. 
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2.2 Materials and methods 

2.2.1 Targeted capture sequencing 

 

DNA from the HPV16-positive UM-SCC-47 cell line 45, a Patient derived xenograft (PDX)-

294R (National Cancer Institute Identifier: PDX-932174–294-R) and a frozen HPV+ sample, 

TumorA, were submitted to the University of Michigan Advanced Genomics Core for targeted 

capture sequencing. The patient donating TumorA was consented for next generation sequencing 

under a previously described protocol approved by the University of Michigan Institutional 

Review Board 41. Targeted capture was performed using a custom designed probe panel with 

high density coverage of the HPV16 genome, the HPV18/33/35 L2/L1 regions, and over 200 

HNSCC-related genes, which are detailed in Heft Neal et. al 2020 19. Following library 

preparation and capture, the samples were sequenced on an Illumina NovaSEQ6000 or 

HiSEQ4000, respectively, with 300nt paired end run. Data was de-multiplexed and FastQ files 

were generated. 

 

2.2.2 Novel integration caller (SearcHPV) 

 

The pipeline of SearcHPV has four main steps which are detailed below: (1) Alignment; (2) 

Genome fusion point calling; (3) Assembly; (4) HPV fusion point calling (Figure 2.1). The 

package is available on Github: https://github.com/mills-lab/SearcHPV. 
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2.2.2.1 Alignment  

 

The customized reference genome used for alignment was constructed by catenating the HPV16 

genome (from Papillomavirus Episteme (PAVE) database 20, 21) and the human genome reference 

(1000 Genomes Reference Genome Sequence, hs37d5). We aligned paired-end reads from 

targeted capture sequencing against the customized reference genome using BWA mem aligner 

22. Then we performed an indel realignment by Picard Tools 23 and GATK 24. Duplications were 

marked by Picard MarkDuplicates Tool 23 for the filtering in downstream steps. 

 

2.2.2.2 Genome fusion points calling  

 

To identify the fusion points, we extracted reads with regions matched to HPV16 and filtered 

those reads to meet these criteria: (1) not secondary alignment; (2) mapping quality greater or 

equal than 50; (3) not duplicated. Genome fusion points were called by split reads (reads 

spanning both the human and HPV genomes) and the paired-end reads (reads with one end 

matched to HPV and the other matched the human genome) at the surrounding region 

(+/−300bp) (Figure 2.1A). The cut-off criteria for identifying the fusion points were based on 

empirical practice. We then clustered the integration sites within 100bp to avoid duplicated 

counting of integration events due to the stochastic nature of read mapping and structural 

variations. 

 

2.2.2.3 Assembly  
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To construct longer sequence contigs from individual reals, we extracted supporting split reads 

and paired-end reads for local assembly from each integration event. Due to the library 

preparation methods we implemented for the targeted capture approach, some reads exhibited an 

insertion size less than 2 × read length, resulting in overlapping read segments. For such events, 

we first merged these reads using PEAR 25 and then combined them with other individual reads 

to perform a local assembly by CAP3 26 (Figure 2.1). 

 

2.2.2.4 HPV fusion point calling  

 

For each integration event, the assembly algorithm was able to report multiple contigs. We 

developed a procedure to evaluate and select contigs for each integration event to call HPV 

fusion point more precisely. First, we aligned the contigs against the human genome and HPV 

genome separately by BWA mem. If the contig met the following criteria, we marked it as high 

confidence: 

1. Has at least 10 supportive reads 

2. 10%<𝑚𝑎𝑡𝑐ℎ𝑒𝑑 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑖𝑔 𝑡𝑜 𝐻𝑃𝑉
𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑡𝑖𝑔

 <95% 

Then we separated the contigs we assembled into two classes: from left side (Contig A in Fig 

1B) and from right side (Contig B in Fig 1B). For each class, if there were high confidence 

contigs in the class, we selected the contig with maximum length among them, otherwise we 

selected the contig with most supportive reads. For each insertion event, we reported one contig 

if it only had contigs from one side and we reported two contigs if it had contigs from both sides 

(Figure 2.1C). Finally, we identified the fusion points within HPV based on the alignment results 
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of the selected contigs against the HPV genome. The bam/sam file processing in this pipeline 

was done by Samtools 22 and the analysis was performed with R 3.6.1 27 and Python 28. 

 

2.3 RESULTS 

2.3.1 SearcHPV pipeline 

 

To overcome the limitations of viral integration detection in WGS of detecting rare events, we 

performed HPV targeted capture sequencing which allows for deeper investigation of these 

events. Current bioinformatics pipelines available are not designed for this type of data so we 

developed a novel HPV integration detection tool for targeted capture sequencing data, which we 

termed “SearcHPV”. Two HPV16+ HNSCC models, UM-SCC-47 and Patient derived xenograft 

(PDX)-294R as well as an HPV16+ HNSCC tumor, TumorA, were subjected to targeted-capture 

based Illumina sequencing using a custom panel of probes spanning the entire HPV16 genome. 

The paired end reads then went through the four steps of analysis of SearcHPV: alignment to 

custom reference genome, genome fusion points calling, local assembly and HPV fusion point 

calling (Figure 2.1). Analysis of the integration sites in the models using our pipeline SearcHPV 

showed a high frequency of HPV16 integration with a total of six events in UM-SCC-47, ninety-

eight in PDX-294R and eight in TumorA (Figure 2.2, Figure 2.8, Table S1–S3). 

 

2.3.2 Comparison to other integration callers and confirmation of integration sites 
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In addition to using SearcHPV, we used two previously developed integration callers, 

VirusFinder2 and VirusSeq to independently call integration events in UM-SCC-47, PDX-294R 

and TumorA (Figure 2.3, Tables S4–S6). We found that SearcHPV called HPV integration 

events at a much higher rate than either previous caller (Figure 2.3B). There were a large number 

of sites that were only identified by SearcHPV (n=82). In order to assess the accuracy of each 

caller, we performed PCR for PDX-294R and UM-SCC-47 on source genomic DNA followed by 

Sanger sequencing with primers spanning the HPV-human junction sites predicted by the callers. 

We tested all integration sites with sufficient sequence complexity for primer design (n=43), 

twenty-five of which were unique to SearcHPV and five of which were unique to VirusSeq. 

VirusFinder2 does not allow for local assembly of the integration junctions which rendered us 

unable to test these sites. UM-SCC-47 was also subjected to Oxford Nanopore GridION 

sequencing to provide additional supportive evidence of integration sites. We combined the 

information from PCR and Nanopore sequencing to interrogate a total of 44 integration sites and 

compared the conformation rates for each caller. (Figure 2.3C. S1, Table S7, S17). Sites unique 

to SearcHPV had a confirmation rate of 19/26 (73%). The confirmation rate of high confidence 

SearcHPV sites was higher than that for low confidence sites (25/32 (78%) versus 4/7 (57%)). In 

contrast, only 1/5 (20%) sites unique to VirusSeq could be confirmed. 

 

To further compare the performance of SearcHPV and the other two callers, we expanded the 

sequencing requirements by applying them on whole exome sequencing data (WES) for UM-

SCC-47 and PDX-294R, which were either previously generated by our lab 41,42 or were publicly 

available, respectively. VirusSeq did not report any integration results in either sample from the 

WES data. For UM-SCC-47, SearcHPV and VirusFinder2 both called one integration site. This 
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site was reported by SearcHPV from targeted capture data. For PDX-294R, SearcHPV identified 

three integration sites while VirusFinder2 did not identify any sites. Two of three integration 

sites were also called by SearcHPV from targeted capture data and the other one was not covered 

in the targeted region of our targeted capture technology (Table S10–13). By examining the 

location of integration sites called from targeted capture sequencing for these two samples, we 

found that most (102/104) fell outside of the targeted region of WES, resulting in lower coverage 

of reads and insufficient evidence to identify the integration events (Table S14–16). Given this 

limitation of WES on capturing genome-wide HPV integration events, our approach was still 

more applicable on identifying HPV integration events than VirusSeq and VirusFinder2. 

 

2.3.2.1 Localization of integration sites 

 

We next examined the integration sites detected by SearcHPV. The six integration sites 

discovered in UM-SCC-47 were clustered on chromosome 3q28 within/near the cellular 

gene TP63 and either had breakpoints within the HPV16 genes E1, E2 or L1. The integration 

sites fell within intron 10, intron 12 and exon 14. One additional integration site was 8.6 kb 

downstream of the TP63 coding region. 

 

For TumorA, six of eight integration sites were clustered on chromosome 9q34 within/near 

gene TRAF2, including one integration site that fell within FBXW5 which was 15.8kb 

downstream of TRAF2. Among them, three integration sites fell within intron 5 of TRAF2 and 

one mapped to intron 8. 
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Within PDX-294R, HPV16 integration sites were identified across 21 different chromosomes, 

occurring most frequently on chromosome 3. For the 98 integration events of PDX-294R, we 

identified 142 breakpoints in the HPV genome. The most frequently involved HPV genes were 

E1 (45/142 (32%)) and L1 (31/142 (22%)). Most of the integration sites mapped to within/near 

(<50 kb) a known cellular gene (89/98 (91%)). Of the sites that fell within a gene, the majority of 

integrations took place within an intronic region (3¾2 (78%)). Although the integration sites 

were scattered throughout the human genome, we saw examples of closely clustered sites around 

cancer-relevant genes, including ZNF148 and SNX4 on chromosome 3q21.2, MYC on 

chromosome 8q24.21 and FOXN2 on chromosome 2p16.3. 

 

2.3.2.2 Association of integration sites and large-scale duplications 

 

We predicted that the complex integration sites we discovered in UM-SCC-47, PDX-294R and 

TumorA would be associated with large-scale structural alterations of the genome, such as 

rearrangements, deletions and duplications. To identify these alterations, we subjected UM-SCC-

47, PDX-294R and TumorA to 10X linked-read sequencing. We generated over 1 billion reads 

for each sample (Table S8), with phase blocks (contiguous blocks of DNA from the same allele) 

of up to 28.9M, 3.8M and 15.3M bases in length for UM-SCC-47, PDX-294R and TumorA, 

respectively (Figure 2.7). This led to the identification of 444 high confidence large structural 

events in UM-SCC-47, 126 events in the PDX-294R model and 49 events in TumorA. We then 

performed integrated analysis with our SearcHPV results. There was a 130 kb duplication 

surrounding the integration events in TP63 in UM-SCC-47 (Figure 2.4A). In PDX-294R, 38/98 

(39%) integration sites were within a region that contained a large-scale duplication, while the 
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other 50 integration events fell outside regions of large structural variation. This suggested that 

in this PDX model, 38/126 (30%) large structural events were potentially induced during HPV 

integration. For example, the clusters of integration events 

surrounding ZNF148 and SNX4, MYC, as well as FOXN2 were also associated with large 

genomic duplications (Figure 2.4B–C). For TumorA, large duplications were not observed 

within the surrounding region of the eight integration events (Figure 2.4E). 

 

To further resolve the structure around the clusters of integration sites, we performed local 

assembly for UM-SCC-47 using Nanopore sequencing data (See Supplementary File, Figure 

2.4F). The 60K-bp scaffold indicated a 15K-bp, twice amplified segment that matched against 

the human genome and a 7.5K-bp, twice amplified segment matched against HPV genome. 

These segments were potentially amplified from a large 22.5K-bp focal genomic segment that 

has both human and HPV genomic components (Figure 2.4F, copy1–3) and then parts of one 

duplication were deleted resulting in the shorter segment in the middle (Figure 2.4F, copy2). 

These human segments and HPV segments were all bounded by identical or very near 

breakpoints. The integration sites on the human genome shown by the local assembly kept 

consistent with results from SearcHPV. Notably, within the focal HPV segments, an HPV-HPV 

junction structure was also identified showing an HPV internal rearrangement structure (Figure 

2.4F, pink and yellow parts). This HPV internal rearrangement occurred twice and resulted in 

additional breakpoints on the HPV genome. The focal amplification structure resolved by local 

assembly from Nanopore sequencing confirmed the duplications predicted by 10X linked-read 

sequencing and indicated the association of HPV integrations and large-scaled duplications. 
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2.3.2.3 Microhomology at junction sites 

 

Finally, to evaluate possible mechanisms of DNA repair-mediated integration, we examined the 

degree of sequence overlap between the genomes at junction sites that were covered by contigs. 

We saw three types of junction points: those with a gap of unmapped sequence between the 

human and HPV genomes, those that had a clean breakpoint between the genomes, and those 

with sequence that could be mapped to both genomes (Figure 2.5A). The majority (59%) of 

junction sites in the three samples had at least some degree of microhomology (Figure 2.5B–D). 

Integration sites with clean breaks (0 bp overlap) and 3 bp of overlap were the most frequently 

seen junctions in PDX-294R, but there was a wide range of levels seen. There was also a large 

number of junctions with gaps between the human and HPV genomes ranging from 1 – 54 bp 

long. 

 

2.4 Discussion 

 

We developed a novel bioinformatics pipeline that we termed “SearcHPV” and show that it 

operated in a more accurate and efficient manner than existing pipelines on targeted capture 

sequencing data. The software also has the advantage of performing local contig assembly 

around the junction sites, which simplifies downstream confirmation experiments. We used our 

new caller to interrogate the integration sites found in two HNSCC models and one frozen 

HNSCC HPV+ sample, in order to compare the accuracy of our caller to the existing pipelines. 

We then evaluated the genomic effects of these integrations on a larger scale by 10X linked-
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reads sequencing and Oxford Nanopore sequencing to identify the role of HPV integration in 

driving structural variation in the tumor genome. 

 

Using SearcHPV, we were able to investigate the HPV-human integration events present in UM-

SCC-47, PDX-294R and TumorA. Importantly, UM-SCC-47 has been previously assessed for 

HPV integration by a variety of methods 8, 29–32, which we leveraged as ground truth knowledge 

to validate our integration caller. All previous studies were in agreement that HPV16 is 

integrated within the cellular gene TP63, although the exact number of sites and locations within 

the gene varied by study. In this study, SearcHPV also called HPV integration sites within TP63. 

We found integrations of E1, E2 and L1 within TP63 intron 10, L1 within intron 12 and E2 

within TP63 exon 14. These integration sites were also detected using DIPS-PCR 32 and/or WGS 

8 with the exception of E1 into intron 10, which was unique to our caller and confirmed by direct 

PCR. It is possible that the integration sites detected in this sample represent multiple fragments 

of one larger integration site. There were additional sites called by other WGS studies that we 

did not detect (intron 9 8 and exon 7 31), although it is possible that alternate clonal populations 

grew out due to different selective pressures in different laboratories. Nonetheless, the analysis 

clearly demonstrated that SearcHPV was able to detect a well-established HPV insertion site. 

 

In contrast to UM-SCC-47, to our knowledge TumorA and PDX-294R have not been previously 

analyzed for viral-host integration sites and therefore represented a true discovery case. For 

TumorA, we identified a cluster of HPV integration sites 

within/near TRAF2. Interestingly, TRAF2 was previously identified as a potential downstream 
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effector of E6/E7 43,44, and due to the role of TRAF2 in regulating innate immunity, this gene 

may have a larger role in HPV16-mediated biology than previously recognized. 

 

For PDX-294R, we identified widespread HPV integration sites throughout the host genome and 

also observed that 66% of integration sites were found within or near genes. This aligns with 

previous reports that integrations are detected in host genes more frequently than expected by 

chance 2, 3, 7, 33. One particularly interesting cluster of integration events surrounded the cellular 

proto-oncogene MYC. Importantly, MYC has been identified as a potential hotspot for HPV 

integration7, 34 and the junctions we detected in/near this gene had 2–4 bp of microhomology, 

potentially driving this observation. Accordingly, an HPV-integration related promoter 

duplication event, which may be expected to drive expression, would be consistent with a novel 

genetic mechanism to drive expression of this oncogene. 

 

TP63 has also been reported to be a hotspot for HPV integration, as it has been recorded in 

multiple samples besides UM-SCC-47 3, 7, 35, 36. There is a high degree of microhomology 

between HPV16 and this gene. Given the high frequency of molecular alterations in the 

epidermal differentiation pathway (e.g. NOTCH1/2, TP63 and ZNF750) in HPV+ HNSCCs, this 

data supports HPV integration as a pivotal mechanism of viral-driven oncogenesis in this 

model37. 

 

HPV integration sites have been associated with structural variations in the human genome3, 8, 37, 

which supports an additional genetic mechanism as to why HPV integration sites may often be 

detected adjacent to host cancer-related genes. These structural variation events are thought to be 
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due to the rolling circle amplification that takes place at the integration breakpoint, leading to the 

formation of amplified segments of genomic sequence flanked by HPV segments 8, 38. Our data 

are consistent with these previous reports in that approximately half of the integration events we 

discovered were associated with a large-scale amplification. It is unclear why only some 

integration sites were associated with structural variants, but it is possible that an alternative 

mechanism of integration occurred 38. Notably, we resolved and identified an HPV-HPV junction 

that bounded in a large duplication segment and showed the possibility of HPV internal 

rearrangement to be involved in HPV integration events. 

 

Importantly, this observation that HPV integration events tended to be enriched in cellular genes 

could result from multiple different mechanisms. Integration could occur preferentially in 

regions of open chromatin during cell replication and keratinocyte differentiation. Other potential 

mechanisms are: 1) that HPV integration is directed to specific host genes by homology, or 2) 

that HPV integration is random, but events that are advantageous for oncogenesis are clonally 

selected and expanded, implicating non-homology based DNA repair mechanisms. Therefore, to 

help resolve differences in the mechanism of integration, we assessed microhomology at the 

HPV-human junction points. The majority of breakpoints had some level of microhomology. The 

most frequent levels of overlap were 0 and 3 bp, which potentially implicates non-homologous 

end joining (NHEJ) in repair at these sites, since this pathway most frequently results in 0–5 bp 

of overlap 39. There were also a number of junction sites that demonstrated a gap of inserted 

sequence between the HPV and human genomes. It has been described that during polymerase 

theta-mediated end joining (TMEJ), stretches of 3–30 bp are frequently inserted at the site of 

repair, possibly accounting for these sites 40. However, given the relatively small number of 



 96 

events we examined, we expect that future analysis with our pipeline will help resolve the 

specific role of each DNA repair pathway in HPV-human fusion breakpoints. 

 

Overall, our new HPV detection pipeline SearchHPV overcomes a gap in the field of viral-host 

integration analysis. While the performance of SearcHPV has only been examined on three 

samples, in the future, we expect that the application of this pipeline in large HPV+ cancer tissue 

cohorts will help advance our understanding of the potential oncogenic mechanisms associated 

with viral integration. With the emerging set of tools such as SearcHPV, we believe the field is 

now primed to make major advances in the understanding of HPV-driven pathogenesis, some of 

which may lead to the development of novel biomarkers and/or treatment paradigms. 
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Figure 2.1 Workflow of SearcHPV. A. Paired-end reads from targeted capture sequencing were aligned to a 
catenated Human-HPV reference genome. After removing duplication and filter, fusion points were identified by 
split reads and pair-end reads. Informative reads were extracted for local assembly. Reads pairs that have overlaps 
were merged first before assembly. Assembled contigs were aligned to the HPV genome to identify the breakpoints 
on HPV. B. Contigs were divided into two classes. Blue solid triangle demonstrates the matched region of the 
contig. Grey dashed triangle demonstrates the clipped region of the contig. Contig A would be assigned to the left 
group and Contig B would be assigned to the right group. Contig C would be randomly assigned to the left or right 
group. C. Workflow for the contig selection procedures for fusion point with multiple candidates contigs. For each 
fusion point, we report at least one contig and at most two contigs representing two directions. 
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Figure 2.2 Distribution of breakpoints in the human and HPV genomes called by SearcHPV.  A-C. Results for PDX-
294R. A. Links of breakpoints in the human and HPV16 genomes for PDX-294R. B. Quantification of breakpoint 
calls in human genes for PDX-294R. C. Quantification of breakpoints calls in the HPV16 genes for PDX-294R. D-
F. As described in A-C for UM-SCC-47. G-I. As described in A-C for 4840 TumorA 
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Figure 2.3 Comparison of integration sites called by SearcHPV, VirusSeq and VirusFinder2 in three samples. A. 
Each bar denotes integration sites within the region. The colormap shows the count of the integration sites. B. 
Number of integration sites called by each program. Integration sites from VirusSeq and VirusFinder2 were 
clustered within 100bp to keep consistent with SearcHPV. C. PCR and Nanopore confirmation rate for a subset of B 
that were chosen to assess accuracy using both PCR and Nanopore sequencing where available. If there is at least 
one split read from Nanopore sequencing data supporting an integration site, the integration site was regarded as 
validated by Nanopore sequencing. An integration site was counted as confirmed if it was validated by PCR or 
Nanopore sequencing. 
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Figure 2.4 Genomic duplications associated with HPV integration.  A. UM-SCC-47. B-D. PDX-294R. E. TumorA. 
Red arrows indicate integration sites. Each plot shows the number of overlapping barcodes observed in sequencing 
reads of that region. F. Local assembly around the HPV integration sites in UM-SCC-47 using Nanopore sequencing 
data. The scaffold mapped to different regions was marked by different colors. Gray: match to human genome 
reference. Green, pink and yellow: match to HPV genome. Potential duplications were marked by the same color. 
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Figure 2.5 Microhomology at junction points. A. The three types of junction points. B. Level of microhomology (in 
bp) in UM-SCC-47. C. Level of microhomology (in bp) in PDX-294R. D. Level of microhomology (in bp) in 
TumorA. Junctions with a gap are shown as negative numbers. 
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Figure 2.6 PCR validation gel electrophoresis. Top band of each row shows GAPDH (535 bp), bottom bands 
represent predicted HPV-human junctions (ranging from 70-250 bp). Red boxes demonstrate bands that appeared at 
the correct molecular weight and were validated by Sanger sequencing. 
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Figure 2.7 Linked read SNP phase plots for UM-SCC-47 (A) PDX-294R (B) and TumorA (C) genomes. Alternating 
colors represent different phase blocks, which are contiguous blocks of DNA from the same allele based on 
differential SNP phasing performed by LongRanger software. 
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Figure 2.8 Distribution of integration sites in the human genome for PDX-204R (A), UM-SCC-47 (B) and TumorA 
(C). Each red bar denotes the integration sites within the region. Outliers were marked with genes that fell in and the 
corresponding count of integration sites.  
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Chapter 3 Heterogeneity and complexity of human papillomavirus integrations associated 

with distinct tumorigenic consequences 

 

3.1 Introduction 

 

Persistent infections with human papillomavirus (HPV) constitute a significant risk factor for the 

development of HPV-associated cancer. Annually in the United States, approximately 46,711 

new cancer cases arise frequently associated with HPV according to the record from the Center 

for Disease Control and Prevention (CDC) 1. HPV is responsible for nearly all cases of cervical 

cancers and a substantial number of cancers affecting the vagina, vulva, penis, anus, rectum, and 

head and neck. Notably, the occurrence of HPV-positive head and neck cancers, especially in the 

throat (oropharyngeal squamous cell carcinomas (OPSCCs), has significantly risen in the 

Western world in the last ten years 2. Currently, up to 90% of OPSCCs are associated with HPV, 

exceeding the incidence of HPV-positive cervical cancers in the USA 3,4. HPV possesses two 

oncogenes, E6 and E7, which interfere with cell cycle regulation. They achieve this by inhibiting 

the activity of crucial cell cycle regulators, TP53 and RB1. Additionally, HPV harbors the E2 

gene, acting as a transcriptional repressor for E6 and E7.  

 

HPV integrations were frequently occurred in cervical cancer and head and neck cancer. 

However, the exact mechanism and effects of this event was not fully understood. Several 

studies suggested HPV integration might induce additional oncogenic mechanisms to the 



 111 

traditional viral oncogenesis E6/E7 pathways 5–8. HPV integration events varied in complexity, 

with instances of single-copy segment integration, focal amplification in clustered regions with 

multiple fusions, and diverse patterns described in different studies  9–12. HPV integration was 

categorized into two types in an early review: Type 1, involving the integration of a single 

genome into cellular DNA, and Type 2, featuring multiple tandem head-to-tail repeats of the 

HPV genome at a specific genomic locus 13. Subsequent studies, such as Akagi et al. in 2018, 

introduced a "looping model" to describe focal duplication, with both HPV and human segments 

forming DNA concatemers around integration events 14. Recent long-read sequencing efforts by 

Akagi et al. in 2023 and another study in 2022 focused on cervical cancer revealed additional 

complexities, including inter-chromosomal translocations and extrachromosomal circular DNA 

structures. The latter study classified four types of HPV integration (Type A-D) based on 

different structural variations and their association with E6 and E7 genes 9. These investigations 

have significantly enhanced our comprehension of HPV integration structures, laying a 

foundation for subsequent explorations into the impacts of HPV integrations. Nevertheless, the 

classification of HPV integration types predominantly relied on descriptive approaches rather 

than establishing quantitative thresholds that could universally serve as standards for other 

research endeavors. This limitation arises from constraints related to sample size and the 

technology of resolving the complex structural analyses.  

 

In this study, we integrated multi-omics datasets encompassing 291 FFPE HPV-positive OPSCC 

patients with targeted capture sequencing (TCS) data, 162 Head and neck squamous cell 

carcinomas (HNSCC) RNA-seq samples (129 of which were paired with TCS), and 16 HNSCC 

Oxford Nanopore long-read (LR) sequencing samples. We introduced a quantitative method for 
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defining two distinct types of HPV integrations (Type1 and Type2) based on their biological and 

statistical characteristics at the DNA level. To accurately portray the complexity of HPV 

integration, we developed a novel approach to comprehensively resolve local large HPV 

integration events associated with complex rearrangements at high resolution for LR sequencing 

data, surpassing the performance of existing LR whole-genome assemblers. Type2 HPV 

integrations, characterized by high copy numbers and clustered integration events, exhibited 

more complex profiles at the transcriptomic level.  

 

3.2 Method 

3.2.1 Long read based approach to resolve HPV integration events 

 

Nanopore reads were aligned to reference catenated by hg38 and HPV genome using 

Minimap215. Target chromosomes were identified from HPV integrations called from targeted 

capture sequencing. All the split reads that had one part aligned to human and other part aligned 

to HPV were selected as informative reads for the construction of two direction tree structure. 

All junctions (human-human, human-HPV, HPV-HPV) were called for each informative read. 

Each junction was stored in the tree structure as a node. The iteration began from searching the 

most abundant junction among all the reads and then extended the tree structure for 3’-5’ and 5’-

3’ two directions. After one round, the remaining reads were repeated recursively storing their 

junctions until there was no informative read left. The approach walks the tree structure and 

prints out all the possible paths/assemblies and the read coverage at each junction. As loops were 

not permitted in a tree structure, redundant junctions within a read were recorded to resolve the 
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loops in the read. The read names were also stored in each node to potentially sort the different 

paths. Samtools 16 was also used in this pipeline for bam file implementations. 

3.2.2 HPV fusion detection 

 

We applied SearcHPV 17 on all targeted capture sequencing samples to call HPV-host 

integrations using hg38 catenated with the HPV genome as the reference. All types of HPV 

references were downloaded from PaVE 18 database (pave.niaid.nih.gov). We applied SurVirus 

to call HPV-host fusions on all RNA-seq data using hg38 catenated a transformed HPV 

genome19 to avoid breaking HPV transcript by the origin of the circle. For long read DNA-seq 

data, minimap2 was used to align the reads to the same reference as TCS. We called HPV 

integrations and resolved the reads by our novel developed method described in Figure 3.1.  

 

3.2.3 Normalization of copy number in targeted capture sequencing 

 

The numbers of E6 and E2 reads at probe sites were validated by ddPCR with linearity of read 

depth and copy number, suggesting the applicability of normalizing the reads to calculate the 

copy number. Four genes (E2F2, MAP2K4, CD52, PPM1D) were found to have read depth with 

small variances in all the TCS samples normalized by the total number of reads in each sample. 

We chose MAP2K4 as the background gene to normalize the copy number for all TCS samples.  

 

3.2.4 Comparison of HPV integrations called from Nanopore sequencing and Targeted 

capture sequencing 
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Because of the stolastic nature of sequencing alignments, many fusion callers adopted a small 

window from 10-50 bp to merge the junctions close to each other 17,20,21. And for other methods, 

when benchmarking their results, deviation of virus integration locations could be more than 

100bp. Some studies took a 200 bp window to define the same HPV integration events called 

from different methods 22. To better compare HPV integrations from LR and TCS, we first 

clustered integrations within 50 kb as the same event. The choice of the 50kb bp window was 

based on previous studies 5,12. For each event from two sequencing methods, if the closest two 

integrations were within 20 bp, we defined them as the common event. 

 

3.2.5 Comparison of HPV integrations called from Targeted capture sequencing and RNA-seq 

 

We set out to identify the common integrations across TCS and RNA-seq in an appropriate way. 

We also calculated the distance between nearest HPV integrations from  TCS and RNA-seq 

(Figure 3.10), most integrations located within 50 kb. Considering the distinct sizes of cellular 

genes, if HPV integrations called from both TCS and RNA-seq fell into the same genes region, 

we defined them as the common events; if HPV integrations were intergenic then if the distance 

was within 50 kb, we assigned them as common events. Integrations fell into exact same 

locations across DNA and RNA level were also recorded. 
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3.3 Results 

3.3.1 A novel approach based on long read sequencing resolved complex structures of HPV 

integrations with intratumoral heterogeneity 

 

In the well-established OPSCC HPV16+ UM-SCC-47 cell line, numerous prior studies have 

consistently indicated clustered HPV integrations on chr3, near or within TP63, accompanied by 

extensive duplications, pointing towards complex fusion events 14,17,23–26. In a previous 

investigation 17, we identified six high-confidence HPV integrations through TCS and conducted 

local assembly for UM-SCC-47 using Nanopore sequencing data with a published assembler 

wtbdg2 27. The resulting 60kb scaffold comprised a 15kb, twice-amplified human segment and a 

7.5kb, twice-amplified HPV segment. However, the 10X linked plot suggested an overall 

duplication structure length of approximately 130kb 17.  

 

From our TCS data and WGS reported by others 14, the copy number at HPV integrations of 

UM-SCC-47 varies from 10-50 copies, while the overall copy number at the HPV integration 

event region was uniformly presented as 50 copies (Figure 3.7). The variations at each HPV 

integration implied the complex arrangements might have multiple types of segments amplified 

for different times. To comprehensively resolve such HPV integration events with focal genomic 

amplifications, we developed a novel approach based on tree structure. This method 

demonstrated superior performance compared to existing whole-genome long-read assemblers 

based on de Bruijn graph algorithms in elucidating the local structure within large duplication 

regions. In this approach, we preserved the junction information from each read instead of 

merging edges strategy used by the de-bruijn graph based methods when dealing with 
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duplication structures (Figure 3.1 A-B). Our approach was applied on a LR-TCS paired cohort 

with 7 HNSCC cell lines, 1 PDX model and 8 HNSCC frozen tissue samples. One cell line was 

HPV18 positive, while the others were HPV16 positive. Figure 3.1C  illustrates UM-SCC-47 and 

UM-SCC-104, highlighting two distinct types of HPV integration events. 

 

In UM-SCC-47, the key structure duplicated 34 times containing one human segment starting 

and two HPV segments connected by the HPV genome origin. The human-HPV junctions 

flanking this structure were “E2 to TP63 intron10” and “TP63 exon14 to E2”.  The two HPV 

segments spanned nearly the entire HPV genome, with a 406bp gap at the E2 gene. Variant 1 of 

the key structure, with 12 copies, exhibited slight offsets at the human-HPV and HPV-HPV 

junctions at the HPV origin. Another structure, variant 2, encompassed variant 1 followed by an 

additional human segment from TP63 intron10 to intron11, partially amplified twice from the 

two HPV segments to the second human segment. Variant 3 initiated from a human-HPV 

junction, “E2 to TP63 intron10,” connecting to a human segment, followed by a human-human 

junction indicating a deletion. The human segment extended from TP63 intron10 to intron11 and 

underwent 14 duplications (Figure 3.1C). The mapping plot in Figure 3.1C delineates the 

connections among these junctions within this intricate duplication of HPV integration events, 

highlighting intratumoral heterogeneity within this event. A portion of this structure was 

previously captured in an assembly generated by wtdbg2, indicating amplification twice (Lisa M. 

Pinatti et al., 2021). Another study attempted to elucidate the same model through whole-genome 

sequencing (WGS) and employed targeted PCR, Sanger sequencing, and chromosome walking 

to establish connectivities (Akagi et al., 2014). In their map, they identified the key structure 

amplified 20 times and variant 3 amplified twice. 
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Conversely, in the UM-SCC-104 cell line model, an entirely distinct structure revealed only one 

copy of the integrated HPV segments within the host gene SLC47A2 intron9. The integrated 

HPV broke at the E2 region, covering nearly the entire HPV genome with an 11bp gap and a 

65bp overlap at the origin of the HPV reference (Figure 3.1C). This structure was corroborated 

by TCS data and Nanopore assembly from wtbdg2 (Figure 3.7-3.8). By resolving these two 

representative models, our novel approach demonstrated high resolution and more 

comprehensive performance compared to existing methods. The establishment of this method 

facilitated further confirmation of HPV integration events with complex structural variations. 

 

3.3.2 HPV integration events can be classified into two types based on their association with 

complex rearrangement 

 

In multiple prior studies, the count of integration clusters served as a parameter for grouping 

HPV integration events in HNSCC and cervical cancers  9,12,13. To achieve a more 

comprehensive identification of different types of HPV integration, we introduced two additional 

parameters to assess the complexity of rearrangements at HPV integrations: the normalized local 

copy number and the maximum overall copy number at the HPV integration (Figure 3.2A). 

Utilizing our core cohort comprising 291 HNSCC FFPE HPV+ patients with TCS data, we 

explored the relationship among these three parameters and observed that a higher number of 

integrations clustered correlated with an increase in duplications. Notably, this association did 

not strictly follow linearity (R2 = 0.39, P = 3.41u e-153) due to some HPV integration events 

exhibiting exceptionally high copy numbers (Figure 3.2B). By comparing the distribution of the 
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expected overall copy number at the integrations (green in Figure 3.2B) to the observed overall 

copy number (blue in Figure 3.2B), we noticed that the observed copy number displayed a 

steeper slope when associated with the number of clustered HPV integrations. This finding 

suggested that multiple HPV integrations might induce additional host genomic amplifications in 

the surrounding regions.  

 

We subsequently determined the threshold to define the types of HPV integrations based on their 

biological and statistical characteristics. We phased the long reads for a PDX model, PDX-294R, 

using 10X linked read sequencing data. The result indicated that HPV integration occurred in 

only one chromatid as a heterozygous event (Figure 3.9). Previous studies have also adopted this 

characteristic of HPV to resolve the structure of HPV integrations (Akagi et al., 2023; Liu et al., 

2023). Under such characteristics, if only one copy of HPV integrated into the human reference 

without duplications, the local copy number would be one, while the maximum overall copy 

number would be two. Employing these two cut-offs, we identified the threshold for the number 

of HPV integrations in a cluster within 50 kb (Figure 3.2C). Finally, we classified Type2 HPV 

integration events if the local copy number at the host-HPV breakpoint was greater than 1, the 

maximum overall copy number was greater than 2, and the number of HPV integrations in a 

cluster exceeded 2; otherwise, the HPV integration events were assigned as Type1. Integrations 

clustered within 50 kb were considered as one HPV integration event. 

 

To validate our defined approach, we applied the same threshold in the LR-TCS paired cohort. 

HPV integrations were called from LR using the approach described in Figure 3.1. Due to 

distinct coverage between these two sequencing technologies, TCS exhibited higher sensitivity 
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than LR, as previously validated by PCR sequencing in UM-SCC-47 and PDX-294R 17. 

Supportive rates were calculated based on common HPV integration events (see the method 

section) shared by these two sequencing technologies. The supportive rate from LR to TCS for 

Type2 events was 85%, while for Type1 events, it was 74%. The definitions of Type1 and Type2 

events from LR and TCS demonstrated significant associations (P = 0.0002, Figure 3.2E-F). 

 

3.3.3 Characteristics of Type1 and Type2 HPV integrations  

 

The classification of HPV integration types was applied to both the core cohort and the LR-TCS 

paired cohort, as described in Figures 1 and 2E-F. The core cohort consisted of 251 HNSCC 

FFPE HPV+ patients, including 158 patients with normal/tumor paired samples, 15 patients with 

only tumor samples, and 78 patients with multiple recurrent samples (normal, local, recurrent, or 

metastatic sites). Six patients were HPV18+, four patients were HPV33+, and the remaining 

patients were all HPV16+. In total, 6870 HPV integrations were identified from 196 samples 

(core cohort: 6558 integrations from 181 samples in 179 patients; cell line and tissue cohort: 312 

integrations from 15 samples). Of these, 10% (702/6870) of HPV integrations were defined as 

Type2, while the remaining integrations were classified as Type1. Approximately 42% (76/181) 

of samples contained at least one Type2 HPV integration. Type2 integrations were found to be 

distributed across the entire HPV genome and from chromosome 1 to X of the human genome. 

Several hotspots were observed, including EOMES, TP63, HEMGN, CASC11, MYC, 

LINC00484, TRMO, TRAF2, DTX4, PVT1, KLF4, and PTCSC2. Notably, multiple Type2 HPV 

integrations with high copy numbers were located on chromosomes 8 and 9 (Figure 3.3A). The 
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distribution on the HPV genome indicated that Type2 breakpoints were significantly enriched at 

the E1 and E2 genes, while fewer were located in E6, E7, URR, and L2 (Figure 3.3B). 

 

3.3.4 Type1/Type2 HPV integrations have different impacts on transcriptomic level 

 

In 162 HNSCC RNA-seq samples, 129 samples were paired with TCS data, and among them, 77 

samples exhibited at least one HPV integration at either the DNA or RNA level. The method of 

comparing HPV integrations in DNA and RNA was detailed in the method section. Among these 

samples, 77 HPV integration in DNA level paired with 78 integrations in 17 patients. As 

depicted in the middle panel of Figure 3.4A, the number of HPV integrations at the DNA level 

could: (1) be more than that at the RNA level, as observed in EOMES; (2) be fewer than that at 

the RNA level, as in TP63; (3) be equal to that at the RNA level, as seen in most cases of Type1 

events. 

 

Another pattern emerged when comparing the breakpoints on the HPV genome for DNA and 

RNA levels. Multiple HPV breakpoints from RNA (bottom panel, Figure 3.4A) aligned with 

canonical HPV splicing sites (orange lines), a phenomenon not observed in DNA. Based on these 

findings, a chimeric transcripts model (Figure 3.4B) was proposed to illustrate different fusion 

patterns for various HPV integration events. If HPV is inserted into the intron of the human gene, 

these breakpoints might be spliced out during transcription. Breakpoints falling into the exon of 

the human gene could be preserved if the transcription process remains unblocked. For the HPV 

genome, if the entire genome is inserted, HPV might be transcribed as canonical isoforms, 

generating additional fusions only present in RNA levels. Non-canonical fusions on the HPV 
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genome might also be preserved and consistent at the DNA level if the inserted breakpoint is not 

spliced out or only part of the HPV gene is integrated and transcribed. To further explore the 

relationship between the types of HPV integration and transcription patterns, we compared the 

number of transcribed fusions of Type2 and Type1 with the number of fusions only in DNA 

(Figure C). Type2 predominated in transcribed fusions, while Type1 had more integrations only 

in DNA and not in RNA. A significant association was identified between Type1 and Type2 and 

whether HPV integration was transcribed (P = 2.85 u e-84). We then examined the number of 

integrations of Type1 and Type2 events that aligned with canonical splicing sites of HPV genes 

or non-canonical breakpoints on the HPV genome. Interestingly, Type2 events presented 

significantly more non-canonical breakpoints, while Type1 aligned more with canonical splicing 

sites (P = 0.01). Our results suggest that Type2 events are more likely to be transcribed as 

chimeric fusions and may be associated with more complex chimeric transcript patterns, 

resembling a mixture of models illustrated in Figure 3.4B. 

 

 

To assess the influence of HPV integration on cellular gene expression, we investigated the 

distribution of gene expression levels surrounding Type 1 and Type 2 integrations within the 

range of 0-50 kb to 250-300 kb (Figure 3.5 A,D). Z-scores were normalized relative to HPV-

negative samples. Type 2 integrations exhibited higher expression levels, evident as heavier tails 

compared to Type 1 integrations within the 0-200 kb range. However, this effect diminished as 

the distance increased beyond 200 kb. Specifically, oncogenes within 0-150 kb of Type 2 

integration structures displayed significantly higher z-scores than genes up to 150 kb from Type 

1 integration structures (binomial test, P < 0.001, plot not displayed). Furthermore, samples with 
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HPV integrations demonstrated elevated expression levels in nine genes listed in Figure 3.5B. 

The impact of HPV integration on oncogene expression levels was also distinguishable from 

other genes (Figure 3.5C, binomial test, P < 0.05). 

 

3.3.5 Heterogeneity and clonal evolution could be induced by HPV integration events in 

recurrent patients 

 

In the cohort of 78 patients with recurrent HNSCC+, we conducted an investigation on the 

patterns of HPV integration in 10 patients where HPV integrated into cellular genes (Figure 

3.6A). The observed heterogeneity in HPV integration profiles revealed distinct aspects: (1) 

Variability in the copy number of HPV integrations within the same gene across different 

recurrent sites, exemplified by SCNN1A, TNFRSF1A, LTBR, and PLEKHG6 in SOP-075LR1-

3. (2) Identification of multiple unique integrations in different samples from the same patients. 

We extended this analysis to explore HPV-HPV junctions, specifically examining two paired 

HPV+ HNSCC cell line models, UPCI:90 and UPCI:152. UPCI:90, originating from the base of 

the tongue, served as the primary tumor, while UPCI:152 represented a recurrent node situated at 

the hypopharynx approximately 1 year later. Both samples exhibited two major HPV-HPV 

junctions with high copy numbers, with UPCI:90 displaying higher local copy numbers for both 

junctions. Additionally, five unique HPV-HPV junctions were exclusively observed in UPCI:90, 

albeit with low copy numbers (Figure 3.6B). To gain a deeper understanding of the structure of 

Type2 integration events in this model, we employed our novel approach outlined in Figure 3.1 

to resolve the HPV integration structures for these two models. A particularly complex event on 

Chromosome 9 is illustrated in Figure 3.6C. This structure amplified human and HPV segments 
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and notably flanked numerous inversions of human structural variations. While the key structure 

was shared by both models, there were variations in copy number (UPCI:90: 114X; UPCI:152: 

37X). The host-HPV junctions were situated at "HEMGN intron1 to URR" and "E1 to intergenic 

upstream of HEMGN," while the HPV-HPV junctions fell within the URR regions. Two variant 

structures were shared by both models, with larger duplications observed in UPCI:90. Host-HPV 

junctions for variant 2 were "E6 to PTCSC2 intron1" and "intergenic upstream of PTCSC2 

intron1 to URR"; for variant 3, they were "TRMO intron2 and E1." A unique structure, variant 1, 

was exclusively presented in UPCI:90 as a variant of the key structure. Intriguingly, all three 

genes involved in this event were situated on the negative strand of the human genome. 

Considering that HPV genes are on the positive strand, the inversion structures suggested the 

potential for this complex rearrangement to be transcribed. Our results indicate that the 

heterogeneity of integration structures can be summarized by variations in (1) copy number at 

HPV integrations; (2) independent HPV-HPV, HPV-host, and host-host junctions; (3) distinct 

characteristics of rearrangement breakpoints. Furthermore, by combining findings from TCS 

(Figure 3.6B) and LR (Figure 3.6C), we demonstrated that UPCI:90 displayed an overall more 

complex rearrangement with various unique junctions and much higher local copy numbers, 

suggesting a potential clonal selection process from UPCI:90 to UPCI:152. 

 

3.4 Discussion 

 

We introduced an innovative approach for deciphering complex HPV integrations with extensive 

rearrangements in nanopore sequencing data. Through benchmarking on UM-SCC-47, we 

demonstrated the capability of our method to generate more comprehensive and high-resolution 
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structures compared to existing methodologies. Prior investigations involving long-read 

sequencing on HPV integration often focused on resolving single reads or utilized in-house 

scripts 9,28,29. Our method addresses a technological gap in the specific tools available for HPV 

integration research using long-read sequencing. 

 

We established the criteria for Type1 and Type2 HPV integration events based on statistical and 

biological features in our extensive cohort with higher power, providing a potential standard 

cutoff for future studies in the field. We delineated the genomic locations of Type2 events on 

both HPV and the human genome. Notably, we identified several integration hotspots, including 

TP63 and MYC, which have been frequently reported in previous research 12,17,30,31. Integration 

sites such as HEMGN, TRMO, TRAF2, CASC11, and KLF4 were also detected in various 

studies 12,17,32–35. EOMES exhibited differential expression in HPV-positive cancers in multiple 

investigations 36,37. Specifically, CASC11 and PVT1 were identified as potential biomarkers in 

cervical cancer 38,39, while KLF4 played a role in the life cycle of HPV31 late viral gene 

expression 40. 

 

In our investigation, we unveiled distinctive transcriptomic profiles associated with Type1 and 

Type2 HPV integration events. Type2 events displayed a higher likelihood of transcription, 

potentially resulting in the generation of complex chimeric transcripts featuring non-canonical 

fusion sites. The occurrence of such non-canonical fusions aligns with observations from prior 

research 12. The influence of HPV integration on neighboring cellular genes varied between 

Type2 and Type1 events. Oncogenes in proximity to integrations demonstrated elevated 

expression levels in Type2 events compared to Type1 events. This impact of HPV integrations 
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on nearby genes diminished as the distance increased, notably becoming less pronounced beyond 

200 kb. A similar analysis conducted in a previous study 12 involving 194 genes with breakpoints 

highlighted a gradual decline in the impact of HPV integration when the distance reached 100-

150 kb.  

 

Recent studies have shed light on the intratumoral heterogeneity of HPV integration and 

potential clonal evolution through investigations of primary tumors 9,29. Nevertheless, there is a 

scarcity of reports on the heterogeneity of HPV integration in recurrent patients. Our 

examination revealed heterogeneity in integration structures, encompassing variations in local 

HPV copy numbers, distribution of specific HPV integration sites within structures, and 

distinctive characteristics of rearrangement breakpoints (human-HPV, HPV-HPV, human-

human). Building on these observations, we hypothesized that HPV integration events undergo 

clonal selection. To test this hypothesis, we compared the integration profiles of matched 

primary and recurrent tumors, focusing on one recurrent HPV+ model pair, UPCI:90 and 

UPCI:152, using long-read whole-genome sequencing. Our findings provide some of the initial 

evidence indicating the heterogeneity and clonal selection of HPV integration events during 

pathogenesis, further associating them with distinct transcriptomic profiles. Based on this data, 

we propose a new working model for disease pathogenesis, wherein the heterogeneity and clonal 

evolution of HPV integration events play a pivotal role in driving the disease process. 

 

In a recent cervical cancer study, it was discovered that multiple HPV integrations are associated 

with poorer survival outcomes compared to single HPV integrations 9. In our ongoing research, 

we plan to conduct survival analyses on Type1 and Type2 events, exploring the potential of 
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considering HPV integration types as prognostic biomarkers. Validation of our fusion sites 

pattern model will require comprehensive assembly of isoforms of chimeric transcripts. To gain 

deeper insights into the mechanism of clonal selection in recurrent patients, a comparison 

between preserved and lost integrations, along with their impact on gene expression might be 

insightful. 

 

In summary, our study has filled a technological gap by resolving local complex HPV integration 

events from long-read sequencing, establishing a standard for analyzing different types of HPV 

integrations. We have demonstrated that Type2 HPV integration may drive distinct biology 

consequences, and the heterogeneity of HPV integration could serve as a critical driver of 

pathogenic progression. The classification of HPV integration has the potential to become a 

prognostic biomarker, aiding in the precise grouping of patients for tailored treatments. 
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Figure 3.1 Type2 and Type1 representative models resolved by our novel approach. A. Schematic plot of storing a 
read in the nodes. A read from UM-SCC-47 was shown as an example. The four junctions were called for this read 
and stored as four nodes. B. The pipeline of our novel approach. All the informative reads were searching for the 
most abundant junctions and then stored to a two direction tree structure. This process repeated until not read left. C. 
UM-SCC-47 as an example of Type2; UM-SCC-104 as an example of Type1. These HPV integration eventswere 
resolved from Nanopore sequencing using the novel approach.  Here we only presented the structure with more than 
3 reads coverin the nodes. The number of most abundant junctions were used as the copy number to summarize the 
whole structure. In the names of junctions, “H” noted “human”; “V” noted “Virus”; numbers indicated different 
junctions. If two junctions were within 10bp, the same number will be assigned but “*” was added to indicate a 
variant form. Such cases of variant form junctions were displayed in square brackets. Detailed legends were shown 
in the legend panel. 
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Figure 3.2 Definition of Type1 and Type2 HPV integration events. A.Calculation of local copy number and overall 
copy number at HPV integration. Split reads at human-HPV breakpoints were counted to calculate the local copy 
number at the HPV integrations. The maximum read depth within 50 bp at the breakpoints were counted for 
maximum overall copy number. For TCS data, read depths were normalized based onbackground genes (See method 
section for details). As a single molecular technology, for nanopore data, the normalization step was not performed. 
B-C. Statistical summary for three parameters of HPV integration events. X-axis: number of HPV integration 
clustered within 50kb. Y-axis: distribution of copy number at integrations from TCS. The overall copy number and 
local copy num ber were in blue and orange, respectively. The expected overall copy number was in green and 
calculated as the double of the local copy number based on the hypothesis that HPV only integrated into one 
chromatid as a heterozygous event. Linear regression models were fitted as references after removing one outlier 
suggested by leverage (See Figure 3.8). Part of B was zoomed in as C. The two dashed horizontal lines indicated the 
normal copy number if only one copy of HPV integrated into the host genome without duplications. The red arrow 
denoted the intersection of observed copy numbers and the normal copy numbers as the number of HPV integrations 
clustered increased. E-F. Type2 HPV integrations defined in TCS and LR data. Type2 were colored in blue and 
defined by the number of integrations in the cluster greater than 2; local copy number greater than 1; maximum 
overall copy number greater than 2. Triangle denoted HPV integration events with the maximum overall copy 
number greater than 2. The supportive rate of definition for types of HPV integrations using different technology 
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were listed in the plot. Chi-square test was performed on different types defined by two technologies showing 
significant association between the results from LR and TCS.  
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Figure 3.3 HPV breakpoints for Type2 events on human genome and HPV genome. A. Bottom panel: Type2 HPV 
integration events in human genome; Top panel: Type 2 integration events in HPV genome. Breakpoints on the 
human and HPV genome were linked and colored by the HPV gene the breakpoints fell into. The size of the dot 
denoted the number of integrations in this event. Note that since HPV integration events were defined based on 
location of breakpoints on the human genome, one HPV integration event might have multiple breakpoints on the 
HPV genome. Hotspot genes were marked. B. Distribution of HPV breakpoints on HPV genome. Chi-square test 
was performed. "*" indicated the significant difference. 
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Figure 3.4 Type1/Type2 HPV integrations in DNA and RNA paired samples. A. Common HPV-host fusions 
between TCS and RNA-seq. Top panel: HPV breakpoints on HPV genome of TCS; Bottom panel: HPV breakpoints 
on HPV genome of RNA-seq. Each breakpoint was presented as a dot colored by HPV genes. Middle panel: 
common HPV fusions on human genome from TCS and RNA-seq. Red: Type2; Grey: Type1. Each paired HPV 
fusion event was connected. Y-axis indicated the number of HPV integrations in the event (clustered within 50k bp). 
Breakpoints on the human and HPV genome were linked and colored by HPV genes. Orange dashed lines on top 
and bottom panel were canonical splicing sites of HPV transcripts (https://pave.niaid.nih.gov/ (Van Doorslaer et al. 
2017)). B. Models of chimeric transcripts. chimeric transcripts were generated by HPV integration events that were 
transcribed. If HPV integrated into the intron of the gene, after splicing, the original breakpoints in DNA level were 
lost. We observed HPV fusions the same as the splicing sites. If HPV integrated into exon regions, chimeric 
transcripts might preserve the fusions in DNA level. The same logic also applied to HPV integrated parts and 
resulted in three different patterns of human-HPV fusions in transcriptomic level: human gene splicing site - HPV 
gene splicing site; human DNA breakpoint - HPV gene splicing site; human DNA breakpoint - HPV DNA 
breakpoint. C. Number of transcribed Type1 and Type2 HPV integration events. If a HPV integration event was 
identified in both DNA and RNA level, we regarded it as a transcribed event. If we only identified it in DNA level, 
then it was not transcribed as chimeric transcripts. Different types of integrations were significantly associated with 
whether they were transcribed. Chi-square test: P = 2.85 X e-84. D. Number of Type1 and Type2 integrations with 
different patterns of human-HPV fusions. OnSplice: HPV fusion aligned with canonical HPV gene splicing sites; 
OffSplice: HPV fusion not aligned to HPV gene splicing sites.  
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Figure 3.5   RNA expression levels of Type2 and Type1 HPV integrations. A. Distribution of normalized RNA 
expression levels of all HPV+ HNSCC samples surrounding HPV integrations within 650kb, controlled by the HPV- 
HNSCC samples. B. Genes with outlier expression levels at integration sites. Red dot: samples with Type2 
integration sites. Blue dot: samples with Type1 integration sites. C. Distribution of normalized RNA expression 
levels for Uniprot oncogenes https://www.uniprot.org/ and other genes. D. RNA expression level of oncogenes 
surrounding Type1 and Type2 integration events within 50 kb to 300 kb. 
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Figure 3.6 Heterogeneity of HPV integration events in recurrent patients. A. heatmap of the number of HPV 
integrations fell into genes in recurrent samples. X-axis: cellular gene names. Y-axis: recurrent samples. LR: local 
recurrent node; NR: node recurrent node. B. HPV-HPV junctions in UPCI:90 and UPCI:152 called from TCS. HPV-
HPV junctions were displayed by the two breakpoints in each axis as depicted in the schematic plot. The size of dots 
indicated the normalized copy number at HPV-HPV junctions. Red arrow addressed small unique HPV-HPV 
junctions that only existed in UPCI:90. C. Structure of one Type2 HPV event on chromosome 9 in UPCI:90 and 
UPCI:152 resolved from LR. Only structures covered by more than 3 reads were displayed. 
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Figure 3.7 HPV integrations in UM-SCC-47 and UM-SCC-104 from TCS and LR. Red arrow: HPV breakpoints on 
human genome; Blue arrow: HPV breakpoints on HPV genome; Grey line and shade: Overall copy number 
(normalized read depth for TCS); Orange line: Copy number for informative reads (normalized read depth for TCS). 
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Figure 3.8 Phased LR reads for a Type2 event in FXON2 of PDX-294R. Haplotype2 indicated multiple copies of 
HPV integrations. Haplotype1 had no HPV reads. The longest read in the region was displayed as a schematic plot 
to show the partial structure of this event. This event was aligned against the HG19 and HPV16 reference genome to 
keep consistent with 10X linked data. 



 136 

 

 

Figure 3.9 Diagnostic of linear regression model for local copy number and number of HPV integration events. The 
outliers with highest leverage were filtered for the model fitting in Figure 3.2B. 
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Figure 3.10 Distribution of nearest distance between TCS and RNA-seq 
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Chapter 4 Analysis of Human Papilloma Virus Content and Integration in 

Mucoepidermoid Carcinoma 

 

This chapter was published in 2022 in Viruses (PMID: 36366450). The author of this 

dissertation served as the first author of this paper. The main text and supplementary figures of 

this paper was presented below. Other supplementary materials could be referred to the 

published journal. 

 

4.1 Introduction 

 

Mucoepidermoid carcinomas (MEC) are the most common malignancies of the salivary glands 

comprising between 30–40% of all salivary gland cancers 1,2,3. While MECs commonly arise in 

the parotid gland, they can occasionally form in other head and neck sites including the 

submandibular and sublingual glands, as well as the minor salivary glands of the oropharynx, 

oral cavity, and sinonasal cavities. Disease-specific survival is variable for patients with MEC 

and is dependent on factors such as histologic grade, tumor location, tumor stage, nodal status, 

patient age, margin status, and perineural invasion 2,3,4. Importantly, however, it remains 

extremely challenging to differentiate between aggressive and non-aggressive MEC, which in the 

future may be improved by better understanding the molecular composition of this disease. In 

fact, a series of highly recurrent genetic alterations in MEC that lead to a Chr(11;19) (q14–21; 
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p12–13) rearrangement and induce the formation of a CRTC1-MAML2 fusion gene is one of the 

most widely studied alterations in this disease 5,6,7,8,9. At present however, the prognostic 

significance of the CRTC1-MAML2 gene fusion in MEC is unclear, further supporting the need 

to better define molecular drivers of the disease 6,9. 

 

Given both the anatomic distribution of MEC primary sites and the well-established role of high-

risk human papillomavirus (HPV) as drivers of certain head and neck squamous cell carcinoma 

(HNSCC), it is interesting to speculate whether HPV may be associated with MEC as another 

potential molecular driver. Accordingly, given the multiple studies showing a strong prognostic 

role of HPV in HNSCC  10,11 as well as the emerging role of HPV ctDNA in HNSCC disease 

monitoring 12,13,14, it is important to evaluate whether HPV content could have a similar 

molecular role in MEC. Unfortunately, however, there has been controversy in the literature 

about the role of high-risk HPV in MEC. Indeed, a 2011 study by Brunner et al. demonstrated 

that 2/6 (33.3%) of MEC cases analyzed contained high-risk HPV DNA by in situ hybridization 

as well as diffuse p16 overexpression 15. In contrast, a study by Isayeva et al. used nested RT-

PCR on RNA extracted from 98 MEC samples to show a much higher HPV positivity rate of 

35/98 (36%) (where 23% of tumors contained HPV16, 6% contained HPV18, and 7% contained 

both HPV16 and HPV18) 16. These authors presented orthogonal data using several HPV 

detection approaches including in situ hybridization, HPV16/18 E6 immunohistochemistry, and 

additional PCR-based validations to support the presence of HPV in their cohort. In strong 

contrast to this data, Bishop et al. used RNAscope-based ISH analysis with the HPV HR 17 probe 

set to demonstrate that a cohort of 71 MEC cases were all HPV negative17. The authors 

concluded that HPV does not appear to have any etiologic role in MEC carcinogenesis, 
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independent of CRTC1-MAML2 fusion status, though they acknowledged that their data 

conflicted with Isayeva et al. 

 

Given discrepant data around the prevalence of HPV in MEC, we sought to leverage our recently 

published MEC transcriptome data and advanced bioinformatics techniques to clarify the 

prevalence and status of HPV in MEC. 

 

4.2 Materials and Methods 

4.2.1  Clinical specimens and annotation of viral genomes 

 

A retrospective cohort of patients with MEC was previously identified from the University of 

Michigan pathology archive using an Institutional Review Board (IRB)-approved protocol for 

next generation sequencing of DNA and RNA (HUM00080561). However, patients were not 

consented for deposit of data in public databases. The cohort was previously typed for CRTC1/3-

MAML2 gene fusion status by RT-qPCR 18. As previously noted, clinical, histologic, and 

outcomes data were collected from medical records and death was documented from electronic 

medical record notes and the Social Security Death Index 18. Total RNA was previously 

submitted to the University of Michigan DNA sequencing core for library preparation and 

sequencing using the Illumina TruSeq Stranded Total RNA library prep kit. This data were 

previously summarized 19. Here, to study viral content in greater detail, we leveraged the 

HPViewer pipeline using default settings to characterize HPV read counts in the cohort 20. A 

previously defined threshold of > 5 reads was required to call a sample HPV positive. 
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4.2.2 Immunohistochemistry 

 

Immunohistochemical staining was performed on the DAKO Autostainer (Agilent, Carpinteria, 

CA, USA) using Envision+ and diaminobenzadine (DAB) as the chromogen. De-paraffinized 

sections were labeled with the mouse p16 Ab-1 (DCS-50.1/47) (Neomarker, MS-218-P) and a 

mouse Ab (Thermofisher, Wyman Street, Waltham, MA, catalog #31430) was used as secondary 

antibody. Microwave epitope retrieval as specified was used prior to staining for all antibodies. 

Appropriate negative (no primary antibody) and positive controls (as listed) were stained in 

parallel with each set of slides studied. p16 immunostained slides were analyzed as previously 

described by our team 21. 

 

4.2.3 HPV16 capture-based targeted DNA sequencing and analysis 

 

Formalin-fixed paraffin-embedded (FFPE) blocks were obtained for the single patient with 

HPV16+ MEC (as described below) and five additional patients without HPV reads by 

HPViewer, selected at random, for confirmatory NGS-based tumor analysis. Regions with >60% 

tumor content, as identified by our head and neck pathologist (J.B.M.), were identified for DNA 

isolation with the Qiagen Allprep DNA/RNA FFPE kit (Qiagen, Hilden, Germany). Using the 

DNA Thruplex kit for library preparation (Takara Biosciences), targeted capture sequencing on 

DNA that passed our quality control standards was performed by the University of Michigan 

Advanced Genomics Core as previously described 22. We employed a custom-designed probe 
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panel from Nextera that included high density probes covering the HPV16 genome as well as 

probes for targeting several common cancer-related genes 23. Following library preparation and 

capture, the samples were sequenced on an Illumina NOVASeq6000 using a 300-cycle run and 

FastQ files were archived. HPV integrations were called by SearcHPV 24, an HPV integration 

caller that we recently developed for the detection of HPV-human integration loci from targeted 

capture DNA sequencing data. Downstream analysis was performed with R 3.6.1 and Python. 

 

4.2.4  RNA-seq data analysis 

 

Quality of the sequencing reads was evaluated using FastQC v.0.11.5. The quality reports did not 

reveal any adapter contamination; therefore, it was not considered necessary to perform quality 

trimming. The reads were mapped to the hg19 reference genome following a two-step alignment 

workflow of STAR v2.5.3a. Next, samtools v1.2 was used to extract uniquely mapped reads and 

Cufflinks v2.2.1 was used to generate the FPKM data. The --max-bundle-frags parameter of 

cufflinks was adjusted from its default value of 1,000,000 to 100,000,000 to allow us to compute 

FPKM at loci with high depth of coverage. Additionally, we applied SurVirus 25 and SearcHPV 

[24] to identify potential HPV-host fusions on the one HPV+ MEC sample (MEC1). 

 

4.2.5  HPV oncogene expression analysis 

The first step in viral oncogene expression analysis was to build a reference genome of human 

and viral sequences. For this purpose, we used a modified version of the HPV16 genome, and its 

corresponding annotation file as described in 26. The human genome sequence was obtained from 
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the 1000 Genomes Project (Phase II). RSEM v1.3.3 was then used to build reference files of 

these human and modified HPV sequences. The same pipeline was also used to estimate gene 

expression levels from the HPV positive MEC (MEC1) RNA sequenced sample. 

 

4.3 Results 

 

We recently performed comprehensive transcriptome sequencing on 48 FFPE MEC tumors with 

a majority of tumors arising in the parotid. To now characterize the HPV content of tumors 

within this cohort, we analyzed the data using the HPViewer algorithm 20. This analysis 

nominated only one of the forty-eight tumors as potentially HPV positive, with high HPV16 read 

counts (Figure 4.1A, Supplemental Table S1). We then evaluated p16 protein expression, a 

marker known to correlate with HPV status in oropharyngeal HNSCC, and found that MEC1 

showed diffuse positive cytoplasmic and nuclear staining of p16 by immunohistochemistry, 

while none of the five selected HPV-negative MEC samples stained positive (Figure 4.1B), 

suggesting that p16 may also function as a marker of HPV status in MEC. 

 

Clinically, MEC1 was a locally recurrent MEC of the anterior ethmoid sinuses in a 51-year-old 

male who underwent anterior sub-cranial resection with pathology showing high-grade MEC 

without perineural invasion and with negative margins. The patient had initially presented three 

years prior with a high grade MEC of the anterior ethmoid sinuses treated with subtotal resection 

followed by adjuvant radiation. He is now alive with no evidence of recurrent disease over 19 

years out from salvage surgery. Our previous RT-PCR molecular sub-typing analysis of his 

tumor demonstrated the presence of a CRTC1-MAML2 fusion 18. 



 148 

To further validate our HPV annotation of this cohort, we performed PCR and Sanger 

sequencing of genomic DNA from MEC1, which confirmed the presence of HPV16 DNA 

(Figure 4.4) in this tumor. Accordingly, 0/5 of selected cases without HPV reads in our RNAseq 

data were also confirmed to lack HPV16 DNA by this method (data not shown). We then 

performed targeted capture NGS with a custom high-density HPV16 capture panel on the tumor 

DNA, which demonstrated high HPV16 read counts from MEC1, but not MEC23, which had no 

RNA-seq support for any HPV and served as a negative control (Figure 4.2). Analysis of host 

control genes in both of the targeted libraries confirmed that both were successfully sequenced to 

>500X depth (Supplemental Table S2). 

 

To test for sites of HPV integration in MEC1, we used our recently described SearcHPV 

pipeline24 to perform HPV-host integration analysis and identified 22 insertion sites in the host 

genome from targeted capture sequencing data (Figure 4.3A). Breakpoint sequence analysis of 

the integration sites indicated that most (21/22) HPV-host junctions in MEC1 have some degree 

of microhomology (Figure 4.3B). Further gene level analysis showed that 13 HPV integrations 

occurred in known genes, with an in-line insertion into the TMEM163, HIP1, and SIRT1 genes 

and reverse orientation insertions in the remaining ten integrations. (Figure 4.3C, Supplemental 

Table S3). Seven of these genes were expressed at a lower level than the median of all MECs 

analyzed; five genes were expressed higher than the median; and one gene, RP11-354K1.1, was 

not expressed in any of the MECs (Figure 4.3D). Finally, expressed HPV-host integration 

transcripts were not identified from RNA-seq for MEC1 by two different callers, SearcHPV 25 

and SurVirus 26. 
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4.4 Discussion 

 

Our primary objective in the present study was to utilize our advanced bioinformatics pipelines 

to evaluate for the presence and physical state of transcriptionally active HPV in MECs of 

various major and minor salivary gland subsites. We found an exceedingly low prevalence of 

HPV (1/48 tumors, 2.1%) in our MEC cohort, with the single positive case of recurrent MEC of 

the anterior ethmoid sinus harboring transcriptionally active HPV16+ DNA with multiple 

complex integration events into various cancer-related genes. Concurrently, this tumor showed 

upregulation of p16 by IHC and altered expression of host genes affected by viral integration 

events. Our data raises several important points for the discussion of MEC tumor biology and the 

development of clinically useful, predictive, and prognostic biomarkers for this disease. 

The etiologic role and prognostic implications of HPV in head and neck malignancies besides 

squamous cell carcinoma of the oropharynx remains a contentious and much-debated topic in our 

field 27. Validation of HPV as a causative driver of other head and neck malignancies would have 

vast and exciting implications for treatment selection and prognostication. The data on HPV in 

major and minor salivary gland malignancies is inconclusive and limited by inconsistent HPV 

detection methods, small patient cohorts, and heterogeneous tumor histologies and subsites 

15,16,17. For example, a 2009 study by Vageli et al. utilized HPV L1 consensus PCR and RT-PCR 

to analyze HPV status in nine parotid gland tumors, including pleomorphic adenomas, Warthin’s 

tumor, and acinic cell carcinoma 28. The authors reported the presence of HPV16 or HPV18 

DNA in seven of nine (77.8%) tumors and posited that high-risk HPV may be an etiologic agent 

in various salivary gland neoplasms. This preliminary data subsequently inspired later studies by 

Brunner et al., Isaveya et al., and Bishop et al. on the potential role of HPV in MEC 15,16,17. 
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Our findings of rare HPV positivity in MEC are consistent with Bishop et al. 17. The authors of 

that study analyzed 92 MECs of various subsites with the objective of determining the 

prevalence of transcriptionally active HPV and its co-occurrence with CRTC1-

MAML2 translocation. They utilized HPV E6/E7 RNA ISH to assay HPV status but failed to 

identify transcriptionally active virus in any of their samples, independent of CRTC1-

MAML2 fusion status. Overexpression of p16 was not evaluated in their cohort. In a much 

smaller sample of six minor salivary gland MECs, Brunner et al. used HPV16/18 DNA ISH and 

p16 IHC to show the presence of HPV16/18 DNA in two (33.3%) MECs of the oral cavity 15. 

Interestingly, strong and diffuse nuclear and cytoplasmic p16 staining on IHC was seen in both 

of these tumors but also in three additional MECs negative for HPV16/18 DNA by ISH. Due to 

the small number of tumors analyzed, the 33.3% HPV positivity rate may represent sampling 

bias rather than a true prevalence of transcriptionally active virus in MECs. 

 

Our data conflicts most notably with that of Isayeva et al. in which the authors found a strikingly 

high prevalence of HPV16/18 DNA in 49/98 (50%) of their MEC cohort 16. The authors used 

several complementary methods of HPV detection, including nested RT-PCR, HPV16/18 E6/E7 

immunofluorescence, and HPV L1 consensus PCR to support their conclusion that high-risk 

HPV is convincingly implicated in the pathogenesis of MEC. However, their quoted HPV 

prevalence rate was based on nested RT-PCR only and they reported moderate discordance 

between HPV16/18 E6/E7 detection via immunofluorescence and their other detection methods. 

Further, the authors found no statistical correlation between HPV16/18 DNA detection via 

nested RT-PCR and p16 overexpression, tumor subsite, and tumor grade. Ultimately, the validity 
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of their conclusions remains uncertain due to failure to replicate this prevalence rate in multiple 

independent studies and lack of correlative p16 overexpression indicating biologically relevant 

HPV infection in MEC 15,17,29. An advantage of our study over previous ones is the use of 

contemporary, high-throughput, sophisticated, and highly sensitive bioinformatics pipelines for 

the detection of HPV DNA and viral transcription 24,25,26. 

 

Herein, we conclude that transcriptionally active HPV is a rare occurrence in MEC, independent 

of tumor subsite. Previous studies have failed to show a higher prevalence of HPV in MECs of 

anatomic subsites within lymphoid tissue of Waldeyer’s ring. Further, there seems to be no 

predilection for HPV positivity in mucosal subsites or minor versus major salivary glands. Our 

single HPV-positive tumor was a recurrent MEC of the anterior ethmoid sinuses. It is interesting 

to speculate that, although an infrequent event overall, MECs of sinonasal subsites may be more 

prone to harbor HPV as a molecular driver. However, we cannot definitively reach that 

conclusion with our data. 

 

Histologically, MECs are characterized by a variable, triphasic pattern of mucinous, 

intermediate, and epidermoid cells with histologic grade dependent on degree of nuclear atypia, 

mitoses, necrosis, perineural invasion, and cystic components 30. Previous authors have not found 

any recurring histologic features characteristic of HPV-positive MECs that may differentiate 

these tumors from their non-HPV associated counterparts 16. Further, transcriptionally active 

HPV does not seem to localize to mucinous, intermediate, or epidermoid components 

preferentially. Similarly, our single HPV-positive MEC did not harbor any distinguishing 

histologic features that may be of routine clinical utility (Figure 4.1). Thus, we conclude that the 
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presence of transcriptionally active HPV does not confer a distinguishable histologic pattern of 

MECs nor reliably impact tumor grade. 

 

When MECs harbor transcriptionally active HPV however, the virus may significantly alter host 

gene expression by complex viral integration mechanisms. We showed that HPV integrated into 

13 host genes, including PIK3AP1, SIRT1, ARAP2, TMEM161B-AS1, and EPS15L1 as well as 9 

non-genic regions. Interestingly, the PI3K pathway has been implicated in MECs, and alterations 

were identified in 52% of high-grade cases in a targeted sequencing analysis of one cohort, 

which was consistent with RNAseq analysis of 8 high-grade tumors showing a re-programming 

of PI3K signaling effectors 31. Previous mechanistic data has shown that PIK3AP1 expression 

drives AKT phosphorylation in gastric and thyroid cancer models, suggesting an oncogenic role 

of this gene in other cancers 32,33. Notably, however, transcriptional analysis of MEC1 suggested 

that the integration events showed no significant patterns on the impact of the expression of these 

genes. Thus, we expect that the causal mechanism by which HPV contributes to pathogenesis in 

the HPV+ tumor identified in our cohort is through elevated E6 and E7 oncogene expression 

leading to p16 overexpression. 

 

Despite this notion, viral integration into SIRT1 is also of potential pathogenetic interest to 

MEC. SIRT1 has a complex and multi-faceted role in cancer that includes the regulation 

of TP53 as well as responses to DNA damage, metabolism stress, and inflammation 34. SIRT1 is 

a NAD+-dependent Class III histone deacetylase that has been shown to antagonize cellular 

senescence 35 and is also an established negative regulator of CRTC2, and possibly CRTC1 as 

well 36, suggesting that this integration event could enhance CRTC1-MAML2 expression in this 



 153 

tumor. Likewise, in the context of mutant p53, SIRT1 acts as a tumor suppressor 37. Given the 

established role of HPV16_E6 in repressing p53 activity, it is possible that SIRT1 could act as a 

tumor suppressor in the context of HPV16+ MEC1, consistent with the relatively low expression 

of SIRT1 observed in this sample. To our knowledge, ARAP2, TMEM161B-AS1, 

and EPS15L1 have not previously been indicated as playing a role in MEC pathogenesis. As 

future genetic analyses of MEC tumors are published, it will be interesting to see if any of these 

genes disrupted by HPV integration are also altered by other genetic mechanisms, as the 

observation of multiple mechanisms of genetic disruption would support a critical role for the 

genes. 

 

In conclusion, using our integrative sequencing analysis, we demonstrate that transcriptionally 

active HPV is a rare occurrence in MEC. However, when present, HPV can have a substantial 

role in altering the host genome, including through the direct integration and disruption of host 

genes. Our data suggest that alternative drivers other than HPV are much more frequently 

responsible for the pathogenesis of MEC, including CRTC1/3-MAML2 fusion negative cases. 

From a long-term perspective, while the prevalence of HPV-related cancers is increasing around 

the world, our data suggests that HPV-related MECs are likely to account for only a minor subset 

of this disease. Our data is consistent with recently published series in concluding that no 

particular MEC subsite is more prone to harbor transcriptionally active HPV. Indeed, while our 

data resolve fundamental questions about the role of HPV in this disease, it also supports a need 

for future research to help identify additional genetic drivers of MEC. Due to the rarity of 

transcriptionally active HPV in MEC, we cannot advocate for routine p16 or HPV DNA ISH 

testing in clinical practice. 
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Figure 4.1 Analysis of HPV type distribution in our MEC cohort. A. Number of RNA-seq HPV16 reads for MEC1 
and other MECs. B. p16 immunohistochemistry performed on sections from the HPV16+ tumor (MEC1) and a 
representative HPV negative tumor (MEC4). 
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Figure 4.2 HPV16 DNA and RNA content in MEC1. The read coverages of HPV for MEC1 were filled in blue (first 
lane) for targeted capture sequencing data; grey for RNA-seq data (second lane). Red dashed lines denoted the HPV-
host integrations called from targeted capture sequencing data. HPV genes expression levels (FPKM) were marked 
as colored bars in the second lane. 
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Figure 4.3 HPV16 integration site analysis in the host genome of MEC1. A. Link plot of the HPV-host integrations 
in MEC1. Lines were colored by HPV genes. Host genes that integrations fell into were marked. B. Microhomology 
at HPV-host junctions in MEC1. The microhomology was defined as the overlapped base pairs between human and 
HPV segments at the junctions. Overlapped bases referred to positive scores of microhomology, e.g., example (1); 
gaps referred to negative scores, e.g., example (2), and clean ends referred to zeros. C. HPV integration orientation 
to coding sequence. The human segments were colored in black and HPV segments were colored in red. Arrows of 
human segments indicated the human gene orientation: right, positive strands; left, negative strands. Arrows of HPV 
segments pointed the HPV gene orientation in contrast to the corresponding human gene. D. RNA expression levels 
of genes that HPV integrations fell into. Blue box plots denoted the FPKM of all 48 MECs for the 13 genes that 
HPV integrations fell into. Red points showed the FPKM for MEC1. Note that FPKM at RP11-354K1.1 were zero 
for all MECs. 
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Figure 4.4 HPV16 PCR and Sanger sequencing analysis. We independently isolated genomic DNA from the FFPE 
block for MEC1 and performed PCR and Sanger sequencing on three independent regions of the HPV16 genome. 
Representative fragments of the Sanger traces validating the presence of HPV16 DNA are shown. 
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Chapter 5 Conclusion 

 

In this dissertation, we developed two innovative Bioinformatics approaches in the field of tumor 

virus integrations in viral associated cancers. In Chapter 2, I developed a novel bioinformatics 

pipeline named "SearcHPV," which demonstrated superior accuracy and efficiency compared to 

existing pipelines, particularly on TCS data. Notably, our software's capability for local contig 

assembly around integration junction sites simplifies downstream confirmation experiments. 

This approach was used in Chapter 3 on large sample size and in Chapter 4 in a rare type of 

cancer. In Chapter 3, we presented a novel strategy to unravel intricate HPV integrations 

characterized by extensive rearrangements in nanopore sequencing data. We illustrated its 

proficiency in producing more comprehensive and high-resolution structures when compared to 

established methodologies on one cell line. These two methods filled the technological gaps in 

tools for HPV integration research offering enhanced capabilities for generating comprehensive 

and high-resolution structures for the downstream analysis on the mechanism of HPV integration 

in cancers. 

 

By applying these new tools in Chapter 2-4, I demonstrated that HPV integration sites have been 

linked to structural variations in the human genome, supporting an additional genetic mechanism 

contributing to the frequent detection of HPV integration sites adjacent to host cancer-related 

genes. These structural variation events are attributed to rolling circle amplification at the 
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integration breakpoint, resulting in the generation of amplified genomic segments flanked by 

HPV segments. Our findings align with previous reports 1–4. We identified that approximately 

10% of integration events discovered in our study were associated with large-scale 

amplifications (Type2) and 42% of patients had such complex HPV integration events. Although 

the reasons for the association of structural variants with only some integration sites remain 

unclear, we presented that Type2 HPV integrations were associated with a more complex 

genomic consequences pattern than Type1, which might indicate the possibility of alternative 

integration mechanisms. Notably, we identified several HPV-HPV junctions associated with a 

large duplication segment, suggesting the involvement of HPV internal rearrangement in HPV 

integration events in both Chapter 2 and Chapter 3.  

 

The observed enrichment of HPV integration events in cellular genes may result from various 

mechanisms. Integration could preferentially occur in regions of open chromatin during cell 

replication and keratinocyte differentiation. Other potential mechanisms include directed 

integration to specific host genes by homology or random integration, with clonal selection and 

expansion of events advantageous for oncogenesis, implicating non-homology-based DNA repair 

mechanisms. To elucidate differences in integration mechanisms, we assessed microhomology at 

HPV-human junction points. The majority of breakpoints exhibited some level of 

microhomology, with the most frequent levels of overlap being 0 and 3 bp, suggesting the 

involvement of non-homologous end joining (NHEJ) in repair at these sites. Additionally, some 

junction sites showed a gap of inserted sequence between the HPV and human genomes, 

possibly indicative of polymerase theta-mediated end joining (TMEJ), which frequently involves 

the insertion of 3–30 bp at the repair site. Such mechanisms were both observed in my study in 
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Chapter2 (HNSCC) and Chapter4 (MEC). Future analysis using our pipeline is expected to 

provide further insights into the specific roles of different DNA repair pathways in HPV-human 

fusion breakpoints. 

 

Significantly, we identified several integration hotspots in Chapter 2 and Chapter 3. Among 

them  TP63, MYC, HEMGN, TRMO, TRAF2, CASC11, and KLF4 were reported in prior 

research 1,5–7,1,7–11. Novel hotspots included EOMES, CASC11 and PVT1. These genes have 

been identified as biomarkers in cervical cancer, displaying irregular expression levels in HPV+ 

cancers or playing a role in viral gene lifecycle 12,13,14,15,16 , supporting  their potential value for 

further analysis.  

 

Interestingly, in Chapter3, we examined a subcohort of patients with recurrent nodes. 

Previous investigations have illuminated the intratumoral heterogeneity of HPV integration and 

potential clonal evolution through the analysis of primary tumors 3,17. However, there is a dearth 

of literature detailing the heterogeneity of HPV integration in recurrent patients. Our 

examination revealed heterogeneity in integration structures, encompassing variations in local 

HPV copy numbers, distribution of specific HPV integration sites within structures, and 

distinctive characteristics of rearrangement breakpoints (human-HPV, HPV-HPV, human-

human). Building upon these observations, we postulated that HPV integration events undergo 

clonal selection. We focused on one recurrent HPV+ model pair, UPCI:90 and UPCI:152, 

utilizing long-read whole-genome sequencing. Our findings furnish initial evidence indicating 

the heterogeneity and clonal selection of HPV integration events during pathogenesis, which 

might play a pivotal role in driving the disease process. 
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Several future directions were unveiled from my work and might be addressed in ongoing 

research. In a recent investigation of cervical cancer, the presence of multiple HPV integrations 

is associated with inferior survival outcomes compared to cases with single HPV integrations 17. 

We intend to perform survival analyses on Type1 and Type2 events, exploring the potential of 

categorizing HPV integration types as prognostic biomarkers. Our fusion site pattern model in 

Chapter3 necessitates the comprehensive assembly of isoforms of chimeric transcripts to 

validate. Moreover, to gain a profound understanding of the mechanism of clonal selection in 

recurrent patients, a comparative analysis between preserved and lost integrations, along with an 

assessment of their impact on gene expression, holds the promise of providing insightful 

findings. Specifically, in Chapter 4, our transcriptional analysis of a single case of HPV-positive 

MEC suggested that the integration events showed no significant patterns on the impact of the 

expression of these genes. Thus, we expect that the causal mechanism by which HPV contributes 

to pathogenesis in the HPV+ tumor identified in our cohort is through elevated E6 and E7 

oncogene expression leading to p16 overexpression. However, the exact impact of HPV 

integration on cellular genes in MEC needs to be further investigated with evidence from more 

samples. 

 

In conclusion, my dissertation presented two HPV integration pipelines that overcome the 

technology challenges in the field of viral-host integration analysis in both short read and long 

read aspects. We first demonstrated the complex HPV integration events quantitatively and 

defined them as “Type2” events. Our integrative analysis using multi-omics data showed that 

Type2 events may drive distinct tumorigenic characteristics, and the heterogeneity of HPV 

integration could serve as an essential driver of tumor progression. We broadened our methods 
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on MEC and found one patient that had 13 genes inserted by HPV and explored HPV as a rare 

driver of MEC. We found that the genetic mechanisms of host genome integration are similar 

from MEC to HNSCC. 
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